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SUMMARY

The wprecedented growth of plastic demand in our daily lives is inevitable because of
its broad applications such as fofood and beverage packaging, home piping and insulation,
lightweight automotive or electronic parts, and horticulture products (agriculture film or
gardening pots)Thebroad application of plastic owes to its excellgr@rformance such as
high moldability, light weight, resistance against chemical and mechanical degradation, low
production cost, and excellent barriers against aspects Idkegen, water vapor,
microorganisms, and carbon dioxide. Neverthelegsen becoming waste, plastis often
managed in unsustainable wagausing adversenvironmental impactsPlastic recycling
rates are still low due talack of adequate waste management infrastructure sucbegsmrate
waste collectionat source (e.g., at households, schools, offices, restaurants, etatgrial
sorting, and recycling. The low plastic recycling rates alanbe caused by the fact that
recycling plastic is challengifgecause of the complex material structures (edjfferent
polymer gradesmultimaterial producs, contamination duringhe use phase, ety and mix
of (Non) Intentionally Added Substances (NIAS), includahngrited hazardous legacy
chemicals (e.g., flame retardantsyhich affectsrecycled plastic qualityin addition, plastic
recycling operations are not always economically feasible andssstéining, because
recycled plastic has a low selling price due to its inferior quality compared to virgin plastic
However, in Europe, ambitious targets have been set out by the European Commission
alongsidevoluntary pledges made by the European plastic industry, which aim to increase
plastic recycling into highalue secondary materials suitable for braadend market
applications. Thust is evident thathere is an urgent need to improve tis¢éatus quaoof plastic
waste managementstarting by identifying the main bottlenecks, exploritechnological
options, and evaluating the econormaad environmentahspectf the recycling chains.

In this PhD research, the potential improvements within plastic recycling chains in
Europe are investigated by building and applying material flow analysis (MFA) smodel
combination with severatircularityindicators cost benefit analysis and life cycle assessment

First, Chapter 1 of this PhD research providescientific literature review on the
current stateof-the-art plastic waste management systegstatus qug in Europe including a
few key (provisional) regulations and pledges made by the European Commission and the

plastic industry.



In Chapter 2 of this research, a MFA model is developed and used to investigate the
current and (potential) future performance of plastic waste management in Euiidpenain
objective of the MFA model in Chapter 2 is to measure the contributiomadbusplastic
recycling technologie® increase plastic circularity and achieve recycling targets in Europe.
This research considers improvements within plastic recycling chains (e.g., improved
mechanical recycling (MR) yieldswell as new emerging recyatj technologies, including
chemical recycling (CR) and solveated recycling (SBR)e analyses are done by tracing
the flows of the ten most used plastic types in Europe in five key wgsterating sectors in
Europe. The ten polymers considered in this analysis are (Linea#pénsity Polyethylene
(LLDPE), Higbensity Polyethylene (HDPE), Polypropylene (PP), Polyethylene Terephthalate
(PET), Polystyrene (PS), Expanded Polystyrene (EPS), Polyvinyl Chloride (PVC), Acrylonitrile
Butadiene Styrene (AB®plyurethane (PUR), and Polyamide (PA). The five key plastic waste
generating sectors are packaging, building and construction, automotive, electronic, and
agriculture sectorFor the purposes of measuring potential improvements in the European
plastic circularity, one baseline scenastatus quan 2018, ashe benchmark) and six future
scenarios in 2030 are considered. One of the future scenarios (in 2030) only considers the
improvement of source separation of plastic, sorting, and mechanical recycling (MR), while
the remainingscenarios considethe combination of MR, CR, and SBR to deal with plastic
waste in EuropeOne of the future scenarios also investigates the impact of processing so
OFff SR WYAaAaAy3d LIXIFadAOQE AdSods LI FadAo gl ai
achieving plastic recling targets in EuropeNext, five evaluation indicators, namely eott
life recycling rate(EoLRR) plasticto-plastic rate(P2P) plasticto-chemical rate(P2C) and
plasticto-fuel rate (P2F) are selected to interpret and compare the MFA modeling results.
Moreover, a uncertaintypropagationanalysis is carried out to measure the modeling output
uncertainties (i.e., the mass balance and evaluation indicataastly the potential plastic
recycled content is estimated by quantifying the ratio betweba tiptake of recycled plastic
produced from MR, CR, and SBR (per sector) over the patgdcted plastic demand (per
sector) in Europen 2030 Given the modeling parameters and considered scenarios in the
MFA model, it is evident that new emerging plastic recycling technologies such as CR and SBR
positively contribute to plastic circularity and to achienseycling targets in Europe. In the
most positive scenario, the higheEol-RRisachieved at 80%, in which 618%2P and 19% is

P2C. In all scenariake P2F ranges from¢8%. The mass balance accounting of the uptake
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of recycled plastic (per sectavyerthe projected plastic demand in 2030ggests that closed
f22L) NBOe Ot Ay3as LINRPOSaaAy3d GKS WYAaaAay3d LI a
and SBR) will be necessary to achieve the recycled content targets.

Next to building and developing a prospective MFA at the European levéhdas
system boundary), the MFA model is also applied to assess potential improveimefgstic
recycling from two key sectors (as cadadie9 in Europe, namely the electronic sector and
packaging sectotn Chapter 3the MFA model is applied to quantify the amount of recycled
plastic production in Belgium and The Netherlands from three selected electrical and
electronic equipment (EERyithin the small household appliances (SHA) group, namely
vacuum cleaners, coffee machines, and electric shavers. The three pratecselected
because of their high plastic content in EE&: the choserfeEEa multivariate inpuoutput
analysis (MIOA) model is developed and applied to better estimate the amount of waste
electrical and electronic equipment (WEREhich is later combined with MFA éstimate the
potential recycled plastic production from WEEE. The MIOA model is chosen because it
considers the dynamic interconnection between EEE placed on the market (sales), stock flows
(i.e., EEE accumulation in the market), and product lifespan distribution. In adddion t
combining MIOA and MFA, a sensty analysis is also carried out to identify the main
bottlenecks and potential improvements within the WEEE recycling ch@imsugh mass
balance accounting anahalyzinghVEEE composition, the followifiacts were studiedi) the
amount of recycled plastic released from the selected WEEE recycling, ii) recycled content
availability for the selected (W)EEE, and iii) the inherited hazardous legacy chemicals content
from the selected (W)EEE. The model results indicate thataaingthe selective collectio
of WEEE and p#erocessing stepto recover plastic from WEEE (dismantling, shredding, and
material sorting) are key to reatty the EEE recycling targ&ioreover, the model predicts
that the inherited hazardous legacy chemicals from WEEE can still be found in 2030 (up to 5%
by weight) albeitthe restriction of hazardous substances has been put into force since 2006.
This can be explained by observing the lifespan distribution of the selected EEE peosdlicts
MIOA results which suggest that a considéda amount of (W)EEE (up to %0by weight
purchased from 199@Q 2006 could still be discarded by 2030.

The next case studies presented in this reseamghstigate the recycling performance
(from technical and economic perspectgjeof the sccalled difficultto-recycled plastic

packaging formatsflexible packaging waste. Specifically, this PhD research investigates
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potential improvementsin flexible packaging wastenanagementfrom households (e.g.,
individual houses) and nemousehold sectors (e.g., stores, warehouses, factories, etc.).
Chapter 4of this PhDinvestigates the recycling performance (from technical and economic
perspective) of an improved mechanical recycling process for flexible packaging waste from
householdsFor this purpose the recycling performance of an improved mechanical recycling
process developed (and proposed) by the industry called Quality Recycling Process (QRP) is
investigated, and compared with a comimnal mechanical recycling process for flexible
packaging waste in Europe. The developed MFA starts from two sorted bales (e gridbale

in PE film or polyolefin film) after household waste sorting at a German material recovery
facility (MRF), which can be recycled either through QRR oonventional mechanical
recycling process. The MFA model is used to trace the flows of materials such as flexible
packaging waste and ndiexible packaging waste (e.g., rigid packaging or residin) MFA
resultsassessedy applying four evaluation indicators related to quantity (process yield and
net recovery indicators) and quality (polymer grade and transparency grade). Next, the
economic performance of QRP and conventional mechanical recycling is estimated by
combinirg the MFA results (mass balances) and economic modeling parameters such as utility
consumption (e.g., electricity, fuel, water, etc.), capital investment, and regranulate sales.
Moreover, sensitivity analyses are carried out to assess potentialtieesaof the selected
modeling parameters toward the model results (i.e., evaluation indicators and economic
balance). This research indicates that QRP for flexible packaging waste from households
performs similarlyto conventional mechanical recycling, y&RP produces a higher
regranulate quality From an economic perspectivRPmproves the economic balance of
flexible packaging waste recyclirapyd QRPcan be importanin increasingplastic circularity

for flexible packaging.

Next to household waste, the economic feasibility study of collecting and mechanical
recycling for flexible packaging waste from Aeousehold sector is investigated in Chapter 5
The economic feasibility is assesdsdbuilding acost benefit analysiSCBA)Model starting
with alogistic simulation of selective collectioiollowed by aMFA of mechanical recycling,
and its associated economaspects (i.e., capital investment, annual costs and reganulate
sales)Particularly, this research consigerrban areas of the City of Ghent in Belgium, and its
twelve neighboring municipalities as a case study (system boundHng).CBA of flexible

packaging from noimousehold sectors starts by characterizing the composition and
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estimating the waste quantity generated per business activity (also called NACE sector in
Europe) in the considered urban areas in this study. The waste quantity is estimated by real
sampling ir2018in the City of Ghent, combined with extrapolation with Orbis datab#sais

provides data on the number of companies per regidrhe waste compositiors are
characterizedluringreal sampling campaigns between December 2QE&bruary 2022. The

waste sampling campaigns cover five key -honmsehold sectorssuchas Wholesale (e.g.,

NACE G.46), Retail (e.g., NACE G.47), Construction (e.g., NACE F.41), Logistics (e.g., NACE
| ®n pOdthe YRS @i 2NB 6 SPI DS bOncexhe ivaBte sompositlont ahd®  / O ™
guantity have been estimatedhe annual costs ddelective collectiorostsin three different

collection frequencies (weekly, fortnightly, and monthly) are estimaisithigthe OptiFlow©

software Furthermore, the material flows and economic balance of mechanical recycling of
non-household flexible pd@aging waste are investigated, including the estimated revenue

from regranulates salekastly the carbon footprint associated with collecting and mechanical
recycling of norhousehold flexible packaging waste is estimated, and compared with the
baseline scenario (i.e., virgin PE granulate production with incineration as EoL treatfinét).

research suggests that collecting and mechanical recycling othaosehold flexible

packaging waste strategy is contingent upon waste collection frequergie®gvirg minimum

waste quantity and maintaining higlguality feedstock (waste quality to be processed
through mechanical recycling).

In chapter 6 of this PhD research, preliminary assessment of recycled content
availability for flexible packaging (household and #mmusehold) in Europe is conducted
assuming 100% closédop recycling from flexible packaging waste back into new flexible
packagingThe new proposed Packaging and Packaging Waste Regulations (PPWR) consists of
mandatory minimum recycled content targets for flexible packaging setting the ambition
at 35% recycled content target for narontactsensitive and 10% redgd content target for
contactsensitive flexible packaging in 2030. For the purpose of assessing the feasibility to
meet the recycled contentarget, aMFA modelis developedto trace the fate of flexible
packaging waste throughout the eral-life treatmentand regranulates productioim Europe
in 2030. The MFA model is built assuming that the in 2030 the flexible packaging design will
be improved (e.g., from multto mono-material flexible packaging), more selective collection
for flexible packaging (e.gnore P+MD collection in Europe), sorting techniques will perform
OSUGGSNI 6SPIdS WAYFNIQ a2NIAy3 GSOKYyAIldzSa dzaa
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better mechanical recycling and pyrolysgisld (e.g., advanced mechanical recycling like QRP

or catalytic pyrolysisFurthermore, for the purpose of modeling future endtlife treatment,

five scenarios are developed and investigated, consisting only mechanical recycling for flexible
packaging as well as mechanical recycling and pyrolysis as complementary technigaeh to

the recycled content target set out in Europe. Furthermore, the capital investment with
achieving the recycled content targets arstimated, which is developed based on the MFA
Y2RSf NBadzZ ia O2YO0AYSR gA0GK SO2y2YAO T Ol 2N
results suggest that the recycled content targets can be achieved by using mechanical
recycling and pyrolysis as complemaryt techniques to deal with flexible packaging waste. In
GKS Y2aid L aA (gsd Bilioa & Syital M¥estraeht weuld derneeded to build
mechanical recycling and pyrolysis infrastructure, including pretreatment and hydrotreatment
for pyrolyss. TheMFAresults also indicata trade-off between achieving higheguality of
regranulates to meet 10% recycled content target for flexible packaging (assuming pyrolysis
would become a more dominant technique to achieve the target), and annual regranulates
production (i.e., quantity osecondary materials). As results, the overall -efdife recycling

rate for flexible packagingoulddrop whenthe contactsensitive recycled content targeése
achieved assuming that pyrolysiwould become a more domant technology to produce
higherquality regranulates suitable for contasensitive applications in Europe such as for
example for food packaging.

Finally, in the last Chapt&r the general conclusion of this PhD research is presented,
including the future perspective on improving the developed MFA madel plastic
circularity. The importance of expanding the system boundaries to other redig., other
countries within or beyond Europe), product categories (e.g., other EEE), and sectors (e.g.,
automotive sector) are highlighted@heappliedMFAmodel can be improved by developing
more scenarios (e.gmplementing new designs or business modids repair or reuse) and
more detailed material composition characterization. In addition, the quaitttyed MFA
modek presented in this PhD research can be improved by linkimgore quality aspect®f
the regranulates, which becomes an importastep considering a wide range of technical
requirements for end market applications. Finally, the remaining challenges and opportunities
for further research arounthe sustainability aspects of plastic are discussed.

Overall, this PhD research shows that plastic circularity needs to improve in Europe.

MFA can serve as a tool to assess the status quo and measure potential improvements within
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the European plastic recycling chain by develogotgential circularityscenarios. MFA can
provide insights into howvgignificantthe improvements could be (compared to the baseline
scenario) and potential extra capital investment and costs. Finally, the MFA presented in this
PhD research can be used to formulate plastic recycling strategies (e.g., minimum recycled
content targets)oased on scienecbased projections as well as to monitor the attainment of

the plastic recycling targets (e.g., plastic reayghates) in Europe.
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SAMENVATTING

De ongekende toename van de behoefte aan plastics in ons dagelijks lenarersijdelijk

door het uitgebreide gebruik van kunststoffen in verschillende domeinen, waaronder
verpakkingen van voedingsmiddelen en dranken, leidingen en isolatie voor huishoudelijk
gebruik, automobiel en elektronische componenten, maar ook tuinbouwproducten zoals
landbouwfole of tuinpotten.

Het uitgebreide gebruik van polymeren wordt toegeschreven aan hun opmerkelijke
functionaliteit, waaronder opmerkelijke buigzaamheid, licht gewicht, weerstand tegen
chemische en mechanische degradatie, lage productiekosten en uitstekende barriere
eigenschapen voor zuurstof, waterdamp, micimarganismen en kooldioxide. Toch worden
plastics na hun gebruik vaak op een rdeturzame manier behandeld, wat nadelige gevolgen
heeft voor het milieu. Recyclagecijfers voor plastics zijn nog steeds laag door een agrek
adequate infrastructuur voor afvalbeheer, zoals afvalcollectie aan de bron (bv. bijj
huishoudens, scholen, kantoren, restaurants, enz.), sortering en recyclage. De lage
recyclagepercentages van kunststoffen kunnen ook te wijten zijn aan het feit dat het
recycleren van kunststoffen een uitdaging is omwille van de complexe materiaalstructuren
(bv. verschillende polymeerkwaliteiten, producten die bestaan uit verschillende materialen,
vervuiling tijdens de gebruiksfase, enz.) en de aanwezigheid vaninteetioneel
toegevoegde stoffen npon intentionally added substance®NIAS), waaronder historisch
toegevoegde gevaarlijke chemische stoffen (bv. vlamvertragers), die de kwaliteit van
gerecycleerde kunststoffen beinvlioedt. Bovendien zijn bepaalde recyclageprocessen niet
altijd economisch haalbaar, omdat gerecycleerd plastien relatief lage verkoopprijs hebben
door de inferieure kwaliteit in vergelijking met nieuwe plastics. In Europa heeft de Europese
Commissie echter ambitieuze doelen vooropgesteld, samemieebindende doelstellingen
van de Europese kunststofindustrie, om meer plastics te recycleren tot hoogwaardige
secundaire materialen die geschikt zijn voor bredere eindmarkttoepassingen. Het is dus
duidelijk dat de status quo van het beheer van kursisival dringend moet worden
verbeterd, te beginnen met het identificeren van de belangrijkste knelpunten, het
onderzoeken van technologische opties en het evalueren van de economische en

milieuaspecten van de recyclageketens.
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In dit doctoraatsonderzoek worden de potenti€le verbeteringen binnen
plasticrecyclageketens in Europa onderzocht door het bouwen en toepassen van
materiaalstroomanalyse (MFA) in combinatie met verschillende circulariteitsindicatoren,
kostenbatenanalysegn levenscyclusanalyses.

Allereerst wordt in hoofdstuk 1 van dit doctoraatsonderzoek een wetenschappelijke
literatuurstudie gegeven over het huidige systeem voor plastic astatus qug in Europa,
inclusief enkele belangrijke (voorlopige) regelgevingen en toezeggingen van de Europese
Commissie en de kunststofindustrie.

In hoofdstuk 2 van dit onderzoek wordt een ME#del ontwikkeld en gebruikt om de
huidige en (potentiéle) toekomstige prestaties van het recyclagesysteem in Europa te
onderzoeken. Het hoofddoel van het Miafodel in hoofdstuk 2 is het meten van de bijdrage
van verschillende kunststofrecyclagetechnologieén aan het vergroten van de circulariteit en
het behalen van de recyclagedoelstellingen in Europa. Dit onderzoek houdt rekening met
verbeteringen in plasticrecyclage (bv. verbeterd rendement van mechanischelage (MR)),
maar ook met nieuwe opkomende recyclagetechnologieén, waaronder chemische recyclage
(CR) en solvergebaseerde recyclage (SBR). De analyses zijn gedaan door de stromen van de
tien meest gebruikte plastics in Europa te traceren in vijf beigae afvalproducerende
sectoren in Europa. De tien polymeren die in deze analyse worden meegenomen zijn (lineair)
lagedichtheidpolyethyleen (LLDPE), hogedichtheidpolyethyleen (HDPE), polypropyleen (PP),
polyethyleentereftalaat (PET), polystyreen (PS), xga@deerd polystyreen (EPS),
polyvinylchloride (PVC), acrylnitbilitadieenstyreen (ABS), polyurethaan (PUR) en polyamide
(PA). De vijf belangrijkste kunststofafvalproducerende sectoren zijn de verpakkingssector, de
bouwsector, de automobiel sector, dee&tronicasector en de landbouwsector. Om de
potenti€éle verbeteringen in de Europese kunststofcirculariteit te meten, worden één
basisscenario s(atusquo in 2018, als benchmark) en zes toekomstscenario's in 2030
bestudeerd. Een van de toekomstscenarias Z030) beschouwt alleen de verbetering van
bronscheiding van plastics, sortering en mechanische recyclage (MR), terwijl de overige
scenario's de combinatie van MR, CR en SBR beschouwen om kunststofafval in Europa te
behandelen. Een van de toekomstscenarimnderzoekt ook de impact van de verwerking van
zogenaamde 'ontbrekende kunststoffen’, d.w.z. kunststofafval dat wordt geproduceerd maar
niet in de statistieken wordt opgenomen, op het behalen van de doelstellingen voor

plasticrecyclage in Europa. Vemyehs worden vijf evaluatiendicatoren geselecteerd,
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namelijk het recyclagepercentage aan het einde van de levensduwREpLhet percentage

plastic naar plastic (P2P), het percentage plastics naar chemicalién (P2C) en het percentage
plastics naar brandstof (P2F), om de resultaten van de-Mb&dellering teinterpreteren en

te vergelijken. Bovendien wordt een onzekerheidsanalyse uitgevoerd om de onzekerheden in
de modeluitvoer te meten (d.w.z. de massabalans en evaluadiieatoren). Tot slot wordt de
potenti€éle hoeveelheid aan gerecycleerde plastics gesctlaor de verhouding te
kwantificeren tussen de opname van gerecycleerde plastics geproduceerd uit MR, CR en SBR
(per sector) en de totale verwachte vraag naar plastic (per sector) in Europa in 2030. Gezien
de modelparameters en de beschouwde scenario'©ieh MFAmModel is het duidelijk dat

nieuwe opkomende recyclagetechnologieén zoals CR en SBR positief bijdragen aan de
circulariteit van plastics en aan het behalen van de recyclagedoelstellingen in Europa. In het
meest positieve scenario wordt de hoogstelIRR bereikt van 80%, waarin 61% P2P en 19%
P2C is. In alle scenario's varieert de P2F van 3 tot 6%. De massabalans van de opname van
gerecycleerde plastics (per sector) ten opzichte van de verwachte vraag naar plastics in 2030
4dz33aSNBSNI RE G NBOEQAKSRSY 288NBSNJAYy3IT Gy RS
opkomende recyclagetechnologieén (CR en SBR) nodig zullen zijn om de streefcijfers voor de
gerecycleerde content te halen.

Naast het bouwen en ontwikkelen van een prospectieve MFA op Europees niveau (als
de systeemgrens), wordt het MHAodel ook toegepast om potentiéle verbeteringen in
plasticrecyclage van twee belangrijke sectoren (als casestudies) in Europa te beoordelen,
namelijk de elektronicasector en de verpakkingssector. In hoofdstuk 3 wordt hetriviFeks|
toegepast om de hoeveelheid aan gerecycleerde plastics in Belgié en Nederland te
kwantificeren van drie geselecteerde elektrische en elektronische apparaten (EEE) ene
groep kleine huishoudelijke apparaten (SHA), namelijk stofzuigers, koffiezetapparaten en
elektrische scheerapparaten. De drie producten zijn geselecteerd vanwege hun hoge gehalte
aan plastics in EEE. Voor de gekozen EEA wordt een multivariat@utputanalyse (MIOA)
model ontwikkeld en toegepast om de hoeveelheid afgedankte elektrische en elektronische
apparatuur (aste electrical and electronic equipmelVYEEE) beter in te schatten, dat later
gecombineerd wordt met MFA om de potentiéle productienvgerecycleerde plastics uit
WEEE in te schatten. Het MI@#odel is gekozen omdat het rekening houdt met de
dynamische relatie tussen EEE die op de markt wordt gebracht (verkoop), voorraadstromen

(d.w.z. de accumulatie van EEE op de markt) en de distilmuwer de levensduur van
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producten. Naast het combineren van MIOA en MFA wordt er ook een gevoeligheidsanalyse
uitgevoerd om de belangrijkste knelpunten en mogelijke verbeteringen binnen de WEEE
recyclageketen te identificeren. Door middel van massabalansberekeningen en hetasalys

van de samenstelling van WEEE werden de volgende feiten bestudeerd: i) de hoeveelheid
gerecycleerde plastics die vrijkomt uit de geselecteerde WHEE&flage, i) de
beschikbaarheid van gerecycleerde plastics voor de geselecteerde (W)EEE, en iii) het
inherente gehalte aan gevaarlijke oude chemische stoffen uit de geselecteerde (W)EEE. De
modelresultaten geven aan dat het verbeteren van de selectieve inzameling van WEEE en de
voorbewerkingsstappen om kunststof terug te winnen uit WEEE (ontmantelergdgmesn
sorteren van materialen) essentieel zijn om het recyclagedoelstellingen voor EEE te halen.
Bovendien voorspelt het model dat de historische gevaarlijke oude chemische stoffen uit
WEEE in 2030 nog steeds kunnen worden aangetroffen (tot 5 gewich&sgjphoewel de
beperking van gevaarlijke stoffen sinds 2006 van kracht is. Dit kan worden verklaard door te
kiliken naar de levensduurverdeling van de geselecteerdepidtiicten en de MIOA
resultaten, die suggereren dat een aanzienlijke hoeveelheid (B/{EE 10% in gewicht) die
tussen 1990 en 2006 is gekocht, in 2030 nog steeds kan worden weggegooid.

De volgende casestudies in dit onderzoek onderzoeken de recyclageprestaties (vanuit
technisch en economisch perspectief) van de zogenaamde moeilijk te recycleren plastic
verpakkingen: flexibel verpakkingsafval. Specifiek onderzoekt dit promotieonderzoek
potentiéle verbeteringen in het beheer van flexibele verpakkingsafval van huishoudens (bijv.
individuele huishoudens) en nibduishoudelijke sectoren (bijv. winkels, magazijnen,
fabrieken, enz.). Hoofdstuk 4 van dit proefschrift onderzoekt de recyclagefiess{@anuit
technisch en economisch perspectief) van een verbeterd mechanisch recyclageproces voor
flexibel verpakkingsafval van huishoudens. Hiervoor worden de recyclageprestaties
onderzocht van een verbeterd mechanisch recyclageprd@aality Recyclage Procg$3RP)
genaamd, ontwikkeld (en voorgesteld) door de industrie, en vergeleken met een
conventioneel mechanisch recyclageproces voor flexibel verpakkingsafval in Europa. De
ontwikkelde MFA vertrekt van twee gesorteerde balen (bv. balen rijk aafollREof
polyolefinenfolie) na het sorteren van huishoudelijk afval in een Duitse sorteerinstallatie
(material recovery facility,MRF), die kunnen worden gerecycleerd via QRP of een
conventioneel mechanisch recyclageproces. Het Miedlel wordt gebruikt om de

materiaalstromen te traceren, zoals flexibel verpakkingsafval enrfigeibel verpakkingsafval
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(bijv. harde verpakkingen of residu). De Mfeaultaten worden beoordeeld aan de hand van

vier evaluatieindicatoren met betrekking tot kwantiteit (procesrendement en netto
terugwinningsindicatoren) en kwaliteit (polymeerkwaliteit en transparantieniveau).
Vervolgens worden de economische prestaties van QRP en conventionele mechanische
recyclage geschat door de Mésultaten (massabalansen) te combineren met economische
modelparameters zoals het verbruik van nutsvoorzieningen (bijv. elektriciteit, brandstof
water, enz.), kapitaalinvesteringen en de verkoop van regranulaat. Bovendien worden
gevoeligheidsanalyses uitgevoerd om mogelijke variaties van de geselecteerde
modelparameters in de modelresultaten te beoordelen (d.w.z. evaluateatoren en
economighe balansen). Dit onderzoek geeft aan dat QRP voor flexibel verpakkingsafval uit
huishoudens vergelijkbaar presteert met conventionele mechanische recyclage, maar dat QRP
een hogere kwaliteit regranulaat oplevert. Vanuit een economisch perspectief verligRP

de economische balans van de recyclage van flexibel verpakkingsafval, en QRP kan belangrijk
zijn bij het vergroten van de circulariteit voor flexibele verpakkingen.

Naast huishoudelijk afval wordt in hoofdstuk 5 dazonomische haalbaarheid
onderzocht van de inzameling en mechanische recyclage van flexibel verpakkingsafval uit de
niet-huishoudelijke sector. De economische haalbaarheid wordt beoordeeld door het bouwen
van een model voor kostebatenanalyse dost benefit analysjsCBA), beginnend met een
logistieke simulatie van selectieve inzameling, gevolgd door een MFA van mechanische
recyclage, en de bijbehorende economische aspecten (d.w.z. kapitaalinvestering, jaarlijkse
kosten en verkoop van reganulaat). In hejzbnder beschouwt dit onderzoek stedelijke
gebieden van de stad Gent in Belgié en haar twaalf naburige gemeenten als een casestudy
(systeemgrens). De CBA van flexibele verpakkingen uihuoishoudelijke sectoren begint
met het karakteriseren van de samsglling en het schatten van de hoeveelheid afval die
wordt geproduceerd per bedrijfsactiviteit (in Europa ook NA€&or genoemd) in de
stedelijke gebieden die in deze studie worden beschouwd. De afvalhoeveelheid wordt geschat
door reéle steekproeven 8018 in de stad Gent, gecombineerd met extrapolatie met Orbis
databases die gegevens verschaffen over het aantal bedrijven per regio. De
afvalsamenstellingen worden gekarakteriseerd tijdens analysecampagnes tussen december
2021 en februari 2022. De campagnbestrijken vijf belangrijke nidtuishoudelijke sectoren,
zoals Groothandel (bv. NACE G.46), Detailhandel (bv. NACE G.47), Bouwnijverheid (bv. NACE
F.41), Logistiek (0WACE H.49), en ‘andere’ sectoren (bv. NACE C. 10, NACE C.1&)dnaz.).
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de afvalsamenstelling eioeveelheid zijn geschat, worden de jaarlijkse kosten van selectieve
inzameling in drie verschillende inzamelfrequenties (wekelijks, tweewekelijks en maandelijks)
geschat met behulp van de OptiFlowsdftware. Verder worden de matiaalstromen en de
economische balans van mechanische recyclage van -huoishoudelijk flexibel
verpakkingsafval onderzocht, inclusief de geschatte inkomsten uit de verkoop van
regranulaat. Tot slot wordt de koolstofvoetafdruk van de inzameling en medtanis
recyclage van flexibel verpakkingsafval van-higshoudens geschat en vergeleken met het
basisscenario (d.w.z. productie van nieuwgP&nulaat met verbranding als Ebehandeling).

Dit onderzoek suggereert dat de strategie voor het inzamelen en amesth recycleren van
flexibel niethuishoudelijk verpakkingsafval afhankelijk is van de frequentie waarmee het afval
wordt ingezameld, het bereiken van een minimale hoeveelheid afval en het handhaven van
de kwaliteit van de grondstof (de kwaliteit van ledtal dat mechanisch wordt gerecycled).

In hoofdstuk 6 van dit doctoraatsonderzoek wordt een voorlopige beoordeling
uitgevoerd van de beschikbaarheid van gerecycleerde content voor flexibele verpakkingen
(huishoudelijk en niehuishoudelijk) in Europa, uitgaande van 100% gesloten
kringlooprecyage van flexibel verpakkingsafval terug naar nieuwe flexibele verpakkingen. De
nieuwe voorgestelde regelgeving voor verpakking en verpakkingsgbeakgging and
packaging waste regulation®PWR) omvat verplichte minimumdoelen voor gerecycleerde
content voor flexibele verpakkingen, d.w.z. een ambitie van 35% gerecycleerde content voor
niet-contactgevoelige en 10% gerecycleerde content voor contactgevoelige flexibele
verpakkingen in 2030. Om te beoordelen of het haalbaar is om de doelstelling voor
gerecyclerde content te halen, is een MRAodel ontwikkeld om het lot van flexibel
verpakkingsafval tijdens de verwerking aan het einde van de levensduur te traceren en de
productie in 2030 in Europa te regranuleren. Het Mmédel is opgebouwd in de
veronderstellng dat het ontwerp van flexibele verpakkingen in 2030 verbeterd zal zijn (bijv.
van multt naar monoemateriaal flexibele verpakkingen), dat flexibele verpakkingen
selectiever ingezameld zullen worden (bijv. meer P+Ndameling in Europa), dat
sorteertechneken beter zullen presteren (bijv. 'slimme' sorteertechnieken met behulp van
digitale watermerken of kunstmatige intelligentie) en dat mechanische recyclage en pyrolyse
een beter rendement zullen opleveren (bijv. geavanceerde mechanische recyclageRRBals Q
of katalytische pyrolyse). Voor het modelleren van de toekomstige verwerking aan het einde

van de levensduur worden vijf scenario's ontwikkeld en onderzocht, die alleen bestaan uit
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mechanische recyclage voor flexibele verpakkingen en mechanische recyclage en pyrolyse als
aanvullende technieken om de doelstelling voor gerecycleerde content te halen die in Europa
is vastgesteld. Verder wordt er een schatting gemaakt van de kapitasiénreg die gepaard

gaan met het behalen van de doelstellingen voor gerecycleerde content, die is ontwikkeld op
basis van de resultaten van het MRfdel in combinatie met economische factoren (in
eklU2y o0 dzZAd RS £ A SNI (rodieNdiggebeten dadla strbettiffeis Sofr Oy
gerecycleerde content kunnen worden gehaald door mechanische recyclage en pyrolyse als
complementaire technieken te gebruiken om flexibel verpakkingsafval te verwerken. In de
YSSaid LRaAAGASOS asgsmijdrdskrkEpitaalinvesierin§edInadig Zijr om
infrastructuur voor mechanische recyclage en pyrolyse te bouwen, inclusief voorbehandeling
en hydrotreatment voor pyrolyse. De resultaten van de MFA wijzen ook op een wisselwerking
tussen het bereiken van regnulaat met een hogere kwaliteit om de doelstelling van 10%
gerecycleerde content voor flexibele verpakkingen te halen (ervan uitgaande dat pyrolyse een
dominantere techniek wordt om de doelstelling te halen), en de jaarlijkse productie van
regranulaat (dw.z. de hoeveelheid secundaire materialen). Als gevolg hiervan zou het totale
recyclagepercentage aan het einde van de levensduur voor flexibele verpakkingen kunnen
dalen wanneer de streefcijfers voor contactgevoelige gerecycleerde content worden gehaald,
ervan uitgaande dat pyrolyse een dominantere techniek zou worden om regranulaat van
hogere kwaliteit te produceren dat geschikt is voor contactgevoelige toepassingen in Europa,
zoals bijvoorbeeld voor voedselverpakkingen.

In het laatste hoofdstuk 7 wordt de algemene conclusie van dit doctoraatsonderzoek
gepresenteerd, inclusief het toekomstperspectief op het verbeteren van het ontwikkelde
MFAmodel en plastic circulariteit. Het belang van het uitbreiden van de systeengreraar
andere regio's (bijv. andere landen binnen of buiten Europa), productcategorieén (bijv. andere
EEA) en sectoren (bijv. automobiel sector) wordt benadrukt. Het toegepastenidigal kan
worden verbeterd door meer scenario's te ontwikkelen (bijv. ingblementeren van nieuwe
ontwerpen of bedrijfsmodellen zoals reparatie of hergebruik) en een meer gedetailleerde
karakterisering van de materiaalsamenstelling. Daarnaast kunnen de kwantiteitsgebaseerde
MFAmodellen die in dit doctoraatsonderzoek worden gegenteerd, worden verbeterd door
meer kwaliteitsaspecten van het regranulaat te koppelen. Tot slot worden de resterende
uitdagingen en mogelijkheden voor verder onderzoek naar de duurzaamheidsaspecten van

plastics besproken.
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In het algemeen toont dit promotieonderzoek aan dat de circulariteit van plastics in
Europa moet verbeteren. MFA kan dienen als hulpmiddel om de status quo te beoordelen en
potentiéle verbeteringen binnen de Europese plasticrecyclageketen te meten doemtg#e
circulariteitsscenario’'s te ontwikkelen. MFA kan inzicht geven in hoe significant de
verbeteringen zouden kunnen zijn (vergeleken met het basisscenario) en potentiéle extra
kapitaalinvesteringen en kosten. Tot slot kan de MFA die in dit doctonadésmoek wordt
gepresenteerd, worden gebruikt om plasticrecyclagestrategieén te formuleren (bijv.
doelstellingen voor minimale gerecycleerde content) op basis van wetenschappelijk
onderbouwde prognoses en om het behalen van de plasticrecyclagedoelstalim@iropa

te monitoren.
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Chapter 1

Introduction and research objectives

1.1PLASTION THE ECONOMY AND OUR DAILY LIVES

tfFadA0 A& | (S NYaskGsNIXMEFBIgsiknisR Whick dti@nally I G A y
YSFEya Wiz T2 kivdascrdihg métérials tBaNdmsb@ ormed and molded under
heat and pressurePlastic is used to describe a large family of different materials with different
characteristics, properties, and uses. Polymers arectiemical compoundhat make up all
modern plastics, which are large molecules consisting of a chain of repeating smaller
molecules (monomersjombined througha polymerizationprocess(Plastics Europe, 2018;
OECD, 2022). The twaategoriesof plastic are thermoplastic and thermoset plastic. The
thermoplastic group is plastic that can be (fgmelted, heated, and shaped repedlly.
Examplesof plastic withinthe thermoplasticfamily areHigh-Density Polyethylene KIDPE),
LowDensity Polyethylene (LDPBplypropylene (PP), Polyethylene Terephthalate (PET),
Polystyrene (PS), Expanded Polystyrene (EPS), Acrylonitrile Butadiene Styrene (ABS), Polyvinyl
(hloride (PVC), Polyamides (PA), Polycarbonate, (PC), and Polymethyl Methacrylate (PMMA).
The thermoset plastigroupis plastic that cannot be (fgmelted, heated and shapedhecause
the polymersare crosdinked during thecuring processo form irreversible chemical bonds
Examples of thermoset plastic are Polyurethane (PUR), polyester, vinyl ester, and phenolic
resins (Plastics Europe, 2018).

The use of plastic in the modern economy is growing rapidly duédstanique
properties of plastic such as high strengthweight ratio, high moldability, resistance to
physical and chemical degradatidayw production costand broad application range (Hsu et
al., 2021; Lebreton and Andrady, 2019). Since-1860 the global plastic production began
its unprecedented growth, which is expanding up to 28ld comparedto the present day. In
2019, global plastic use amounted to 460 million tonnes (Mt)ich isestimated that 51% is

produced in China, 19% is produced in North America (Mexico, Canada, and the United States),
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and 16% is produced in Europe.the same year, it is estimated that 353 Mt of plastic waste
wasgenerated globally, of which 6% was effectively recycled while the remainisgwas
mainlyincinerated or landfilled (Plastics Europe, 20Q&ECD, 2022).

The demand for plastic in Europgd&european UnioiEU)27+Norway, Switzerland, and
the United Kingdormis estimated to be 50.7 Mt in 201@igure 1.1) The packaging sector
accounted for 40% of the total plastic demand in Europe, followedhieybuilding and
construction sector (20%), automotive sector (10%), electrical & electronic sector (6%), and
agriculture sector (3%). Themaining 2% of plastic demand in 2019 was used in the textile,
medical, and household sectofiicl. furniture and toys) (Plasti&urope, 2020)ln Europe,
the use of thermoplastic materials accounted for around 80% of the total plastic demand
(equals 41 Mt)in whichpolyolefn (PO) materials (PE and RRthe biggest fraction followed
by PVC, PET, (E)RBS, PA, and RRlastics Europe 2020; 203E&jgure 1.1)

The European plastic industry strives to achieve a circular and chimeatteal plastic
economy, in which a system is desigrsedhat plastic is produced, converted, consumed, and
managed in a sustainable wahis ambition alsmeansthat establishing sustainabkend-of-
life (EoL) management systenasid fostering the use of recycled plastce imperative
(Plastics Europe, 2022; Maury et al., 2022; Feber et al., 2020; OECD, 2022). Moreover, a few
initiatives have been initiated to increasige plastic recycling rate, such as the Circular Plastic
Alliance (CPAyhich aims to boost recycled plastic production to 10t2025(European
Commission, 2(2b). A few regulations have also been put into force to enable sustainable
plastic waste managementsuch asrecycling rate target recycled content targts, and
limiting plasticwaste to be landfilled in Eurog&uropean Commission 2022018a; 2018b)
More information dout the EoL management systems and regulatory framewknk

managing plastic waste further elaboratedin the followingsections.
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Figure 11 Total plastic demand by sector and polymer type in Europe in 22di@ce Plastics
Europe (2020).

1.2 END OF LIFE MANAGEMENT OF PLASTIC WWARIHOPE

According to Plastics Europe (2020), Europe generated 29.1 Mt of plastic waste in
2019. Around 19.6 Mt (67%) of the generated waste was estimated toldadfilled or
incinerated and only 9.4Mit (33%) was sent to recycling facilitiesEurope in the same year
Ultimately, the recycled plastic production in Europe is estimated to be around 4niihly
producedvia mechanical recyclingViR) Of the 29.1 Mt plastic waste generated, 17.4 Mt
comes from the packaging sector, followed by electrical and eleatsoséctor (1.8 Mt),
building and construction sector (1.8 Mt), agriculture sector (1.5 Mt), automotive sector (1.5
Mt). Theother sectorssuch as textile, household, and medigaherateds.1 Mtplastic waste
in 2019(Plastics Europe, 2020; 2G)9Moreover, some studies also indicate a considerable
amount of plastic waste leaks into the environment as maaral micreplastics (Ryberg et
al., 2019; Peano et al., 2020; Boucher et al., 2020).

Optimizing end-of-life (EoL) waste managemesystemsis essential to realize a
circular economy for plastié typical plastic waste treatment in Europe starts wieéective
collection of waste at sourd@lso known asource separatioyfollowed bymaterial recovery

or sorting (of the source separateavaste) andrecycling(of the correctly sorted waste) into
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new secondary materials to be usagdainin the economyRlastics Europe, 20892020; 2021,
2022 (Figure 1.2)Thesource separation of plastic wastelies on adequate waste sorting by
individuals(e.g., at school, offices, houses, etavhich can be facilitated byell-established
waste management infrastructures argtoviding relevantdisposal instructiondor each
product (e.g.,on-pack labeling) (Albizzati et al., 202B)Jasticwaste fractions that are not
source separated are found in the mixed residual waste streanich is typically landfilled or
incinerated(Figure 1.2)Extra sorting and cleaning steps can be dongotst)sorting plastic
from mixed residual streams. Nonetheless, these cannot always be performed in the most
efficient way, which means thaturrently not all plastic waste is postorted from mixed
residual stream$or recycling (Plastics Europe, 2022; Broueteal., 2018; Picuno et al., 2021).
After collection, thesource separated waste will be sentrt@aterial recoveryacilities
for sorting(Figure 1.2)Aseries of mechanical sorting ungsparate plastiérom non-plastic
materials.A few studies have indicated the importancerobust plasticsortingto improve
feedstock quality for recycling and to produaigh-quality secondarymaterials (Van Eygen et
al., 2016; Parajulgt al., 2016; Roosen et al., 2022; Kleinhans et al., 202hereafterthe
correctly sorted wastewill be sent for recycling, in which a few recycling options can be
selected(Figure 1.2)To date, nechanical recyclingMR) of plastic is he most ubiquitous
optionto convert plastic waste into secondary materials (Ragert et al., 2017; Plastics Europe,
2019%). However, in thenear future emerging recycling technologies such as chemical
recycling (CR) of pyrolysis, gasification, chemical depolymerizgiog., glycolysis,
methanolysis, etc.), and solvebased recycling (SBR) technologies (e.g., dissotution
precipitation) are expected to play a crucial role in achieving a circular economy for plastic.
The outputs of the abovementioned recycling options egcycled plastice(g.,from MR and
SBR) as well as valuable base chemicals andduskscondary resources in the petrochemical
industry €.g.,from CR) (Simon and Martin, 2019; Hann and Connock, 2020; Crippa et al., 2019)
(Figure 1.2)
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Figure 12 An illustrative ed-of-life management of plastic waste in Europkhethickness
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1.2.1 Plastic waste collection

A separate wasteollection at sourc€or source separatioytypicallyincrease plastic
recycling rates. According to Plastics Europe (2@#2@3tic recycling rateare 13 times higher
when the waste is sourced separated. A stumyCimpan et al. (2015) suggests that an
established separate waste collection system diverts 56% of wastetfrermixed residual
stream towardmaterialrecovery and recycling. A study by WRAP (2p8Qggests thatource
separationof plastic waste increasghe feedstock quality to be fed intibe recycling facilities
and, subsequently, the recycled plastic to meet @ndrket requirements. Albizzati et al.
(2023) highlight the importance o$ource separatiomf plastic waste as an enabler ftire
high recovery oplastic waste ageedstock for further recycling chains

Various source separation schemes for plastic waste can be found in E&apthe
waste electronic and electrical equipment (WEEE), authorized waste collectors use different
channels to collect WEEE such as i) container parks, ii) reuse and repairscentiii)
electronic shopshroughatake-back scheme (Recupel, 2018; 2013; Huisman et al., 2012). In
the automotive sector, enaf-life vehicles (ELV) can be brought to an authorized dismantler
to be (formally) deregisterend sent forrecycling (Mauryet al., 2022; ADEME, 2019
Baldassarre et al., 2022Through these formal collection channels, the WEEE and ELV are
treated according to specific guidelines to dismantle angpdiute the waste before being
sent for further sorting and recycling process®art Eygen et al., 2016; De Meester et al.,
2019; Recupel, 2018; 2013; Huisman et al., 2048y et al., 2022Baldassarre et al., 2022;
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ADEME, 20Z%Aigner, 202 Source separatiorof agriculture plastic waste (APW) aplastic

in construction and demolition waste (CDW) is typically dander aspecificagreement
(take-back schemes) between the waste producégy., farmersjand waste management
companies For example, wastenanagement companiesand farmers can come to an
agreement to collect the AP\{e.g., agriculture filmsli K N2 dzZ3 K | WLJA O1 dzLJQ
(Agriculture Plastic Environment, 2021; Bauer, 2019). In the construction sector, the waste
operators typically collect eggo-identify objects such as window or door profiles, pipes,
cables, and insulation from mixed CDW. The pldsdged items in mixed CDW are typically
sourceseparated at the collection sites in separate containers or bins for fureycling
process (Bendix et al., 2021; Gardner, 2020).

In the packaging sector |gstic packagingwvaste can be collected through a deposit
refund scheme (DRS), as demonstrated inlirEle collection in Belgium Norway, Germany,
Finland, Sweden (SYSTEMIQ, 20232;2B@nomia, 2022; Ghosh et al., 2023). Another option
for source separatiomf plastic packaging waste ascomingledcollection scheme, whereby
recyclable materials such as plastic packaging, metal cans, and drinkingscamtocollected
together. Examples of such comingled collection scheane the P+MD system in Belgium
and The Netherlands and lightweight packaging collection (yellow bags and bins) in Germany
(Cimpan et al., 2016; 2015; Roosen et al., 2022; Kleinhans et alg; Z02dno et al., 2021;
KIDV, 2023After collection of plastic wastéhe separately collected plastic packaginghet
source will be transferred to material recovery facilities (MRFs) for sortinglated on

recycling(Kleinhans et al., 2021 Cimpan et al., 2016).

1.2 2 Plastic waste sorting

The separately collected (source separatiovgste is further sortedin dedicated
sorting facilitiesalso known as material recovery facilities (MRFs}hAtsorting stage, the
mixed comingled waste fractions are sorted into different outputs based on the material
characteristics. In order to make an efficient sorting of waste, manual sorting is often
combined with stateof-the-art automated sorting units (Gualupalli et al., 2017; Kleinhans et
al., 202%&; Cimpan et al., 2015T.he automated sorting unitare used to directly sort plastic
from mixed waste streams based on different material propertieEgamples of sorting
equipment areoverbelt magnet and eddy currergeparation that sort material fromthe

mixed waste streams based on their magnetic susceptibility and electrical condyctivity

6
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respectivelyThedensitybased and shape/sizgased sorting is performed usimgndshifters,

drum screensand ballistic separators. Moreover, sendmased sorting can also be used to

sort plastic from mixed waste streams using a ri@frared technology (NIRThe NIR sorting

is able to detect plastic from neplastic materials as well as different plastic types (e.g., PET,
PP, PE, PS, etc.) based on the unique reflected wavelength of specific plasti@&estgalli

et al., 2017Cimpan et al., 20165leinhans et al., 202). Several improvements using sensor
based technologies are also being developed such as to sort plastic packaginbasast®n

its original purposege.g., sorting foodvs. nonfood packaging) using digital watermarks,
chemical tracersartificial intelligence, or robotic technologies (Soares et al., 2022; De Tandt
et al., 2021; NTCP, 202B).practice allthe abovementioned sorting technologies are used to
recover plastic from different waste streams such as plastic packaging, plastic in WEEE, and
plastic in ELVs. The sorting units ptacedin specific orderand designgi.e., sorting plant
layoutg to recover the targeted plastic material effacely. Previous studies have shown
potential sorting plant layouts in different waste streams sucliKesnhans et al. (202 for

plastic packaging sorting, De Meester et al. (2019) in recovering plastic from WEEE, and Maury
et al. (2022) in plastic recovery from ELVSs.

The separately collected plastic packaging waste (in comingled stream with other
recyclable materials) is typically sorted at MRFs to be separated based on the polymer types
for recycling. In particular, sorting plants for packaging waste use combinatibrise
following sorting units: drum screens, windshifters, ballistic separation, magnetic separation,
eddy current separation, and NIR machines. Moreover, manual sorting can be performed at
the end of the plastic packaging sorting lines for quality cdrafdhe sorted waste streams
(Kleinhans et al., 2021 Cimpan et al., 2015; Picuno et al., 2021). Typical outputs of plastic
packaging waste sorting are different bales for recycling such as PE Rigid bales (i.e., bale rich
in HDPE bottles), PET bottle bales (i.e., bale rich in mixed PET bottles), PEeEilirebdale
rich in PHilms), MPO bales (i.e., bale rich in mixed rigid polyolefin items),(Kteinhans et
al., 2025k; Bashirgonbadi et al., 2022; Brouwer et al., 2018; Roosen et al., 2022).

In the electronic sectoy sorting start withmanually dismanthg batteries, copper
wires, glass, woodomponents, and components with high (precious) metal content from the
WEEBy trained labors The remainingnon-dismantled)WEEE parts are sent for further
automatedsorting processesising NIR, magnetic separation, eddy current, &crecover

plastic from the mixed WEEE streams (Van Eygen et al., 2016; Menad, 2016). Similar to WEEE,

7
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the sorting of ELV starts with manual dismantlofg=L\parts rich in plastic content such as

0KS 0dzYLISNARAZ RI aKO0 2 RG22 RAUzaK2A 2Ly2ay5S yI-lyaRd W dizyliRS,
dismantled part can be sent directly to recycling facilities, while the remaining ELVs parts are
furthered process using automatesbrtingtechnologies(e.g., NIRjo separate and recover

plasticfor recycling (Maury et al., 2022igner, 2020; Baldassarre et al., 2D22 agriculture

and construction sectorshe farmers or costruction workers typically do manual sorting of

APW and plastic in CDW on the collection sites (in the agriculture fields or construction sites).

After that the sorted plastic wastéractions arecollected by waste management companies

for recycling (Bauer, 2019; Scaraddlagnozza et al., 2012; Bendix et al., 2021; Gardner,

2020).

1.2 3 Plastic waste recycling

The separately collected and sorted plastic waste can be recycled using different
recycling options such a8R, CR, or SBRlso called solverbased purification)as shown in
Figure 1.2 andrigure 1.3.

MR refers to mechanical reprocessing of plastic waste by means of shredding, washing,
drying, and extrusion without breaking down the polymer chains (Ragaert et al., 2017; Crippa
et al., 2019)Typical recycling equipment used in MR of plastic is cold washing, friction washer,
hot washing, sirfloat separation (densitpased separation), dryers (mechanical or thermal),
and plastic extrusion (Larrain et al., 2021; Faraca & Astrup et al., 20X8]\ika et al., 2018;
Brouwer et al., 2018; Ragaert et al01Z).The output of MR is recycled plastic (as regranulate)
that can be used directly in different applications such as film blowing or injection mplding
typically withextra measures like blending with virgin materiBashirgonbadi et al., 2022
(Figure 1.3)

Solventbased recycling (SBR) igp®acess in which the polymer is dissolved using
specific solvent (chemical agents), followed by removadglitives throughfor example
filtration or phase extraction. Later, the dissolved polymer is recovered by introdanigugti-
solvent, in which the polymer will be precipitated and recovered (Crippa et al., 2019; Kol et
Ff®X HAHMUO® ¢KS FAy@AENAINRGdEOANtbergisrifilated infoa || W
different applications (Crippa et al., 2019), as showRigure 1.3.

Finally CR refers to plastic recycling technologies that break down the polymer chains

and convert them into oligomers/monomers, base chemicals, and hydrocarbons (Hann and

8
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Connock, 2020; Arena and Ardolino, 2022; y O dzOK  § (figurefl.@)CRiisioftem used

as an umbrella term that cover a broader set of technologies suchchasmical
depolymerization (also known as solvolysis such as glycolysis, methanolysiqyettykis,
andgasificationChemical depolymerizatipmostly suitable for condensation polymers (e.g.,
polyester),is a process by which the polymer chain is broken down using chemical agents to
produce shorter polymer chains such as oligomers or monomers. Next, the oligomers or
monomers are recovered using distillation, precipitation, and/or crystallization techniques
OlFYyy FTYR [2yy2012 HAHAT [/ NALWLIE SO fdX Hawm
Pyrolysismainly suitable for addition polymers (e.g., polyolefis g process applied to plastic
waste to thermally break polymer chains an oxygenfree envionment and elevated
temperatures of 356500 . The main product of pyrolysis of plastic is pyrolysis oil, which is
further distilled into naphtha. The naphtha is further processed at steam crackers to produce
monomers, base chemicals, and hydrocarbons (as fuel) (Kusenberg et al., 2022a; 2022b;
2022c¢;2022d; 2022e; Ragaert et al., 2017; Vollmer et al., 20@@}ificationis a plastic
recycling option involving partially oxidizipipstic waste at elevated temperatures of 700
1,500 to produce syngas (a mix tydrogen and carbon monoxide)he syngas can be
processed via Fischer Tropsch Synthesis (FTS) or Metbanlefin (MTO) process to produce
monomers and base chemicals (Hann and Connock, 2020; Crippa et&IS28TEMIQ, 2022;
Mastellone, 2019; Gholami et al., 202Thus, he output of CR plastic waste can be used as
feedstock for polymerizatiofimonomers or oligomers)r the petrochemical industrybase
chemicals as secondary materialsipetrochemical refinery; as shown in Figure 1.3.

The abovementioned recycling options can be used depending on the quality of the
sorted plastic streams (e.g., contamination level) or the targeted quality of the recycled plastic
(Arena and Ardolino, 2022%everal studies have shown that MR faces sedrallenges in
treating plastic waste (e.g., thermaiechanical degradation)rhis resultsn the inadequate
technical properties of final recycled plastic to meet the market demands (Ragaert et al., 2017;
Demets et al., 2020; Huysveld et al., 2022; Bashirgonbadi et al., 2022; De Tandt et al., 2021).
Several improvements can be introduced to Kigcthe challenges of MR plastic such as
extensive (pre-)treatment processs (e.g., deinking and deodorization) and improved
extrusion (e.g., double melt filtration ith degassing)as shown by Roosen et al. (2021),
Bashirgonbadi et al. (2022), and Kol et al. (20Buijthermore CR and SBR are expected to

play a crucial role ifcuropean plastic recycling systems. These technol@geglaimed to

9
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have a higher tolerance towards contaminations aad processomplex waste streams (e.g.,
multi-material/multilayer packaging or mixed residual waste). Several studies also show that
the final product of CR and SBRfihigher quality thamecycled plastic from MR (Kusenberg

et al., 2022b; Huysveld et al., 2022; De Tandt et al., 2021).

Closed-loop pathways

Solvent-based
Virgin purification
feedstock

MNon-circular
pathways

Mechanical
recycling Reuse

Monomer Polymer Plastic Application Packaged product

Figure 13 Overview of different recycling options for plastic in a circular econ@oyrce

Crippa et al. (2019).

1.3 EUROPEANEGISLATIONS AND PLEDGHSAREASE PLASTIC
CIRCULARITY

To realize a circular economy for plastic, the European Commi@s@has enacted
several regulations, along with pledges made by the European plastic industry such as brand
owners, manufacturers, and recyclefe summary of the pledges and regulations related to
plastic waste can be found in Table IThe Waste Framework Directive (WFD) lays out the
definition and hierarchy of waste managemesuch a®¥g | 4 1 SQ> WNBOe®f Ay 3 Q.
Article32 ¥ 2 C5 A Y LJ A S awadieKnlatérialsihaBatedeprbcksged Dto préducts,
materials or substances whether for the original or other purpobkesvever, reprocessing
materialsinto fuels or as backfilling operations is not considefed WNXJ Qrilé WADy 3 Q
(European Commission, 20482008). Furthermore, the amendments Gouncil Directive
1999/31/EC on landfill of wastend Directive 2008/98/EC on wasset out new targes in
which Member States shall ensure all wasdesuitable forre-use andrecycling or other

recoveryproceses(e.g., incineration with energy recovery) by 2030. Particul#n amount

10
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of mixed (municipal) residual waste stredandfilled (by weight) is limited (or should be
reduced) to 10% by 2035 (European Commissiiii8a;2018b) The EChas also recently
passed a tax forneNNBS O Oft SR LX FaGA O LI O1F3IAy3 élLatcsS 27
(European Commission, 2020a).

Specific to the packaging secttire Single Use Plastic Directive (SUPD)Ratkaging
and Packaging Waste Directive (PPWD) have been introduced to enable a circular economy
for plastic packagingTable 1.1) The SUPD focuses on reducing the amount of sumge
waste and establishing extended producer responsibility (EPR) schemes, in which the
producers are obliged tproperly managéhe generated plastipackagingvaste. Specifically,
the SUPD bans certain singise plastic items (e.g., plastic bagkastic containers for food,
etc.)from beingplaced on the European market. The SUPD also mentions specific targets to
increase the collection of plastic bottles up to 90% by 2029, incorporating 25% recycled plastic
in PET beverage bottles from 2025, and mandates 30% recycled content in allq@astage
bottles by 2030 European Commission, 20d9Under PPWDspecificrecycling targets are
introduced, such aa 55% recycling target for plastic packaging by 2030a86% recycling
target for mixed (municipal) waste by 2035 (European Commisst6t3c). The new
Packaging and Packaging Waste Regulations (PPWR) proposal to tamendent PPWD
embeds new targets for plastic packaging around waste preventicnseeand refill, and
minimum recycled content targets (European Commission, @0Z2the PPWRiandatesa
packaging waste reduction of 5% by 2030 (etlgrpough maximum allowable empty or
unnecessary space in packaginggymonized labeling scheme (incl. recycled content and
disposal instructions), and a proportion of packaging to be reusataéarefillable by 2030.
Article 7 of thenew PPWRproposal also sets ouninimum recycled content targets per
packaging item such as 10% for contact sensitive packaging (other than PET) and 35% for non
contact sensitive packaging (other than PET) by 288(ackaging format placed on the
European market should be recyclable by 2030. This means thaP#sgnfor-Recycling
(DfR) principles should be adopted for all packaging itemsring the Europeamarket by
2030 (European Commission, 2082 However, to attain recycled content targets,
harmonized rules to calculate recycled content still needs to be develdpach rulesvould
allow a consistent monitoring and measuring system in Europe.

Inthe electronic sector, the WEEE Directive in 2012 mandaeemtegration of WEEE

separate collection, sortingand recycling systems. The WEEE Directive also calls for

11
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harmonization on WEEE categsriand targets 85% of annual WEEE to be collected from 2019
onwards.Specificelectronic components containing hazardous substansash as plastic
containing brominated flame retardan{8 FRpr mercurycontaining componentshould be
removed and treated separately through authorized recycling facilities. Certain components
containing highvalue metals such as printed circuit boards, batteries,&rdtric cablesnust

be selectively treated for material recovery and recycl{gEgiropean Commission, 2012).
Moreover, hazardous substances (eBFRmercury, etc.) are also restricted in new electronic
products placed othe European market as stated in the Restriction of Hazardous Substances
(RoHS) Directivé&afer substances nsi be usel to substitute therestricted substances listed

in Annex Il othe RoHS Directive after the regulatioves effectively put into force in 2006
(European Commission, 2011). With tagislation pushing towards sustainable useptdstic

in new products placed on the market, the European electronic industry responded by
pledging to use at least 2550% of recycled plast{by weight)in new electronic products by
2025 and 2030 (Sandoval, 2018; Philips, 2020; Whirlpool Corporation, 2018; EleGnamlpx
2020)(Table 1.1)

In the automotive sector, the ELV Directive was introduced in 2000 and a preliminary
study to amend the directive was completed in 2020 (European Commission, 2000; Maury et
al., 2022; Williams et al., 2020). The ELV Directive establishes a minimum resqtifem
reusing, recycling, and recoverintaterials from ELV. Article 7 or ELV Directive targets 85% of
9[ + (G2 06S WNBdzaS IyR NBOeOfAYy3dIQ YR p: 27
The Member States also must ensure new vehicles puherEuropean market do not use
hazardous substances such as lead, mercury, cadmium stding from 2003 (European
Commission, 2000Moreover, severabhutomotive producersalso pledgd to use recycled
plastic in their new passenger cars. The voluntary pledges call D22% of recycled plastic
(by weight) in new cars by 2030 (Maury et al., 2022; Volvo, 2018; Carroll,(d@dlg 1.1)

On the contrary, no European legislations directly address plastic waste recovery and
recycling in APW and CDW yet. Plastic waste is typically found as a smaller fraction in CDW
compared to otherhigherdensity materials such as wood, glass, bricksd concrete, i.e.,
estimated to be around 0.8 0.5% by weight in a mixed CDW. However, recycling plastic in
CDW has high potential because of a relatively homogenous plastic composition found in
several components such as window or door profiles (RM@hbing or piping system (HDPE),

and insulation materials (EPS) (Hyvarinen et al., 2019; Bendix et al., 2021; Gardner, 2020).
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Similarly, no European legislations directly targfe recovery and recycling of ARWhe
waste is mainly managed voluntarilgtween the farmers or growers and waste management
companies. Inhe agriculture sector, the AP\8an be foundmainlyasagriculture films (LDPE),
bale wraps (HDPExnd horticulture products(PPpots or buckets Also, APWs typically
contaminated by organic waste and soil residues (Bauer, 2019; Agriculture Plastic
Environment, 2021; Jansen et al., 2019; Vox et al., 2016).

Table 11 Summary ofcurrent and provisiorregulations or (voluntarily) pledgeglated to
plastic waste treatmenmade by the European Commission atdkeholders within plastic

value chain (e.g., brand owners, manufacturers, recyclers, etc.)

Current and provision Key objectivés)or target(s) Target year Source
regulationand pledge(s)
Waste framework 5STAYAGAZY 2F U- European Commission,
directive (WFD) YR WNBO2@SNEQ 2008; 2018a
Hierarchy on (plastic) waste -
managementprevention,

preparing for reuse, recycling,

recovery, disposal

Preparing for reuseand recycling By2030
(60% by weight) of municipal soli

waste
Landfill Directive Restriction of landfilling for waste By2035 European Commission,
that is suitable for recycling or 2018b

recovery by 10%
Tax on plastipackaging € y nn LIS NJ drecyeédS From2021 European Commission,

waste plastic packaging waste 2020a
Single Use Plastic Ban certain singlese plastic From2019 European Commission,
Directive (SUPD) items 201%

Introduction of extended
producerresponsibility (EPR)

scheme

Collection target (90% by weight By2029
for plastic bottle

Minimum recycled content (25% By2025
by weight) in PET beverage

bottles

Minimum recycled content (30% By2030
by weight) in all plastic beverage

bottles
Packaging and Packagir Recycling target (55% by weight) By2030 European Commission,
Waste Directive (PPWD) for plastic packaging waste 2018c

Recycling target (70% by weight) By2030
for all packaging waste format

Packaging and Packagir Design for Recycling (DfR) for all By2030 European Commission,
WasteRegulation packaging formatplaced on the 20222
(PPWR) proposal European market

Reduction of packaging waste  By2030
generated (5% by weight)
compared to 2018 baseline

13



Reuse andrefill targets (e.g., 10%
for alcoholic beverages)

A minimum recycled content
target for contact sensitive (10%
by weight) and nofcontact
sensitive (35% by weight)
packaging itera(except for PET
packaging format)
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By2030

By2030

Waste Electrical and
Electronic Equipment
Directive (WEEED)

Formal and integrated separate
WEEE collection point (channels
and recycling system
Harmonized WEEEategories and
separate collection target (85% b
weight)

Proper treatment of WEEE such
as removal of all hazardous
substances (plastic containing
flame retardants) or a selective
treatment for certain
components (e.g., batteries,
printed circuit boards, etc.)

From 2019

European Commission,
2018d

Restriction of Hazardous
Substances (RoHS)
Directive

Banning the use of hazardous
substances in electronic product:

From 2006

European Commission,
2011

Endof-life Vehicle (ELV)
Directive

Minimum reuse andecycling
targets of 85% by average weigh
per vehicle

Minimum reuse and recovery
targets of 95% by average weigh
per vehicle

Restriction of hazardous
substances in vehicles placed on
the European market

Fom 2015

From 2015

From 2003

European Commission,
2000

VoluntarilyPledges

10 million tonnesf recycled
plastic production by Circular
Plastic Alliance (CPA)

Minimum recycled content (25
30%) in new electronic products
placed on the European market

Use of recycled content (2025%
by weight) in new cars placed on
the European market

By2025

By2025or
2030

By 2030

European Commission,
2022b; 2026

Philips, 2020; Electrolux
Group,2020; Whirlpool
Corporation, 2018;
Sandoval, 2018

Maury et al., 2022; Carroll
2021; Volvo, 2018
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1.4 ASSESSMENODOL®FPLASTIC WASTE MANAGEMENT SYSTEMS

1.4.1 Material flow analysis

Several studies have investigated the performance of current plastic waste management
systems by estimating the amount of plastvaste recycledeffectivelyover the amount of
plastic waste generateddFAprinciples are often used to trace the fate of plastic throughout

a defined system (e.g., globalastic flows, Europeanplastic flows, or plastic flows at
sorting/recyclingplant level). The outputs dfFAare mass balances and compositional data,
which are benchmarked againsspecific (evaluation)ndicaors for analysesand results
comparison(Kleinhans et al., 2021 Geyer et al., 2017; Ryberg et al., 2019; Kawecki et al.,
2018; Eriksen et al., 2020; Antonopoulos et al., 2021).

MFA itself is defined as a systematic assessment of the flows and stocks of materials
within a defined system, space and time. MFA connects the sources, pathways, and final sink
of materials, which resulted to material balances comparing all ingtiigks and outpus of
a processBrunner & Rechberger, 20p%An example of MFA system can be found in Figure
1.4, which also consists of a series of terms to understand how MFA is performesysiém
or system boundarys the actual spatial and temporal defion of the MFA investigation,
which includes the flows of material entering and leaving the defined system. The terms
materialA Yy aC! adlyRa F2NJ 020K adzoaidlyoSa FyR 32;
2NJ WO2YLIRdzyRQ O2YLIAaSR 2F dzy AF2NY dzyAlda o6So3
substances or group of substances that have an economic value, which can tivedssch
as resources) or negative (such as waste). Material can enter and |pavessswhich refers
to act of transportéion, storage, or transformation of materials. Different processes within a
defined system in MFA is connected flgws (or fluxeg, which refers to process inputs and
outputs. Stocksare defined as material accumulation (mass) within the analyzed system
measured in mass unit, which can increase (material accumulation) when inputs are higher
than outputs or decrease (material depletion) when outputs are higher than inputs. In MFA
studies, typically a process is illustrated in box shape whereas a flowi¢fillMstrated in oval

shape, as shown in Figure 1.4 (Brunner & Rechberger, 2005).
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Export
process 1

Process 1
tar?et rocess
or fl

Process 2

Export
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r Tiow
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process 2

System Boundary

Export
process 3

Figure 14 Example of material flow analysis system illustrating selected teBosirce

Brunner & Rechberger (2005).

MFA has been applied to investigate plastic waste management system at different
levels (global, regional, country, or factory lev€gyer et al. (2017) investigate the fate of
global plastic waste generation and treatments between 182015. The results of the study
suggest that the cumulative plastic waste generated (from 198015) reached 6,300 Mt. Of
this, only 9% (600 Mt) have been recycled, 12% (600 Mt) have been incinerated, and the rest
(4,900 Mt; 79%) are accumulating in landfills or the environment. A stbgyRyberg et al.
(2019) indicate that a substantial amount of microand macreplastic is lost to the
environment. It is estimated that approximately 6 Mt of maqgastic and 3 Mivere found
in the environment in 2015 global{gnnual figure from 2015 data; Ryberg et al., 20T®)ese
studies conclude thaa comprelensive assessment framework is needed to assess potential
improvements within global plastic waste management systems

The fate of plastic wastiroughout European plastic waste management systems is
investigated by Kawecki et al. (2018) and Eriksen et al. (26&#fl)sing on the flows of PET,
PP HDPELDPEPRVC, and (E)PHe resultof these studiesuggest thatneffective (or non
existing) source separation sbmeplastic waste streams as one of the main reasons for low

plastic recycling rates in Europ@nsiderable material losses also occur during sorting and

16



Chapter 1¢ Generalintroduction

recycling of plastic waste. Whéwoking at plastic waste sorting and recycling, certain polymer
types (e.g., PET and HDPE) perform better than others (e.g., LDPE and PP films) because of
their simpler composition and more well-established infrastructure. According to Kawecki
et al. (2018), PET and HDPE packaging performs better than LDPE and (E)PS packaging due to
better collection rates and sorting yield. This can be explained by the fact that sepate
and HDPE packaging waste collectias implemated way before other packaging formats,
as illustrated in thePMD collection system in Belgium and The Netherlands (Roosen et al.,
2022; Brouwer et al., 2019). Through MFA, Kawecki et al. (2018) also indicatbetaiv
plastic recycling rate from electronic and automotive sectors is causedrsiderablavaste
export leaving the European markdturthermore, Eriksen et al. (2020) argue thapbor
packaging designs can cause relatively low plastic recycling rate for certain packaging format
(e.g., multimateral packaginglpesigning packaging compliance withDfRguidelines (e.g.,
promoting monomaterial packaging) can substantially increase plastic packaging recycling
rates. The MFA results of Eriksen et al. (202@)consistent with Horodytska et al. (2019)
study, which suggestthat multimaterial multilayer film recycling is not happening at
industrial scale yet. The problem with multimaterial multilayer packaging film lies in the
combination of noncompatible materiald.€., polymers, aluminum, paper, etc.) to be
correctly sorted and effectively recycled.

Moreover, several studies also indicate that a substantial amount of wiasteY A a a A y 3 Q
and not accounted for in statistical databasasEurope(SYSTEMIQ, 2022; Agora Industry,
2022; Material Economics, 2022). Underestimation of serifieegme of plastic applications,
waste quantity in mixed (municipal) waste statistics, and undocumented flows (e.g., illegal
LX FadAO 61 &GS SELERNIO NB NB3IIFNRSR a LRGSy
of the suggestions to trace the flows of thesak SR WYA aaAy3a LI adAoQ Ay
estimation of product lifetime combined with robust material flow modeling of plastic waste
(Geyer et al.,, 2017; SYSTEMIQ, 202B)s is especially important for plastiontaining
products with a relatively longer service lifetipseich as in electronic, automotive, or building
and construction sectors. Kawecki et al. (2018) and Wang et al. (2013) have pointed out the
importance of considerinthe lifetimedistribution model toestimate the waste generatioin
electronic sector bette

The evaluation of plastic waste management performance using MFA can also be

performed ata national level, as shown by Klotz et al. (2022) for plastic flows in Switzerland,
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Picuno et al. (2021) for plastic packaging in Germany, and Van Eygen et al. (2018) for plastic
packaging flows in Austria. The findings of the three studies suggest that big efforts are still
needed to reactthe European recycling target (i.e., 55% by 2030). The plastic packaging
recycling rate in Switzerland is estimated to be 17% in 2017 (Klotz et al., 2022), 26% in
Germany in 2017 (Picuno et al., 2021), and 23% within the Austrian market in 2013 (Van Eygen
et a., 2018). These findingare consistent wih Antonopoulos et al. (2021) studies which
suggest that significant improvements in the plastic packaging waste management systems in
Europe are needed to reach the 55% recycling target set out in PPWD. The plastic packaging
recycling rate in Europe is @siated to be 1425% (Antonopoulos et al., 2021), and low
collection rates and sorting yield are regarded as the main bottlenecks within the plastic
packaging waste management systems in Europe (Picuno et al., 2021; Klotz et al., 2022; Van
Eygen et al., 2@; Antonopoulos et al., 2021Thus, it is evident that MFA can be used to
assess the performanad plastic waste management atnational level ando underpinthe
potential improvements needed to reach recycling targets.

Several studies also use MFA principles to trace the fate of plastic wesbeting or
recycling plants (Kleinhans et al., 2@62Cimpan et al., 201&arrain et al., 2021Kleinhans et
al. (202H) examine the sorting behaviasf up to 17 different plastic packaging formats
throughout PMD and P+MD sorting facilitiesBelgium The granular modeling approach by
Kleinhans et al. (202} illustrates how various packaging items behave throughout different
sorting units and showthe limitation ofthe current state-of-the-art plastic packaging sorting
process. For example, certain packaging items (e.g., PET trays) are missorted at the ballistic
separator because they are light waste and compressed (and flattened) during waste
collection. Moreover, the MFA sellts show that some packaging items (e.g., black bottles,
multilayer multimaterial films, etc.) are noadequatdy sorted becaus®IR machines poorly
detect them Through MFA, Kleinhans et al. (28R%&lso determine the expected bafes
quality, which iscrucial for further recyclingAt the MR facilities, the study by Larrain et al.
(2021) showthat the recycling yield of MR of plastic varies frong90% depending on the
feedstock (bales) quality. A relatively lower recycling yield of MPO bales through MR (71%;
Larrain et al., 2021) is mainly causedimgherimpurities (e.g.non-PO matrialsprganic waste
etc.). Larrain et al. (2021) also show thainsiderablemass losses in MR occur at sftdat

separation and windshifter
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1.4 .2 Multivariate input-output analysis

Several methods have been proposed to estimate plastic waste generation with a
longer lifespan such as plastic in WEEE, ELV, CDW, etc. Generally, methods for quantifying
such waste streams need to consider the disposal rate by the consurasexi onsocic
economic conditions (Wang, 2014). Multivariate iqowitput analysis (MIOA) is a commonly
used method with multiple variables, which quantitatively describes the dynamics,
magnitude, and interconnection of product sales, stocks, and lifespanti@ssied in Figure
1.5). Generally, products flow into society (sales) and accumulated (stock) until the owner
disposes of the items after a certain period (lifespan) hence flow out as waste (Wang et al.,
2013). In suclasalesstocklifespan model of MIOA, the relationship between these variables
is taken into consideration when determining the outflow of the waste. Information on the
stock age composition and disposal age composition can be extracted from each data point
for any historical year owing to theddspan distribution profile and statistical sales data (as
illustrated in Figure 1.5). It means that the percentage and amounts of products that are
accumulated in the market (stock) and flowing out as waste based on #geircan be
determined in this model (Figure 1.5).

The MIOA model is developed based on a more detailed calculation regarding the
lifespan distribution using Weibull Distribution (Wang, 2014; Wang et al.,, 2013),
acknowledging that the product annually accumulated in the market have different disposal
(obsd SGSUVU NI GS RSLISYRAYy3 2y (KS O2y acda¥ienBE Q 0S|
the probability of products to be discarded depending on the obsolescence rates of products
duringthe evaluation periodFrom such approaches, a more reliable waste geiar can be

guantified; thus potential plastic recycling can be estimated.
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Figure 15 An ilustrative diagram of multivariate inptdutput analysis applied in the sales

stocklifespan model. Source: Wang et al. (2013)

1.4 3 Life cycle assessment

Life Cycle Assessment (LCA) is commonly used as a tool to calculate the potential
environmental burdens of products or services over their life cycle stages, i.e., from material
extraction to waste treatment (Rigamonti et al., 2020). TypicaltyLCA study is developed
and applied according to the international standards ISO 14040 and b#dvwisting of four
steps, namely i) goal and scope definition, ii) inventory analysis, iii) impact assessment, and iv)
interpretation (ISO, 2006), as shown in Figiue

The first aspect of goal and scope definition is determining the functional unit and
system boundaries. A functional unitam LCA study is used as the reference to evaluate the
components within a single systean multiple systems (European Commission, 20Ihe
selected functional unit within an LCA study defines the quantitative and qualitative aspects
of the function(s) or service(s) provided by the product being evaluated. After the functional
unit is defined, a system boundary can be defined tadkgvhich part of a system is included
and which part can be excluded or enff (ISO, 2006). The system boundary of an LCA study
can vay at different scale: aspecifigprocess within a company (process level), a process chain
AyOf dzZRAY 3 ff adzLIR2NIAYy3I dav-t AG&63 | G LINKRSBS:

including material extraction and processing to product manufacturing ("crmdi® G Sé¢ 0= 2 N
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a full life cycle stages from material extraction to esfd A FS { NB I étocBNIG D DH£a00 NI
(European Commission, 20110

The next stage of an LCA study is the construction of life cycle inventories, which
involves the compilation of inputs and outputs throughout the life cycle stages defined in an
LCA study (system boundary) (ISO, 2006). The life cycle inventories areotivemted to
environmental impact at the third phase of an LCA study, namely impact assessment. The
collected data can be site specjfgtich as a real production process chgfinoo, 2019pr
modelled with software(gduleret al., 202). Alternatively, geeric or averagedata can be
used. For this purpose, a foreground and background system can be chosen within the

AAAAA

aSt SOGSR tA&ld 2F dzyAlG 2LISNIGA2yad ¢KAA F2N)YS
areRANBOGE e TFSOGSR 08 RSOAARAILBDATFWRION AINPRO Sk A
GKS f1Fr04GSN Aa RSTAYSR Fa aiK2asS LINRPOS&daaSa (K
y20i dzy RSNJ RANBOU O2yiNRBf 2NJ RSOAaA@S AyTFtdzsSSy
LINE OS & & Searé CoringsdiiP2010). For background sysfatatabases can be used
such as Ecoinvent (Ecoinvent, 2023), thiée Cycle Data NetworkLCDN (European

A > 4 A ~

Commission2023), etc.

The interactions on (material or energy) inputs and outputs from the inventory phase
are converted into environmental impacThe impact assessment phase evaluates the
environmental impact using specific assessment methodologies (characterization models).
For this purpose various assessment methodologies can be selexteld as ReCiPe2008
(Goedkoop et al., 2008), ReCiPe2016 (Huijsbergt et al., 2016), Environmental Footprint
Methodology (European Commission, 2021), TRACI (Bare et al., 2012Finetity, the
interpretation phase of an LCA study covers several key elements such as i) identification of
the significant issues based on the LCA results, ii) key conclusions, iii) limitations, and iv)
recommendations derived from the LCA study (ISO, 2006). It criam to note that an LCA
study is an iterative process by nature and the LCA results can be improved over time

(European Commission, 2010).
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Figure 16 Four steps of a life cycle assessment by ISO 14040/44. Source: 1SO (2006)

1.44 Economic assessment

Economic assessment within plastic waste management is widely used (De Meester,
2013).In the context of economic assessment, ebsehefit analysis (CBA) can be used, which
is defined as an analytical tool for judging theonomic advantages or disadvantages of an
investment decision by assessing its costs and benefits in order to assess the welfare change
attributable to it (European Commission, 201Bnother method that is typically used to
assessthe economic performance of plastic waste management is teebcmnomic
assessment (TEA), which corsist four steps: i) market study to determine market prices
and volumes, ii) development of process flow diagram, mass balance, and energy balance, iii)
economic analysis, wherinvestment criteria are used to assess profitability of the system,
and iv) risk analysis to assess the uncertainty on the results (Thomassen et al. FGHIB),.
other methods such as life cycle costing (LG@n be usedo assess the economic potential
of emerging technologies or systenThe European Commission (2023tgfinesLCCasan
analytical tool that considerall the costs that will be incurred during the life time or the
product, work, or servicelhe LCGnethod focuses on important cosspectssuch as energy
or labour, making conclusions on emerging technologies' economic profitaliifgasible

(Thomassen et al., 201%0r purposes of investigating economic improvementglastic
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waste management, CBA can be used as a supporting deaisikimg tool to assess economic
feasibility, whichexamires all aspects of the operational costs incurred and revenue
generated from recycling systems. CBA is indée@dome extentdeveloped based on LCC
and TEArinciples(Torkashvand et al., 2021).

1.4 5 Sustainability assessment of plastic waste management

The sustainability performance of waste management systeasbeenevaluated by
combining the information on plastic flowse.§., MFA or MIOA with environmental,
economic, and social impact assessment meth&tadies from Civancildsiu et al. (2021),
Huysveld et al. (2022), Huysman et @017), and Horodytska et al. (2020) compé#ne
environmental footpring of different plastic waste recycling options. Cimpan et al. (2016) and
Larrain et al. (2021) assess the economic balance (i.e., capital investment, annual costs, and
revenue) of plastic packaging sortiagd MR processTaelman et al. (2020), Milios et al.
(2018) and SanjuaiDelmas et al(2021) investigate the social impact of different waste
management systems in several European cities (e.g., waste management in Ghent vs.
Hamburg). In allhe abovementioned studies, MFA is used as the primary modeling input to
run environmental, economic, and social impact assessmertichdetermine the quality of
impact assessment resultSchwarz et al. (2021), Huysveld et al. (2022), and Vollmer et al.
(2020) studes also show that the environmental impact assessment of new emerging plastic
recycling technologies (e.g., SBR and CR) relies on robust material flow matdelngs
feedstock characterization and qualitieSaro et al. (2023) and Tabrizi et al. (2021) have
proposed a mass balance accounting metfuging MFA modeling aliki) traceplastic flows
through complex plastic recycling chains to monitbe attainment of European plastic
recycling targets, i.e., recycling rates, recycled content targets, etc.

MFA is also the backbone to develop and apply circularity indicators, \&heased
as one of themonitoring toolsto make strategic decisions towards a circular econo@rye
example of aircularity indicator is théRecyclabilityBenefit Rate (RBR)whichmeasureghe
potential environmental savings related to the recycling of a product over the environmental
burdens of virgin production followed by disposal (Huysman et al., 2015; 28f&gifically,
the RBR indicatoaims to improveresource efficiency in European product policies by using
waste asa secondary resourceAfdente and Mathieux, 209)4Another circularity indicatqr

developed by Huysman et al. (201i®called the Circular Economy Performance Indicator
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(CPI), which measures the ratio of the actual obtained environmental benefit over the ideal
environmental benefit taking into account quality factors of the secondary material, which is
not fully addressedin RBRindicator. The CPI thusooks deeper atquality aspects in
combination with a typical circularity indicatapproachusingMFA or LCAtudies(Huysman

et al., 2017).However, he definition and operational framework for quality aspects of
recycling are still lacking to dai@onini et al., 2022). Several studies have tried to make
comprehensive circularity indicateby combining quality and monetary aspects such as the
technical processability and properties (Demets et al., 2021; Chaon et al., 2020), functionality
or circularity potential Yadoudi et al., 2022/adenbo et al., 2016; Eriksen & Astrup, 2019;
Eriksen et al., 2018) aridchnical and market substitutabilitiRposen et al., 2028 Huysveld

et al.,, 2022; Vadenbo et al., 2016 recent study by Roosen et al. (20)3proposes an
operational framework to measure the quality of recycling by taking into account three
dimensions of recycling process, namely environmental impact (through LCA studies),
substitutability rate (from technical and economic perspect)y@and materials durability in

the economy (i.e., Huse lifetime) Lastly, for multioutput processes, Broeren et al. (2022) and

/' N2 SG Ff® oHnHoO Ffaz2 2FFSNI GKSANI OASg 2y
yield and losses (at different stages various recycling technologies (e.g., plagiiplastic

yield from pyrolysis; Broeren et al., 2022).

1.5 RESEARCH OBJECTIVES

It is evident that the European government atitk plastic industry have ambitious
targets to realize a circular economy for plastidsirent plastic waste management systems
need substantial improvements to collect and sorbre plastic waste for further recycling
process However, scientifibased evidence related to the extent to which waste
management infrastructure could be improved armbtential impact towards plastic
circularity in Europe is scare. Moreover, the econorfeasibility and environmental
consequences of improving plastic waste managensgstemalsoneeds to be investigated.

To provide insights towards the potential technological, economical, and
environmental improvements gfotential future scenarios in thplastic waste management
system in Europeanaterial flow analysis (MFARs been useth this PhD researci hus, this

PhD researchaims at providingscientific evidence othe contribution of technological
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advancementstowards achieving a circular economy for plastic ahd attainment of
European recycling targetsuch as recycling rates and recycled content targessticularly,
the following chapters and objectives are addressed in this PhD research:

A general structure linked to this PhD research is presented in Figur€Hapter lof
this book highlightscurrent stateof-the-art plastic waste management systems and
challenges to increase plastic recycling rates. In addition, several key legislations and
(voluntarily) pledges to realize sustainable plastic recycling chains in Europe are elaborated.
Lastly,a few relevant studiesttempting to evaluate the performance of plastic recycling
chainsat different levels (e.g., global, regional, natioralfactory)are highlighted.

Chapter 2of this PhD research investigates the fate of plastic waste throughout plastic
recycling chains in Europe in 2018 (istatus quoas a benchmark)ysing a MFA modeling.
This analysis includethe ten most used plastic types in Europe from five key sectors:
packaging, electronic, automotive, construction, and agriculture sectors. The plastic waste
flows inthe status quoscenario(2018)are used asa benchmark to compare prospective
plastic waste flows in 203@hen the management infrastructure is improvéalg., collection
rate, sorting yield, etc.)Particularly, fivgpotential futurescenariosn 2030are considered by
projecting the plastic waste quantitieBnprovements irwaste managemeninfrastructure
andvarious recycling options (MR, CR, and/or SBiRR. evaluation indicators are selected to
appropriately analyze and compare the MFA results in 2018 and 2030 scemanosly ene
of-life recycling rates (EeRR), plastito-plastic rate (P2P), plastio-chemical rate (P2C), and
plasticto-fuel rate (P2F)Thus,the first objective of this PhD presented in Chapter 2 is to
investigatethe current (status quo scenario in 2018) guatential future flows of plastic waste
(in 2030) throughout plastic recycling chastsEuropan leve] including the impact othe
emergingplastic recyclingechnologiesn plastic circularity in 2030

Although technological advancemergsch as CR and SBR are quite promisirpal
with plastic wastén Europeeachsector hasts own uniguechallenges to recycle plastic waste
(e.g., plastic recyclingroblems inelectronic versus packaging sector). Therefore, the next
chapters focus on investigating future plastic waste treatment in two specific sectors (as case
studies)the electronic and packaging sectorsGQhapter 3multivariate inputoutput analysis
(MIOA) and MFA modeare developed to gaibetter insights intahe WEEE recycling cimai
The MIOA is selected because this approach considers the dynamic interconnection between

product sales (in the past years), stock flows (product accumulation in the economy), and
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electronicproduct lifetime distribution. Combining MIOA and MEAablesforecasing the
amount of WEEE generation in 2030 (and its disposal age composition) and regranulates
production from WEEE recycling. The WEEE recycling chains in The Netherlands and Belgium
are selected as the system boundary and three electronic devices from smadehold
appliances group are considered: vacuum cleaners, coffee machines, and electric sktasers.
study includes sensitivity analysis to identify the bottlenecksptdstic recycling from WEEE.
The sensitivity analysis also provides information on potential improvements needed within
WEEE recycling chains to reach European WEEE recycling targets. Finally, the MIOA model has
the ability to determine the origin of théncoming waste in 2030, i.e., the disposal age
composition. Through this modeling approach, the inherited hazardous chemicals (e.qg.,
brominated flame retardants) can be identified, which is relevant information for WEEE
recycling industries because a seg@rtreatment of plastiecontaining hazardous retardants
is mandatory under WEEE Directive. Thereftite,second objective of this PhD research is to
presenta better estimation of WEEE generation and regranulates production from WEEE
recycling in 2030, allowing the identification of potential bottlenecks, technological
advancements, and inherited legacy chemicals from WEEE recycling systems

Chapter 4 of this research focuses ofiexible packaging waste recycling from
househols (e.g., LDPE film, PP pouches, ebe¢ause lexible packaging is considered a
difficult-to-recycle waste with relatively low recycling rates in Europe. Most household waste
management infrastructure i® date developed to processgid plastics (e.g., PET bottles or
HDPE bottles). When recycled, current regranulates from flexible packagengften
considered inferior to virgin plastics and are often useddpenloop applications such as
park benches or horticulture products (e.g., garden pots, buckets, etc.). As a step to improve
flexible packaging recycling rates and the uderagranulate from flexible packaging, an
improved MR process is developed, such @siality Recycling Proce€3RP)This improved
MR process introduces a more rigorous greatment of separately collected and sorted
flexible packaging waste, suchadditional sorting using NIR, hot washing, double melt filter
during extrusion (with degassing unit), and deodorization stAparesult, QRP producenew
valuableoutputs (PE Film Natural and PP Filegranulate$ suitable for more demanding
applications sah as shrink film, sealable pouches, standing pouches, Téte.recycling
performance of QRP versus conventioMdiR processis investigatedby developing and

combininga MFA and codbenefit analysis (CBA) mod€&our evaluation indicators related to
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guantity (process yieldnd net recovery) and quality (polymer grade and transparency grade)
are selected and applied to compare the recycling performance of QRP versus conventional
MR The MFA resultalsoprovide granular compositionanalysesat the bales flakes,and
regranulate levelswhich arecompared withexperimentalcompositionalanalysefrom the
actual flakes and regranulates of QRP for model validafi@ensitivity analysis is also carried
out to identify the impact of potential variations of the MFA modeling itspan the recycling
performance. TheMFA andCBA modeal aredeveloped based on inputs from mechanical
recyclers, machine builders, and literature. The CBA results indicate the estimated capital
investment, annual costs, and revenue from QRP operation compared to conventional
mechanical recyclingdence, the third objective of this PhD research is to investigate the
recycling performance of flexible packaging wastamiaroved mechanical recycling (by using
QRP as a case study) compared to conventional amécdl recycling

In Chapter 5 the economic viability of nehousehold flexible packagingvaste
recycling from urban areas is investigated and discusske. nbrrhousehold sector also
generates a substantial amount of flexible packaging wastewaste management of nen
household plastic waste receiseonsiderably less attention than household wasZerrently,
collecting and recycling nemousehold plastic waste is limited because of scarce information
on the waste quantitycomposition, and economic feasibility. To improve the status quo, a
CBA model is developed and applied, consisting of a logistic simulation (i.hpnsehold
plastic waste collection), nehousehold plastic waste flows through mechanical recycling
processes, and economissessment of the mechanical recycling proc&be urban areas of
the City of GhergBelgium and its twelve neighboring municipalities are considénetthe
system boundaryParticularly, three different collection frequencies (weekly, fortnightly,
monthly) and two different mechanical recycling plant layouts (basic and advanced
configuration)to deal with the norhousehold plastic waste from the considered urban areas
are investigatedand discussed. The basic mechanical recycling plant consists of shredding
washing, drying, and extrusion steps, while the advanced mechanical recycling plant layout
adds NIR separation and hot washing steps. whete quantity and composition datare
collected from real waste samptnn the City of GhengBelgium.The economic parameters
are collected from relevant literature related to flexible packaging waste recycling chains.
Furthermore, a sensitivity analysis on the residual content (i.e., contaminiaveh at source

separated wastgis carried out to assess the impadtpoor source separation practices by
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individuals (at offices, stores, schealestaurants, etc.) on the overall ndrousehold plastic
waste recycling performance. Lastly, the last part of this chapter compares the greenhouse
gas (GHG) emission (in kg -@Q) associated with producing regranulates from non
household plastic waste recycling (mechanical) versus current virgin PE granulate production
and PE waste incineratiqine., current linear economy as benchmarkherefore the fourth
objective of this PhD research is to investigate thenemic feasibility of collecting and
NBOe Of Ay 3 (i Kkidusahdl@pNEi#ln wiaStgT@m yrigay areas complemented by
its associatectarbon footprint accounting

In Chapter 6 the preliminaryassessment of recycled content availability for household
and nonhousehold flexible packaging is investigated. A MFA model is developed to trace the
flows of flexible packaging waste throughout eofllife treatment in Europe in 2030,
assuming that the @xible packaging design will improve (e.g., more moragerial in the
market), more selective collection of flexible packaging at the source (e.g., more separate
collection like P+MD system in Belgium), sortigld for mono- and multimaterial flexible
packaging will improve (e.g., by implementation of digital watermarks), and recycling yield will
improve (e.g., advancement in catalytic pyrolysis or advanced mechanical recycling). Five
scenarios are developed to identify impact of mechanical recycling @rdlysis as
complementary technologies to reach the (proposed) recycled content targets in Europe,
namely: 35% recycled content for n@ontactsensitive and 10% recycled content for contact
sensitive flexible packaging in 2030 (European Commissiona@82his study, the recycled
content availability is defined as the ratio between the recycled plastic production (from
mechanical recycling and/or pyrolysis) over the plastic demand for flexible packaging in 2030.
Next to quantitybased modeling to estimate the quantity of recycled plastic production, the
associated capital investment focusing on the mechanical recycling and pyrolysis
infrastructure to reach the recycled content targets is estimated, which is basethe
SO2y2YAO T O puNth meshanical eegydiggyby/prolysis) found in literature..
Hence,the fifth objective of this PhD research is to investigate the feasibility of achieving
recycled content targets for flexible packaging, as mandated (proposed) by the European
Commission in 2030

Finally, Chapter 7 discusses the general conclusion that can be drawn from the
presented studies and future perspectives for further research. Particularly, this chapter

highlights the importance of MHA evaluatingplastic waste recycling systems and combining
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MFA with other assessment tools (e.g., quality of recycling aspects) for a more comprehensive

sustainability and circular econoneyaluationof plastic in Europe.

Chapter 1
General introduction and research objectives

Obj. 1 Chapter 2
Current and future plastic flows in Europe

1 1
1 1
1 1
1 1
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Chapter 7
General conclusions and future perspectives

Figure 17 General structure of the research, organization of the chapters and their link to
research objectivesAbbreviations: Mechanical Recycling (MR), Chemical Recycling (CR),

Solventbased Recycling (SBR), Objectives (Obj.)
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Chapter 2

Current and future flows of plastic waste in Europe

2.1INTRODUCTION

According to Plastics Europe (Plastics Europe, 2020), Europe generated 29.1 Mt of
plastic waste in 2019. Of the generated plastic waste in 2019, it is estimated that 19.6 Mt (i.e.,
67%) was landfilled or incinerated and only 9.4 Mt (i.e., 33%) was seatyaling facilities
(Plastics Europe, 2020). Further, it is estimated that out of the plastic waste sent to recycling
in 2019, only 4 Mt were effectively recycled, hence resulting in recycling rates of appcox. 15
33%, depending on the calculation methd&astics Europe, 2020; Agora Industry, 2022). The
33% plastic recycling rate is calculated based on the quantity of plastic waste entering
recycling facilities over the reported plastic waste generation (Plastics Europe, 2020). The 15%
plastic recyclingate is calculated based on the quantity of recycled plastic production (after
regranulation) over the total estimated plastic waste generated (i.e., reported plastic waste
jdzZ yGAGe LX dza GKS WYAaaAy3d LI I ada Oanbmids! 32 NI
(2022), the reported amount of plastic waste in Europe (i.e., 29.1 Mt) is deemed to be
underestimated as substantial amounts are seemingly not accounted fé@d(sd f SR WY A a &
L FadAOQUy Ay GKS adrkdArada ol fcs. Ridied fiom Agota> S &=
Industry (2022) and SYSTEMIQ (2022) estimate ttvatp7 a G 2 F LI F AGAO g &/
because of either underestimation of plastic in mixed (municipal) waste, underestimation of
lifetime of plastic applications, or unidentified/documented flows (e.g., unauthorized waste
treatment or exports of waste)) Ay {1 SR (2 (GKS WYAA&AY HlsoLJ | adA
suggested that the flows of waste of electronic and electrical equipment (WEEE) atod-end
life vehicles (ELVS) are prone to illegal (unauthorized}addifie treatment because of the
economic value within the waste streams (e.g., critical raw materf@d)iams et al., 2020;
. FESR SO FEds HamMTO® a2NB2gSNE 2ySQa 61 aasS

al., 2023) From thigerspective, a considerable quantity of WEEE and ELV are not necessarily
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O2Y&AARSNBR |a WglaadSQ odzi a aSO2yRIFNE LINER
WEEE and ELV to n&mniropean countries when the cost of shipment is cheaper than domestic
end-of-life treatment (Balde et al., 2017; Thapa et al., 2023us, WEEE and ELV amongst
other waste streams can be consideredds NIi 2F GKS WYAaaAy3a LI I aidA
Reinforcing the efforts to improve the plastic circularity in Europe, the European
Commission (EC) has enacted several regulations, along with (voluntarily) pledges made by
stakeholders in the plastic value chain (e.g., by cars and electronic productdaciamers).
For example, 55% of plastic packaging waste should be recycled by 2030 as stated in the
Packaging and Packaging Waste Directive (PPWD) (European Commission,2@$8and
electronic manufacturers also pledge to use&28% of recycled plastin their new products
by 2030 (Maury et al., 2022; Sandoval, 2018; Volvo, 2018). The Landfill Directive also limits
municipal waste to be landfilled in 2035 by 10% (European Commission, 2018b). The complete
list of relevant laws and pledges is availabl&@able 1.1 The regulations and pledges also aim
to enhance the uptake of recycled plastic in new products (i.e., recycled content), which would
increase the demand and potentially the price of recycled plastics (Maury et al., 2022,
European Commissionp22b). However several studies indicate that either the targets are
not yet accomplished or significant improvements are still needed to achieve the targets. Lase
et al. (2021) suggest that the recycled content targets in the electronic sector will be difficul
to achieve in Belgium andlhe Netherlands due to inefficiencies in collection, sorting and
recycling chains. Studies from Maury et al. (2022), Cardamone et al. (2022), and Williams et
al. (2020) suggest that plastic from entilife vehicles (ELVsjatreated with less attention
G2 LIRf@YSNI NBO2@OSNE YR GKS WNXdzaS | yR- NBOeO
of-Life Vehicles Directive (ELVD) is mainly achieved by recycling aluminum and metals from
ELVs, leaving a substantial amountpddistic to be landfilled or incinerated. Similarly, a
significant amount of plastics packaging waste is not separately collected, correctly sorted or
recycled, while substantial improvements are needed to meet the 55% recycling target by
2030 stated in thd®PWD (Picuno et al., 2021; Antonopoulos et al., 2021; LAgeitar et al.,
2022; Van Eygen et al., 2018). It is thus clear that the circular economy for plastic needs an
urgent boost.
The ways to improve plastic circularity and recycling rates in Europe ardotd:o
implementation of plasticproduction and useriented solutions, andendof-life (EoL)

treatment-oriented solutions. Production and useriented solutionstypically focus on
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AYLINR@GAY A LINRPRdAzZOG&AQ RS&AIYy Fopmdychy princpmd), 92
reducing material complexity (e.g., by changing from mutii mono-material), reducing

plastic use in a product (e.g., reduce packaging weight or unused spagackaging), and

fostering new delivery business models (e.g., through promoting reuse) (OECD, 2022;
SYSTEMIQ, 2022; Feber et al., 2020). On the other hanBptheeatmenbrientedsolutions

focus on improving the existing waste management infrastruetand practices such as
promoting separate collection, sorting per polymer group, and advancing recycling
technologies (Ellen MacArthur Foundation, 2016; PRI, 2019).

Related to EoL solutions, today, mechanical recycling (MR) is still the most
commercially used technique to recycle plastic (over 9.0 Mt processing capacity), while
chemical recycling (CR) and solwbasted recycling (SBR) is treating only less than 0.@f Mt
plastic waste in Europe (Plastics Europe, 2019a). However, MR faces several challenges in
treating plastic waste, such as thermmakchanical degradation, the presence of legacy
additives and chemicals, and inadequate technical properties of the &gednulates to meet
the market demands (Ragaert et al., 2017; Simon and Martin, 2019; Eriksen et al., 2020). Also,
potential degradation might occur by multiple rounds of recycling (Demori et al., 2015; Pérez
et al., 2010; Schyns and Shaver, 2021; ArenbAadolino, 2022). Several improvements can
be implemented to tackle these MR challenges such as the implementation of advanced (pre
)treatment processes (e.g., deinking and deodorization), advanced washing (e.g., hot washing
with detergents) and improvedxtrusion (e.g., double melt filtrationBé&shirgonbadi et al.,

2022 Kol et al., 2021; Roosen et al., 2021; Demets et al., 2020). Nevertheless, even after
elaborated sorting process, some plastic waste streams remain unsuitable for MR due to the
heterogeneous composition (e.g., mixed of rubbers, thermosets, and therntasps
substantial level of hazardous substances (e.g., legacy chemicals from flame retardants), or
multi-material structures (e.g., fibeeinforced composites ormultilayer packaging)
(Gardamone et al., 2022; Arena and Ardolino, 2022).

On the other hand, several studies predict that CR technologies (i.e., pyrolysis,
gasification, depolymerization) and SBR technologies (i.e., disseugaipitation, deinking,
delamination) will play a big role in the future plastic waste treatmenturoge (Simon and
Martin, 20191 I yy |yR [/ 2yy 2012 HAHAT [/ NRLLI Si& Ifo
technologies are claimed to have a higher tolerance in dealing with contaminated and

complex waste streams, i.e., waste streams that are not recydeduye to the limitation of
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current stateof-the-art MR (SYSTEMIQ, 2022; Cardamone, 2022; Arena and Ardolino, 2022;
Vollmer et al., 2020; Solis and Silveira, 2020). Several plans to build CR plants have been
announced such as gasification plant in Spain (treatingreoyclable mixedolid waste with
400,000 tonnelyear capacity), pyrolysis plant in Spain and Belgium (treating mixed polyolefin
and polystyrene with up to 65,000 tonne/year capacity), and chemical depolymerization plant
in the United Kingdom, France, Belgium, and Spa@aifhg polyurethane; 2,000 tonne/year
capacity and polystyrene; 15,000 tonne/year capacity) (Indaver, 2022; INEOS Styrolution,
2021; AIMPLAS, 2022). In this sense, CR and SBR technologies and are perceived as
complementary to treat plastic waste streantsat otherwise would have been landfilled or
AYOAYSNI GSR O0! NByl FyR ! NR2fAY25 HAHHT al yoOo
diverting plastic waste streams from landfill, incineration, and export outside Europe (e.g., to
African and Asian cotmes; Huisman et al., 2012; Jacobs et al., 2018) leads to environmental
benefits by simultaneously avoiding such sagiimal management practices and producing
new secondary materials to replace production of virgin ones. Several studies indeed indicate
better environmental performance of CR plastic waste compared to landfill and incineration
(Arena and Ardolino, 2022; Vollmer et al., 2020; Demetrious and Crossin, 2019; Gu&lagcik
2021; Schwarz et al., 2021; Eschenbacher et al., 2022). However, whidestudies have
preliminarily investigated the environmental benefits (Arena and Ardolino, 2022; Vollmer et
al., 2020; Civancilislu, 2021; Jeswani et al., 2021) and technical feasibility (Kusenberg et al.,
2022a; Kusenberg et al., 2022b; Larrain e2l20; Genuino et al., 2022) of some CR and SBR
technologies, research on the performance and on the role and deployment of these
technologies at industrial scale in the future Europe plastic waste management system is still
scarce. Moreover, CR options buas pyrolysis and gasification produce not only monomers
but also other base chemical products (i.e., benzene, toluene, xylene, wax, etc.) and fuels (i.e.,
hydrocarbons as synthesis gas or oil) (Kusenberg et al., 2022c; Kusenberg et al., 2022d).
Neverthekss, such variety of outputs, while certainly contributing to plastic circularity, poses
legal challenges as fugnd energyft A {1 S 2dzi Lddzia I NB y2G O2yaiRSN
Waste Framework Directive (WFD) (European Commission 2018a; Europearis€iomm
2008).

In the context of the urgent need to increase the circularity of plastics, and to achieve
(voluntary) targets or pledges, CR and SBR could play a pivotal role. However there is little

guantitative evidence (and data available) on how big this contributigght be. Hence, study
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investigates the current and future flows of ten most used plastic waste throughout the plastic
waste management systems (of five different sectors) in Europeogpectivematerial flow

analysis (MFA) model based on mass balance principles is developed anbh ygedpective

MFA, various scenarios are developed to evaluate gbtential improvements withirthe

plastic waste management systernThe improvements can be associated with waste
collection, sorting, and recycliqghase,as well aghe improvemants in the production and

use phase amongst others by varying the quantity and composdfathe plastic waste
generated in the futurg(Thomassen et al., 2022; Caro et al., 2023). For this purpose, s
scenarios are developed and discussedta)us quoscenario in 201830 as benchmark) and

ii) five potential future scenarios in 20381¢ S5, including improving only collection, sorting,

and MR as well as a combination of improved MR, CR, and SBR of plastic waste. One of the
future scenarios also ingtigates the contribution of processingthe€d- t f SR WYA aaAy3
according to Material Economics (2022), Agora Industry (2022), and SYSTEMIQ (2022). The
selection of suitable CR and SBR options in this study is determined by considering the
capabiity of the CR and SBR options to treat plastic waste streams, including the type and
composition of the streams as recently reported by the stakeholders to the EC.

For each scenario, a set of circularity indicators of plastic waste treatment are
calculated based on MFA, namelgoL recycling rate(EOERR),plasticto-plastic (P2P),
plasticto-chemicals(P2C) andplasticto-fuels (P2F) rates in order to assess the potential
improvements when CR and SBR options are implemented at large scale. This study thus
includes the amounts of materials produced such as polymers (i.e., recycled plastics from MR,
CR, and SBR), base chemicaly.,(&ax, benzene, toluene, xylenerimaCR), and fuels (e.g.,
synthesis gas from CR). Lastly, the potential of recycled content availability in 2030 from
different scenarios is quantified and discussed, which is based on the share of recycled plastic

production (per sector) over plastic dema(uer sector) in 2030.

2.2 MATERIALS AND METHODS
2.2.1General Modeling approach

This study focuses on the ten most used polymers in the European Union (EU) 27+3
(Norway, Switzerland, and the United Kingdom) (Plastics Europebp@ilith high data
availability in all life cycle stages from production to the EoL treatment (Eriksen et al;, 2020
Kawecki et al., 2018) and considered as priority products within the plastic industry (Watkins
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et al., 2020). The ten polymers considered in scope within this studftsrea) Low Density
Polyethylene (LLDPE), High Density Polyethylene (HDPE), Polypropylene (PP), Poly(ethylene
Terephthalate) (PET), Polystyrene (PS), Expanded Polystyrene (EPS), Poly(vinyl Chloride) (PVC),
Acrylonitrile Butadiene Styrene (ABS), Polyurethane (PdER) Polyamide (PA). These
polymers are applied in different sectors with their specific use and EoL fate. The five sectors
included in this study are: packaging, buildimgl &onstruction, automotive, electronic, and
agriculture sector. Overall the selected polymers and sectors in this study cover 60% of the
total reported plastic waste in 2018 in EU 27+3 (Plastics Europe, 2019a; Plastics Europe,
2019b). The other 40% of pohers that are not considered in this study (which is subjected

for future research) include waste from household goods, textiles, and others (e.g., medical)
(estimated to be 1§25%, based on Plastics Europe, 2019a) and some polymer types (e.g.,
Polycarboiate or Poly(methyl methacrylate), etc.) in packaging, electronic and automotive
AaSO02NR 0O0dzld G2 op: 2F W2GKSNJ LR2f@YSNARQ>S ol a
2019b).

The MFA of the selected polymers is modelled by following four steps, following the
methodology from previous studies (Antonopoulos et al., 2021; Eriksen et al., 2020; Kawecki
et al., 2018). Firstly, the required inputs data for MFA model are gathered: fipcess
diagram of the current (and future) plastic waste management systems in EU 27+3, (ii) the
respective transfer coefficients (TCs, in %) of each process, and (iii) the quantities of the
selected polymers (in kilotonnes, kt). The TCs describe dinitipning of mass input(s) to
output(s) for each process in the system. The MFA model quantifies the mass balance (in kt)
throughout the defined system that is obtained by multiplying the mass input quantity with
the TCs of each process in the systentoBdly,status quoscenario and five potential future
scenarios are developed, representing the flow of the selected polymers in 2018 and potential
flows in 2030, respectively. In order to model the mass flows in 2030, projections of waste
guantities, impovements of the TCs, and recycling pathways (MR, CR, and/or SBR options)
are implemented. Thirdly, the MFA results from the six different scenarios are assessed and
compared by calculating four selected circularity indicators. Lastly, for each outputr{ahtate
flows and circularity indicators), the parametrical input uncertainties are propagated into
output uncertainties. The uncertainty propagation with Monte Carlo simulation is performed
and the standard deviation of the mass flow is calculated. The atandeviation is calculated

assuming a Triangular Distribution (TD) of the dataset and the values are selected based on

37



Chapter 2; Current and future flows of plastic waste recycling in Europe

the relevant literature of plastic waste management in EU 27F&angular Distribution is
selectedfor this study following Bisinella et al. (2016hainly because i) statistical analysis
and sampling of the selected parameters are not carried out, hence probability is assigned
based on data variability found in literature, and ii) expert opinions are involved in

determiningTCaused in the model (i.e., preferred mimax, and male values).

2.2.2 Defining the Scope of Recycling Technologies

After plastic waste is collected and sorted, MR, CR and SBR routes can be chosen. MR
refers to mechanical reprocessing by means of shredding, washing, drying, and extrusion of
polymers without breaking down the polymer chains. CR refers to a reprocessing technologies
that break down the polymer chains and converts them into high adddde materials, such
as oligomers, monomers, base chemicals, and hydrocarbons (solid, liquid, or gas) (Arena and
Ardolino, 2022; Hann and Connock, 2020; Crippa et al.,;2019y OdzOK S | f ®X H A+
umbrella term that has been used to cover a broadstref technologies (Hann and Connock,
HAHNT al yOdzOK S Ft®d®X Hanum0T &dzOK | & GKSNXI
steam cracking or gasification coupled with Fisefmpsch Synthesis) and chemical
depolymerization (i.e., glycolysis, mettai @ aA 4% SGOPODd { . w O f &2
WYFGSNALFEQ NBEO2Ot Ayao NBFSNE G2 YFAOGSNRFE NBI
additives and pigments), in which the impurities is removed while the polymer is recovered
through filtration or exraction phase (Crippa et al., 2019). A more detailed explanation of

each technology at process level can be foundppendix Asection 1.

2.2.3 Material flow analysis model development
2.2.3.1 Description of system boundaries and scenarios

This study focuses on Europe as EU27+3 as most of the datasets used in this study
cover this region (Eriksen et al., 2020; Plastics Europe, 2019b, Kawecki et al., 2018; Watkins et
al., 2020; Hestin et al., 2017). The diagram of the system boundaries danrizkin Figure
2.1. The boundary comprisesollection (i.e., source separatignyorting, and recycling,
including the future potential plastic recycling using CR technologies in 2030. Ridgure
illustrates the waste management systems for plastic waste in the EU27+3 per sector. Detailed
information on the waste management systems per sector can be fourippendixAg

section2. There are three potential destinations of the plastic waste treatment: i) secondary

38



Chapter 2; Current and future flows of plastic waste recycling in Europe

materials to be used in the economy again, ii) waste streams that are sent for residual
treatment (i.e., incineration or landfilling), and iii) waste export and/or informal waste
treatments (Figure.1). As for the waste that is informally treated, the whereabouts of these
flows are difficult to track. However, several studies suggest potential destination of these
flows such as unreported recycling within EU 27+3, illegal export outside EU 27+3 (can be
partially recycled), or leakage to the environment jRgg et al., 2019; Peano et al., 2020;
Boucher et al., 2020). Note that in this study the legal waste export from EU 27+3 to other
O2dzy UNASAE A& YSNHSR (23SGKSNJ gAGK WAYTF2NNI f
to estimate exact fate of thesdoiws, which has been pointed out by previous studies (Material
Economics, 2022; Agora Industry, 2022; SYSTEMIQ, 2022). Plastic packaging waste export
(including norhousehold waste) usually occurs after a certain degresoofce separation
(and sometimegartial sorting), i.e., 25% of the sorted bales are sent to countries outside
EU27+3, as suggested by Antonopoulos et al. (2021). The plastic waste treatment of the
exported waste at their final destinations (e.g., to Southeast Asia or African courgnesrly
reported, however it is a combination of recycling parts of it, with illegal dumping, unsanitary
landfill, or open burning of residues (Tran, 2018; Wang, 2014; Liang et al., 2021; Petrlik et al.,
2019; Chen et al., 2021; Lasaridi et al., 2018 kasl., 2021).

In this study, six scenarios are modelled (T&blg: one scenario as benchmark (i.e.
the status quoin 2018) §0, and five potential future scenarios in 2031{S5. The future
scenarios take into account the feedstock type, composition, technology readiness level, and
few improvements within the waste management systems (e.g., PP flex packaging waste could
be separated from the mixed films streams; Lase et al.2R0Pable2.1 also summarizes the
supporting argumentations and assumptions of the fpaential future scenarios in 2030,
including information on the feedstock to CR and SBR options and their output(s). Moreover,
it is assumed that the rate of waste export in 2030 will be significantly lower compared to the
status quoscenario in 2018 because of two reasons. First, the implementation of CR and SBR
is expected to allow more heterogenous waste streams to be reprocessed inside EU27+3 and
second, stricter regulations of transboundary waste shipment (e.g., as mandated By UNE
Basel Convention;asaridi et al., 2018). It is important to note that indeed other scenarios
might enroll in future work too, based on new developments and insights.

Slillustrates the improvements of current state-the-art plastic waste management

systems, following the trends of increasgmburce separationgollection rates and improved
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sorting and MR technologies (Maury et al., 202&se et al., 202 Antonopoulos et al., 2021).

S1 assumes that only MR will be deployed to treat plastic w&2& SNIBSa | & WSE LM
projections, in which CR and SBR are assumed to outcompete MR (technologically and
guantity wise) to deal with plastic waste. In S2, all sorted plastic waste, including the rejects

from sorting and MR (i.e., €200% of mass, SYSTIEM2022) and mixed waste streams (i.e.,

50¢80% of mass, SYSTEMIQ, 2022) are assumed todesped via CB3investigates the CR

and SBR options as an alternative technology to MR option. In S3, it is assumed that CR and
SBR options would take a small share of plastic waste stream that is already mechanically
recycled (i.e., 420% mass), including rejects (i1%0100% mass, SYSTEMIQ, 2022) and mixed

waste streams (i.e., §80% mass, SYSTEMIQ, 2022). S3 assumes that MR still outcompetes

CR and SBR (technologically and quantity wise) in processing sorted plastic waste. Also, it is
assumed in Sat CR and SBR will only process low quantities of sorted plastic in 2030
because they encounter several operational (and technical) issues to scale up the technologies

at industrial scale (Jehano et al., 2022; Coates and Getzler, 2020; Tukker edab, 99 a | y O dzO K
et al. (2021) and Kusenberg et al. (2022€) also indicates that significant improvements are
needed to upgrade pyrolysis oil as well as feedstock quantity (and quality) for industrial steam
crackers. Improvements are also still needed to scpland optimize SBR technique (Jehano

et al., 2022; Coates and Getzler, 2020; Tukker et al., 1999). Hence, S3 can also be perceived as
WAEzBJGAYLEFEQ /w FYR {.w AYLISYSYGlrGA2yZ 6KATS
technology. FurthermoreS4investigatesCR as complementary technology to MR for waste
streams that otherwise would be landfilled or incinerated. In S4, CR is assumed to process
mixed polyolefin (PO) packaging (rigid and flexible) bales, mixed plastic packaging bales, 50
80% rejects, ad 90;100% mixed waste streams. Notice that in the development of this
scenario we strive to learn from, and to the extent possible align with, precedent studies that
investigated the potential role of CR and SBR in the future in EU 27+3 (in S4, nddavEY,

HAHHT ! NBYl YR I NR2fAY2X HAHHT 1 IYyy $5YR [ 2y
is identical to S® dzii | OO02dzyGa F2NJ GKS SEGNI LI I &adAao v
LX F AGA0QE YR SELX 2NBa (K& RYLI&GS 2PSNNE OS &1
LI FadAO gl aadsS GNBFOYSYd Ay 9! HTbod 2KSy GKS
the total plastic demand in Europe in 2019 and 2020 (Plastics Europe, 2020; Plastics Europe,
2019b), they account for 30% of he total plastic demand. A more detailed description of
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the explorative future scenarios and improvements per sector is reportefippendixAg

section2.
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Figure 21 Conceptual diagram of the eraf-life treatment of the selected plastic waste from
different sectors considered in this study. The thickness of the arrows does not represent
mass/quantity. Abbreviations: ABS (Acrylonitrile Butadiene Styrene), APW (ageqiastic

waste), ASR (automotive shredder residue), CDW (construction and demolition waste), CFA
(cooling and freezing appliance), EEE (electronic and electrical equipment), Etof-l{end
vehicle), EPS (Expanded Polystyrene), HDPE (High DenstyhyWehe), LLDPE (Linear Low
Density Polyethylene), LHA (large household appliance), PA (Polyamide), PET (Polyethylene
Terephthalate), PP (Polypropylene), PS (Polystyrene), PTTs (Pots, trays, and tubes), PUR
(Polyurethane), PVC (Polyvinyl Chloride), SHal{shousehold appliance), TCs (transfer

41



Chapter 2; Current and future flows of plastic waste recycling in Europe

coefficients), WEEE (waste electronic and electrical equipment), WEEP (waste electronic and

electrical plastic).
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Table 21 Overview of the developed scenarios for the MFA of plastic waste in European Union 27+Norway, Switzerland, and the gétuted Kin
ABS (Acrylonitrile Butadiene Styrene), APW (agriculture plastic waste), CDW (construction and demolition waste), CRréCieimgh ELV
(end-of-life vehicle), MR (Mechanical recycling). PE (Polyethylene), PA (Polyamide), PET (Polyethylene Terephthalate), PRe(edlyp&opyl
(Polystyrene), PUR (Polyurethane), PVC (Polyvinyl Chloride), SBR{sadeeintecycling), T@sansfer coefficients), TD (Triangular distribution),

WEEP (waste electronic and electrical plastic).

Scenarios Supporting argumentation Description Input(s) for CR and SBR Output(s) from CR and SBR
SQ Status quo in 2018 Benchmark (reference) scenario Flows of plastic waste in 2018 Not applicable Not applicable
S1 Plastic waste Improvement in wasteollection rate, Improved TCs of waste Not applicable Not applicable
treatment via MR in sorting, and MR in 2030 towards collection rate, sorting, and MR
2030 breakthrough of (currently) known yield in 2030 towards. The
best practices in 2022 based on rejects (from sorting and MR)

previous studies (Maury et al., 2022; and mixed waste streams are
Lase et al., 2021; Antonopoulos et al. sent to residual treatment

2021).
S2 Plastic waste WO ELJ 2NF GAGBSQ LINE All sorted plastic are sent to CF Dissolutionprecipitation: Chemical depolymerization and
treatment via CR and wastemanagement in which CR and or SBR, including §80% 0 Sorted PVC and PS from CDW dissolutionprecipitation:
SBR in 2030 SBR options technologically rejects from sorting and MR Chemical depolymerization: o Polymer (and flakes for
outcompetes MR option (assuming TD) and §000% 0 Sorted PET bales (packaging dissolutionprecipitation)
mixed waste streams (assumin sector) Pyrolysis with Steam Cracking:
TD) in 2030 0 Manually dismantled and post o Polymer
sorted PA and PUR from ELVs o Base chemicals (e.g., wax,
Pyrolysis with Steam Cracking: benzene, toluene, xylene,
0 Sorted PE film, PP film, PE rigi etc.)
PP rigid, mixed PO (film and o Fuels (i.e., synthesis gas)
rigid), and mixed plastic film Gasification with FischéeFropsch
bales (packaging sector) Synthesis:
0 Manually dismantled and o Polymer
sorted PP from ELVs o Base chemicals (e.g., tar,
o Sorted PP, PS and ABS from benzene, toluene, xylene,
WEEP etc.)
o Sorted PE and PP from CDW o Fuels (i.e., synthesis oil)
and APW
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S3 Plastic waste
treatment via MR and
CR in 2030, in which
MR option still
technologically
outcompetes CR and
SBRoptions

W{@aJiAYlHEQ /w FYyF
implementation, while MR is still
chosen as the main recycling option.
Suboptimal implementation is causec
by operational (and technical) issues
scale up CR and SBR technologies tc
industrial scale (Jehano et al., 2022;
Coatesand Getzler, 2020; Tukker et
al., 1999) and the need to optimize C
FYR {.w (SOKyz2¢t 2=
2021; Kusenberg et al., 2022e).
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Gasification with Fischéfropsch
Synthesis:
0 Rejects from sorting and MR
0 Mixed wastestreams

Improved TCs of collection, Dissolutionprecipitation: Chemical depolymerization and
sorting, and MR yield in 2030, o0 Sorted PVC and PS from CDW dissolutionrprecipitation;
while CR or SBR treat20% Chemical depolymerization: o Polymer (and flakes for
mass (assuming TD) of sorted 0 Sorted PET bales (packaging dissolutionprecipitation)
plastic waste from different sector) Pyrolysis with Steam Cracking:
sectors that is already sent to 0 Manually dismantled and o Polymer
MR (in S1). Plastic waste in sorted PA and PUR from ELVs 0 Base chemicals (e.g., wax,
reject (5@;80%, assuming TD) Pyrolysis with Steam Cracking: benzene, toluene, xylene,
and mixed waste stieems (9@ 0 Sorted PE film, PP film, PE rigi etc.)
100%, assuming TD) are also PP rigid, mixed PO (film and o Fuels (i.e., synthesis gas)
sent to CR in 2030 rigid), and mixed plastic film Gasification with FischeFropsch
bales(packaging sector) Synthesis:
0o Manually dismantled and o Polymer
sorted PP from ELVs o Base chemicals (e.g., tar,
o Sorted PP, PS and ABS from benzene, toluene, xylene,
WEEP etc.)
o0 Sorted PE and PP from CDW o Fuels (i.e., synthesis oil)
and APW
Gasification with Fischeéfropsch
synthesis:

0 Rejects from sorting and MR
o0 Mixed waste streams
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S4 Plastic waste
treatment via MR and
CR in 2030, in which C
options serve as
complementary
technology to treat
waste streams that
otherwise would be
landfilled or
incinerated

S5 Plastic waste
treatment via MR and
CR in 2030, in which C
options serve as
complementary
technology to treat
waste streams that
otherwise landfill or
incinerated, including
theWYAaaaAy3
2030

CR as complementary technology

MR for waste streams that otherwis
would be landfilled or incinerated suc
as mixed PO packaging (rigid a
flexible) bales, mixed plastic packagi

bales,

rejects,

and mixed wast

streams. (SYSTEMIQ, 2022; Arena
Arddino, 2022; Hann and Connoc

HAHANT

al yOdzOK Sii
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Improved TCs of collectior Relevant tdcS4and S5

(o]

sorting, and MR yield in 203( Chemical depolymerization

while CR treats mixed PO bale Sorted PA from ELVs

mixed plastic bales, mixed was! Pyrolysis:

(90¢100%, assuming TD) and t
reject streams from sorting ant

(o]

Mixed Plastic bales and Mixed

Polyolefin (MPO) bales

MR (5@80%, assuming TD) i Gasification:

2030

Identical toS4 with extra mass
F OO02 dzy G Ay
ot f I &

TNRY
LX FadA0Q
Plastics Europe, 2019b)

(0]
(0]

Rejects from sorting and MR

Mixed waste streams

Relevant toS4and S5
Chemical depolymerization:

o Polymer
Pyrolysis with Steam Cracking:

o Polymer

o Base chemicals (e.g., wax,

benzene, toluene, xylene,
etc.)

o Fuels (i.e., synthesis gas)
Gasification with Fischéfropsch
Synthesis:

o Polymer

o Base chemicals (e.g., tar,

benzene, toluene, xylene,
etc.)

o Fuels (i.e., synthesis oil)
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2.2.3.2 Transfer Coefficients

For the purpose of calculating thencertainty of the outputs, the TCs are assumed to
have a Triangular Distribution (TD) to cover the diversity of the information from several
studies. The full list of TCs for the listed scenarios in 2018 and 2030, together with the
corresponding TD, carefjound inAppendix ATableA.1¢A.5 Essentially, the study of Watkins
et al. (2020) is used as the primary data points to model the flows of plastic in 2018.
Additionally, a few studies are selected to be the key literature studies to compare or
complemaent the TCs presented and used by Watkins et al. (2020). Palijd.5in Appendix
A alsoprovides information on the key literature that provide the TCs for the MFA modeling
in the year 2018. Moreover, the approach to estimate TCs for the MFA model in 2030 as well

as the TCs for CR and SBR are elaborated in the next sections.

2.2.3.2.1 Improved transfer coefficients in 2030 for collection, sorting, and mechanical
recycling

To model the flows of plastic in 2030, it is assumed that ®urce separation)
collection rate, sortingield, and MR yield will improve. For collection, improvements of the
collection rates are extrapolated (and projected in 2030) using linear regression based on the
past reported collection rate from several sources (Hestin et al., 2017; Gleb&dste
Statistcs Partnership, 2022; Eurostat, 2021; 2022b). From the linear regression calculations,
the annual growth of the collection rates from 2@E®30 are obtained. For the packaging
sector, the projection is ba&sl on Hestin et al2017) in 2012;2014. The annual growth of
collection rate is estimated to be 4.0%. For the automotive sector, the collection rate is
calculated as the share (or ratio) of the reported ELV recycling over ELV waste generated from
Eurostat (2021) in 2016 2019. Tk annual growth of ELV collection rate is estimated to be
1.4%. Similarly, the collection rate of waste electronic and electrical equipment (WEEE) is
calculated as the share (or ratio) of the reported WEEE generation (Glylda& Statistics
Partnership, 2022) over the collected WEEE (Eurostat 2022b) incZiB, with the annual
growth of collection rate equal to 1.4%. For the building & construction and agriculture sector,
it is assumed that the improvements of the collecti@tes are similar to the annual growth
of the respective waste generation, i.e., annual growth of 0.8% for construction and
demolition waste (CDW) and 1.0% for agriculture plastic waste (APW) (more in the next

section).
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The improvement of sorting and MR yields in 2030 are projected by assuming that the
best practices of plastic waste sorting and recycling will be reached by 2035 (Antonopoulos et
al., 2021). The assumption illustrates the optimization and widespread mgpitation of best
available technologies in sorting and recycling different polymers across different sectors by
2035. The whole dataset in TalAelcA.5is used to calculate the uncertainty of the flows in
2030. Through this approach, the annual growttsoifting and recycling yields are calculated
for different polymers across different sectors. More detailed information on the projections

of collection rate, sorting, and recycling yields can be fountbipendix AFigureA.10cA.22.

2.2.3.22 Transfer coefficients of chemical and solvbased recycling

Pyrolysis coupledwith Distillation, Hydrotreatment, and Steam Crack&he first steps of
pyrolysis(after the plastic waste is separately collected and sorted) are shredding, cold
washing (to remove contaminants like organic and inorganic resldareain et al., 2021and
extrusion (using extrusive dehalogenation technique to remove substances like PVC and flame
retardants; Kusenbergt al., 2022¢). Afterwards, the plastic wastes are fed into the cracking
and condensation reactor to produce pyrolysis oil that is distilled into naphtha and wax. The
naphtha is fed into the steam crackers (with pyrolysis oil upgrading such as hydrogr&itm

to produce monomers, which are used as a feedstock to recreate polymers again, and base
chemicals. The TCs of the shredding, washing, and extrusion of MPO and Mixed Plastic bales
are adopted from Lase et al. (2022) and Civahlski et al. (2021). THECs from the cracking

and condensation until (re)polymerization are obtained from literature (Civadslk, 2021;
Kusenberg et al., 2022a; Kusenberg et al., 2022b; Larrain et al., 2020; Jeswani et al., 2021;
Genuino et al., 2022; Ghalomi et al., 202lydal et al., 2022; Kusenberg et al., 2022e).
Gasification coupledwith FischefTropsch Synthesithe processing of mixed waste and reject
streams (from sorting and MR) vimsificationstarts with shredding the plastic waste into
flakes followed by feeding them into gasification reactors to create mainly syngas with a small
fraction of tar and char. The syngas is processed through FiScbpsch Synthesis (FTS) to
create monomers (incbther base chemicals) that are used as feedstock for repolymerization
processing. The TCs for converting plastaste into syngas are obtained from literature
(Mastellone, 2019; Lopez et al., 2018; Brems et al., 2015; Mastellone and Zaccariello, 2013;
Arena, 2012). Lastly, the TCs for FTS and (re)polymerization are estimated from Zhao et al.

(2021), Lee et al. (20p8&nd Jeswani et al. (2021).
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Chemical depolymerizatior{i.e., glycolysis, methanolysis, aminolysis, etc.) is mainly
implemented on sorted PET, PA, and PUR. The process starts with shredding and washing
followed by depolymerization. The TCs for shredding and washing are estimated from Larrain
et al. (2020) andLase et al. (2022), while the TCs for depolymerization are obtained from Kol

et al. (2021), Vollmer et al. (2020), Schwarz et al. (2021), Shen et al. (2010), and Nikje et al.
(2011).

Solventbased recyclinge.g., dissolutiofprecipitation) is employed to dissolve the polymer
waste using a solvent, followed by the removal of additives through filtration or phase
extraction to recover the dissolved polymer and the solvent (Crippa et al., 2019). The TCs for
sdvent-based purification are estimated from literature (Schwarz et al., 2021, Naviroj et al.,
2019). More detailed information on the TCs for CR and SBR considered and used in this study
can be found iMppendix ATableA.6¢A.10.

2.2.3.3 Waste categories and quantities
2.2.3.3.1 Waste quantity in 2018

TableA.11 shows the waste categories and quantities (in kilotonk® used in this
study, including some examples of the relevant products of the respective category. The
estimation of waste quantities in 2018 is mainly based on Watkins et al. (2020). Within the
packaging group, the share of moramd multilayer flexble packaging is estimated to be 80%
and 20%, respectively (Lase et al., 2022). The share of bottles and pots, trays and tubes (PTTs)
for PP rigid, HDPE, and PET is estimated from Hestin et al. (2017). The quantities of EPS foam
are estimated from Hestintal. @017), i.e., 33% of the total PS in the packaging sector. In the
automotive sector, the quantities of PA is estimated to be 12% of the total polymer used
(Maury et al., 2022; European Commission, 2)20astly, the quantities of PP and ABS used
in the electronic sector are estimated from Lase et al. (2021) and European Commission
(202@).

2.2.3.3.1 Estimation of waste quantity in 2030 based on historical data extrapolation

The quantities of the selected polymers in 2030 are extrapolated using linear
regression based on the historical waste generation found in statistical databases (Eurostat,
2021; 2022a; 2022b; 2022c), e.g., from 2€AMI8 in packaging sector based on data
availability for EU27+3 found in Eurostat (2022a), mordpendix AFigureA23cA27. Later,
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the information on the annual growth per sector is extracted and applied to estimate the
guantities of waste in 2030 (see Tal#dd1). For the packaging, automotive, and electronic
sector, the projections are based on the historical packaging waste, ELV, and WEEE generation
based on Eurostat (2021; 2022a; 2022b). Regarding the projections of waste quantities for
building & constructiomnd agriculture sectors, historical waste quantity data by NACE activity
(NACE F: Construction and NACE A: Agriculturestfgr and fishing, respectively) are
extracted from Eurostat (2022c). Overall the annual growth rates for packaging, ELV, WEEE,
CDW, and APW are t}X8%, 1.81.6%, 1.£1.2%, 0.80.9%, and 1.€1.1%, respectively.

Detailed results of the projections andrauml growth can be found iAppendix Asection?.

2.2.4 Circularity indicators

The summary of the four circularity indicators can be found in TABI€Equatior?.1¢
2.8). In Figure 2, a conceptual diagram of life cycle of plastic is presented to show the
calculation point of each indicator. Tradof-life recycling ratdEoRR (measured in %) is
calculated as the ratio between the total mass (in kt) of polymer and base chemicals
(A +A ) that is produced from the plastic waste treatments over the waste
generated A ) (in kt) (UNEP, 2011; Perio et al., 2018). On the numerator, only
polymer and base chemicals are considered as recycled products to conform to the definition
2T WNBOeOfAydQ o6& (KS 2C5 69dz2NRPLISIY [/ 2YYA&aaAa
excludegmaterials (such as fuel) for energy usage. plasticto-plasticrate (P2P)plasticto-
chemicalsate (P2C), anglasticto-fuelsrate (P2F) (measured in %) are described as the share
of total mass (in kt) of plastic waste generatedi ( ) that is converted into
polymers A ), base chemical#\( ), and fuelsA ), respectively (Broeren
et al., 2022; Arena and Ardolino, 2022). On the denominator, g&8S0only the reported
plastic waste A 0 A& O2YAARSNBR YR Ay {p 0KS NB
LJX | aAAOQ 6+A ) is considered (see Figure2R In all developed
scenarios, the assumed legal waste export for recycling is not counted in tHeREahd P2P

rate calculations.
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System Boundary i EU 27+Norway,

Ustocks

Switzerland and the United Kingdom
Production of Conversion to Waste treatment -
plastic products Consumption Reported (collection, sorting,
Plastic Waste recycling) Hpolymer
Flow of plastic waste

virgin plastic
raw materials (Plastic Deman... (use phase)
Base Chemicals

Net after Net after
export - import  MPlastic Demand  export - import Hwaste generation I
reported waste Hbase chemical

Hproduction

Stocks = as accumulated products in use phase (EU 27+3 market) that are not entering the end-of-ife yet

Plastic
Plastic waste Landfill or Landfill or Wruel
i i Incineration

Recycled material(s)

FMissing Plas(icq

—
Hmissing plastic

_ Uptake of wpotymer (per sector, in 2030)
Recyced content availability = =0 o er sector, m 2030) P2p = Hrebma— o so1 54) P2C = Lesechemicals (i 507 54) P2F =
o wreyme - bbase chemicats . -
P2P = ‘ (inss) P2C 1 @S5 P2F=—

Figure 22 Conceptual diagram of life cycle of plastic (adapted from Plastics Europe) (Plastics
Europe, 2019a; 2019b) to show the calculation points for each circularity indicator and

recycled content availability. The thickness of the flows does not represent quastity.

Abbreviation: EoIRR (Endf-life recycling rate), P2C (plast@chemicals), P2F (plastic-

fuel), P2P (plastito-plastic).
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Table 22 Summary of circularity indicators of plastic waste treatment, their corresponding definitions and formulas applied ndjisviich

are also elaborated in previous studies (UNEP, 2011; Perio et al., 2018; Broeren et al., 2022; Arena and Ardglino, 2022

Circularity indicators Definition Equation

Endof-life recycling The total mass of plastic waste that is converted into secondary mate ¢ ; y+y Ave awsBboidma "cz&)&ﬁx 5@S4) (EquatioR.1)

rates (EotRR) (polymers and base chemicals) over total plastic waste generation A an¢vane o

reported plastiovaste (inS&{ n 0 LJ dza (G KS WYA&aAa

RSTAYAINBDR OLXYFQ FNBY (KS 9dzNBLOE oYy hiavabhodmasabon, 56 Equation.2)

excluding plastic wastm-energy (e.g., hydrocarbons)

A aneiveoa Qi | Mk o0

Plasticto-plastic rate The total of plastic waste that &onverted into new polymer over the tote §¢g Mgm S@S4) (EquatioR.3)

(P2P) plastic waste generation A antivaean

v Ayt amaQi

1q]

(in S5) (Equatiod.4)

A qnéivaoaN Qi i mEdE oQ

Plastieto-chemicals  The total of plastic waste that is converted into base chemicals over the (¢o Mﬁﬁ 5@S4) (Equatio? 5)

A qntiveea Q

rate (P2C) total plastic waste generation
Bcd 5 LOMmADG0LL—(in S5) (Equationt)
Ai Qné luuwﬁzﬁeh Qi i EE 0w
Plasticto-fuels  rate The total of plastic waste that is converted into fuels for energy use ove jco Ao a (in SOc S4) (EquatioR.7)
(P2F) total plastic waste generation A it waea 0
N Anc
0c0 p——— 5 (in S5) (Equation 8)
Qn é luawﬁzﬁ'?!x Qi i e d 0 Qw

ItKS RSTAYAGAZ2Y 2F WNBOeOftAydQ | a ail &8 Rrechwnosedaidd hyiShicyl wastg Matekiais ark fegfocessed imty profucts, n ny 0
materials or substances whether for the original or other purposes. It includes the reprocessing of organic materialimiticcage energy recovery and the reprocessing

into materialsthat are to be used as fuels or for backfiling operatoigs | Sy OS> Al o6YIFIAyteov AyOfdRSa

LXIFadA0 ¢l adsS NBOe&

2 KSy OKSYAOIt NBO&OftAy3 Aa AYLE SYSy S Bingbgck intamastz or biBniaterals foryoie putbbsgs (eigy, BakedaieSiicalst | & (

from pyrolysis for petrochemical industry such as cosmetics, fertilizers, pharmaceutical, etc.), excluding fuel or energy use
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2.2.5 Uncertainty analysis

Uncertainty analysis is carried out to quantify the uncertainty around the model results
to capture the potentiacombined effects ofrariation ofmodelling parameters variability or
the effects ofmodelling assumptions (Claverul et al., 201Phe uncertainty analysis is
calculated because of the diversity of the modeling inputs that are taken from relevant
literature related to the waste management practices in EU 27+3 (Telaga5 in Appendix
A), rather than a single point estimatédence,the selected parameters are subjected to
variability that can influence the model resulfie uncertainty analysis is calculated assuming
TD of the input parameters (i.e., the TCd)euncertainty propagation methods suggested
by Bisinella et al. (201@ used in this researckor this, the Monte Carlo analysis with 1,000
iterationsusing RiskAMP add of Microsoft Excel® used to randomly sample a value within
each uncertainty distribution and calculate the standard deviation, which is shelative to
the likely value in %. For example, if the MFA result shows 4,090 kt of polymer production with
the uncertainty of 353 kt, the result is presented as 4,0904@% (i.e., 353 kt / 4,090 kt x
100%). For the circularity indicators, if the HRR is estimated to be 24% with 286
uncertainty, it means that the likely values (i.e., 24%) can be deviated to 22% (min.) and 26%

(max.). This approach is consistently applied throughout the MFA modelling in this study.

2.2.6 Estimation of recycled content availability in 2030

From the MFA model results, the potential use of recycled plastic in different markets
and applications is investigated. However, it is challenging to project future market uptake of
recycled plastic production because of i) different quality of recycladtig, ii) a breadth of
technical requirements of various applications, and ii) market saturation of some applications
(Demets et al., 2020; Huysveld et al., 2022; Tonini et al., 2022). In this study, two assumptions
are considered to quantify the potemti recycled plastic (in kt) and recycled content (in %)
availability in 2030. First, projecting the share of market uptake of recycled plastics in 2018
reported by Watkins et al. (2020) and European Commission R@@etails inAppendix A,
TableA.12). Second, assuming 100% closaap recycling, i.e., no mass exchange between
the sectors. The closddop recycling itself is defined as the use of recycled materials for the
same market applications as that of its previous life cycle (UNEP, 2011lee/ged plastics
FNRY LI O1F3IAY3I 61 adS Aa dzaSR Ay GKS alyYS &S0
in a sense that it does not take into account for example quality aspects yet (e.g., technical
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properties, processability, color, etc.) because of the difficulty to predict future market uptake
(incl. potential market share of the intended applications) and the quality of recycling
(Huysveld et al., 2022; Tonini et al., 2022; Hestin et al., 201#)eatime of writing the
manuscript. Thus, it should be seen as a maximum uptake under optimal conditions and it is
likely that the actual uptake will be lower.

The recycled content (in %) is quantified as the share of the uptake of recycled plastic
over the projected plastic demand per sector in 2QBQuation 9). For this purpose, the plastic
demand in 2030 is projected using linear regression from Plastics Europe (data from 2014 to
2020) (Plastics Europe, 2019a; 2019b) and is elaboratekppendix AFigureA28. It is
important to note that the amount of plastic flowing from use phase to EoL phase
(A ) in 2030 is not the same as the plastic demand in 2080 ( )
0S0OFdzaS a2YS L} I aiAO )daperidinghd tieir ifespan distribiition 2 O Q
(Figure 22), as described by Lase et al. (2021).

5¢

e v T oor W oo ’ ALY \ v T R WA, .
YQwwE QAEAE DQa 0w Q606w = p 1t 1T H(Equation

2.9)

2.3 RESULTAND DISCUSSIONS

2.3.1 Material flow analysisstatus quo(in 2018) and future scenarios (in 2030)

The MFA results of the ten polymers over the different sectors are shown in Figures
2.3Ac3F for SQ@; S5, respectively. Per sector, the Sankey diagrams can be fodtppendix
A, FiguresA29-A53, and the mass balances can be found in TALl&.

In the status quoscenario (S0), it is estimated that 3,2¥3% ktof polymer (i.e.,
recycled plastic) is produced from plastic recycling systems in 2018, while 12 3%rkt
plastic waste are sent for residual treatment and 1,8®5% kt are sent to waste export and/or
informal treatment (e.qg., illegal export or unauthorized recycling by brokers or scraps dealers)
(Figure2.3A). According to the figures from Plastics Europe (Plastics Europe, 2019a; 2019b), it
is estimated that 37% and 63% of the waste sent for residual treatment is landfilled and
incinerated, respectivgl

The results obtained for S1, assuming best practices of waste collection, sorting, and

MR are widely applied in the whole EU 27+3, show that the recycled plastic production is
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expected to increase t©0,277+ 5% kt (Figur.3B), which is approx. 3.0 times higher than
what is estimated for SO. Still, a considerable amount of plastic waste is sent to residual
treatment (i.e., 10,253+ 5% kt) and a small share is still sent to waste export and/or informal
treatment 402+ 10% kt). From the results obtained for S2, which is the scenario in which CR
and SBR have become dominant (i.e., CR and SBR technologically outcompetes MR), it can be
observed that7,903+ 6% kt of recycled plastiare produced together witid,247+ 6% kt of
base chemicals ant, 189+ 4% kt of fuel (Figur.3C). The recycled plastic production in S2
(i.e., 7,903 £ 6%) is approx. 2.5 times higher than in SO. However, the recycled plastic
production in S2 is slightly lower than in S1 (i.e., a reduction of approx. 23% of recycled plastic
produced compared to S1), yet considerable amounts of base chemicals and fuels are
produced in S2 as opposed to S1. Important to note is that these numbers are based on the
Transfer Gefficients (TCs) retrieved from current data sources (see TabB1 $)/ and, while
potential improvements in the technology might still occur, it is nevertheless difficult to
guantify technological learnings without an established history (as assum&tRpsorting or
collection rates).

In Figure2.3D and2.3E, the MFA results display thB2,262+ 6% kt andl2,740+ 6%
of recycled plastic are estimated to be produced from S3 (the scenario in which little
competition between CR, SBR, and MR occurs) and S4 (the scenario in which CR serves as
complementary technologies to MR), respectively. This shows that the impletientd MR,
CR and SBR in treating plastic waste delivers a higher quantity of recycled plastic compared to
S1 (which considers only improved MR) and S2 (which considersCéhlgnd SBR). In
particular, the MFA results for S4 estimate that CR prod3¢e$0+ 6% kt recycled plastic.
This finding aligns with SYSTEMIQ (2022) and Caro et &) (R@R estimate around 3,100
and 3,400 kt P2P production from CR and SBR, respectively. On the other hand, in S3 and S4,
the amount of base chemicals production from plastic waste treatment is estimated to be
4,272 + 6% kt and3,951 + 6% kt (i.e., a reduction of 41% and 45% compared to S2,
respectively), while the fuel production from tlsame scenarios is estimated to 683+ 4%
ktand628+m’> 10X NBaAaLISOGAGSted C2NI {p O60GKS &aoSyl
L FadAO0Q A& UGUNBFGSR GAlF /w YR aw0uz (0KS NBO
from plastic waste is estimated to bB3,536+ 6% kt,5,556 + 6% kt, and881 + 4% kt,
respectively (Figur2o CO @ ¢ KS Ay Ofdzaizy 2F (GKS WYyAiaaay3

treatment, combined with complementarity between MR and CR, increases the total recycled
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plastic production by 5.5 times relative to SO. This would allow reaching the recycled content

target (sectior2.3.3).

[A] Aggregated flows of plastic waste treatment in SO

Color legend:
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[B] Aggregated flows of plastic waste treatmentin S1
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Continue

[D] Aggregated flows of plastic waste treatment in S3
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[E] Aggregated flows of plastic waste treatment in S4
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[F] Aggregated flows of plastic waste treatment in S5

System Boundary - European Union 27+ Norway, Switzerland, and the United Kingdom
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Figure 23 Material flow analysis of the selected polymers throughout the waste management
systems in EU 27+3 in 2018 and 2030 of SO (3A), S1 (3B), S2 (3C), S3 (3D), S4 (3E) and S5 (3F).
Values are in rounded in kilotonne, including the calculated standard devidinodo).

Different colors represent different polymer types, while the grey color refers to waste export

and/or informal waste treatment (e.qg., illegal export or unauthorized recycling brokers/scraps
dealers), mixed waste, reject (from sorting, washingruesion), and residual streams. The

dark green, light green, and dark brown colors represent (mixed) polymer, base chemicals,

and fuel productions from chemical recycling, respectively.
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2.3.2 Circularity of plastic value chain: to what extent cahemical recycling contribute to
improve plastic recycling EU?

Table2.3 summarizes the results obtained for the circularity indicators &R P2P,

P2C, and P2F rates) for scenariox;85. The EeRR of plastic waste in SO is 18% * 2% in
which the only contributor is P2P from MR. Significant improvements in theRBotarbe
observed in all future scenarios (§85). The overall EdtR in S1 (i.e., 49% £ 3%) is approx.

2.7 times higher than in SO (i.e., 18% + 2%). For the S2, tHRRE@Le., 73% * 3%) is approx.

4 times higher than in SO and it is approx. In%e higher than in S1. In S2, 38% + 2% and 35%

+ 2% of the overall EGRR come from P2P and P2C from CR and SBR (only P2P), respectively.
However the P2P rate in S2 (38% + 2%) is slightly lower than the P2P rate in S1 (49% + 3%)
(Table2.3).

The results of circularity indicators for S3 and S4 estimate that the overaREoL
increases by approx. 4.5 times higher relative to SO (TaB)e When comparing to S1, the
Eol-RR of S3 and S4 (i.e.88% + 3%) is 1.6 times higher, while when comparing to S2, the
EolRR of S3 and S4 is 1.1 times higher. It is estimated that th&Eoh S3 and S4 comes
from P2P from MR (446% = 3%), P2P fro@R and SBR @&% * 1%), and P2C from CR;(19
HE? B M:r0® 2KSY GKS WYAaa AR iddhticatitd 340 @veverda A y C
S5 produces more recycled plastics, base chemicals, and fuels as elaborated in the previous
section (sectior2.3.1). It is important to note that in this study the EBR is calculated as the
AKIFNBE 2F G20Ff NBOeOft SR LXIaadAaAO oFlyR ol asS OK
in S5) hence resulting the same ERIR in S4 and S5, but with different qgtines involved.
Furthermore, in all scenarios where CR options are implemented, the P2F rate is relatively low
ranging from 3% (£%5) to 6% (S2).

In Appendix ATableA.15 the plastic circularity per sectas presented Instatus quo
scenario (S0O) the highest EBR is achieved by agriculture sector (44% = 5%), followed by
building and construction (30% + 2%), packaging (17% + 2%), electronic (17% + 2%), and
automotive sectors (10% * 1%), which is comparable with Maury et al. (202B) $n all
future scenarios (55), the EORR will increase. In the most positive future scenarios (S4
and S5) the highest E®R is achieved by building and constien and agriculture sectors
(84% £ 5%), followed by packaging sector (81% * 3%), automotive (72% * 4%), and electronic
sectors (60% = 3%). CR and SBR implementation contribute in increasBdR Eolfuture

scenarios by adding around @B% * 2% of P2C @8(25% + 2% of P2P from CR and SBR,

60



Chapter 2; Current and future flows of plastic waste recycling in Europe

while P2P from MR contributes 296% * 3% (Table S16). Relative to SO, improved MR, CR and
SBR implementation can increase the RR_by roughly¢b times.

When focusing only on the P2P rate, the highest improvements can be observed in S4
and S5 (61% + 3%). Moreover, the results suggest that the smallest improvement in P2P rate
(compared to the S6tatus quo 18% + 2% P2P rate) is observed for S2 (i.e., 38% * 2%) where
all the sorted plastic waste, including the rejects (from sorting and MR) and mixed waste
streams, are sent to CR options. The result obtained for S2 (CR and SBR become more
dominant than MR)s lower than what is obtained for S1 (i.e., 49% & @#tere all sorted

plastic waste is treated via MR (and CR and SBR are assumed zero).

Table 23 Summary of the circularity indicators for all scenarios in 2018 (S0) and 2@E5b{S1
Values are rounded, including the standard deviation (in %). Acronyms: CR (chemical
recycling), EOCRR (enebf-life recycling rate), MR (mechanical recycling), P2Cst{pka-
chemical), P2F (plastio-fuel), P2P (plastito-plastic), SBR (solvebased recycling).

1Overall Circularity Indicators SO S1 S2 S3 S4 S5
P2P 18% +2% 49% +3% 38% +2% 58%+3% 61%*3% 61% +3%
P2P from MR 18% + 2% 49% + 3% - 41% £ 3% 46% 3%  46% + 3%
P2P from CR and SBR - - 38% £2% 17%+1% 15%+1% 15% + 1%
P2C - - 35%+2% 20%+1% 19% +1% 19% 1%
P2F - - 6%+0% 3%+0% 3%+0% 3%+0%
2EolRR 18% +2% 49% +3% 73%+3% 78%+3% 80% +3% 80% + 3%

1¢KS W2@SNIfEQ RFEGE LRAYGA ljdz2 ydAFe (GKS &adzy 2F Yl aa |
calculations for the circularity indicators
2Eobww O2y aARSNAR 2yfé twut YR tu/ 06S0lIdAS tuC NBO&Of Ay:
WFD (European Commission, 2018a; European Commission, 2008)
2.3.3 Recycled content availability in 2030

Figure2.4 and Figur@.5 summarize the potential recycled plastic (i.e., only P2P from
MR, CR, and SBR) and recycled content (RC) availabilities in 2030 per secto2.4ghmes
the results assuming that the share of recycled plastic uptake between sectors in 2018 is
maintained in 2030 (i.e., closddop and opeHoop recycling occur). For example, recycled
plastic from plastic waste in packaging sector can be used fdicaipns in packaging and

other sectors too. In contrast, Figui25 shows the results assuming 100%selbloop

recycling (i.e., the recycled plastic is used in the same sector where the waste is originated).
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For example in Figur24A, it is estimated that the packaging sector will demand 22,057 kt of

plastic (blue bar) in 2030 and it is estimated that 2,817 kt of recycled plastic (green bar, in S1)

will be produced, result in 13% RC availability (red dot, S1 in Figiheg. In Figur@.5A,

assuming 100% closddop recycling based on best practices in MR, it is estimated that 8,528

kt of recycled plastic could be produced in S1 and will thus result in a potential RC availability

of 39% in packaging sector. Figure2n > GKS W20 KSNRQ aSO02NJ NBF
furniture, textiles, sports equipment, etc.

From Figure24 it can be observed for all future scenariosq&3) a considerable
FY2dzyd 2F NBOeOf SR LI I a0 A O ¢Aldl kR and @ak&itBeFRC A v (i 2
g AfFoAEAGE FT2NJ W20KSNBRQ aSO02N) 0KS KAIKSaAd
The building and construction sector comes second as the biggest recycled plastic receiver
(from 1,986 kt in S2 to 5,229 kt in S5), followed by the packaging sector (from 1,318 kt in S2
to 3,960 kt in S5). These result to RC availabilityea from 17% in S2 to 46% in S5 for building
and construction sector, while the RC availability in packaging sector ranges from 6% in S2 to
18% in S5. The recycled plastic availabilities in the automotive (from 656 kt in S2 to 857 kt in
S5), electronic (dm 170 kt in S2 to 415 kt in S5), and agriculture sectors (from 107 kt in S2 to
oc 114G Ay {p0O FINB O2yaARSNIofe t26SNI GKIFy
These result in a considerably lower RC availability in automotive seat@6%§ ad
electronic sector (811%). Again, note that all these results assume that the share of recycled
plastic uptake between sectors in 2018 will be maintained in 2030.

When 100% closelbop recycling is assumed (Figi2é), the packaging sector is
expected to receive the highest amount of recycled plastics (i.e., 7189830 kt), as
expected, followed by the building and construction sector (i.e. 81807 kt) since most of
the recycled plastics are produced from thesectors (seeAppendix A, Table A.14). The
highest increase of RC availability can be observed in the packaging and electronic sectors (i.e.,

3.5 times higher than assumed 2018 market uptake) and the dovirecrease in the
automotive sector (i.e., 1.5 times higher than assumed 2018 market uptake). As results, the
RC availability increases to¢82% in packaging sector ang3% in electronic sector. Still, in

the automotive sector the RC availability inases to §26% (Figur@.5). Instead, as expected,

the potential RC availability in the construction sector is 2.5 lower than if current trends are

maintained (openand closedoop, Figure2.4), which reduces the RC availability tt19%.
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Figure 24 Projected plastic demand (blue bar, in kt), recycled plastics production from

mechanical recycling (green bar, in kt) and chemical recycling (orange bar, in kt), and recycled
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content (the dots, in %) assuming recycled plastic market uptake in 2018 based on Watkins et
al. (2020) and European Commission (2§20 he red dot represents the potential recycled
content achieved via mechanical recycling. The black dot represent potential recycled content

achieved via chemical recycling or the sum of mechanical recycling and chemical recycling.
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[D] Agriculture sector
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Figure 25 Projected plastic demand (blue bar, in kt), recycled plastics production from
mechanical recycling (green bar, in kt) and chemical recycling (orange bar, in kg§cpced
content (the dots, in %) assuming 100% clekex recycling. The red dot represents the
potential recycled content achieved via mechanical recycling. The black dot represent
potential recycled content achieved via chemical recycling or the suneohanical recycling

and chemical recycling

2.3.4 Interpretation and contextualization of the model results in relation to other studies

The MFA results of thetatus quaoscenario (S0, 3,273 £ 9% kt) obtained in this study is
comparable to thedindings of Watkins et al. (2020) (i.e., 3,854 kt of recycled plastic in 2018).
Plastics Europe (2020) instead estimated a higher amount of recycled plastic, i.e., around
4,900 kt in 2018, likely due to the higher number of polymer types considered. (steBs
guo scenario), the total amount of waste export and/or informal waste treatments (1,805 +
5% kt) is comparable to Plastics Europe (2020) and Eurostat (2022d) data, which indicate a
total export of 1,900 kt and 1,593 kt in 2018, respectivSlgverd studies have shown that
plastic waste can be legally or illegally exported to countries like Turkey, Malaysia, Vietnam,
Ghana, Nigeria, Argentina, etc (Tran, 2018; Wang, 20aAg et al., 2021; Petrlik et al., 2019;
Chen et al., 2021 Note that in this study the exported waste is neither counted as recycling
(i.e., not contributing to the EGRR) nor considered in the calculation of recycled content
availability in EU27+3The exact fate of the currently shipped waste, evolution of export
guantities, and final geographical and technical destination should be subjected to future

research.
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Looking at each future scenario in 20304S8), including when the CR and SBR are
implemented, it can be observed that the recycled plastic produced from only CR and SBR
implementation (S27,903:6% kt) is considerably lower than the other developed scenarios
in this study (i.e., S1, S3, S4, S5). This also means that the highest recycled plastic production
possible can be achieved only when MR, CR and SBR are implemented simultaneously, as can
be dbserved in the other investigated future scenarios in 2030.

Focusing on the circularity indicators, it can be observed that modelling results-of EoL
RR in 2018 (18% + 2%) is lower than the one reported by Plastics Europe (2019a; 2019b) (i.e.,
33%) but higher than the one reported by Material Economics (2022) ancaAgdustry
(2022), which is 15%. Important aspects to consider when comparing these numbers are i)
recycling rate measurement points (as numerator in the-BBL formula) and ii) total
considered EoL plastic waste (as denominator in theA®liormula). Ae reported EolRR
from Plastics Europe (2019a; 2019b) (i.e., 33%RR)calculates the share of sorted plastic
waste that is sent to recycling facilities (9.6 Mt as the numerator) over the reported waste
guantities (29.1 Mt as the denominator), whichieases the EGRR. The reported EdtR by
tflaiA0a 9dzNRLIS oHAamMdpl T HAM®DO UL cEsdeiaiiddNd SEOf d
large extent, the losses from recycling, which inclusion will decrease further thRIEoOn
the other hand, EoRR alculation by Material Economics (2022) and Agora Industry (2022)
(i.e., 15% EGRR) consider the net recycled plastic production (6.7 Mt, after extrusion and
f2aa85Sa FNRY NBOeOftAy3a0 a4 GKS ydzYSNI 2NJ I yR
pl aGA0Q da GKS RSY2YAYIlI 442N 0A S dRRIiScalculatedr G SR
based on the share of total recycled plastic production (plus base chemicals when CR is
AYL SYSYGSRUO 20SN) 0KS G20Ft LI LIBRIGA DA G axiyd {3
Table2.2).

2.3.5 Potential contribution of chemical recycling to plastic recycling rates

Mass balance approach, as shown in this study, has been proposed to measure the
contribution of CR and SBR (Broeren et al., 2022). For CR technologies, for example pyrolysis,
the mass balance approach means accounting for the full process from breakimgtdew
polymer chains into its basic building blocks (e.g., pyrolysis oil), purification steps (e.g.,
distillation and hydrotreatment), feeding into cracking process (e.g., steam crackers) to

produce base chemicals (incl. olefins), and (re)polymerizatialori@d et al., 2021). Moreover,
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the mass balance approach can also be used as a tool by policy makers to monitor the yield of
CR and SBR technologies and to formulate ambitious but realistic recycling targets (e.g., EoL
RR targets for plastic).

As CR options yield multiple products (i.e., monomemgmicals, and hydrocarbon), it
is important to clearly identify the potential quantities of each output to further distinguish
recycled plastic production (i.e., plastm-plastic recycling) from the other outputs (e.g.,
plasticto-fuel). This is also levant to appropriately report the plastic recycling rate in Europe
to monitoring the attainment of recycling targets, since the production of fuels (i.e., recycling
LINE RdzOG A (G2 06S dzaSR Fa SySNHeé& a2d2NOSa3iadzOK
under the Waste Framework Directive (WFD) (European Commission, 2018a; 2008). In this
context, this study strives to differentiate between multiple outputs from CR (i.e., polymer,
base chemicals, and fuel) in the endeavor to better illustrate the paénontributions of CR
technologies to plastic circularity and recycling rates. Moreover, it is important to highlight
that in all future scenarios in which CR options for plastic waste treatment are considered, the
base chemicals production refers to picing valuable materials (e.g., wax, benzene,
toluene, xylene, methane, propane, etc.) as suggested by previous studies (CWslucik
2021; Kusenberg et al., 2022a; 2022b; 2022c; Ghalomi et al., 2021; Zayoud et al., 2022), which
might be used as feedst& in the petrochemical industries. Moreover, the fuel is mainly
hydrocarbons (gas and oil), which can also be used as energy input for CR processes-(Civancik
Uslu, 2021; Larrain et al., 2020).

By observing the circularity indicators in all future scenariog$S}, it can be noticed
the most positive scenario with E®RR of 80% + 3% is achieved when MR and CR are
implemented simultaneously and complementarily, as opposed to only improving MR (S1
Eol:RR 49% + 3%) or CR and SBR (SREB% + 3%). The highest-RR(80% + 3%) is
indeed achieved in S4 and S5. In these two scenarios, th&Eakaches 80% + 3% because
of the contribution of improved MR (46% * 3%) and complementary CR (34% whiéxs),
out of the total obtained, 15% + 1% is related to the P2P rate and 19% + 1% to the P2C rate.
These findings illustrate the importance of balancing the plastic waste streams into MR and
CR options to reach the highest circularity potential possibée the two technologies need
to be complementary and not competitive. It should also keep in mind that, in future
scenarios, CR might be able to increase its P2P ratio (at the cost of P2C and P2F), for example

by applying other pyrolysis conditions su@s by adding catalysts, hydrocracking, etc.
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(Kusenberg et al., 2022e, Kusenberg et al., 2022a). A study from Eschenbach€é @223l
suggests that the yield of olefins (i.e2cG) from a mixed polyolefin waste can increase up to
~75% by introducing catalysts. Thus, for example, if the yield of naphtha can improve, the P2P
rate can increase by up to ~65% (given the same yield from naphtha to monomers in the steam
crackers).

By examining circularity indicators per sector, it can be observed that CR
implementation contributes to reach recycling targets. In the packaging sector, the recycling
targets stated by PPWD (i.e., 55% by 2030, European Commissioa) 2&iBot be achieved
only by improving the current waste management treatments (i.e., collection, sorting, and
MR) as the estimated EdRR in S1 is 49% + 3%. The CR and SBR options will contribute to
reach the recycling targets set by PPWD, as theRR& expected to in@ase to 73% + 4%,

80% * 3%, 81% * 3%, and 81% * 3% in S2, S3, S4, S5, respectively. The P2P and P2C from CR
and SBR is estimated to add¢B8% * 2% and 285% * 2% to the EARR in packaging sector

(i.e., 73,81% + 3%) in §35, respectively. The contribati of CR and SBR options to increase

the EoLRR can also be noticed in the other sectors, e.g., significant improvements in the EoL

RR in the automotive sector are expected (from 38% + 3% in S1 to 72% = 4% in S4 and S5,
TableA15). Furthermore, the findigs from this study (in Tabk16) can also be used as the

basis to formulate recycling targets for plastic waste in the sector with no targets yet (e.g., in
agriculture or construction sector).

In a similar way, the results can be used to perform plausiflliigS 01 a 2y &aiGl 1 SK
pledges. For example, it can be observed that the recycled plastic produced from only CR and
SBR of plastic (S2; 7,98%% kt) is not enough to meet the pledges made by CPA to reach
10,000 kt in 2030 (European Commission, 2022a). It is evident that such goal can only be
achieved with an important contribution by MR, CR and SBR (as in scenario S3, S4, and S5)

2.3.6 Plausibilitychecks on achievable recycled content targets

Mass balance approach has been proposed to monitor and determine recycled content
of a product (Broeren et al., 2022; Tabrizi et al., 2021). For consumers, the mass balance
approach means that brands and product manufacturers should ensure full transyanénc
the claimed recycled content (e.g., share of recycled plastic) of the total weight of a product.
Policy makers can use mass balance approach to measure recycled content targets via, for

example, transparent monitoring and certification systems (Taltial., 2021). Moreover,
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the presented MFA model (using mass balance principles) can support policy makers to
formulate ambitious but realistic recycled content targets (for plabsed items) by taking
into account the quantities of recycled plastic produced annually. Thisrivie®| can also be
used to identify the bottlenecks towards meeting the targets.

Looking at the RC availability per sector, it can be observed that a significant amount
of recycled plastic (i.e.,36g¢0Zmnm (100 YAIKG 68 dzaSR Ay (GKS
goods, textile, etc.) as opdnop recycling in 2030. In other word$,the current market
uptake as of 2018 is maintained in 2030, the pledges or targets on RC in some sectors such as
automotive, and electronic will not be achieved. For example;3@% RC target in electronic
sector (Sandoval, 2018, Lase et al., 2021 nailbe met as only 11% of RC would be available
Fd GKS Y2ad LRAAGAOGS a0OSYINA2 O0APSHPET /w Aada A
in Figure2.4D). Similarly, the RC targets in automotive sector (i.e22% in new passenger
cars; Maury et al., 2022, Volvo, 2018) is not achieved as only 15% RC will be available in the
most positive scenario (S5 in Fig#dC). For electronic and automotive sectors, the RC
GFrNBSGa Oly 2yfteé 0SS IOKASOSR o0& {KIIANW\OIAIREOR:?
and closedoop recycling (S5 in Figu2e&sC and2.5D).

The findings on RC availability can be used to formulate targets for the each sector,
e.g., packaging. It can be observed that aroung5286 of RC will be available for packaging
sector in 2030, assuming closkmbp recycling (i.e., 85 in Figur@.3A). This finding aligns
with 30% RC targets for PET beverage bottles stated by the Single Use Plastic Directive
(European Commission, 2019) as well as study from Bashirgonbadi et al. (2022) that shows PP
films can be made of 32 wt% recycled PP. Theretbesfindings of this research can also be
used as basis to set RC targets for broader plastic packaging types such as flexible packaging,
HDPE bottles, etc.

2.4 CONCLUSION

Current endof-life recycling rate from 2018 data in Europe, based on mechanical
recycling, is about 18% calculated from the amount of recycled plastic production over the
reported plastic waste generation. The growth of plastic waste generation until 230
projected using historical data, while widespread implementation of production and use
oriented solutions such as waste reduction;use, refill, etc. are not yet considered in this

study. In future, several scenarios can be deployed to improvedhgcling rate. In first
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instance, stretching the possibilities of current commercially used mechanical recycling
technologies can lead to an overall eafilife recycling rate up to 49% in 2030. Results of this

study show that the implementation of chemical and solvbased recgling technologies

bring positive impacts towards the erad-life-recycling rate as plastio-plastic and plastic
to-chemicals recycling (from chemical recycling) will increase the rate up to 80%. In this most
positive scenario (and potentially the mosealistic one), chemical recycling becomes
complementary (and not competitive) to improved mechanical recycling. In this scenario,
plasticto-plastic rate of 61% can be achieved (46% from mechanical recycling and 15% from
chemical recycling), with an additial plastieto-chemical rate of 19%. In all cases, plagiic

fuel rates range from 3% to 6%, but it will likely be reduced in the future in favor for polymer

and chemical production. Moreover, the findings from this research suggest that the recycled
content targets are achieved when closémbp, chemical and solveiitased recycling, and
LINPOS&daAy3d WYAaaAy3ad LIXFadAOQ FNB €t &AYdz GF
[ LI dzNRYy 3 FyR GNBFGAYy3a GKS WYA aréckciédplastic  a G A O
production and this contribution appears necessary to be able to reach the recycled content
targets in some sectors (i.e., @0% recycled content targets in new electronic products in

2030). For policy makers, the approach (i.e., masaneal model) and findings of this paper

can also be used to support proposals of realistically achievable recycled content targets and

support which recycling technologies can play which role(s) in achieving the targets.
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Chapter 3

Modeling current andfuture flows of plastic from WEEEecycling

3.1 INTRODUCTION

The way we produce and use electrical and electronic equipment (EEE) nowadays has
led to a considerable amounts of waste electrical and electronic equipment (WEEE) (Forti et
al., 2020). The growth of WEEE is triggered by rapid technological advancemiéntspfices,
and shorter lifetime of EEEs (Tran et al., 2018; Wang et al., 2013). In 2019, the world generated
53.6 Mt of WEEE, of which the European market accounted for 22% (Forti et al., 2020). With
the current production and consumption patterns &IEs, it is expected that the quantities of
WEEE will reach 115 Mt by 2050 (Parajuly et al., 2BaRié et al., 2017). Moreover, plastics
have been widely used in EEEs and from the total collectedquustumer plastics waste in
2018, 6% was found in WEEE. However, the EEE industry only procures 2% of total recycled
plastics (as regranulates) in thensa evaluation year (PlasticsEurope, 2019 he uptake of
post-consumer regranulates in EEE thus still low and requires significant improvement.

Mechanical recycling remains the most ubiquitous WEEE management system in
Europe (Parajuly et al., 2017; Ragaert et al., 2017). Recycling has also been perceived to be the
solution to reduce the environmental impact of mining and primary material pradoct
(Vanegas et al., 2017). As a consequence, institutions such the European Commission have
implemented the WEEE Directive in 2002, which was renewed in 2012 (Directive 2012/19/EU),
with the aim to preserve, protect, and improve the quality of the resesrdarticularly within
plastics recycling, initiatives like the Circular Plastics Alliance (CPA) have declared their
ambition to boost the market for regranulates up to 10 million ton by 2025 (European
Commission, 2(2b; 2018d;2012). With legislation towards increased recycling of WEEE and
also Plastics from WEEEnown as WEE®pushing on the market, electronic producers have
responded by pledging to use at least35% of regranulates in EEEs by 2025 or 2030 (Philips,
2020;Electrolux Group, 2020; Wipool Corporation, 2018; Sandoval, 2018).
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Stakeholders in the (W)EEE industry in Europe are mandated to establish an integrated
WEEE collection, separation and recycling systems. This recycling chain should be able to
deliver the secondary resources, including regranulates, to fulfil the pledgase recycled
material(i.e., recycled content targetsiHowever, to date, we still have limited knowledge to
predict the evolution in material compositions, stocks and flows of (W)EEE, which leads to an
inefficient material recovery and recycling from BE (Thiébaud et al., 2017a; 2017hb).
Moreover, Thiébaud et al. (2017ahd Kawecki et al. (201Bavealso highlighted that a better
estimation of WEEE generation in the future becomes imperative to provide sufficient
information about the future mass flows, required recycling capacities and technologies, and
financial means to invest in recycling techogikes.

Such estimations require higjuality data on product sales and lifespan distributions
of EEE. The dynamic seeiconomic conditions and the fact that EEE are often not disposed
of immediately at the enef-life, but rather end up in s® f £ SR Wrntiba kil Q= Ol
modelled (Tran, 2018; Van Eygen et al., 2016; Wang et al., 2013; Thiébaud et al., 2017b).
Current approaches to quantify WEEE generation, such as disposal related analysis, projection
models, and factor models either have high uncertaintye do complex soci@conomic
situations or require huge amounts of data to run the model. These approaches are perceived
to be inadequate in quantifying the flow of WEEE because the influence ofesmm@mic
situations is not fully captured (Tran, 201Burthermore, one has to deal with the impact of
technological advancement, changes in material composition, and potential legacy chemicals
therein. Consequently, the current approaches to quantify WEEE fail to accurately assess if
recycling targets or theestablishment of sustainable endarkets for the uptake of
regranulates are actually feasible. In this context, multivariate irmquuput analysis (MIOA)
combined withmaterial flow analysis (MFAgre perceivedas suitable tools to answer the
above mentioned questions because these approaches can better predict future WEEE
generation(Wang et al., 2013; Wang, 2014dditionally, these approaches may provide an
outlook of the existing and future pathways of material valorization from WEEE, improvement
potential on plastic recycling rate, and strategic planning towards better WEEE recycling
processes (De Meester et al., 2019; Tran et al.,, 2018; Wang et al., 2013; Brunner and
Rechberger, 2005).

A typical recycling chain consists of three main stepparatecollection(i.e., source

separation) pre-processing, and engdrocessing (Vanegas et al., 2017; Parajuly et al., 2016;
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Schluep et al., 2009). Collection plays a vital role in the overall recycling processes, as size and
weight of equipment can be a determining factor for the effectiveness of WEEE collection. For
example, small devices like mobile phones or electric shaar®asily be stored indoors for

a relatively long period of time compared to larger sized electronic products (Wang, 2014).
This type of information highlights the importance of understanding the lifespan distribution

of EEEs, including their serviceetiine and storage time when EEEs are hibernated in
consumers' possession before being disposed of (Thiébaud et al., 2017b). After collection,
pre-processing is crucial to determine the extent to which we can produce-duglhty
materials for recycling picesses (Van Eygen et al., 2018; Parajuly et al., 2016). Furthermore,
after a series of material size reduction, sorting and separation processes, the WEEP will be
sent to the endprocessing step that converts WEEP from flakes into granulates via extrusion
(Cherrington & Makenji, 2019; Ragaert et al., 201T7)fortunately, some materials, for
instance WEEP, are more difficult to dismantle and separate at the very beginning of the
recycling chain, which result in low overall recycling rates (Chancerel et al., 2009). As a result
of the mentioned challenges, agsificant amount of WEEP can still be found in the residual
fraction and are thus destined for energy recovery by incineration or for heat production at
cement kilns (De Meester et al., 2019; Jain &e8ay 2006).

WEEP can also carry toxic elements or can be mixed with multiple polymer types that
add to the complexity of WEEP recycling (Sahajwalla and Gaikwad, 2018; Parajuly et al., 2016;
Habib et al., 2015). To overcome the problem of legacy chemicals present E® Vitie
Restriction of Hazardous Substances (RoHS) Directive was put into force in 2006, and
continuously updated (RoHS Guide, 2020; European Commigidd). An example of
hazardous substances, namely brominated flame retardants (BFRs), has been dlserve
cause an adverse impact on the recycling process, quality of regranulates, and human health
at recycling facilities (Wagner and Schlummer, 2020; Delva et al.,, 2018; Sahajwalla and
Gaikwad, 2018; Morf et al., 2005; Thuresson et al., 2005; Julandér, 2085; Sjodin et al.,
2001).

Given the current commitments to recycle WEEE and use regranulates, a method to
assess the potential of the recycling chain to produce regranulates to be used as recycled
content is needed. The assessment of the potential secondary resources in therequnees
a better projection of future WEEE generation. Therefore, we combine MIOA and MFA in

evaluating the current WEEP recycling processes and link this to the future amounts of
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expected WEEE generated and WEEP therein. The MIOA that is developed by Wang et al.
(2013) is chosen because this approach considers the dynamic interconnection of product
sales, stock, and lifespan. This modeling appraacis improves the prediction of future
WEEE generation and its composition. The developed model can trace the fate of plastics and
additives within the current and future formal WEEE management system and allows
guantification of the annual regranulates prodion. This research consisté three parts.

The first part aims to evaluate the current recycling rates of WEEP through MFA, starting when
the consumers dispose their electronic products until the end of WEEP recycling process.
Afterwards, sensitivity analysis is performed to identthe bottlenecks and potential
scenarios to improve the WEEE recycling system. The second part of this research aims to
estimate the amounts of WEEP that can be recycled by 2030. MIOA is used to predict the
amount of WEEE generation based on historicabpct sales data and lifespan distribution
models. Consequently, the result may reveal the resource potential of recycled plastics as well
as the assessment of toxic elements from WEEE. The third part of this research aims to predict
the future amount of ecycled content, introducing scenarios with improvements in the WEEE
NBEOeOf Ayd OKIAY YR OKFy3aSa Ay @I Odzdzy Of S| y ¢
of this study, we focus on Belgium aftie Netherlands and focus on three selected small
householdappliances (SHA) products being coffee machines, electric shavers, and vacuum

cleaners.

3.2 MATERIALS AND METHODS

3.2.1 The considered EEEs: vacuum cleaners, coffee machines, and electric shavers

Three electronic products from the SHA category of EEE were selected for this research
namely vacuum cleaners, coffee machines, and electric shavers waste because of their
significant plastic concentration. Moreover, these three products have the highestiqs
concentration among other EEEs and inherently different equipment in this category
(European Committee of Domestic Equipment Manufacturers, 2017).

According to a study bigames et al. (2019), cylinder vacuum cleaners are the prevalent
type in Europe with a market share of 68% whilst upright vacuum cleaners account for 7%. On
the other hand, the cordless and robotic vacuum cleaner (RVC) account for less than 10% of
the current market in Europe. However, the cordless and RVC models differ from the cylinder
vacuum cleaner in desigrand material compositions. Notable differences in cordless and
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robotic models' material composition are the number of electronics, sensors, and batteries
(Parajuly et al., 2016).

Related to coffee machines, Mudgal et al. (2011) estimated that the drip filter, pad
coffee machines, and hard cap espresso coffee machines to have a market share of 38% and
22%, and 14% in 2020. The remaining portion of the market share of coffee maahines
Europe belongs to the sernand fullyautomated coffee machines.

Between the electric shavers, the rotary shavers and foil shavers are the most used
and popular models in the market. The significant difference between these models are the
cutting systems (movement of the cutting blades) (Rietzler, M. et al., 2016, lKetehe,

2012). Although the market data belongs to the European market condition, it is assumed that
Belgium andrheNetherlands have the same market condition in this research.

When determining the composition of plastics for selected EEEs, we choose the
average plastic content of products with the highest market share in Europe. The cylinder and
upright vacuum cleaners have the highest plastics content with 73% mixed plasli&y %n
non-plastics such as copper, stainless steel, and aluminum. The mixed plastics composition is
PP (34%), ABS (34%), Ethylene Vinyl Acetate (13%), PVC (11%), HDPE (8%), and
Polyoxymethylene (1%) (Rames et al., 2019, Galkadnid et al., 2016). Fohd coffee
machine, drip filter coffee machines are made of 55% mixed plastics and 45ptastins. Of
this 55% mixed plastics, 95% is PP and 6% is a combination of Polycarbonate (PC) and PVC.
The remaining 45% of ngplastics are copper, glass, alloy dteend aluminum (Mudgal et al.,
2011). Lastly, the average plastic content of electric shavers is 51% and the remaining 49% of
non-plastics content in the electric shaver. Especially for electronic shavers, the material
composition remains similar regardie of the difference in models (Rietzler, M. et al., 2016;

L6v and Fetene, 2012). These material compositions will be used in the material flow analysis
to determine the fate of WEEP that enter the recycling facility and potentially recycled back

into the economy.

3.2.2 Material flow analysis
3.2.2.1 Description of system boundaries and scenarios

This study targets the WEEP material flows within the vacuum cleaners, coffee
machines, and electric shaver. Thus, other materials, such as metals and glass, are excluded

when evaluating the performance of the current WEEE management system. The first part
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this research focuses on evaluating the current WEEE management systems from disposal
phase by the consumers until the ewndtlife (EoL). The functional unit (FU) used in evaluating
the current state of WEEE management systems in Belgiurtlagldetherlands corresponds

to the treatment of one ton (1000 kg) of mixed WEEP and 200 kg of imported WhiBEE
vacuum cleaners, coffee machines, and electric shavers waste after being thrown away by the
consumers. The second part of this resedrobre in section 3.3) focuses on forecasting the
amount of regranulates production from WEEE recycling by combining MFA and MIOA. In
forecasting the future regranulates production in 2030, the FU of 1 ton mixed WEEP is
replaced by the amount of WEEP generated in 20B&EP(t,1j)based on the MIOA (section
3.2.3).

3.2.2.2 Description of the system boundary

MFA refers to a systematic assessment of flows and stocks of every element,
compounds, or goods within a defined system boundary (De Meester et al., 2019; Allesch, A.
and Brunner P., 2017). In this research, the system boundary is limited to the proaesses
flows of the selected (W)EEE products and WEEP in Belgiumhardetherlands mainly
because of the data availability (ki@ 31). This WEEE management system is organized by
different WEEE collectors and recyclers in BelgiumTdraiNetherlands (Reqel, 20182013,
Huisman et al., 2012).

The lifecycle of plastics in EEEs begins at the production phase, where plastics are
sourced from virgin materials and/or recycled products. Thereafter, EEEs are sold and placed
on the market (POM) and EEEs begin to be used by the consumers (use phtss)stAge,

EEEs are accumulated and disposed of depending on the individuals' behavior. The moment
when consumers dispose of their EEEs marks the beginning of the WEEE disposal phase. From
there on, there are two potential flows of WEEEs: (1) formal BVEfanagement and (2)
informal WEEE management systemsyf@.1). The formal WEEE management systems are
mostly driven by the introduction of national policies and environmental awareness, while
informal systems are driven by the economic aspect of recyclable materials from WEEE (Wang,
2014). Both systems exist in IBeim andThe Netherlands, and it is also the consumers'
behaviour that mainly acts as the crucial determining factor of where WEEESs are going to be
processed. WEEE may enter recycling faslivia several formal collection points. Once

formally collected, WEEE will be sent for recycling, materials and components will be
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separated and further processed, and plastics can be recirculated back into the economy. On
the other hand, WEEP will not go into such a system in the informal stream and plastics will
not be necessarily recycled. The destinations for informally colledte®EE are incineration,
landfill, or being exported outside our studied area. Some of the flows are even
undocumented, hence called as unidentified stream in this research (Recupel, 2018; 2013;
Huisman et al., 2012).

A detailed description of the processes, symbols, chosen values, and data sources used
in Figure 31 is listed in Tabl&.1. All collection, sorting and recycling efficiencies of these
processes are indicated By symbol and mass fractions are indicated bgymbol. When
consumers decide to dispose of their EEEs, waste cdarbwlly collected| co) viaWEEE
collectors, repair centers, or takeack schemesThe takeback scheme refers to authorized
WEEE collectors in Belgium ahldeNetherlands, e.g., Recupel and Wecycle, respectively. In
fact, the majority of WEEE (85%) is collectedtai@-back schemes. The remaining 15% of
WEEE are collected from repair centers, and WEEE collectors, such as brokers or scraps
dealers. Later, WEEE collectors report their collection data to the authorized WEEE collectors
(Recupel, 2018; Huisman et al.,12(). At the repair centers, WEEE will be checked, and the
repairable items will be sent for reuse purposesy (De Meester et al., 2019). However, in
this research, we assumed that no products are reused because vacuum cleaners, coffee
machines, and eleédc shavers are not typical products that get a second life. Moreover, it is
also mentioned in many national WEEE reports that collectors or recyclers receive a fair
amount of WEEE from other regions (National (W)EEE Register, 2019; Recupe202318;
Baldé et al., 2017; 2016; European Environment Agency, 2012; Huisman et al., 2012; Lundgren,
2012). Therefore, an additional import stream is also introduced into the studied system.

Sorting and recycling then start from the quality check, clustering based on the WEEE
category (in this case SHA), dismantling (depollution), shredding and material sorting by the
recyclers, callegre-processing| ocpg in this research. Prior to shredding and automated
material sorting, trained labors dismantle copper wires, glass and wood housing, components
with high (precious) metal content and batteries from many SHA on the moving conveyor
belts, including for theselected EEEs. This process is crucihe entire WEEE recycling chain
because it determines the extent to which the materials are appropriately sent to the proper
separation and engbrocessing step. It is also found that good practice ofgraeessing

treatment can upgrade valuable substes contained in WEEEs while eliminating -non
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valuable and hazardous substances (Van Eygen et al., 2016; Menad, 2016; Makenji and
Savage, 2012; Chancerel et al., 2009). In the next step, the loose shredded mixed particles will
go todry and wet separatiorfl sy andcompounding(l ¢). Typical examples of wet and dry
separation technologies are nemfrared (NIR), sinRoats, magnetic and eddy current
separations (Van Eygen et al., 2016; Menad, 2016; MakedjSavage, 2012; Van Schanki

Reuter, 2012). Once the plastics material has been size redwsdl sorted, it can be
transformed into secondary materials using an extruder. Sometimes additives and virgin
plastics are introduced in this process while certain contaminants can be removed with a melt
filter (Makenji, K., and Savage, M., 2012; Ragaertlet 2017). The effect of material
degradation or decrease in quality of regranulates during EEE's lifecycle and recycling
processes is neglected in this research. To our best knowledge this is a reasonable assumption
for EEE plastics, especially at thevér (technical)limits of using regranulate@n EEE sectqr)

which still allows for example to use certain colors on outer layers (Demori et al., 2015; Perez
et al., 2010; Karahaliou & Tarantili, 2009; Brennan et al., 2002).

In contrary, the final destinations of theformally collectedWEEE |(infco) are
incineration 6 rQ or export stream 0 ). Landfilling has been banned in Belgium ar
Netherlands (Plastidsurope, 2018), but the possibility of miss sorting by the consumers still
exist. According to Huisman et al. 2012, the portion of WEEE sent to landfill accounts for 9%
of the total WEEE generated in 2011. Therefore, it is assumed that the same portion of
landfilled WEEE is allocated to the incineration stream at the current market condition.
Transboundary shipment is indispensable in global waste trading, thus an export stream is
included in the quantification of WEEE mass flows. However tireal data on the
transboundary shipment of WEEE is often unavailable or low in quality (Tran et al., 2018; Baldé
et al.,, 2017; Lundgren, 2012). Finally, some WEEE streams cannot be determined and
undocumented due to the fact that illegal WEEE treatment does seemgbieelgium and
The Netherlands. Hence, annidentified streamis introduced into the system boundary,
which was also suggested in several national WEEE reports in BelgiufhaNdtherlands
(Recupel, 2018; 2013; Huisman et al., 2012).
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Figure 31 Overview of vacuum cleaners, coffee machines, and electric shavers lifecycle from
the production to recycling phase in Belgium aflde Netherlands used for material flow
analysis. The flowsheet is based on previous studies and reports (De Meester et al., 2019;

Recupel, 2018; 2013; Huisman et al., 2012).

Table 31 Parameter values, symbols, and data points used for mass balance calculation

Lifecycle of (W)EEE Symbol  Value Unit Data Source

Production, use and disposal
WEEE to recycling facilities | col 49 (%) (Recupel, 2018; National (W)EEE Regis

WEEE to informal systems | infcol 51 (%) 2019; CGlobal BEWaste Statistics
Partnership, 202D
Postdisposal
" *
wggréeg YZEsEeE ::Lp"" 28 Ezjg (Recupel, 201&iuisman et al., 2012)
Preprocessing | qcos 48 (%)
Dry and wet separation ls 90 (%)
Compounding lc 90 (%) (De Meester et al., 2019; Van Eygen et :
WEEE to incineration >INC 21 (%) 2016)
WEEE to export >Ex 10 (%)
Unidentified Stream - 20 (%)

*Import WEEEequabk to 20% of the total WEEE generated in each evaluation year (Recupel,
Huisman et al., 2012)

3.2.2.3 Description of mathematical framework used in material flow analysis

Based onFigure3.1, mathematical equations are elaborated to calculate the mass
balances. The equations are constructed to quantify annual regranulates production via
formal WEEE management systems. Total regranulates production per year can be

determined by multiplying tb aggregated mixed WEEP (1000 kg) and imported WEEP (200
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kg) from the selected EEEs in the evaluation yefW(n) with the collection [ co), pre
processing l(ocpg, separation (), and compounding] ¢ 3 efficiencies. The mathematical
expression of annual regranulates production from the formal WEEE management system is

shown in theEquation 3.1

n Z

{ml >4+ onrk B H B r pmd dn w2 L. 7
Aom »% beed 47 < TaRT>
Equation 31

However, 51% of the total WEEP generation are forwarded to informal WEEE
management systems (xico). The total WEEP that goes to incineration equal to the sum of
the recycling processes residue and miss sorted WEEP, as also indicated in the previous studies
(De Meester et al., 2018; Vanegas et al., 2017). As for the portion of export WEEP, a fixed valu
is used, which was derived from the literature (Recupel, 2018; 2013; Huisman et al., 2012).
The mathematical expression to quantify WEEP to export anderation can be seen in

Equation 32 and Egation 33, respectively:

©WO00 DOLNETDE OA O1 1T MADA O Equation 32
w000 €0¢ M®QE QI xd & A W & ?Z z p W & ?Z
z zZ p W £ z z z zZ p W £ zZ
A zZp weEzA z zZ p weEzA z
z z.p O1T 1T MADA O Equation 33

As already mentioned earlier, some of the WEEE streams cannot be determined; hence
it is considered as unidentified stream that accounts for 20% of the total WEEE generated
(Recupel, 2018; Huisman et al., 2012). Thieasremaining portion of WEEE that is neither
being sent for energy recovery nor exported. The mathematical expression to quantify the

unidentified stream is as follows:

Y& QQQE HYRIQQDE@ ¢ w A A O1 1T WADA CEquation 34
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3.2.3 Multivariate InputOutput Analysis

In WEEE management systems, an accuyatntitative estimation of WEEE generation and
composition iscomplicated To address this challenge, multivariate injutput analysis
(MIOA) developed by Wang et al. (2013) is applied. The MIOA considersssocanic
dynamics of electronic products flowing into the society (sales), then accumulate in the
technosphere(stock), and eventually reaching the eafilife after certain period of time
(lifespan) as WEEE. The interconnections of sales, stock, and lifespan are modelled in MIOA,
primarily by modeling the lifespan distribution model using Weibull distributionny\&tal.,

2013). For more information of MIOA, it is advised to read Wang et al. (2013) and Wang
(2014)

3.2.3.1 Projection on WEEE generation in 2030

To predict the future WEEE generation, and its associated WEEP, MIOA is applied.
Specifically, we applya model developed by Wang et al. (2013p measure the
interconnection between the product sales and lifespan distribution of electronic products.
For a better estimation, an approach that considers the dynamic nature of product
obsolescence should be applied, contrary to the assumption of firedmally average,
product lifespan (Parajuly et al., 2017). This approach generally describes the percemdage a
amount of EEEs that are accumulated in the market (stock) and flowing out as WEEE based on
their age (owing to the year of product sales) in the evaluation year 2030. Through this
approach, we acknowledge that electronic products that accumulate inntagket have
different obsolescence rate and have satisfied their service lifetime and storage time.

The result of this modeling, which is thesposal age compositian evaluation yean
[W(t,n)], is combined with MFA to quantify the recycling rate and regranulptesluction
from WEEE recycling process. The MIOA method incorponggtsical sales datfPOM (i)
and EEHifespan distribution profilg(L()(t,n)] computation in determining total outflow of

WEEE in the evaluation year 2030.

3.2.3.2 Mathematical framework of multivariate inpatitput analysis
The termdisposal age composition of WER1,n)] describes the amount of WEEE

from the past (yeat) being disposed of in the evaluation yeain whichn is the evaluation
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year 2030 in this research. The total amount (in mass) of disposal age composition in the
evaluation year 2030 can be quantified uskbguation3.5:

ot B O0000E b o O1T 1T MADA O Equation 35

The amount of WEEE generatidf{t,n)is themultiplication of vacuum cleaner, coffee
machine, and electric shaver sales (POM) and lifespan distribution profffRs,if)]. Product
sales data are obtained from the Eurostat database and National WEEE Reyadtét
202211 Recupel, 2018yational WEEE Register, 2019) and lifespan distribution was modelled
using the Weibull distribution function. The Weibull distribution is chosen because it
demonstrates the lifespan distribution of electronic products from being used until being
thrown aw®® o0& GKS O2yadzySNE>X AyOfdzZRAYy3I (KS WKAOG
distribution profiles fit the disposal age compositions of WEEE that were surveyed by Wang
(2014) in 2006 and 2007. The asymmetric profile of Weibull distribution also aligngheith
fact that the characteristics of EEE lifespan can differ depending on the technological
development or soci@conomic conditions (Tran, 2018; Wang, 208lordic Council, 2009).
Detailed information related to the product sales data and its calculation is summarized in
Appendix Bsection 1

The lifespan distribution [{’)(t,n)] describes the probable obsolescence rate of EEEs in
evaluation yeam of the batch of products sold in historical ygann other words, lifespan
distribution denotes the probability (shown in percentage, %) of products being sold in the
past (yeart) that will become waste in evaluation year The mathematical equation of
selected electronic products' obsolescence rate is presentedqunation 3.6 which is
developed and validatelly Wang et al. (2013) and Wang (201

€ O Q p Equation 36

Here, the shape parameter(t) and scale parametér(t) are used for the computation
of lifespan distributionsEquation 3.9. The shape parametert), is the failure or obsolete
rate of EEEs while the scale paramele(t), also known as life characteristics, is where the
bulk (67,5%) of the lifespan distribution lies (Murakami et al., 2010; Oguchi et al., 2010; Wang
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et al., 20B). As the lifespan of products changes through time, because of social and technical
development of EEE, these parameters vary over time and have to be modelled corresponding
to each historical sales year (Van Eygen, et al., 2016). In this researchaffeeasid scale
parameter data are obtained from Eurostat database and previous research (Eurosit; 202
Forti et al., 2018; Wang, 2014). Detailed Weibull parameters data can be fodmpendix
Bcsection 2

Thereatfter, total WEEP generated in 2030 can be quantified by multiplying the disposal
age composition\W/(t,n)] with the average composition of plastics of the selected products
(see section3.2.1). The mathematical expression to quantify total plastics for each the
selected WEEE can be foundEiquation 3.7

WOOUE Bw o 200 Q1 GO ® o @& ©T T WADA Buation 37

Finally, once the mass of WEEP generated in 20EHP(t,1})has been calculated, the
material flow analysis through the formal andformal WEEE management systems are
investigated. The flow of WEEP in 2030 can be quantified by replacing the functional unit (1000
kg) of aggregated mixed plastid&/(n) with the mass of WEEREEP(t,1j)to Equation 3.1
34.

3.2.4 Sensitivity analysis and scenario analysis

Sensitivity analysis conducted tadentify the weight (influence) of a parameter in the
casespecific model or study towards model results (Bisinella et al., 20@6Fhapter 3, a
sensitivity analysis iperformed on some ofthe selected parametergo identify which
parameterhas moreinfluenceson the model results and needs more attention in future
research Moreover, a sensitivity analysis in Chapter 3 is also carriedooidentify the
bottlenecks within the current WEEE management system. This approach is also applied to
gain insights into a potential room for improvement of WEEE management systems in the
future. For this purpose the selected parameters are varied fooq100% one by one while
maintaining the remaining grameters at a constant value. At every interval variation, the
results of recycled plastics content (i.e., recycling rates) are recorded and plotted against the

parameter changes. Five parameters are selected for the sensitivity analysis, va@phriste
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and the WEEE import stream.

Lastly, a prediction of how changes in collection rate-gmecessing efficiency, and
material composition impact recycling rate or regranulates availability was elaborated. In the
coming years, three trends are expected to occur simultaneously: coltectites should
increase, preprocessing efficiency might improveand composition and designs might
change In this scenario analysis, a study case on how these changes impact regranulates
production from vacuum cleaner waste recycling is elaborated. fihege in collection rates
is driven by the WEEE Directive while the material composition change because the market
share of RVCs is expected to increase in the future (Rames et al., 2019; Parajuly et al., 2016).
The RVCs use batteries and different electtocomponents, which reduce the share of
plastics content to 55% (Parajuly et al., 2016). As fofppoeessing technology, we assume
that recyclers will keep improving their technologies. Therefore, three different scenarios
were performed in which the grameters are varied simultaneously. Ultimately, the time in
which the recycling target would be achieved can be revealed.

Three scenarios are developed nambse, intermediateand positivescenarios. In
the base scenario, the collection rate is expected to have an incremental increase of 1.4%
annually (Global BVaste Statistics Partnership, 2020). The market share of RVC is expected
to increase by 1.5% annually (Rames et al. 2019). Lasthjisiscenario, we also assume that
the efficiency of pregrocessing technology will have an incremental increase of 1.4% annually
similar to the collection rate. For the intermediat@dpositive scenarios, the incremental
increase of the collection rates, pprocessing efficiency, and market share of RVCs are
assumed to be slightly higher, 3% and 5% respectively. Detailed information about the

incremental changes can be foundAppendix Bsection 3

3.3 RESULTS AND DISCUSSION

3.3.1 Material flow analysis of the current WEEE management system

The material flow of aggregated 1000 kg of mixed plastics waste (WEEP) throughout
the current WEEE treatment in Belgium and the Netherland casele@ in Figre 3.2. The
summary of mass balances within the investigated system can be found in3Talfeom this
material flow diagram, it can be seen that the majority of plastics (i.e. 632 kg and equal to 63%

of the total input) are sent for energy recovery (incineration) because of two reasons: firstly,
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a fair amount of WEEE is informally collected and secondly, significant losses occur due to
inefficient preprocessing technology. Instead, the recycling rate of mixed WEEP to
regranulates is only 22%, i.e. equal to 268 kg iarEi@ 2. The overall recycling rate of plastics

is considered to be relatively low compared to the recycling rates of some other materials, for
example, iron and aluminium with more than 85% recycling rates (De Meester et al., 2019;
Van Eygen et al., 2016).

Moreover, from the FU of 1000 kg, a total of 632 kg of mixed WEEP ends up in
incineration, of which 422 kg (67%) comes from the residues of the WEEE recycling chain. In
comparison, only 210 kg (33%) comes directly from informally collected WEEE. Thiegs find
demonstrate the limitation of the current recycling technologies in producing-figddity
regranulates from mixed WEEP, which are actually intended to be recycled content-in high
end applications (e.g. closédop recycling).

When looking at the prg@rocessing step, plastics can be lost for several reasons.
Dismantling and depollution is labartensive, in which trained labors manually dismantle
hazardous substances and electronic components (e.g., copper cable and batery/EEE
on moving conveyor belts (Makenji and Savage, 2012; Menad, 20h&h isa phase that is
typically not dedicated to the plastic fraction (Buekens and Yang, 2014). Next to that,
commonly used mechanical shredder based processing still underperi@iated to plastics
(Vanegas et al., 2017). This is partially caused by the processes themselves, for example by
particle sizes issues in the sorting and separation technologies (Maisel et al., 2020), but also
by design as plastics can be attached toestBlements. Sorting and separation might even
get worse in the future as new electronic designs tend to be smaller and thinner.

The size of particles after shredding can also affect the efficiency of plastics separation
in further steps, and this needs to be optimized to minimize losses during and after shredding.
For example, magnetic separation and eddy current separation waekdiremove metals at
a size of X; 150 mm, but sensebased technologies, like nearfrared spectrometer (NIR) or
x-ray fluorescence (XRF), need particle sizes larger than 10 mm up to 120 mm to work
optimally. If the particle sizes requirements are moét (e.g., too small or large), this can
contribute to the decreases of sortability and increases of material losses. Additionally, fine
fractions smaller than 10 mm is nowadays are often the materials being sent to landfilling or
incineration, making intgration between one prgrocessing step to another becomes crucial

(Maisel et al., 2020).
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Figure 32 Flows of aggregated mixed WEEP (1000 kg) from vacuum cleaners, coffee machines,
and electric shavers within the current WEEE management system in Belgiurthand

Netherlands

Table 32 Effective (intermediate and final) outputs of 1000 kg of aggregated mixed WEEP
from discarded vacuum cleaners, coffee machines, and electric shavers within current Belgium

and TheNetherlands WEEE management systems.

Unit Aggregated Mixed WEEP from Selected Products
Total aggregated mixeWEEP kg 1000
WEEP Entering Recycling Chain
Formally collected kg 490
1 viatakeback scheme kg 416
1 via other WEEE collectors kg 37
1 viarepair centers kg 37
Imported WEEE kg 200
Plastics at Recycling Facility
Preprocessing kg 690
i to separation process kg 331
I toincineration (residue) kg 359
Dry and wet separation kg 331
I to compounding process kg 298
i toincineration (residue) kg 33
Compounding kg 298
I to secondary materials kg 268
I toincineration (residue) kg 30
Outputs
Regranulates kg 268
To Incineration kg 632
Exported kg 100
Unidentified Stream kg 200
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3.3.2 Improving the current WEEE management systems: Belgium and The Netherlands case

The result of sensitivity analysis of the current formal WEBBEagement system is
presented in Figre 3.3. The xaxis shows the parameter values of collection rates, recycling
efficiencies, and import stream fron28¢ 100% while the yaxis shows the WEEP recycling
rate. The current state of the WEEE management system, with 49% collection rates, 48% pre
processing efficiency, 90% dmet separation and compounding efficiencies, and 20% import
stream indicates that we carecycle 22% of WEEP back to granulates. If the flow of import
stream is excluded in the calculaticthe recycling rate drops from 22% to 19%, as shown by
horizontal orange dashed line Eig 33. The graph can be interpreted in a way that the curves
with the steeper slope hold a more significant impact on the improvement of WEEP recycling
rate.

From Figre 33 we can see that the target to recycle 25% of plastics from WEEE can
be achieved either by collecting 64% of the annual WEEE generated (green line), improving
the overall efficiency of prprocessing technology to 64% (purple line), or importing more
WEE up to 40% of the annual WEEE generation in BelgiunTla@Netherlands (blue line).

As for the further dry & wet separation and compounding processes, they already have a
relatively high efficiency (90%) thus do not create much impact praming the recycling
rates(grey line).

The overall result of sensitivity analysis demonstrates that there is plenty of room for
improvement to increase WEEP recycling by enabling more efficient collection and developing
better pre-processing technologies. Consumers thus need to be educatad #mseparate
collection of WEEE as well as the awareness to bring their used EEESs to the collection points.
Preprocessing can still be improved a lot for better plastics recycling by, for example,
promoting design for recycling of EEEs. While mechbhni®eycling remains the most
ubiquitous pathway to recycle WEEP, design for recycling strategy should be implemented in
a larger and massive scale in the future (De Meester et al., 2019; Vyncke et al., 2018; Rodrigo
& Castells, 2003). Additionally, at tltemponent level, designing EEEs with less complex
material combinations will also greatly impact the improvement of the mechanical recycling
process (Makenji and Savage, 2012). Later, the quality and technical properties of regranulates
to be used in the EEs should also be considered, which is not yet addressed in this research.

The sensitivity analysis can also be used to estimate the impact of regulations on WEEP

recycling. One of the notable changes that were made in WEEE Directive 2012 is a new
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collection target, which should be achieved either by collecting 65% of average sales in three
preceding years or 85% of the annual WEEE generation (European Comrads8uh2012).

Only by complying with the EU regulation to collect 85% of annual WEEE generated while
keeping the other parameters constant, we can expect an increase in the plastics recycling
rate from 19% to 33% in Belgium ambeNetherlands, as shown by the green line orukeg

3.3.
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Figure 33 Sensitivity analysis of the effect of parameter changes on WEEP recycling rates from
the current WEEE recycling chain. Each line was created by varying a single parameter (e.g.,
separatecollection rate from 0% to 100%, shown in green line) while keeping the other
parameters constant (i.e., pyerocessing, dry and wet separation, compounding, and import).

In the boxes, the number on the left denotes the value of the parameter (i.e., toheates

or recycling efficiencies) and the number on the right denotes the WEEP recycling rates.

3.3.3 Predicting the future amount of WEEE generation and recycled plastic from WEEE: in
case ofstatus quorecycling chain in 2030

The result of lifespan distribution and disposal age composition of generated WEEE in
2030 are determined using MIOA. The results for vacuum cleaners (A), coffee machines (B),
and electric shavers waste (C) in the evaluation year 2030 can be foundiie &4 The
summary of total selected WEEEs generation can be found in TaBleFrom this
mathematical modelling, we forecast that 21.722, 11.621, and 5.951 tonnes of WEEP in

respectively vacuum cleaners, coffee machines, and electric shavers woulgpbsadiof by
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the consumers in Belgium addheNetherlands in 2030. However, we can expect lower values
of WEEP generated from the selected EEEs in 2030 because newer RVCs and coffee machines
have lower plastics concentrations (Mudgal et al., 2011; Parajuly et al., 2016). Furthermore,
Figure 3.4 also reveals the age composition for each selected WEEE in 2030. For example, the
lifespan distribution curve (blue in FiguB&tA) describes the probability of vacuum cleaners
purchased in 2012, 2017, and 2022 to be disposead 2030 are 2%, 4%, and 6% respectively.

¢KS NBadzZ 6a 2F GKAa LINR2SOGA2Y FNB RSLISYF
establish a different disposal rate for every electronic product. larEig4A andFigure3.4C,
we can observe that a fair quantity of vacuum cleaners and electric shavers waste disposed in
2030 might originate from the producfsurchased between 199¢ 2010, equal to 5,3% and
9,7% respectively. In contrast, less than 1% of coffee machines waste would origin from the
same purchasing years (&ig 3.4B). Vacuum cleaners and electric shavers thus have a slower
disposal (obsolescence) rate compared to coffee machines. Several reasons underlie this
trend, such as technological advancement and consumers behavior. Market conditions trigger
faster disposabf the old electronic products, especially when significant changes were made
in the functionality of an electronic product (Tran, 2018; Mudgal et al., 2011; AEA, 2009). This
pattern can also indicate that some defective or used electronic products, like vacuum
cleaners and electric shavers, stay for quite a long time in the consuntas2gsion before
finally discarded and brought to the WEEE collection points. imd=8y, the sum of vacuum
cleaners that was purchased between 202@029 accounts for 75% of the total vacuum
cleaner waste in 2030 while the same purchasing period adsdor 84% of the total coffee
machine waste in the same evaluation year. Ultimately, by gathering and interpreting this
information from the developed model, we can then estimate the potential resources of
recycled plastics, including the treat to enceemhazardous substances therein, which will be
discussed in the nexdection

Using the simplification that the overall efficiencies of collection, recycling
technologies, and the average material composition of the selected EEEs remain the same by
2030 compared to our reference year 2016 (TaBlg), the WEEE recycling facilities are
expected to receive 17.445 tonnes of plastics from the formally collected WEEE and from
WEEE import, whereas 12.895 tonnes would end up in informal WEEE management systems.

After the recycling processes, 6.783 tonnds\WWEEP will be potentially recydldrom the

91



Chapter & Waste estimation and plastic recycling from WEEE

selected WEEEs while a total of 23.557 tonnes of plastics will be sent for incineration,
exported, or undocumented (Rige 35).

If there is a status quo in the collection and separation efficiencies, the potential use
of recycled content of plasticn 2030 would thus remain in 19¢assuming closebtbop
recycling within EEE sectofhis value might even decrease because the regranulates can also
be used in other industries such as automotive or construction (dpep recycling).
Nevertheless, to achieve ambitious recycling targets and pledges related to use of recycled

content, these parameters would thus need to improve.
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Figure 34 Lifespan distribution profile of the selected products and estimation of waste
generation in 2030. In this figures, the blue curves represent the lifespan distribution profile,
shown in percentage (%), and the orange bars represent the disposal age ¢hompstown

in mass (tonnes), of (A) vacuum cleaner, (B) coffee machine, and (C) electric shaver waste.

Table 33 Results of MIOA in combination with MFA to predict the flows of WEEP in the

evaluation year 2030, considering the reference process efficiencies in Table 3.1.

Unit Vacuum Cleaner Coffee Machine Electric Shaver
Waste Waste Waste

Total Mass of WEEE tonnes 21.722 11.621 5.951

91 Mixed WEEP tonnes 15.857 6.392 3.035

9 Other materials tonnes 5.865 5.229 2.916
WEEHMENtering Recycling Chain

9 Collected WEEP tonnes 7.770 3.132 1.487

9 Import WEEP tonnes 3.171 1.278 607
WEEP at Recycling Facility

I Preprocessing tonnes 10.941 4.410 2.094

9 Dry and wet separation tonnes 5.252 2.117 1.005

9 Compounding tonnes 4.727 1.905 905
Outputs

I Regranulates tonnes 4.254 1.715 814

9 To Incineration tonnes 10.018 4.038 1.916

1 Exported WEEP tonnes 1.586 639 304

9 Unidentified Stream tonnes 3.171 1.278 607
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Flows of mixed WEEP in 2030
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Figure 35 Estimated flows of mixed WEEP from vacuum cleaner, coffee machine, and electric
shaver waste towards different eraf-life final destinations in evaluation year 2030 (only
expressed in tonnes of mixed WEEP in respective electronic product based on material

composition explained in sectidh2.1)

3.34 Predicting the future amount of WEEE generation and recycled WEEP in case of
significant improvements of the recycling chain

In the base scenario the collection rates, yp®cessing efficiency increases from 49%
to 63% and from 48% to 62% by 2030. Because the composition of plastics content in RVC
drop to 55%, the average plastics content is expected to drop from 73% to 62030yFor
the intermediate scenario, the collection rates and {pmcessing efficiency increase up to
69% and 78% respectively, while the plastics content will drop to 66% by 2030. Lastly, the
collection rates and prprocessing efficiency will increase to 94% and 93% respectively,
whilst the plastic content will decrease up to 62% in the positive scenario. Detailed
information about the incremental changes of these parameters every year from 2020 to 2030
can be found in thé\ppendix Bsection3.

The impact on the availability of regranulates from three scenarios can be found in
Figure 3.6 With a slow improvement of collection rates and ym@cessing technologies such
as in base scenario, the target in using 30% of recycled plastics content can be achieved by
2026 or 2027 while the ambition to use 50% of recycled plastics seem to besibiée@red
line in Figre 36). As we accelerate the improvement of collection rates andgsoeessing
technologies the ambition to use 308cycled content of fasticcan be achieved in 2022 or
2023 for positive and intermediate scenarios respectively (blue and green lineune Big).
Moreover, the intention to use 50% of recycled plastics in electronic products become feasible

but it can be realized in different time. In the intermediate scenario the 50% recycled plastics
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will be available by 2029 whereas 50% of recycled plastics content can already be realized by

2026 in the positive scenario.

T 72%

65%

60%

50%

WEEE Management System

25% 22%

Availability of Recycled Plasitcs Content from the Formal

0%
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Figure 36 Prediction of theavailability of recycled plastics from the formal WEEE management
system for base scenario (red line), intermediate scenario (blue line), and positive scenario

(green line).

3.35 Assessment of potentially hazardous substances from WEEE in 2030

The presented model has the ability to determine the origin of the incoming waste in
2030, which include the inheritegsk of legacy chemicals therein.

BFRs, for example, have been commonly applied in a wide range of plastics material to
prevent fire but have been prohibited from being used in electronic products (Delva et al.,
2018; Julander et al., 2005; Sjodin et al., 2001). Despite the restrictiBRR$ since 2006 by
the European Commission, there is a risk of recyclers still encountering these legacy
substances due to the dynamic disposal rates of electronic productgeFRy reveals the
predicted portion of mixed WEEP from the selected prodtias potentially still contain BFRs
in 2030 because the products were sold before the implementation of the RoHS Directive in

2006. The amount of mixed WEEP potentially still containing BFRs from the coffee machine
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wastes is significantly lower (0,08%) compared to vacuum cleaners (2,23%) and electric
shavers (4,61%), mainly because the coffee machine has a faster disposal rate than the other
products(as discussed and elaborated in section 3.3.3)

The assessment of potentially hazardous substances from generated WEEE in 2030
shows that BFRs might still be encountered years after the implementation of RoHS Directive
was put into force in 2006, hence technologies to prevent the adverse impact ofSBFRSs
need to be considered. The WEEE recycling industry has been strongly regulated in Europe in
processing hazardous wastes, like WEEP containing BFRs, and the level of hazardous
substances in such streams must be monitored and traced (Bates et al;, B@&bher and
Schlummer, 2020). This was done to prevent the adverse effect to human health and
environment because a number of these flame retardants are considered as Persistent
Organic Pollutants (POPs), such as EBg& and the group of PBDEs. Accorthripe WEEE
Directive Annex VII, WEEP containing POP BFRs has to be remdvezhtedat a specialized
WEEE recycling facility to not end up in the regranulates (Haarman et al., 2020; European
Commission, 2012). The recycling facility shall ensuredbeegation of these mixed WEEP
containing POP BFRs if the total bromine content is above 2.000 ppm (0,2%) or POP BFRs are
above 1.000 ppm (0,1%) (Haarman et al., 2020; RoHS Guide, 2020; EERA, 2018). In this context,
BFR separation process such as XRToX&nsity separation will still remain relevant for a
while. Such processes keep Bromine concentrations below the limit. Another options such as
dissolution based recycling or chemical recycling could be promising to avoid BFRs to end up
in the secondaryesource.

Although a detailed characterization of BFRs and other hazardous substances is not
done in this research, the developed model serves as the baseline to further assess the risk

and opportunity to recycle WEEP containing hazardous substances.
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5%

4,61%

4%

3%

2,23%

2%

1%

which were restricted since 2006

The percentage (%) of plastics in WEEE that can
potentially contain Brominated Flame Retardants,

0,08%

O% _—

Coffee Machine Vacuum Cleaner Electric Shaver

Figure 37 The probability (shown in %) of WEEP that potentially still contain brominated flame
retardants (BFRS) in the evaluation year 2030 based on its disposal age composition of WEEE
[W(t,n)] in Figire 34, which implies that the WEEP originated from products being sold before

the effective implementation of RoHS Directive in 2006.

3.5CONCLUSION

Electronic waste is vastly growing, leading to an enormous source of secondary resources. One
of the challenges to enable circular economy for EEE is to better predict evolutions in the
WEEE recycling chain in the future. In this study MFA and MIOA teelsnage applied to
investigate the current and future performance of WEEE management systems, with a focus
on the SHA category and a geographical scope of Belgiurteidetherlands.

Our findings suggest that the plastics recycling rate from WEEE in Belgiufrhand
Netherlands is 22% when the import streams are included and 19% without the import
streams. A sensitivity analysis highlights the limitation of currentguoeessing technology
and collection schemes, which have become the WEEE management Syxitdfaneck. The
model's outpus also suggest that the target to recycle and use 25% of plastics from WEEE can
be achieved by improving the collection rate or ym@cessing technolgies efficiency to at
least 64%. Moreover, there is plenty of room for improvement to go beyond the established
target by improving the collection and pprocessing technology within the WEEE recycling

chain.
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From a scenario development improving different factors starting from base scenario
up to a positive scenario leads to a different time to achieve the target. With a relatively slow
improvement in the base scenario, the target to use at least 30% of sgtpéastics content
can be achieved by 2027, and it is unfeasible to use 50% recycled plastics content by 2030. On
the other hand, the target to use 30% recycled plastics can be achieved sooner in 2023 if we
accelerate the improvement of collection and gseocessing technologies. Moreover,
significant improvement within the WEEE recycling chain makes it feasible to pledge to use
50% recycled plastics, as shown in intermediate and positive scenario. The intention to use
50% recycled plastics can be accost@d by 2029 in intermediate scenario and by 2025 in
positive scenario.

The MIOA reveals how the disposal rate of EEEs impacts the WEEE age composition in
2030. The risk of encountering restricted hazardous substances like BFRs persist years after
the implementation of RoHS Directive in 2006. It is expected that 4,6% ando®,@%=EP
originating from electric shavers and vacuum cleaner waste still potentially contains BFRs
while only 0,08% of WEEP from coffee machines waste will still potentially contain BFRs by
2030. This finding implies that WEEP containing BFR mighestillto be separated in 2030

to ensure that the concentration of BFRs stays below the threshold set by regulation in Europe.
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Chapter4

Material flow analysis, recycling performance, and economic balance
of an improved mechanical recycling process fpost-consumer
householdflexible plastics

4.1 INTRODUCTION

4.1.1 General overview of the flexible packaging waste management

Management of postonsumer flexible packaging (PCFP) wéste householdss a
pressing issue globally as it is considered as one of the major contributor to the losses of
macroplastics to the environment (Ryberg et al. 2019; Peano et al., 2020; OECD, 2022). This is
caused by improper treatment and disposal of plastic waste¢kvis due to the fact that PCFP
can be expensive to collect and they have a low market value (SYSTEMIQ, 2022; Peano et al.,
2022). On top of the effort to reduce the use of plastidesign for recycling efforts should
further be introduced such as changing the design from Atoltnono-material, and changing
the business model such as building reuse or refill stations (SYSTEMIQ, 2022; OECD 2022;
Feber et al., 2020). Next to thiglso the waste management infrastructure of PCFP can be
further improved such as establishing separate collecfi@n, source separationyorting and
recycling systems (PRI, 2018; Ellen MacArthur Foundation, 2016; Horodytska et al. 2019).

The current status of PCFP waste treatment is that it is exported, recycled into products
like park benches, garden furniture, or bin bags. In this context, there is an urgent need to
deploy more recycling capacity that is capable of reprocessing PCHRproge this, several
options exist, including improved mechanical recycling, chemical recyeigg pyrolysis),
solventbased recyclinge.g.,dissolutionprecipitation or delamination), and energy recovery
(Horodytska et al. 2019 ivancikJslu et al. 2021; Larrain et al., 2021; 202Ragaert et al.

2017; Simon and Martin, 2019; Vollmer et al. 2020; Ugddiler et al., 2021; Kol et al., 2021). While
some promising chemical recycling approaches are still under development such as-solvent

based recycling (Simon and Martin, 2019; Schwart €@21; Vollmer et al., 2020; Hann and
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Connock, 2020), other technologies can be readily implemented at higher technological
readiness level (TRL) and at commercial scale such as improved washing and extrusion
(Horodytska et al. 2019; Horodytska et al. 2020). In any case, the requirementreased
recycling rates is urgent, and thus it is crucial to assess how far currently available technologies
Oy 068 WLIHZAKSRQ (G2 AYyONBIAS (GKS LINRPOSaa @&ASt
Therefore, this study focuses on assessing the paémtiprovement in terms of process yield
FYR NBINIydz I 6§SaQ ljdz2ftAGe 2F YSOKFIYyAOIt NBOe
are proposed by industry with technologies that are commercially {segl, hot washing,
extrusion with degassing, and deodorization processes)

PCFP can be sorted into plastic film bales for mechanical recycling in North America
(Pressley et al., 2015; TangtRipux et al., 2022; Kessler Consulting, 2009), Europe (Picuno
et al., 2021 Kleinhans et al., 202; Antonopoulos et al., 2021), and Asia (Wang et al., 2020;
Nakatani et al., 2017; Kawai et al., 2022). In the United States and Canada, flexible packaging
waste is sorted into a mixed plastic film bales using drum screens, ballistic separators, and
opticalsorters for recycling (Tangudioux ¢ al., 2022; Kessler Consulting, 2009; Pressley et
al., 2015). Some improvements are also being explored by sorting flexible packaging further
by optical sorters (Materials Recovery for the Future, 2020). Similarly, PCFP is sorted into
mixed plastic film bles using a series of mechanical sorting equipment for recycling in Japan
and China (Kawai et al., 2022; Nakatani et al., 2017; Wang et al., 2020). In Europe, similar

processes are employed to sort and recycle PCFP, which is elaborated in the next section

4.1.2 Flexible packaging waste management from households in Europe

In Europe, plastic packaging accounted for 40% of the total plastics demand in 2019,
which is equivalent to ~20 million tonnes of rigid and flexible packaging. It is estimated that
out of 20 million tonnes plastics packaging, nearly 9 million tonnes asgble plastics
(consumer and industrial plastics), in which ~3.7 million tonnes become ({KUBY, 2020;
PlasticsEurope, 2021; Eunomia, 2020). Flexible plastics, also referred as films, includes bags,
pouches, envelopes, sachets, and wraps which are wigstd as consumer packaging with
the mainfunction to ensure proper product delivery to the customers. This type of packaging
can provide excellent barriers against aspects such as microorganisms, light, oxygen, carbon

dioxide, and water vapor, which increases the shelf life of the product athecee(food) waste
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(KIDV, 2020; Hou et al., 2018; Wagner & Marks, 2010). The market for flexible plastics is also
continuously growing due to its low cost, versatility, light weight, resistance, and printability
(Ugdiiler et al., 2021; Horodytska et al., 20T8)e main polymers for PCFP are the polyolefins
(PO) lowdensity polyethylene (LDPE), linear Idensity polyethylene (LLDPE), and
polypropylene (PP) (CEFLEX, 2020; Horodytska et al., 2018; Faraca & Astrup, 2019). Flexible
plastics can be produced from angle componentor can be multiayered, consisting of
different material types such as polymers (e.g., PO, Polyethylene Terephthalate (PET),
t2f@FYARS o0t! 0> 90GKefSyS zAyef 1 f02K2f 069+hl
these. These films may be transparemtinted, coated and/or laminated. It is estimated that
around 20% (750 kilotonne) of the total PCFP are rmiierial and between 7@ 80% (~3
million tonne) are reported as monAmaterial PO packaging (CEFLEX, 2020; KIDV, 2020; Faraca
& Astrup, 2019).

To enable a circular economy for plastics, including PCFP waste, the European Union
(EU) has set a target to recycle 55% of plastics packaging waste by 2030 (European
Commission, 2018. To realize this ambition, the Commission has recently launched the
Circular Plastics Alliance (CPA) to support and boost the EU market for recycled plastics to 10
million tonnes by 2025 (European Commission, 20220200). The EU has also recently
LI aaSR | GFE 2y LXLF&aidA0a ¢ debybledipktic pack@oiy NB S &
waste (European Commission, 2020However, up to now most of the waste management
infrastructure is developed to process rigid plastics (e.g., HDPE and PET bottles). In many
countries, PCFP is still not correctly source separated and is usually sent to landfill or
incineration, or is eported (LopezAguilar et al., 2022). In Europe, only in a limited number of
countries, for example in The Netherlands, Germany, and recently Belgium, PCFP is source
separated typically together with rigidgstics packaging, metals, and beverage cafeog.,
in P+MD system in Belgium)/hen source separated, PCFP are sent for sorting and recycling
(Kleinhans et al., 2021 Picuno et al., 2021; Horodytska et al., 2018; Brouwer et al., 2018).

A typical PCFP waste treatment can be seen in FigireCorrectly source separated
PCFP waste are sent to material recovery facilities (MRFs) for sorting. At MRFs, PCFP are sorted
into different bales for recycling. Typical bales for PCFP waste dvalg(ijich in PE filrand
(i) bale rich in PO filmn which >70% of PCFP is forwarded to these two bales at MRF level
(Antonopoulos et al., 2021; Kleinhans et al., 2ZZPicuno et al., 2021; Mastellone et al., 2017,
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I AYLIY S FfdX Hamcouod hyS 2F GKS aidl yRINRA

5Sdzi 0Kt FYyR 65{50 DYool Q gKAOK Aa O2YY2yfe
quality of the sorted bales in Europe (Der Grine PynRuales System Deutdand GmbH,

2018). Using this standard, hereafter the bale rich in PE film and PO film is referred as DSD
3101 and DSD 323 bales, respectively.

Thereatfter, the two sorted bales are sent to recycling facilities to be reprocessed into
NBINI ydzE 1S4 Ay 6KAOK (GKS WNI A& | RRSR G2
types (Figured.1). Mechanical recycling is to date the most commonly used technique to
LINPOS&da t/Ct ¢laidSe ! (GeLAOKE O2y @SyidaArzyl
NEOeOf AyaQ TFNRY -KiaNEohskis 6f$eredding, adslifiobal (gemlirdjte
optical sorting based on nedmfrared (NIR) technolyy, washing, density separation,
mechanical and thermal drying, and extrusion (Ragaert et al., 2017; Faraca & Astrup, 2019;
Brouwer et al., 2018; Faraca et al.,, 2019; Civadsik et al. 2021). In the conventional
recycling, PCFP waste is shredded ira&ds and washed to remove the contaminants such
as organic remnants, wood, rocks, sand, and metals. In the veateed medium, PO will
mostly float and the other materials will mostly sink. After being dried using mechanical and
thermal drying, PCFP wastedergoes a final regranulation step by extrusion (Ragaert et al.,
2017; Larrain et al., 2021). Regranulation of PCFP flakes is usually processed 22080,
which would remove the remaining paper, woods, metals, and polymers with higher melting
temperature (e.g., PET) by a melt filter (Stenvall et al., 2013). The process yield of a typical
conventional recycling for PE and PO films ranges fromg 80% depending on the input
guality (sorted bales) and efficiency of the recycling equipment (Picuno, &0&1; Brouwer
et al., 2018; Faraca & Astrup, 2019; Larrain et al., 2021).

However, there are still many challenges in the conventional recycling of PCFP waste.
Despite recent technological innovation, regranulates from PCFP are often considered inferior
to virgin plastics, partly due to inefficient sorting at MRFs, complex palgompositions, and
inadequate contamination removal. For example miscibility can become a problem upon
extrusion despite the structural similarities of PO (Ragaert et al., 2017 and Van Belle et al.,
2020). Next to that, a noticeable amount of odours rensaeven after washing and separation
processes leading to recycling issues, which must be removed from the stream to allow more

closedloop recycling (Roosen et al., 2021; Demets et al., 2020; Alvarado Chacon et al., 2020;
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Mumbach et al., 2019). These challenges result in the fact that the part of PCFP which is
recycled often finds its way to applications such as park benches or garden furniture, and not
to flexible plastics again. Alternatively it is mixed together witlgimiror commercial and
industrial (C&I) recycled plastics to produce products such as garbage bags (Faraca & Astrup,
2019; Brouwer et al., 2018; Ragaert et al., 2017). The abwrioned challenges highlight

the importance of improving current mechanicatycling process to enhance the quality and

to allow more market applications of PCFP regranulates.

As a step to mitigate this status quo of PCFP waste recycling, an improved mechanical
recycling process (Figul) for PCFP waste is proposed by CEFLEX, calleguatigy
recycling proces®RP), that consists afiditional sortingand eitherTier 1or Tier 2 recycling
processes (Mosora, 2020). QRP can be perceived as a more elaborated route to the current
conventional recycling process. As shown in Figute QRP could start from DSD 3ll@nd
DSD 322 bales created at MRFs, in which QRP adds additsmmting (called@@RP additional
sortingin this research) to these bales prior to the actual recycling process (diteerlor
Tier 2recycling). The QRP additional sorting creates intermediate bales: PE Film Natural, PE
Flex, PP Film, and PO New bales, which can be processed later either through Tier 1 or Tier 2
recycling of QRP, depending on the targeted market applications. Morarmafmn on QRP

can be found in sectio#.2.2.3.
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Figure 41 A conceptual figure depicting PCFP waste treatment in Europe (adapted from
Picuno et al., 2021; Antonopolowst al., 2021; Kleinhans et al., 2G21CEFLEX, 2020;
Horodytska et al., 2018; Brouwer et al., 2018).

To assess the performance of different recycling processes, material flow analysis
(MFA) and performance indicators are often used. The outputs of MFA are compositional data
and mass balances, which are often linked to define the performance of the stegsteins
based on quantity or quality indicators (Kleinhans et al., 2D2Quantity indicatorgefer to
the amount of valuable products created from sorting or recycling facilities and the amount
of recovered material (Roosen et al., 2022; Kleinhans. £2@21]). Quality indicatorgefer to
the compositions and potentially technical processability (Demets et al., 2021), technical
properties (Demets et al., 2021; Alvarado Chacon et al., 2020; Grant et al., 2020; Eriksen &
Astrup, 2019), or functionality or circularity potential ofetmegranulates (Eriksen & Astrup,
2019; Eriksen et al., 2018; Vadenbo et al., 2016). These studies also link the contamination
level (i.e., nomolymer and undesired polymer content) to reflect regranulates quality.
However, previous studies are mainly done for rigid plastics waste recycling and their
associated quantity and quality (Alvarado Chacon et al., 2020; Eriksen & Astrup, 2019; Grant
et al., 2020), whilst research into PCFP waste recycling performance is scarce (Horodytska et
al., 2018).

To obtain higher recycling rates, next to the technical challenges, there are several

economic concerns as well. To date, the technology and economic assessments of packaging
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