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SUMMARY 

 The unprecedented growth of plastic demand in our daily lives is inevitable because of 

its broad applications, such as for food and beverage packaging, home piping and insulation, 

lightweight automotive or electronic parts, and horticulture products (agriculture film or 

gardening pots). The broad application of plastic owes to its excellent performance, such as 

high moldability, light weight, resistance against chemical and mechanical degradation, low 

production cost, and excellent barriers against aspects like oxygen, water vapor, 

microorganisms, and carbon dioxide. Nevertheless, when becoming waste, plastic is often 

managed in unsustainable ways causing adverse environmental impacts. Plastic recycling 

rates are still low due to a lack of adequate waste management infrastructure such as separate 

waste collection at source (e.g., at households, schools, offices, restaurants, etc.), material 

sorting, and recycling. The low plastic recycling rates can also be caused by the fact that 

recycling plastic is challenging because of the complex material structures (e.g., different 

polymer grades, multimaterial products, contamination during the use phase, etc.), and mix 

of (Non) Intentionally Added Substances (NIAS), including inherited hazardous legacy 

chemicals (e.g., flame retardants), which affects recycled plastic quality. In addition, plastic 

recycling operations are not always economically feasible and self-sustaining, 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 

alongside voluntary pledges made by the European plastic industry, which aim to increase 

plastic recycling into high-value secondary materials suitable for broader end market 

applications. Thus, it is evident that there is an urgent need to improve the status quo of plastic 

waste management, starting by identifying the main bottlenecks, exploring technological 

options, and evaluating the economic and environmental aspects of 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) models in 

combination with several circularity indicators, cost benefit analysis and life cycle assessment.  

 First, Chapter 1 of this PhD research provides a scientific literature review on the 

current state-of-the-art plastic waste management system (status quo) in Europe, including a 

few key (provisional) regulations and pledges made by the European Commission and the 

plastic industry. 
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 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 Europe. The main 

objective of the MFA model in Chapter 2 is to measure the contribution of various plastic 

recycling technologies to increase plastic circularity and achieve recycling targets in Europe. 

This research considers improvements within plastic recycling chains (e.g., improved 

mechanical recycling (MR) yield), as well as new emerging recycling technologies, including 

chemical recycling (CR) and solvent-based recycling (SBR). The analyses are done by tracing 

the flows of the ten most used plastic types in Europe in five key waste generating sectors in 

Europe. The ten polymers considered in this analysis are (Linear) Low-Density Polyethylene 

(LLDPE), High-Density Polyethylene (HDPE), Polypropylene (PP), Polyethylene Terephthalate 

(PET), Polystyrene (PS), Expanded Polystyrene (EPS), Polyvinyl Chloride (PVC), Acrylonitrile 

Butadiene Styrene (ABS), Polyurethane (PUR), and Polyamide (PA). The five key plastic waste 

generating sectors are packaging, building and construction, automotive, electronic, and 

agriculture sector. For the purposes of measuring potential improvements in the European 

plastic circularity, one baseline scenario (status quo in 2018, as the 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 remaining scenarios consider the combination of MR, CR, and SBR to deal with plastic 

waste in Europe. One of the future scenarios also investigates the impact of processing so-

ŎŀƭƭŜŘ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩΣ ƛΦŜΦΣ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ƎŜƴŜǊŀǘŜŘ ōǳǘ ƴƻǘ ŀŎŎƻǳƴǘŜŘ ŦƻǊ ƛƴ ǎǘŀǘƛǎǘƛŎǎΣ ǘƻǿŀǊŘǎ 

achieving plastic recycling targets in Europe. Next, five evaluation indicators, namely end-of-

life recycling rate (EoL-RR), plastic-to-plastic rate (P2P), plastic-to-chemical rate (P2C), and 

plastic-to-fuel rate (P2F), are selected to interpret and compare the MFA modeling results. 

Moreover, an uncertainty propagation analysis is carried out to measure the modeling output 

uncertainties (i.e., the mass balance and evaluation indicators. Lastly, the potential plastic 

recycled content is estimated by quantifying the ratio between the uptake of recycled plastic 

produced from MR, CR, and SBR (per sector) over the total projected plastic demand (per 

sector) in Europe in 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 achieve recycling targets in Europe. In the 

most positive scenario, the highest EoL-RR is achieved at 80%, in which 61% is P2P and 19% is 

P2C. In all scenarios, the P2F ranges from 3ς6%. The mass balance accounting of the uptake 
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of recycled plastic (per sector) over the projected plastic demand in 2030 suggests that closed-

ƭƻƻǇ ǊŜŎȅŎƭƛƴƎΣ ǇǊƻŎŜǎǎƛƴƎ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩΣ ŀƴŘ ŜƳŜǊƎƛƴƎ ǇƭŀǎǘƛŎ ǊŜŎȅŎƭƛƴƎ ǘŜŎƘƴƻƭƻƎƛŜǎ ό/w 

and SBR) will be necessary to achieve the recycled content targets. 

 Next to building and developing a prospective MFA at the European level (as the 

system boundary), the MFA model is also applied to assess potential improvements in plastic 

recycling from two key sectors (as case studies) in Europe, namely the electronic sector and 

packaging sector. In Chapter 3, the MFA model is applied to quantify the amount of recycled 

plastic production in Belgium and The Netherlands from three selected electrical and 

electronic equipment (EEE) within the small household appliances (SHA) group, namely 

vacuum cleaners, coffee machines, and electric shavers. The three products are selected 

because of their high plastic content in EEE. For the chosen EEE, a multivariate input-output 

analysis (MIOA) model is developed and applied to better estimate the amount of waste 

electrical and electronic equipment (WEEE), which is later combined with MFA to estimate 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 addition to 

combining MIOA and MFA, a sensitivity analysis is also carried out to identify the main 

bottlenecks and potential improvements within the WEEE recycling chains. Through mass 

balance accounting and analyzing WEEE composition, the following facts were studied: i) 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 that improving the selective collection 

of WEEE and pre-processing steps to recover plastic from WEEE (dismantling, shredding, and 

material sorting) are key to reaching the EEE recycling target. Moreover, the model predicts 

that the inherited hazardous legacy chemicals from WEEE can still be found in 2030 (up to 5% 

by weight), albeit the restriction of hazardous substances has been put into force since 2006. 

This can be explained by observing the lifespan distribution of the selected EEE products and 

MIOA results, which suggest that a considerable amount of (W)EEE (up to 10% by weight) 

purchased from 1990 ς 2006 could still be discarded by 2030. 

 The next case studies presented in this research investigate the recycling performance 

(from technical and economic perspectives) of the so-called difficult-to-recycled plastic 

packaging formats: flexible packaging waste. Specifically, this PhD research investigates 
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potential improvements in flexible packaging waste management from households (e.g., 

individual houses) and non-household sectors (e.g., stores, warehouses, factories, etc.). 

Chapter 4 of this PhD investigates the recycling performance (from technical and economic 

perspectives) of an improved mechanical recycling process for flexible packaging waste from 

households. For 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 conventional mechanical recycling process for flexible 

packaging waste in Europe. The developed MFA starts from two sorted bales (e.g., bales rich 

in PE film or polyolefin film) after household waste sorting at a German material recovery 

facility (MRF), which can be recycled either through QRP or a conventional mechanical 

recycling process. The MFA model is used to trace the flows of materials such as flexible 

packaging waste and non-flexible packaging waste (e.g., rigid packaging or residue). The MFA 

results assessed by 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 

combining 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 potential variations of 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 similarly to conventional mechanical recycling, yet QRP produces a higher 

regranulate quality. From an economic perspective,  QRP improves the economic balance of 

flexible packaging waste recycling, and QRP can be important in increasing plastic circularity 

for flexible packaging. 

 Next to household waste, the economic feasibility study of collecting and mechanical 

recycling for flexible packaging waste from non-household sector is investigated in Chapter 5. 

The economic feasibility is assessed by building a cost benefit analysis (CBA) model starting 

with a logistic simulation of selective collection, followed by a MFA of mechanical recycling, 

and its associated economic aspects (i.e., capital investment, annual costs and reganulate 

sales). Particularly, this research considers urban areas of the City of Ghent in Belgium, and its 

twelve neighboring municipalities as a case study (system boundary). The CBA of flexible 

packaging from non-household 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 in 2018 in the City of Ghent, combined with extrapolation  with Orbis databases that 

provides data on the number of companies per region. The waste compositions are 

characterized during real sampling campaigns between December 2021 ς February 2022. The 

waste sampling campaigns cover five key non-household sectors, such as Wholesale (e.g., 

NACE G.46), Retail (e.g., NACE G.47), Construction (e.g., NACE F.41), Logistics (e.g., NACE 

IΦпфύΣ ŀƴŘ ΨotherΩ ǎŜŎǘƻǊǎ όŜΦƎΦΣ b!/9 /Φ млΣ b!/9 /ΦмуΣ ŜǘŎΦύΦ Once the waste composition and 

quantity have been estimated, the annual costs of selective collection costs in three different 

collection frequencies (weekly, fortnightly, and monthly) are estimated using the OptiFlow© 

software. Furthermore, the material flows and economic balance of mechanical recycling of 

non-household flexible packaging waste are investigated, including the estimated revenue 

from regranulates sales. Lastly, the carbon footprint associated with collecting and mechanical 

recycling of non-household flexible packaging waste is estimated, and compared with the 

baseline scenario (i.e., virgin PE granulate production with incineration as EoL treatment). This 

research suggests that collecting and mechanical recycling of non-household flexible 

packaging waste strategy is contingent upon waste collection frequencies, achieving minimum 

waste quantity, and maintaining high-quality feedstock (waste quality to be processed 

through mechanical recycling). 

In chapter 6 of this PhD research, a preliminary assessment of recycled content 

availability for flexible packaging (household and non-household) in Europe is conducted, 

assuming 100% closed-loop recycling from flexible packaging waste back into new flexible 

packaging. The new proposed Packaging and Packaging Waste Regulations (PPWR) consists of 

mandatory minimum recycled content targets for flexible packaging, i.e., setting the ambition 

at 35% recycled content target for non-contact-sensitive and 10% recycled content target for 

contact-sensitive flexible packaging in 2030. For the purpose of assessing the feasibility to 

meet the recycled content target, a MFA model is developed to trace the fate of flexible 

packaging waste throughout the end-of-life treatment and regranulates production in Europe 

in 2030. The MFA model is built assuming that the in 2030 the flexible packaging design will 

be improved (e.g., from multi- to mono-material flexible packaging), more selective collection 

for flexible packaging (e.g., more P+MD collection in Europe), sorting techniques will perform 

ōŜǘǘŜǊ όŜΦƎΦΣ ΨǎƳŀǊǘΩ ǎƻǊǘƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ǳǎƛƴƎ ŘƛƎƛǘŀƭ ǿŀǘŜǊƳŀǊƪǎ ƻǊ ŀǊǘƛŦƛŎƛŀƭ ƛƴǘŜƭƭƛƎŜƴŎŜύΣ ŀƴŘ 
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better mechanical recycling and pyrolysis yield (e.g., advanced mechanical recycling like QRP 

or catalytic pyrolysis). Furthermore, for the purpose of modeling future end-of-life treatment, 

five scenarios are developed and investigated, consisting only mechanical recycling for flexible 

packaging as well as mechanical recycling and pyrolysis as complementary techniques to reach 

the recycled content target set out in Europe. Furthermore, the capital investment with 

achieving the recycled content targets are estimated, which is developed based on the MFA 

ƳƻŘŜƭ ǊŜǎǳƭǘǎ ŎƻƳōƛƴŜŘ ǿƛǘƘ ŜŎƻƴƻƳƛŎ ŦŀŎǘƻǊǎ όƛƴ ϵκǘƻƴƴŜύ ŦƻǳƴŘ ƛƴ ƭƛǘŜǊŀǘǳǊŜΦ ¢ƘŜ aC! 

results suggest that the recycled content targets can be achieved by using mechanical 

recycling and pyrolysis as complementary techniques to deal with flexible packaging waste. In 

ǘƘŜ Ƴƻǎǘ ǇƻǎƛǘƛǾŜ ǎŎŜƴŀǊƛƻǎΣ ϵтΦт ς 8.8 billion of capital investment would be needed to build 

mechanical recycling and pyrolysis infrastructure, including pretreatment and hydrotreatment 

for pyrolysis. The MFA results also indicate a trade-off between achieving higher-quality 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 of secondary materials). As results, the overall end-of-life recycling 

rate for flexible packaging could drop when the contact-sensitive recycled content targets are 

achieved, assuming that pyrolysis would become a more dominant technology to produce 

higher-quality regranulates suitable for contact-sensitive applications in Europe such as for 

example for food packaging. 

 Finally, in the last Chapter 7, the general conclusion of this PhD research is presented, 

including the future perspective on improving the developed MFA model and plastic 

circularity. The importance of expanding the system boundaries to other regions (e.g., other 

countries within or beyond Europe), product categories (e.g., other EEE), and sectors (e.g., 

automotive sector) are highlighted. The applied MFA model can be improved by developing 

more scenarios (e.g., implementing new designs or business models like repair or reuse) and 

more detailed material composition characterization. In addition, the quantity-based MFA 

models presented in this PhD research can be improved by linking in more quality aspects of 

the regranulates, which becomes an important step considering a wide range of technical 

requirements for end market applications. Finally, the remaining challenges and opportunities 

for further research around the 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 developing potential circularity scenarios. MFA can 

provide insights into how significant the 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) based on science-based projections as well as to monitor the attainment of 

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

De ongekende toename van de behoefte aan plastics in ons dagelijks leven is onvermijdelijk 

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 

landbouwfolie 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 barrière-

eigenschappen voor zuurstof, waterdamp, micro-organismen en kooldioxide. Toch worden 

plastics na hun gebruik vaak op een niet-duurzame manier behandeld, wat nadelige gevolgen 

heeft voor het milieu. Recyclagecijfers voor plastics zijn nog steeds laag door een gebrek aan 

adequate infrastructuur voor afvalbeheer, zoals afvalcollectie aan de bron (bv. bij 

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 van niet-intentioneel 

toegevoegde stoffen (non intentionally added substances, NIAS), waaronder historisch 

toegevoegde gevaarlijke chemische stoffen (bv. vlamvertragers), die de kwaliteit van 

gerecycleerde kunststoffen beïnvloedt. Bovendien zijn bepaalde recyclageprocessen niet 

altijd economisch haalbaar, omdat gerecycleerd plastics een relatief lage verkoopprijs hebben 

door de inferieure kwaliteit in vergelijking met nieuwe plastics. In Europa heeft de Europese 

Commissie echter ambitieuze doelen vooropgesteld, samen met niet-bindende 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 kunststofafval 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. 



 

xviii 
 

 In dit doctoraatsonderzoek worden de potentiële verbeteringen binnen 

plasticrecyclageketens in Europa onderzocht door het bouwen en toepassen van 

materiaalstroomanalyse (MFA) in combinatie met verschillende circulariteitsindicatoren, 

kosten-batenanalyses en levenscyclusanalyses.  

 Allereerst wordt in hoofdstuk 1 van dit doctoraatsonderzoek een wetenschappelijke 

literatuurstudie gegeven over het huidige systeem voor plastic afval (status quo) in Europa, 

inclusief enkele belangrijke (voorlopige) regelgevingen en toezeggingen van de Europese 

Commissie en de kunststofindustrie. 

In hoofdstuk 2 van dit onderzoek wordt een MFA-model ontwikkeld en gebruikt om de 

huidige en (potentiële) toekomstige prestaties van het recyclagesysteem in Europa te 

onderzoeken. Het hoofddoel van het MFA-model in hoofdstuk 2 is het meten van de bijdrage 

van verschillende kunststofrecyclagetechnologieën 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 mechanische recyclage (MR)), 

maar ook met nieuwe opkomende recyclagetechnologieën, waaronder chemische recyclage 

(CR) en solvent-gebaseerde recyclage (SBR). De analyses zijn gedaan door de stromen van de 

tien meest gebruikte plastics in Europa te traceren in vijf belangrijke 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), geëxpandeerd polystyreen (EPS), 

polyvinylchloride (PVC), acrylnitril-butadieen-styreen (ABS), polyurethaan (PUR) en polyamide 

(PA). De vijf belangrijkste kunststofafvalproducerende sectoren zijn de verpakkingssector, de 

bouwsector, de automobiel sector, de elektronicasector en de landbouwsector. Om de 

potentiële verbeteringen in de Europese kunststofcirculariteit te meten, worden één 

basisscenario (status-quo in 2018, als benchmark) en zes toekomstscenario's in 2030 

bestudeerd. Een van de toekomstscenario's (in 2030) 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 toekomstscenario's onderzoekt 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. Vervolgens worden vijf evaluatie-indicatoren geselecteerd, 
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namelijk het recyclagepercentage aan het einde van de levensduur (EoL-RR), het percentage 

plastic naar plastic (P2P), het percentage plastics naar chemicaliën (P2C) en het percentage 

plastics naar brandstof (P2F), om de resultaten van de MFA-modellering te interpreteren en 

te vergelijken. Bovendien wordt een onzekerheidsanalyse uitgevoerd om de onzekerheden in 

de modeluitvoer te meten (d.w.z. de massabalans en evaluatie-indicatoren). Tot slot wordt de 

potentiële hoeveelheid aan gerecycleerde plastics geschat door 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's in het MFA-model is het duidelijk dat 

nieuwe opkomende recyclagetechnologieën 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 hoogste EoL-RR 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 

ǎǳƎƎŜǊŜŜǊǘ Řŀǘ άŎƭƻǎŜŘ ƭƻƻǇέ ǊŜŎȅŎƭŀƎŜΣ ǾŜǊǿŜǊƪƛƴƎ Ǿŀƴ ŘŜ άƻƴǘōǊŜƪŜƴŘŜ ǇƭŀǎǘƛŎǎέ Ŝƴ 

opkomende recyclagetechnologieën (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 MFA-model ook toegepast om potentiële verbeteringen in 

plasticrecyclage van twee belangrijke sectoren (als casestudies) in Europa te beoordelen, 

namelijk de elektronicasector en de verpakkingssector. In hoofdstuk 3 wordt het MFA-model 

toegepast om de hoeveelheid aan gerecycleerde plastics in België en Nederland te 

kwantificeren van drie geselecteerde elektrische en elektronische apparaten (EEE) binnen de 

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 multivariate input-outputanalyse (MIOA)-

model ontwikkeld en toegepast om de hoeveelheid afgedankte elektrische en elektronische 

apparatuur (waste electrical and electronic equipment, WEEE) beter in te schatten, dat later 

gecombineerd wordt met MFA om de potentiële productie van gerecycleerde plastics uit 

WEEE in te schatten. Het MIOA-model 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 distributie over 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 het analyseren 

van de samenstelling van WEEE werden de volgende feiten bestudeerd: i) de hoeveelheid 

gerecycleerde plastics die vrijkomt uit de geselecteerde WEEE-recyclage, ii) 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 (ontmantelen, shredden en 

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 gewichtsprocent), hoewel de 

beperking van gevaarlijke stoffen sinds 2006 van kracht is. Dit kan worden verklaard door te 

kijken naar de levensduurverdeling van de geselecteerde EEE-producten en de MIOA-

resultaten, die suggereren dat een aanzienlijke hoeveelheid (W)EEE (tot 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 

potentiële verbeteringen in het beheer van flexibele verpakkingsafval van huishoudens (bijv. 

individuele huishoudens) en niet-huishoudelijke sectoren (bijv. winkels, magazijnen, 

fabrieken, enz.). Hoofdstuk 4 van dit proefschrift onderzoekt de recyclageprestaties (vanuit 

technisch en economisch perspectief) van een verbeterd mechanisch recyclageproces voor 

flexibel verpakkingsafval van huishoudens. Hiervoor worden de recyclageprestaties 

onderzocht van een verbeterd mechanisch recyclageproces, Quality Recyclage Process (QRP) 

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 aan PE-folie of 

polyolefinen-folie) 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 MFA-model wordt gebruikt om de 

materiaalstromen te traceren, zoals flexibel verpakkingsafval en niet-flexibel verpakkingsafval 
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(bijv. harde verpakkingen of residu). De MFA-resultaten worden beoordeeld aan de hand van 

vier evaluatie-indicatoren 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 MFA-resultaten (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. evaluatie-indicatoren en 

economische 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 verbetert QRP 

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 de economische 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 kosten-batenanalyse (cost benefit analysis, CBA), 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 het bijzonder beschouwt dit onderzoek stedelijke 

gebieden van de stad Gent in België en haar twaalf naburige gemeenten als een casestudy 

(systeemgrens). De CBA van flexibele verpakkingen uit niet-huishoudelijke sectoren begint 

met het karakteriseren van de samenstelling en het schatten van de hoeveelheid afval die 

wordt geproduceerd per bedrijfsactiviteit (in Europa ook NACE-sector genoemd) in de 

stedelijke gebieden die in deze studie worden beschouwd. De afvalhoeveelheid wordt geschat 

door reële steekproeven in 2018 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 campagnes bestrijken vijf belangrijke niet-huishoudelijke sectoren, 

zoals Groothandel (bv. NACE G.46), Detailhandel (bv. NACE G.47), Bouwnijverheid (bv. NACE 

F.41), Logistiek (bv. NACE H.49), en 'andere' sectoren (bv. NACE C. 10, NACE C.18, enz.). Zodra 
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de afvalsamenstelling en -hoeveelheid zijn geschat, worden de jaarlijkse kosten van selectieve 

inzameling in drie verschillende inzamelfrequenties (wekelijks, tweewekelijks en maandelijks) 

geschat met behulp van de OptiFlow©-software. Verder worden de materiaalstromen en de 

economische balans van mechanische recyclage van niet-huishoudelijk flexibel 

verpakkingsafval onderzocht, inclusief de geschatte inkomsten uit de verkoop van 

regranulaat. Tot slot wordt de koolstofvoetafdruk van de inzameling en mechanische 

recyclage van flexibel verpakkingsafval van niet-huishoudens geschat en vergeleken met het 

basisscenario (d.w.z. productie van nieuw PE-granulaat met verbranding als EoL-behandeling). 

Dit onderzoek suggereert dat de strategie voor het inzamelen en mechanisch recycleren van 

flexibel niet-huishoudelijk 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 het afval 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 niet-huishoudelijk) in Europa, uitgaande van 100% gesloten 

kringlooprecyclage van flexibel verpakkingsafval terug naar nieuwe flexibele verpakkingen. De 

nieuwe voorgestelde regelgeving voor verpakking en verpakkingsafval (packaging and 

packaging waste regulations, PPWR) 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 

gerecycleerde content te halen, is een MFA-model 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 MFA-model is opgebouwd in de 

veronderstelling dat het ontwerp van flexibele verpakkingen in 2030 verbeterd zal zijn (bijv. 

van multi- naar mono-materiaal flexibele verpakkingen), dat flexibele verpakkingen 

selectiever ingezameld zullen worden (bijv. meer P+MD-inzameling in Europa), dat 

sorteertechnieken 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 recyclage zoals QRP 

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 kapitaalinvestering die gepaard 

gaan met het behalen van de doelstellingen voor gerecycleerde content, die is ontwikkeld op 

basis van de resultaten van het MFA-model in combinatie met economische factoren (in 

ϵκǘƻƴύ ǳƛǘ ŘŜ ƭƛǘŜǊŀǘǳǳǊΦ 5Ŝ ǊŜǎǳƭǘŀǘŜƴ Ǿŀƴ ƘŜǘ aC!-model suggereren dat de streefcijfers voor 

gerecycleerde content kunnen worden gehaald door mechanische recyclage en pyrolyse als 

complementaire technieken te gebruiken om flexibel verpakkingsafval te verwerken. In de 

ƳŜŜǎǘ ǇƻǎƛǘƛŜǾŜ ǎŎŜƴŀǊƛƻϥǎ Ȋƻǳ ŜǊ ϵтΣт ς 8,8 miljard aan kapitaalinvesteringen nodig zijn 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 regranulaat 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 (d.w.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 

MFA-model en plastic circulariteit. Het belang van het uitbreiden van de systeemgrenzen naar 

andere regio's (bijv. andere landen binnen of buiten Europa), productcategorieën (bijv. andere 

EEA) en sectoren (bijv. automobiel sector) wordt benadrukt. Het toegepaste MFA-model kan 

worden verbeterd door meer scenario's te ontwikkelen (bijv. het implementeren van nieuwe 

ontwerpen of bedrijfsmodellen zoals reparatie of hergebruik) en een meer gedetailleerde 

karakterisering van de materiaalsamenstelling. Daarnaast kunnen de kwantiteitsgebaseerde 

MFA-modellen die in dit doctoraatsonderzoek worden gepresenteerd, 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 

potentiële verbeteringen binnen de Europese plasticrecyclageketen te meten door potentiële 

circulariteitsscenario's te ontwikkelen. MFA kan inzicht geven in hoe significant de 

verbeteringen zouden kunnen zijn (vergeleken met het basisscenario) en potentiële extra 

kapitaalinvesteringen en kosten. Tot slot kan de MFA die in dit doctoraatsonderzoek wordt 

gepresenteerd, worden gebruikt om plasticrecyclagestrategieën te formuleren (bijv. 

doelstellingen voor minimale gerecycleerde content) op basis van wetenschappelijk 

onderbouwde prognoses en om het behalen van de plasticrecyclagedoelstellingen in Europa 

te monitoren. 
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Chapter 1  

Introduction and research objectives 

 

1.1 PLASTIC IN THE ECONOMY AND OUR DAILY LIVES 

 tƭŀǎǘƛŎ ƛǎ ŀ ǘŜǊƳ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ [ŀǘƛƴ άplasticusέ ƻr DǊŜŜƪ άplastikosέ, which originally 

ƳŜŀƴǎ Ψǘƻ ŦƻǊƳΩ ƻǊ Ψǘƻ ƎǊƻǿΩΣ for describing materials that can be formed and molded under 

heat and pressure. Plastic is used to describe a large family of different materials with different 

characteristics, properties, and uses. Polymers are the chemical compound that make up all 

modern plastics, which are large molecules consisting of a chain of repeating smaller 

molecules (monomers) combined through a polymerization process (Plastics Europe, 2018; 

OECD, 2022). The two categories of plastic are thermoplastic and thermoset plastic. The 

thermoplastic group is plastic that can be (re-)melted, heated, and shaped repeatedly. 

Examples of plastic within the thermoplastic family are High-Density Polyethylene (HDPE), 

Low-Density Polyethylene (LDPE) Polypropylene (PP), Polyethylene Terephthalate (PET), 

Polystyrene (PS), Expanded Polystyrene (EPS), Acrylonitrile Butadiene Styrene (ABS), Polyvinyl 

Chloride (PVC), Polyamides (PA), Polycarbonate, (PC), and Polymethyl Methacrylate (PMMA). 

The thermoset plastic group is plastic that cannot be (re-)melted, heated, and shaped because 

the polymers are cross-linked during the curing process to 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 due to its unique 

properties of plastic such as high strength-to-weight ratio, high moldability, resistance to 

physical and chemical degradation, low production cost, and broad application range (Hsu et 

al., 2021; Lebreton and Andrady, 2019). Since mid-1950 the global plastic production began 

its unprecedented growth, which is expanding up to 230-fold compared to the present day. In 

2019, global plastic use amounted to 460 million tonnes (Mt), which is estimated 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. In the same year, it is estimated that 353 Mt of plastic waste 

was generated globally, of which 6% was effectively recycled while the remaining mass was 

mainly incinerated or landfilled (Plastics Europe, 2020; OECD, 2022). 

 The demand for plastic in Europe ς European Union (EU) 27+Norway, Switzerland, and 

the United Kingdomςis estimated to be 50.7 Mt in 2019 (Figure 1.1). The packaging sector 

accounted for 40% of the total plastic demand in Europe, followed by the building and 

construction sector (20%), automotive sector (10%), electrical & electronic sector (6%), and 

agriculture sector (3%). The remaining 21% of plastic demand in 2019 was used in the textile, 

medical, and household sectors (incl. furniture and toys) (Plastics Europe, 2020). In Europe, 

the use of thermoplastic materials accounted for around 80% of the total plastic demand 

(equals 41 Mt), in which polyolefin (PO) materials (PE and PP) are the biggest fraction followed 

by PVC, PET, (E)PS, ABS, PA, and PC (Plastics Europe 2020; 2022) (Figure 1.1).  

 The European plastic industry strives to achieve a circular and climate-neutral plastic 

economy, in which a system is designed so that plastic is produced, converted, consumed, and 

managed in a sustainable way. This ambition also means that establishing sustainable end-of-

life (EoL) management systems and fostering the use of recycled plastic are imperative 

(Plastics Europe, 2022; Maury et al., 2022; Feber et al., 2020; OECD, 2022). Moreover, a few 

initiatives have been initiated to increase the plastic recycling rate, such as the Circular Plastic 

Alliance (CPA), which aims to boost recycled plastic production to 10 Mt by 2025 (European 

Commission, 2022b). A few regulations have also been put into force to enable sustainable 

plastic waste management, such as recycling rate targets, recycled content targets, and 

limiting plastic waste to be landfilled in Europe (European Commission 2022a; 2018a; 2018b). 

More information about the EoL management systems and regulatory framework for 

managing plastic waste is further elaborated in the following sections. 
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Figure 1.1 Total plastic demand by sector and polymer type in Europe in 2019. Source: Plastics 

Europe (2020). 

 

1.2 END OF LIFE MANAGEMENT OF PLASTIC WASTE IN EUROPE 

 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 to be landfilled or 

incinerated, and only 9.4 Mt (33%) was sent to recycling facilities in Europe in the same year. 

Ultimately, the recycled plastic production in Europe is estimated to be around 4 Mt, mainly 

produced via mechanical recycling (MR). Of the 29.1 Mt plastic waste generated, 17.4 Mt 

comes from the packaging sector, followed by electrical and electronics sector (1.8 Mt), 

building and construction sector (1.8 Mt), agriculture sector (1.5 Mt), automotive sector (1.5 

Mt). The other sectors, such as textile, household, and medical generated 5.1 Mt plastic waste 

in 2019 (Plastics Europe, 2020; 2019a). Moreover, some studies also indicate a considerable 

amount of plastic waste leaks into the environment as macro- and micro-plastics (Ryberg et 

al., 2019; Peano et al., 2020; Boucher et al., 2020). 

 Optimizing end-of-life (EoL) waste management systems is essential to realize a 

circular economy for plastic. A typical plastic waste treatment in Europe starts with a selective 

collection of waste at source (also known as source separation) followed by material recovery 

or sorting (of the source separated waste) and recycling (of the correctly sorted waste) into 
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new secondary materials to be used again in the economy (Plastics Europe, 2019a; 2020; 2021; 

2022) (Figure 1.2). The source separation of plastic waste relies on adequate waste sorting by 

individuals (e.g., at school, offices, houses, etc.), which can be facilitated by well-established 

waste management infrastructures and providing relevant disposal instructions for each 

product (e.g., on-pack labeling) (Albizzati et al., 2023). Plastic waste fractions that are not 

source separated are found in the mixed residual waste stream, which is typically landfilled or 

incinerated (Figure 1.2). Extra sorting and cleaning steps can be done to (post-)sorting plastic 

from mixed residual streams. Nonetheless, these cannot always be performed in the most 

efficient way, which means that currently not all plastic waste is post-sorted from mixed 

residual streams for recycling (Plastics Europe, 2022; Brouwer et al., 2018; Picuno et al., 2021).  

After collection, the source separated waste will be sent to material recovery facilities 

for sorting (Figure 1.2). A series of mechanical sorting units separate plastic from non-plastic 

materials. A few studies have indicated the importance of robust plastic sorting to improve 

feedstock quality for recycling and to produce high-quality secondary materials (Van Eygen et 

al., 2016; Parajuly et al., 2016; Roosen et al., 2022; Kleinhans et al., 2021a). Thereafter, the 

correctly sorted waste will be sent for recycling, in which a few recycling options can be 

selected (Figure 1.2). To date, mechanical recycling (MR) of plastic is the most ubiquitous 

option to convert plastic waste into secondary materials (Ragert et al., 2017; Plastics Europe, 

2019a). However, in the near future, emerging recycling technologies such as chemical 

recycling (CR) of pyrolysis, gasification, chemical depolymerization (e.g., glycolysis, 

methanolysis, etc.), and solvent-based recycling (SBR) technologies (e.g., dissolution-

precipitation) are expected to play a crucial role in achieving a circular economy for plastic. 

The outputs of the abovementioned recycling options are recycled plastic (e.g., from MR and 

SBR) as well as valuable base chemicals and fuels for secondary resources in the petrochemical 

industry (e.g., from CR) (Simon and Martin, 2019; Hann and Connock, 2020; Crippa et al., 2019) 

(Figure 1.2). 
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Figure 1.2 An illustrative end-of-life management of plastic waste in Europe. The thickness 

does not represent the mass. Adapted from: Plastics Europe (2019a). 

 

1.2.1 Plastic waste collection 

 A separate waste collection at source (or source separation) typically increases plastic 

recycling rates. According to Plastics Europe (2022), plastic recycling rates are 13 times higher 

when the waste is sourced separated. A study by Cimpan et al. (2015) suggests that an 

established separate waste collection system diverts 56% of waste from the mixed residual 

stream toward material recovery and recycling. A study by WRAP (2009a) suggests that source 

separation of plastic waste increases the feedstock quality to be fed into the recycling facilities 

and, subsequently, the recycled plastic to meet end-market requirements. Albizzati et al. 

(2023) highlight the importance of source separation of plastic waste as an enabler for the 

high recovery of plastic waste as feedstock for further recycling chains. 

 Various source separation schemes for plastic waste can be found in Europe. For the 

waste electronic and electrical equipment (WEEE), authorized waste collectors use different 

channels to collect WEEE such as i) container parks, ii) reuse and repair centers, or iii) 

electronic shops through a take-back scheme (Recupel, 2018; 2013; Huisman et al., 2012). In 

the automotive sector, end-of-life vehicles (ELV) can be brought to an authorized dismantler 

to be (formally) deregistered and sent for recycling (Maury et al., 2022; ADEME, 2019; 

Baldassarre et al., 2022). Through these formal collection channels, the WEEE and ELV are 

treated according to specific guidelines to dismantle and de-pollute the waste before being 

sent for further sorting and recycling processes (Van Eygen et al., 2016; De Meester et al., 

2019; Recupel, 2018; 2013; Huisman et al., 2012; Maury et al., 2022; Baldassarre et al., 2022; 
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ADEME, 2019; Aigner, 2020). Source separation of agriculture plastic waste (APW) and plastic 

in construction and demolition waste (CDW) is typically done under a specific agreement 

(take-back schemes) between the waste producers (e.g., farmers) and waste management 

companies. For example, waste management companies and farmers can come to an 

agreement to collect the APW (e.g., agriculture films) ǘƘǊƻǳƎƘ ŀ ΨǇƛŎƪ ǳǇΩ ƻǊ ΨōǊƛƴƎΩ ǎȅǎǘŜƳ 

(Agriculture Plastic Environment, 2021; Bauer, 2019). In the construction sector, the waste 

operators typically collect easy-to-identify objects such as window or door profiles, pipes, 

cables, and insulation from mixed CDW. The plastic-based items in mixed CDW are typically 

source separated at the collection sites in separate containers or bins for further recycling 

process (Bendix et al., 2021; Gardner, 2020). 

 In the packaging sector, plastic packaging waste can be collected through a deposit 

refund scheme (DRS), as demonstrated in PET bottle collection in Belgium Norway, Germany, 

Finland, Sweden (SYSTEMIQ, 2023; 2022; Eunomia, 2022; Ghosh et al., 2023). Another option 

for source separation of plastic packaging waste is a comingled collection scheme, whereby 

recyclable materials such as plastic packaging, metal cans, and drinking cartons are collected 

together. Examples of such comingled collection schemes are 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 al., 2021a; Picuno et al., 2021; 

KIDV, 2023). After collection of plastic waste, the separately collected plastic packaging at the 

source will be transferred to material recovery facilities (MRFs) for sorting and later on 

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

 

1.2.2 Plastic waste sorting 

The separately collected (source separation) waste is further sorted in dedicated 

sorting facilities, also known as material recovery facilities (MRFs). At the sorting 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 state-of-the-art automated sorting units (Gundupalli et al., 2017; Kleinhans et 

al., 2021a; Cimpan et al., 2015). The automated sorting units are used to directly sort plastic 

from mixed waste streams based on different material properties. Examples of sorting 

equipment are overbelt magnet and eddy current separation that sort material from the 

mixed waste streams based on their magnetic susceptibility and electrical conductivity, 
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respectively. The density-based and shape/size-based sorting is performed using windshifters, 

drum screens, and ballistic separators. Moreover, sensor-based sorting can also be used to 

sort plastic from mixed waste streams using a near-infrared technology (NIR). The NIR sorting 

is able to detect plastic from non-plastic materials as well as different plastic types (e.g., PET, 

PP, PE, PS, etc.) based on the unique reflected wavelength of specific plastic resins (Gundupalli 

et al., 2017; Cimpan et al., 2016; Kleinhans et al., 2021a). Several improvements using sensor-

based technologies are also being developed such as to sort plastic packaging waste based on 

its original purposes (e.g., sorting food- vs. non-food packaging) using digital watermarks, 

chemical tracers, artificial intelligence, or robotic technologies (Soares et al., 2022; De Tandt 

et al., 2021; NTCP, 2023). In practice, all the 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 are placed in specific orders and designs (i.e., sorting plant 

layouts) to recover the targeted plastic material effectively. Previous studies have shown 

potential sorting plant layouts in different waste streams such as Kleinhans et al. (2021a) for 

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

et al. (2022) in plastic recovery from ELVs.  

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 combinations of the 

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 control of the sorted waste streams 

(Kleinhans et al., 2021a; 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), PE Film bales (i.e., bale 

rich in PE films), MPO bales (i.e., bale rich in mixed rigid polyolefin items), etc. (Kleinhans et 

al., 2021a; Bashirgonbadi et al., 2022; Brouwer et al., 2018; Roosen et al., 2022).  

In the electronic sector, sorting start with manually dismantling batteries, copper 

wires, glass, wood components, and components with high (precious) metal content from the 

WEEE by trained labors. The remaining (non-dismantled) WEEE parts are sent for further 

automated sorting processes using NIR, magnetic separation, eddy current, etc. to recover 

plastic from the mixed WEEE streams (Van Eygen et al., 2016; Menad, 2016). Similar to WEEE, 
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the sorting of ELV starts with manual dismantling of ELV parts rich in plastic content such as 

ǘƘŜ ōǳƳǇŜǊǎΣ ŘŀǎƘōƻŀǊŘǎΣ ŎǳǎƘƛƻƴǎΣ ŀƴŘ ΨǳƴŘŜǊ-the-ƘƻƻŘΩ ŎƻƳǇƻƴŜƴǘǎΦ [ŀǘŜǊ ǘƘŜ Ƴŀƴǳŀƭƭȅ 

dismantled part can be sent directly to recycling facilities, while the remaining ELVs parts are 

furthered process using automated sorting technologies (e.g., NIR) to separate and recover 

plastic for recycling (Maury et al., 2022; Aigner, 2020; Baldassarre et al., 2022). In agriculture 

and construction sectors, the farmers or construction 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 waste fractions are collected by waste management companies 

for recycling (Bauer, 2019; Scarascia-Mugnozza 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 as MR, CR, or SBR (also called solvent-based purification), as shown in 

Figure 1.2 and Figure 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, sink-float separation (density-based separation), dryers (mechanical or thermal), 

and plastic extrusion (Larrain et al., 2021; Faraca & Astrup et al., 2019; Horodytska et al., 2018; 

Brouwer et al., 2018; Ragaert et al., 2017). The output of MR is recycled plastic (as regranulate) 

that can be used directly in different applications such as film blowing or injection molding, 

typically with extra measures like blending with virgin material (Bashirgonbadi et al., 2022) 

(Figure 1.3). 

Solvent-based recycling (SBR) is a process in which the polymer is dissolved using 

specific solvent (chemical agents), followed by removing additives through for example 

filtration or phase extraction. Later, the dissolved polymer is recovered by introducing an anti-

solvent, in which the polymer will be precipitated and recovered (Crippa et al., 2019; Kol et 

ŀƭΦΣ нлнмύΦ ¢ƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘ ƻŦ {.w ƛǎ ŀ ΨƴŜŀǊ-ǾƛǊƎƛƴΩ ǇƻƭȅƳŜǊ that can be reformulated into 

different applications (Crippa et al., 2019), as shown in Figure 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 
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Connock, 2020; Arena and Ardolino, 2022; aŀƴȌǳŎƘ Ŝǘ ŀƭΦ нлнм) (Figure 1.3). CR is often used 

as an umbrella term that cover a broader set of technologies such as chemical 

depolymerization (also known as solvolysis such as glycolysis, methanolysis, etc.), pyrolysis, 

and gasification. Chemical depolymerization, mostly 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 

όIŀƴƴ ŀƴŘ /ƻƴƴƻŎƪΣ нлнлΤ /ǊƛǇǇŀ Ŝǘ ŀƭΦΣ нлмфΤ aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмΤ ±ƻƭƭƳŜǊ Ŝǘ ŀƭΦΣ нлнлύΦ 

Pyrolysis, mainly suitable for addition polymers (e.g., polyolefin), is a process applied to plastic 

waste to thermally break polymer chains in an oxygen-free environment and elevated 

temperatures of 350ς500֙ . 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., 2020). Gasification is a plastic 

recycling option involving partially oxidizing plastic waste at elevated temperatures of 700ς

1,500֙  to produce syngas (a mix of hydrogen and carbon monoxide). The syngas can be 

processed via Fischer Tropsch Synthesis (FTS) or Methanol-to-olefin (MTO) process to produce 

monomers and base chemicals (Hann and Connock, 2020; Crippa et al., 2019; SYSTEMIQ, 2022; 

Mastellone, 2019; Gholami et al., 2021). Thus, the output of CR plastic waste can be used as 

feedstock for polymerization (monomers or oligomers) or the petrochemical industry (base 

chemicals as secondary materials in a petrochemical 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). Several studies have shown that MR faces several challenges in 

treating plastic waste (e.g., thermal-mechanical degradation). This results in 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 tackle the challenges of MR plastic such as 

extensive (pre-)treatment processes (e.g., deinking and deodorization) and improved 

extrusion (e.g., double melt filtration with degassing), as shown by Roosen et al. (2021), 

Bashirgonbadi et al. (2022), and Kol et al. (2021). Furthermore, CR and SBR are expected to 

play a crucial role in European plastic recycling systems. These technologies are claimed to 
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have a higher tolerance towards contaminations and can process complex waste streams (e.g., 

multi-material/multilayer packaging or mixed residual waste). Several studies also show that 

the final product of CR and SBR is of higher quality than recycled plastic from MR (Kusenberg 

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

 

 

Figure 1.3 Overview of different recycling options for plastic in a circular economy. Source: 

Crippa et al. (2019). 

 

1.3 EUROPEAN LEGISLATIONS AND PLEDGES TO INCREASE PLASTIC 

CIRCULARITY 

 To realize a circular economy for plastic, the European Commission (EC) has enacted 

several regulations, along with pledges made by the European plastic industry such as brand 

owners, manufacturers, and recyclers. The summary of the pledges and regulations related to 

plastic waste can be found in Table 1.1. The Waste Framework Directive (WFD) lays out the 

definition and hierarchy of waste management, such as ΨǿŀǎǘŜΩΣ ΨǊŜŎȅŎƭƛƴƎΩΣ ŀƴŘ ΨǊŜŎƻǾŜǊȅΩ. 

Article 3 ƻŦ ²C5 ƛƳǇƭƛŜǎ ǘƘŀǘ ΨǊŜŎȅŎƭƛƴƎΩ ƛǎ waste materials that are reprocessed into products, 

materials or substances whether for the original or other purposes. However, reprocessing 

materials into fuels or as backfilling operations is not considered ŀ ΨǊŜŎȅŎƭƛƴƎΩ under WFD 

(European Commission, 2018a; 2008). Furthermore, the amendments of Council Directive 

1999/31/EC on landfill of waste and Directive 2008/98/EC on waste set out new targets in 

which Member States shall ensure all waste is suitable for re-use and recycling or other 

recovery processes (e.g., incineration with energy recovery) by 2030. Particularly, the amount 
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of mixed (municipal) residual waste stream landfilled (by weight) is limited (or should be 

reduced) to 10% by 2035 (European Commission, 2018a; 2018b). The EC has also recently 

passed a tax for non-ǊŜŎȅŎƭŜŘ ǇƭŀǎǘƛŎ ǇŀŎƪŀƎƛƴƎ ǿŀǎǘŜ ƻŦ ϵулл ǇŜǊ ǘƻƴƴŜ ǎǘŀǊǘƛƴƎ ŦǊƻƳ нлнм 

(European Commission, 2020a). 

Specific to the packaging sector, the Single Use Plastic Directive (SUPD) and Packaging 

and Packaging Waste Directive (PPWD) have been introduced to enable a circular economy 

for plastic packaging (Table 1.1). The SUPD focuses on reducing the amount of single-use 

waste and establishing extended producer responsibility (EPR) schemes, in which the 

producers are obliged to properly manage the generated plastic packaging waste. Specifically, 

the SUPD bans certain single-use plastic items (e.g., plastic bags, plastic containers for food, 

etc.) from being placed 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 all plastic beverage 

bottles by 2030 (European Commission, 2019a). Under PPWD, specific recycling targets are 

introduced, such as a 55% recycling target for plastic packaging by 2030 and a 65% recycling 

target for mixed (municipal) waste by 2035 (European Commission, 2018c). The new 

Packaging and Packaging Waste Regulations (PPWR) proposal to amend the current PPWD 

embeds new targets for plastic packaging around waste prevention, re-use and refill, and 

minimum recycled content targets (European Commission, 2022a). The PPWR mandates a 

packaging waste reduction of 5% by 2030 (e.g., through maximum allowable empty or 

unnecessary space in packaging), harmonized labeling scheme (incl. recycled content and 

disposal instructions), and a proportion of packaging to be reusable and/or refillable by 2030. 

Article 7 of the new PPWR proposal also sets out minimum 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 2030. All packaging formats placed on the 

European market should be recyclable by 2030. This means that the ΨDesign-for-RecyclingΩ 

(DfR) principles should be adopted for all packaging items entering the European market by 

2030 (European Commission, 2022a). However, to attain recycled content targets, 

harmonized rules to calculate recycled content still needs to be developed. Such rules would 

allow a consistent monitoring and measuring system in Europe. 

In the electronic sector, the WEEE Directive in 2012 mandates the integration of WEEE 

separate collection, sorting, and recycling systems. The WEEE Directive also calls for 
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harmonization on WEEE categories and targets 85% of annual WEEE to be collected from 2019 

onwards. Specific electronic components containing hazardous substances, such as plastic-

containing brominated flame retardants (BFR) or mercury-containing components, should be 

removed and treated separately through authorized recycling facilities. Certain components 

containing high-value metals such as printed circuit boards, batteries, and electric cables must 

be selectively treated for material recovery and recycling (European Commission, 2012). 

Moreover, hazardous substances (e.g., BFR, mercury, etc.) are also restricted in new electronic 

products placed on the European market as stated in the Restriction of Hazardous Substances 

(RoHS) Directive. Safer substances must be used to substitute the restricted substances listed 

in Annex II of the RoHS Directive after the regulation was effectively put into force in 2006 

(European Commission, 2011). With the legislation pushing towards sustainable use of  plastic 

in new products placed on the market, the European electronic industry responded by 

pledging to use at least 25 ς 50% of recycled plastic (by weight) in new electronic products by 

2025 and 2030 (Sandoval, 2018; Philips, 2020; Whirlpool Corporation, 2018; Electrolux Group, 

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 requirement for 

reusing, recycling, and recovering materials from ELV. Article 7 or ELV Directive targets 85% of 

9[± ǘƻ ōŜ ΨǊŜǳǎŜ ŀƴŘ ǊŜŎȅŎƭƛƴƎΩ ŀƴŘ фр҈ ƻŦ 9[± ǘƻ ōŜ ΨǊŜǳǎŜ ŀƴŘ ǊŜŎƻǾŜǊȅΩ ǎǘŀǊǘƛƴƎ ŦǊƻƳ нлмрΦ 

The Member States also must ensure new vehicles put on the European market do not use 

hazardous substances such as lead, mercury, cadmium, etc., starting from 2003 (European 

Commission, 2000). Moreover, several automotive producers also pledged to use recycled 

plastic in their new passenger cars. The voluntary pledges call for 20 ς 25% of recycled plastic 

(by weight) in new cars by 2030 (Maury et al., 2022; Volvo, 2018; Carroll, 2021) (Table 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 other higher-density materials such as wood, glass, bricks, and concrete, i.e., 

estimated to be around 0.3 ς 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 (PVC), plumbing or piping system (HDPE), 

and insulation materials (EPS) (Hyvärinen et al., 2019; Bendix et al., 2021; Gardner, 2020). 
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Similarly, no European legislations directly target the recovery and recycling of APW. The 

waste is mainly managed voluntarily between the farmers or growers and waste management 

companies. In the agriculture sector, the APW can be found mainly as agriculture films (LDPE), 

bale wraps (HDPE), and horticulture products (PP pots or buckets). Also, APW is typically 

contaminated by organic waste and soil residues (Bauer, 2019; Agriculture Plastic 

Environment, 2021; Jansen et al., 2019; Vox et al., 2016).  

 

Table 1.1 Summary of current and provision regulations or (voluntarily) pledges related to 

plastic waste treatment made by the European Commission and stakeholders within plastic 

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

Current and provision 
regulation and pledge(s) 

Key objective(s) or target(s) Target year Sources 

Waste framework 
directive (WFD) 

5ŜŦƛƴƛǘƛƻƴ ƻŦ ΨǿŀǎǘŜΩΣ ΨǊŜŎȅŎƭƛƴƎΩΣ 
ŀƴŘ ΨǊŜŎƻǾŜǊȅΩ 

- European Commission, 
2008; 2018a 

 Hierarchy on (plastic) waste 
management: prevention, 
preparing for reuse, recycling, 
recovery, disposal 

-  

 Preparing for re-use and recycling 
(60% by weight) of municipal solid 
waste 

By 2030  

Landfill Directive Restriction of landfilling for waste 
that is suitable for recycling or 
recovery by 10% 

By 2035 European Commission, 
2018b 

Tax on plastic packaging 
waste 

ϵулл ǇŜǊ ǘƻƴƴŜ ƻŦ ƴƻƴ-recycled 
plastic packaging waste 

From 2021 European Commission, 
2020a 

Single Use Plastic 
Directive (SUPD) 

Ban certain single-use plastic 
items 

From 2019 European Commission, 
2019a 

 Introduction of extended 
producer responsibility (EPR) 
scheme 

  

 Collection target (90% by weight) 
for plastic bottle 

By 2029  

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

By 2025  

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

By 2030  

Packaging and Packaging 
Waste Directive (PPWD) 

Recycling target (55% by weight) 
for plastic packaging waste 

By 2030 European Commission, 
2018c 

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

By 2030  

Packaging and Packaging 
Waste Regulation 
(PPWR) proposal 

Design for Recycling (DfR) for all 
packaging formats placed on the 
European market 

By 2030 European Commission, 
2022a 

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

By 2030  
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 Re-use and refill targets (e.g., 10% 
for alcoholic beverages) 

By 2030  

 A minimum recycled content 
target for contact sensitive (10% 
by weight) and non-contact 
sensitive (35% by weight) 
packaging items (except for PET 
packaging format) 

By 2030  

Waste Electrical and 
Electronic Equipment 
Directive (WEEED) 

Formal and integrated separate 
WEEE collection point (channels) 
and recycling system 

- European Commission, 
2018d 

 Harmonized WEEE categories and 
separate collection target (85% by 
weight) 

From 2019  

 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.) 

-  

Restriction of Hazardous 
Substances (RoHS) 
Directive 

Banning the use of hazardous 
substances in electronic products 

From 2006 European Commission, 
2011 

End-of-life Vehicle (ELV) 
Directive 

Minimum reuse and recycling 
targets of 85% by average weight 
per vehicle 

From 2015 European Commission, 
2000 

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

From 2015  

 Restriction of hazardous 
substances in vehicles placed on 
the European market 

From 2003  

Voluntarily Pledges 10 million tonnes of recycled 
plastic production by Circular 
Plastic Alliance (CPA) 

By 2025 European Commission, 
2022b; 2020b 

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

By 2025 or 
2030 

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

 Use of recycled content (20 ς 25% 
by weight) in new cars placed on 
the European market 

By 2030 Maury et al., 2022; Carroll, 
2021; Volvo, 2018 
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1.4 ASSESSMENT TOOLS OF PLASTIC 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 plastic waste recycled effectively over the amount of 

plastic waste generated. MFA principles are often used to trace the fate of plastic throughout 

a defined system (e.g., global plastic flows, European plastic flows, or plastic flows at 

sorting/recycling plant level). The outputs of MFA are mass balances and compositional data, 

which are benchmarked against specific (evaluation) indicators for analyses and results 

comparison (Kleinhans et al., 2021a; 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 inputs, stocks, and outputs of 

a process (Brunner & Rechberger, 2005). 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 performed. The system 

or system boundary is the actual spatial and temporal definition of the MFA investigation, 

which includes the flows of material entering and leaving the defined system. The terms 

material ƛƴ aC! ǎǘŀƴŘǎ ŦƻǊ ōƻǘƘ ǎǳōǎǘŀƴŎŜǎ ŀƴŘ ƎƻƻŘǎΦ ! ǎǳōǎǘŀƴŎŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ŀƴ ΨŜƭŜƳŜƴǘΩ 

ƻǊ ΨŎƻƳǇƻǳƴŘΩ ŎƻƳǇƻǎŜŘ ƻŦ ǳƴƛŦƻǊƳ ǳƴƛǘǎ όŜΦƎΦΣ ŎŀǊōƻƴ ŘƛƻȄƛŘŜύΣ ǿƘƛƭŜ ƎƻƻŘǎ ŀǊŜ ƳŀŘŜ ǳǇ ƻŦ 

substances or group of substances that have an economic value, which can be positive (such 

as resources) or negative (such as waste). Material can enter and leave a process, which refers 

to act of transportation, storage, or transformation of materials. Different processes within a 

defined system in MFA is connected by flows (or fluxes), which refers to process inputs and 

outputs. Stocks are 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 flow (flux) is illustrated in oval 

shape, as shown in Figure 1.4 (Brunner & Rechberger, 2005). 
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Figure 1.4 Example of material flow analysis system illustrating selected terms. Source: 

Brunner & Rechberger (2005). 

 

MFA has been applied to investigate plastic waste management system at different 

levels (global, regional, country, or factory level). Geyer et al. (2017) investigate the fate of 

global plastic waste generation and treatments between 1950 ς 2015. The results of the study 

suggest that the cumulative plastic waste generated (from 1950 ς 2015) 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 study by Ryberg et al. 

(2019) indicates that a substantial amount of micro- and macro-plastic is lost to the 

environment. It is estimated that approximately 6 Mt of marco-plastic and 3 Mt were found 

in the environment in 2015 globally (annual figure from 2015 data; Ryberg et al., 2019). These 

studies conclude that a comprehensive assessment framework is needed to assess potential 

improvements within global plastic waste management systems.  

 The fate of plastic waste throughout European plastic waste management systems is 

investigated by Kawecki et al. (2018) and Eriksen et al. (2020), focusing on the flows of PET, 

PP, HDPE, LDPE, PVC, and (E)PS. The results of these studies suggest that ineffective (or non-

existing) source separation of some plastic waste streams as one of the main reasons for low 

plastic recycling rates in Europe. Considerable material losses also occur during sorting and 
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recycling of plastic waste. When looking 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 a 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 separate PET 

and HDPE packaging waste collection was implemented way before other packaging formats, 

as illustrated in the PMD collection system in Belgium and The Netherlands (Roosen et al., 

2022; Brouwer et al., 2019). Through MFA, Kawecki et al. (2018) also indicate that the low 

plastic recycling rate from electronic and automotive sectors is caused by considerable waste 

export leaving the European market. Furthermore, Eriksen et al. (2020) argue that poor 

packaging designs can cause relatively low plastic recycling rate for certain packaging formats 

(e.g., multimateral packaging). Designing packaging in compliance with DfR guidelines (e.g., 

promoting monomaterial packaging) can substantially increase plastic packaging recycling 

rates. The MFA results of Eriksen et al. (2020) are consistent with Horodytska et al. (2019) 

study, which suggests that multimaterial multilayer film recycling is not happening at an 

industrial scale yet. The problem with multimaterial multilayer packaging film lies in the 

combination of noncompatible materials (i.e., polymers, aluminum, paper, etc.) to be 

correctly sorted and effectively recycled.  

Moreover, several studies also indicate that a substantial amount of waste is ΨƳƛǎǎƛƴƎΩ 

and not accounted for in statistical databases in Europe (SYSTEMIQ, 2022; Agora Industry, 

2022; Material Economics, 2022). Underestimation of service lifetime of plastic applications, 

waste quantity in mixed (municipal) waste statistics, and undocumented flows (e.g., illegal 

ǇƭŀǎǘƛŎ ǿŀǎǘŜ ŜȄǇƻǊǘύ ŀǊŜ ǊŜƎŀǊŘŜŘ ŀǎ ǇƻǘŜƴǘƛŀƭ ǊŜŀǎƻƴǎ ŦƻǊ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛƴ 9ǳǊƻǇŜΦ hƴŜ 

of the suggestions to trace the flows of the so-calƭŜŘ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛƴ 9ǳǊƻǇŜ ƛǎ ǘƘǳǎ ŀ ōŜǘǘŜǊ 

estimation of product lifetime combined with robust material flow modeling of plastic waste 

(Geyer et al., 2017; SYSTEMIQ, 2022). This is especially important for plastic-containing 

products with a relatively longer service lifetime, such as in electronic, automotive, or building 

and construction sectors. Kawecki et al. (2018) and Wang et al. (2013) have pointed out the 

importance of considering the lifetime distribution model to estimate the waste generation in 

electronic sector better. 

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

performed at a 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 reach the 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 al., 2018). These findings are consistent with 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 estimated to be 14ς25% (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., 2018; Antonopoulos et al., 2021). Thus, it is evident that MFA can be used to 

assess the performance of plastic waste management at a national level and to underpin the 

potential improvements needed to reach recycling targets. 

 Several studies also use MFA principles to trace the fate of plastic waste in sorting or 

recycling plants (Kleinhans et al., 2021a; Cimpan et al., 2016; Larrain et al., 2021). Kleinhans et 

al. (2021a) examine the sorting behavior of up to 17 different plastic packaging formats 

throughout PMD and P+MD sorting facilities in Belgium. The granular modeling approach by 

Kleinhans et al. (2021a) illustrates how various packaging items behave throughout different 

sorting units and shows the limitation of the 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 results show that some packaging items (e.g., black bottles, 

multilayer multimaterial films, etc.) are not adequately sorted because NIR machines poorly 

detect them. Through MFA, Kleinhans et al. (2021a) also determine the expected balesΩ 

quality, which is crucial for further recycling. At the MR facilities, the study by Larrain et al. 

(2021) shows that the recycling yield of MR of plastic varies from 70ς90% depending on the 

feedstock (bales) quality. A relatively lower recycling yield of MPO bales through MR (71%; 

Larrain et al., 2021) is mainly caused by higher impurities (e.g., non-PO matrials, organic waste, 

etc.). Larrain et al. (2021) also show that considerable mass losses in MR occur at sink-float 

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 consumers based on socio-

economic conditions (Wang, 2014). Multivariate input-output analysis (MIOA) is a commonly 

used method with multiple variables, which quantitatively describes the dynamics, 

magnitude, and interconnection of product sales, stocks, and lifespans (as illustrated 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 such a sales-stock-lifespan 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 the lifespan 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 their age can 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 

(obsoƭŜǘŜύ ǊŀǘŜ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ōŜƘŀǾƛƻǊΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ǘƘŜ ƳƻŘŜƭ considers 

the probability of products to be discarded depending on the obsolescence rates of products 

during the evaluation period. From such approaches, a more reliable waste generation can be 

quantified; thus potential plastic recycling can be estimated. 
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Figure 1.5 An illustrative diagram of multivariate input-output analysis applied in the sales-

stock-lifespan 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). Typically, an LCA study is developed 

and applied according to the international standards ISO 14040 and 14044 consisting of four 

steps, namely i) goal and scope definition, ii) inventory analysis, iii) impact assessment, and iv) 

interpretation (ISO, 2006), as shown in Figure 1.6.  

The first aspect of goal and scope definition is determining the functional unit and 

system boundaries. A functional unit in an LCA study is used as the reference to evaluate the 

components within a single system or multiple systems (European Commission, 2010).  The 

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 to decide which part of a system is included 

and which part can be excluded or cut-off (ISO, 2006). The system boundary of an LCA study 

can vary at different scales: a specific process within a company (process level), a process chain 

ƛƴŎƭǳŘƛƴƎ ŀƭƭ ǎǳǇǇƻǊǘƛƴƎ ǳǘƛƭƛǘƛŜǎ ŀǘ ǘƘŜ ŎƻƳǇŀƴȅ ƭŜǾŜƭ όάƎŀǘŜ-to-ƎŀǘŜέύΣ ŀ ǇǊƻŎŜǎǎ ŎƘŀƛƴ 

including material extraction and processing to product manufacturing ("cradle-to-ƎŀǘŜέύΣ ƻǊ 
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a full life cycle stages from material extraction to end-of-ƭƛŦŜ ǘǊŜŀǘƳŜƴǘ όάŎǊŀŘƭŜ-to-ƎǊŀǾŜέύ 

(European Commission, 2010).  

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 are then converted to 

environmental impact at the third phase of an LCA study, namely impact assessment. The 

collected data can be site specific, such as a real production process chain (Khoo, 2019) or 

modelled with software (Ügdüler et al., 2021). Alternatively, generic or averaged data can be 

used. For this purpose, a foreground and background system can be chosen within the 

ǎŜƭŜŎǘŜŘ ƭƛǎǘ ƻŦ ǳƴƛǘ ƻǇŜǊŀǘƛƻƴǎΦ ¢Ƙƛǎ ŦƻǊƳŜǊ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘƘƻǎŜ ǇǊƻŎŜǎǎŜǎ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ǘƘŀǘ 

are ŘƛǊŜŎǘƭȅ ŀŦŦŜŎǘŜŘ ōȅ ŘŜŎƛǎƛƻƴǎ ŀƴŀƭȅȊŜŘ ƛƴ ǘƘŜ ǎǘǳŘȅέ ƻǊ ŀǎ άŎŀǎŜ-ǎǇŜŎƛŦƛŎ ǇǊƻŎŜǎǎέΣ ǿƘƛƭǎǘ 

ǘƘŜ ƭŀǘǘŜǊ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘƘƻǎŜ ǇǊƻŎŜǎǎŜǎ ǘƘŀǘ ŀǊŜ ƻǇŜǊŀǘŜŘ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ōǳǘ ǘƘŀǘ ŀǊŜ 

ƴƻǘ ǳƴŘŜǊ ŘƛǊŜŎǘ ŎƻƴǘǊƻƭ ƻǊ ŘŜŎƛǎƛǾŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ǘƘŜ ǇǊƻŘǳŎŜǊ ƻŦ ƎƻƻŘέ ƻǊ ŀǎ άƳŀǊƪŜǘ ŀǾŜǊŀƎŜ 

ǇǊƻŎŜǎǎŜǎέ ό9ǳǊƻǇean Commission, 2010). For background systems, databases can be used 

such as Ecoinvent (Ecoinvent, 2023), the Life Cycle Data Network (LCDN) (European 

Commission, 2023a), etc.  

The interactions on (material or energy) inputs and outputs from the inventory phase 

are converted into environmental impact. The impact assessment phase evaluates the 

environmental impact using specific assessment methodologies (characterization models). 

For this purpose various assessment methodologies can be selected, such as ReCiPe2008 

(Goedkoop et al., 2008), ReCiPe2016 (Huijsbergt et al., 2016), Environmental Footprint 

Methodology (European Commission, 2021), TRACI (Bare et al., 2012), etc. Finally, 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 is important 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 1.6 Four steps of a life cycle assessment by ISO 14040/44. Source: ISO (2006) 

 

1.4.4 Economic assessment 

 Economic assessment within plastic waste management is widely used (De Meester, 

2013). In the context of economic assessment, cost-benefit analysis (CBA) can be used, which 

is defined as an analytical tool for judging the economic 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, 2015). Another method that is typically used to 

assess the economic performance of plastic waste management is techno-economic 

assessment (TEA), which consists of 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, where investment criteria are used to assess profitability of the system, 

and iv) risk analysis to assess the uncertainty on the results (Thomassen et al., 2019). Finally, 

other methods, such as life cycle costing (LCC), can be used to assess the economic potential 

of emerging technologies or systems. The European Commission (2023b) defines LCC as an 

analytical tool that considers all the costs that will be incurred during the life time or the 

product, work, or service. The LCC method focuses on important cost aspects such as energy 

or labour, making conclusions on emerging technologies' economic profitability infeasible 

(Thomassen et al., 2019). For purposes of investigating economic improvements in plastic 
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waste management, CBA can be used as a supporting decision-making tool to assess economic 

feasibility, which examines all aspects of the operational costs incurred and revenue 

generated from recycling systems. CBA is indeed, to some extent, developed based on LCC 

and TEA principles (Torkashvand et al., 2021). 

 

1.4.5 Sustainability assessment of plastic waste management 

The sustainability performance of waste management systems has been evaluated by 

combining the information on plastic flows (e.g., MFA or MIOA) with environmental, 

economic, and social impact assessment methods. Studies from Civancik-Uslu et al. (2021), 

Huysveld et al. (2022), Huysman et al. (2017), and Horodytska et al. (2020) compare the 

environmental footprints 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 sorting and MR process. Taelman et al. (2020), Milios et al. 

(2018), and Sanjuan-Delmás 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 all the abovementioned studies, MFA is used as the primary modeling input to 

run environmental, economic, and social impact assessments, which determine the quality of 

impact assessment results. Schwarz et al. (2021), Huysveld et al. (2022), and Vollmer et al. 

(2020) studies also show that the environmental impact assessment of new emerging plastic 

recycling technologies (e.g., SBR and CR) relies on robust material flow modeling such as 

feedstock characterization and qualities. Caro et al. (2023) and Tabrizi et al. (2021) have 

proposed a mass balance accounting method (using MFA modeling alike) to trace plastic flows 

through complex plastic recycling chains to monitor the 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, which are used 

as one of the monitoring tools to make strategic decisions towards a circular economy. One 

example of a circularity indicator is the Recyclability Benefit Rate (RBR), which measures the 

potential environmental savings related to the recycling of a product over the environmental 

burdens of virgin production followed by disposal (Huysman et al., 2015; 2017). Specifically, 

the RBR indicator aims to improve resource efficiency in European product policies by using 

waste as a secondary resource (Ardente and Mathieux, 2014). Another circularity indicator, 

developed by Huysman et al. (2017), is 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 addressed in RBR indicator. The CPI thus looks deeper at quality aspects in 

combination with a typical circularity indicator approach using MFA or LCA studies (Huysman 

et al., 2017). However, the definition and operational framework for quality aspects of 

recycling are still lacking to date (Tonini et al., 2022). Several studies have tried to make 

comprehensive circularity indicators by combining quality and monetary aspects such as the 

technical processability and properties (Demets et al., 2021; Chaon et al., 2020), functionality 

or circularity potential (Vadoudi et al., 2022; Vadenbo et al., 2016; Eriksen & Astrup, 2019; 

Eriksen et al., 2018) and technical and market substitutability (Roosen et al., 2023b; Huysveld 

et al., 2022; Vadenbo et al., 2016). A recent study by Roosen et al. (2023b) proposes 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 perspectives), and materials durability in 

the economy (i.e., in-use lifetime). Lastly, for multi-output processes, Broeren et al. (2022) and 

/ŀǊƻ Ŝǘ ŀƭΦ όнлноύ ŀƭǎƻ ƻŦŦŜǊ ǘƘŜƛǊ ǾƛŜǿ ƻƴ ƳŜŀǎǳǊƛƴƎ ŎƛǊŎǳƭŀǊƛǘȅ ōȅ ǘǊŀŎƛƴƎ ŘƛŦŦŜǊŜƴǘ ǇǊƻŘǳŎǘǎΩ 

yield and losses (at different stages) of various recycling technologies (e.g., plastic-to-plastic 

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

 

1.5 RESEARCH OBJECTIVES 

 It is evident that the European government and the plastic industry have ambitious 

targets to realize a circular economy for plastics. Current plastic waste management systems 

need substantial improvements to collect and sort more plastic waste for further recycling 

process. However, scientific-based evidence related to the extent to which waste 

management infrastructure could be improved and potential impact towards plastic 

circularity in Europe is scare. Moreover, the economic feasibility and environmental 

consequences of improving plastic waste management system also needs to be investigated. 

 To provide insights towards the potential technological, economical, and 

environmental improvements of potential future scenarios in the plastic waste management 

system in Europe, material flow analysis (MFA) has been used in this PhD research. Thus, this 

PhD research aims at providing scientific evidence of the contribution of technological 
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advancements towards achieving a circular economy for plastic and the attainment of 

European recycling targets, such as recycling rates and recycled content targets. Particularly, 

the following chapters and objectives are addressed in this PhD research: 

 A general structure linked to this PhD research is presented in Figure 1.7. Chapter 1 of 

this book highlights current state-of-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 studies attempting to evaluate the performance of plastic recycling 

chains at different levels (e.g., global, regional, national, or factory) are highlighted. 

 Chapter 2 of this PhD research investigates the fate of plastic waste throughout plastic 

recycling chains in Europe in 2018 (i.e., status quo as a benchmark) using a MFA modeling. 

This analysis includes the ten most used plastic types in Europe from five key sectors: 

packaging, electronic, automotive, construction, and agriculture sectors. The plastic waste 

flows in the status quo scenario (2018) are used as a benchmark to compare prospective 

plastic waste flows in 2030 when the management infrastructure is improved (e.g., collection 

rate, sorting yield, etc.). Particularly, five potential future scenarios in 2030 are considered by 

projecting the plastic waste quantities, improvements in waste management infrastructure, 

and various recycling options (MR, CR, and/or SBR). Five evaluation indicators are selected to 

appropriately analyze and compare the MFA results in 2018 and 2030 scenarios, namely end-

of-life recycling rates (EoL-RR), plastic-to-plastic rate (P2P), plastic-to-chemical rate (P2C), and 

plastic-to-fuel rate (P2F). Thus, the first objective of this PhD presented in Chapter 2 is to 

investigate the current (status quo scenario in 2018) and potential future flows of plastic waste 

(in 2030) throughout plastic recycling chains at European level, including the impact of the 

emerging plastic recycling technologies on plastic circularity in 2030. 

 Although technological advancements such as CR and SBR are quite promising to deal 

with plastic waste in Europe, each sector has its own unique challenges to recycle plastic waste 

(e.g., plastic recycling problems in electronic 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 sectors. In Chapter 3, multivariate input-output analysis 

(MIOA) and MFA models are developed to gain better insights into the WEEE recycling chain. 

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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electronic product lifetime distribution. Combining MIOA and MFA enables forecasting 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 small household 

appliances group are considered: vacuum cleaners, coffee machines, and electric shavers. This 

study includes a sensitivity analysis to identify the bottlenecks of plastic 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 the incoming waste in 2030, i.e., the disposal age 

composition. Through this modeling approach, the inherited hazardous chemicals (e.g., 

brominated flame retardants) can be identified, which is relevant information for WEEE 

recycling industries because a separate treatment of plastic-containing hazardous retardants 

is mandatory under WEEE Directive. Therefore, the second objective of this PhD research is to 

present a 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 on flexible packaging waste recycling from 

households (e.g., LDPE film, PP pouches, etc.) because flexible packaging is considered a 

difficult-to-recycle waste with relatively low recycling rates in Europe. Most household waste 

management infrastructure is to date developed to process rigid plastics (e.g., PET bottles or 

HDPE bottles). When recycled, current regranulates from flexible packaging are often 

considered inferior to virgin plastics and are often used for open-loop 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 use of regranulate from flexible packaging, an 

improved MR process is developed, such as Quality Recycling Process (QRP). This improved 

MR process introduces a more rigorous pre-treatment of separately collected and sorted 

flexible packaging waste, such as additional sorting using NIR, hot washing, double melt filter 

during extrusion (with degassing unit), and deodorization steps. As a result, QRP produces new 

valuable outputs (PE Film Natural and PP Film regranulates) suitable for more demanding 

applications such as shrink film, sealable pouches, standing pouches, etc. The recycling 

performance of QRP versus conventional MR process is investigated by developing and 

combining a MFA and cost-benefit analysis (CBA) model. Four evaluation indicators related to 
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quantity (process yield and 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 results also provide granular compositional analyses at the bales, flakes, and 

regranulate levels, which are compared with experimental compositional analyses from the 

actual flakes and regranulates of QRP for model validation. A sensitivity analysis is also carried 

out to identify the impact of potential variations of the MFA modeling inputs on the recycling 

performance. The MFA and CBA models are developed 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 recycling. Hence, the third objective of this PhD research is to investigate the 

recycling performance of flexible packaging waste via improved mechanical recycling (by using 

QRP as a case study) compared to conventional mechanical recycling. 

 In Chapter 5, the economic viability of non-household flexible packaging waste 

recycling from urban areas is investigated and discussed. The non-household sector also 

generates a substantial amount of flexible packaging waste, yet waste management of non-

household plastic waste receives considerably less attention than household waste. Currently, 

collecting and recycling non-household plastic waste is limited because of scarce information 

on the waste quantity, composition, and economic feasibility. To improve the status quo, a 

CBA model is developed and applied, consisting of a logistic simulation (i.e., non-household 

plastic waste collection), non-household plastic waste flows through mechanical recycling 

processes, and economic assessment of the mechanical recycling process. The urban areas of 

the City of GhentςBelgium and its twelve neighboring municipalities are considered in the 

system boundary. Particularly, three different collection frequencies (weekly, fortnightly, 

monthly) and two different mechanical recycling plant layouts (basic and advanced 

configuration) to deal with the non-household plastic waste from the considered urban areas 

are investigated and 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. The waste quantity and composition data are 

collected from real waste sampling in the City of GhentςBelgium. 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., contamination level at source 

separated waste) is carried out to assess the impact of poor source separation practices by 
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individuals (at offices, stores, schools, restaurants, etc.) on the overall non-household plastic 

waste recycling performance. Lastly, the last part of this chapter compares the greenhouse 

gas (GHG) emission (in kg CO2-eq) associated with producing regranulates from non-

household plastic waste recycling (mechanical) versus current virgin PE granulate production 

and PE waste incineration (i.e., current linear economy as benchmark). Therefore, the fourth 

objective of this PhD research is to investigate the economic feasibility of collecting and 

ǊŜŎȅŎƭƛƴƎ ǘƘŜ ΨŦƻǊƎƻǘǘŜƴΩ ƴƻƴ-household plastic film waste from urban areas complemented by 

its associated carbon footprint accounting. 

 In Chapter 6, the preliminary assessment of recycled content availability for household 

and non-household flexible packaging is investigated. A MFA model is developed to trace the 

flows of flexible packaging waste throughout end-of-life treatment in Europe in 2030, 

assuming that the flexible packaging design will improve (e.g., more mono-material in the 

market), more selective collection of flexible packaging at the source (e.g., more separate 

collection like P+MD system in Belgium), sorting yield for mono- and multi-material 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 and pyrolysis as 

complementary technologies to reach the (proposed) recycled content targets in Europe, 

namely: 35% recycled content for non-contact-sensitive and 10% recycled content for contact-

sensitive flexible packaging in 2030 (European Commission, 2022a). In this 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 quantity-based 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 based on the 

ŜŎƻƴƻƳƛŎ ŦŀŎǘƻǊǎ όƛƴ ϵκǘƻƴƴŜ ƛƴput to mechanical recycling or pyrolysis) 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 MFA in evaluating plastic 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 economy evaluation of plastic in Europe. 

 

 

Figure 1.7 General structure of the research, organization of the chapters and their link to 

research objectives. Abbreviations: Mechanical Recycling (MR), Chemical Recycling (CR), 

Solvent-based Recycling (SBR), Objectives (Obj.) 
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Chapter 2  

Current and future flows of plastic waste in Europe 

 

2.1 INTRODUCTION 

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 sent to recycling 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 approx. 15ς

33%, depending on the calculation methods (Plastics 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 recycling rate is calculated based on the quantity of recycled plastic production (after 

regranulation) over the total estimated plastic waste generated (i.e., reported plastic waste 

ǉǳŀƴǘƛǘȅ Ǉƭǳǎ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩύ ό!ƎƻǊŀ LƴŘǳǎǘǊȅΣ нлннύΦ !ŎŎƻǊŘƛƴƎ ǘƻ aŀǘŜǊƛŀƭ 9conomics 

(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 for (so-ŎŀƭƭŜŘ ΨƳƛǎǎƛƴƎ 

ǇƭŀǎǘƛŎΩύ ƛƴ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ŘŀǘŀōŀǎŜǎΣ ŜΦƎΦΣ ƳǳƴƛŎƛǇŀƭ ǿŀǎǘŜ ǎǘŀǘƛǎǘƛcs. Studies from Agora 

Industry (2022) and SYSTEMIQ (2022) estimate that 7ςмр aǘ ƻŦ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ŀǊŜ ΨƳƛǎǎƛƴƎΩ 

because of either underestimation of plastic in mixed (municipal) waste, underestimation of 

lifetime of plastic applications, or unidentified/undocumented flows (e.g., unauthorized waste 

treatment or exports of waste). [ƛƴƪŜŘ ǘƻ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩΣ ŀ ŦŜǿ ǎǘǳŘƛŜǎ ƘŀǾŜ also 

suggested that the flows of waste of electronic and electrical equipment (WEEE) and end-of-

life vehicles (ELVs) are prone to illegal (unauthorized) end-of-life treatment because of the 

economic value within the waste streams (e.g., critical raw materials) (Williams et al., 2020; 

.ŀƭŜŘ Ŝǘ ŀƭΦΣ нлмтύΦ aƻǊŜƻǾŜǊΣ ƻƴŜΩǎ ǿŀǎǘŜ ƳƛƎƘǘ ǎǘƛƭƭ ōŜ ƛƴǘŜǊŜǎǘƛƴƎ ŦƻǊ ǘƘŜ ƻǘƘŜǊǎ ό¢ƘŀǇŀ Ŝǘ 

al., 2023). From this perspective, a considerable quantity of WEEE and ELV are not necessarily 
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ŎƻƴǎƛŘŜǊŜŘ ŀǎ ΨǿŀǎǘŜΩ ōǳǘ ŀǎ ǎŜŎƻƴŘŀǊȅ ǇǊƻŘǳŎǘǎΦ ¢Ƙƛǎ ŎƻƴŘƛǘƛƻƴ ƛƴŎŜƴǘƛǾƛȊŜǎ ǎƘƛǇƳŜƴǘǎ ƻŦ 

WEEE and ELV to non-European countries when the cost of shipment is cheaper than domestic 

end-of-life treatment (Balde et al., 2017; Thapa et al., 2023). Thus, WEEE and ELV amongst 

other waste streams can be considered as ǇŀǊǘ ƻŦ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩΦ 

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 products manufacturers). 

For example, 55% of plastic packaging waste should be recycled by 2030 as stated in the 

Packaging and Packaging Waste Directive (PPWD) (European Commission, 2018c). Cars and 

electronic manufacturers also pledge to use 25ς30% of recycled plastic in 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 available in Table 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 Commission, 2022b). 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 difficult 

to achieve in Belgium and The 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 end-of-life vehicles (ELVs) are treated with less attention 

ǘƻ ǇƻƭȅƳŜǊ ǊŜŎƻǾŜǊȅ ŀƴŘ ǘƘŜ ΨǊŜǳǎŜ ŀƴŘ ǊŜŎȅŎƭƛƴƎΩ ǘŀǊƎŜǘ ŦǊƻƳ 9[± όƛΦŜΦΣ ур҈ύ ǎǘŀǘŜŘ ƛƴ ǘƘŜ 9ƴŘ-

of-Life Vehicles Directive (ELVD) is mainly achieved by recycling aluminum and metals from 

ELVs, leaving a substantial amount of plastic 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 the PPWD (Picuno et al., 2021; Antonopoulos et al., 2021; Lopez-Aguilar 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 are two-fold: 

implementation of plastic production and use-oriented solutions, and end-of-life (EoL) 

treatment-oriented solutions. Production and use-oriented solutions typically focus on 
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ƛƳǇǊƻǾƛƴƎ ǇǊƻŘǳŎǘǎΩ ŘŜǎƛƎƴ ŦƻǊ ŜŀǎƛŜǊ 9ƻ[ ǘǊŜŀǘƳŜƴǘ όƛΦŜΦΣ ŘŜǎƛƎƴ-for-recycling principles), 

reducing material complexity (e.g., by changing from multi- to mono-material), reducing 

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

fostering new delivery business models (e.g., through promoting reuse) (OECD, 2022; 

SYSTEMIQ, 2022; Feber et al., 2020). On the other hand, the EoL treatment-oriented solutions 

focus on improving the existing waste management infrastructure and 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 solvent-based recycling (SBR) is treating only less than 0.2 Mt of 

plastic waste in Europe (Plastics Europe, 2019a). However, MR faces several challenges in 

treating plastic waste, such as thermal-mechanical degradation, the presence of legacy 

additives and chemicals, and inadequate technical properties of the final regranulates 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; Arena and Ardolino, 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 improved extrusion (e.g., double melt filtration) (Bashirgonbadi 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 thermoplastics), 

substantial level of hazardous substances (e.g., legacy chemicals from flame retardants), or 

multi-material structures (e.g., fiber-reinforced composites or multilayer packaging) 

(Cardamone 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., dissolution-precipitation, deinking, 

delamination) will play a big role in the future plastic waste treatment in Europe (Simon and 

Martin, 2019; Iŀƴƴ ŀƴŘ /ƻƴƴƻŎƪΣ нлнлΤ /ǊƛǇǇŀ Ŝǘ ŀƭΦΣ нлмфΤ aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмύΦ ¢ƘŜǎŜ 

technologies are claimed to have a higher tolerance in dealing with contaminated and 

complex waste streams, i.e., waste streams that are not recycled yet due to the limitation of 
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current state-of-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 (treating non-recyclable mixed solid waste with 

400,000 tonne/year 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 Spain (treating 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 streams that otherwise would have been landfilled or 

ƛƴŎƛƴŜǊŀǘŜŘ ό!ǊŜƴŀ ŀƴŘ !ǊŘƻƭƛƴƻΣ нлннΤ aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмύΦ CǊƻƳ ŀ ƭƛŦŜ ŎȅŎƭŜ ǇŜǊǎǇŜŎǘƛǾŜΣ 

diverting plastic waste streams from landfill, incineration, and export outside Europe (e.g., to 

African and Asian countries; Huisman et al., 2012; Jacobs et al., 2018) leads to environmental 

benefits by simultaneously avoiding such sub-optimal 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; Civancik-Uslu, 

2021; Schwarz et al., 2021; Eschenbacher et al., 2022). However, while some studies have 

preliminarily investigated the environmental benefits (Arena and Ardolino, 2022; Vollmer et 

al., 2020; Civancik-Uslu, 2021; Jeswani et al., 2021) and technical feasibility (Kusenberg et al., 

2022a; Kusenberg et al., 2022b; Larrain et al., 2020; 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 such as 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). 

Nevertheless, such variety of outputs, while certainly contributing to plastic circularity, poses 

legal challenges as fuel- and energy-ƭƛƪŜ ƻǳǘǇǳǘǎ ŀǊŜ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ǳƴŘŜǊ ΨǊŜŎȅŎƭƛƴƎΩ ƛƴ ǘƘŜ 

Waste Framework Directive (WFD) (European Commission 2018a; European Commission, 

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 

quantitative evidence (and data available) on how big this contribution might 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 Europe. A prospective material flow 

analysis (MFA) model based on mass balance principles is developed and used. In prospective 

MFA, various scenarios are developed to evaluate the potential improvements within the 

plastic waste management system. The improvements can be associated with waste 

collection, sorting, and recycling phase, as well as the improvements in the production and 

use phase amongst others by varying the quantity and composition of the plastic waste 

generated in the future (Thomassen et al., 2022; Caro et al., 2023). For this purpose, six 

scenarios are developed and discussed: i) status quo scenario in 2018 (S0, as benchmark) and 

ii) five potential future scenarios in 2030 (S1 ς 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 investigates the contribution of processing the so-ŎŀƭƭŜŘ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎǎΩ 

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 

capability 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, namely: EoL recycling rates (EOL-RR), plastic-to-plastic (P2P), 

plastic-to-chemicals (P2C) and plastic-to-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 chemicals (e.g., wax, benzene, toluene, xylene from CR), 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 demand (per sector) in 2030. 

 

2.2 MATERIALS AND METHODS 

2.2.1 General 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 Europe, 2019b) with 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 



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

37 
 

et al., 2020). The ten polymers considered in scope within this study are (Linear) 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 (PUR), and 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, building and construction, 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 polymers 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 15ς25%, based on Plastics Europe, 2019a) and some polymer types (e.g., 

Polycarbonate or Poly(methyl methacrylate), etc.) in packaging, electronic and automotive 

ǎŜŎǘƻǊǎ όǳǇ ǘƻ ор҈ ƻŦ ΨƻǘƘŜǊ ǇƻƭȅƳŜǊǎΩΣ ōŀǎŜŘ ƻƴ tƭŀǎǘƛŎǎ 9ǳǊƻǇŜΣ нлмфŀ ŀƴŘ tƭŀǎǘƛŎǎ 9ǳǊƻǇŜΣ 

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: (i) a process 

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 the partitioning 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 system. Secondly, status quo scenario 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 

quantities, improvements 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 output (material 

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 standard deviation is calculated 

assuming a Triangular Distribution (TD) of the dataset and the values are selected based on 
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the relevant literature of plastic waste management in EU 27+3. Triangular Distribution is 

selected for this study, following Bisinella et al. (2016), mainly 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 

determining TCs used in the model (i.e., preferred min, max, and mode 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 added-value materials, such 

as oligomers, monomers, base chemicals, and hydrocarbons (solid, liquid, or gas) (Arena and 

Ardolino, 2022; Hann and Connock, 2020; Crippa et al., 2019; aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмύΦ /w ƛǎ ŀƴ 

umbrella term that has been used to cover a broader set of technologies (Hann and Connock, 

нлнлΤ aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмύΣ ǎǳŎƘ ŀǎ ǘƘŜǊƳŀƭ ŘŜǇƻƭȅƳŜǊƛȊŀǘƛƻƴ όƛΦŜΦΣ ǇȅǊƻƭȅǎƛǎ ŎƻǳǇƭŜŘ ǿƛǘƘ 

steam cracking or gasification coupled with Fischer-Tropsch Synthesis) and chemical 

depolymerization (i.e., glycolysis, methanƻƭȅǎƛǎΣ ŜǘŎΦύΦ {.w όŀƭǎƻ ƪƴƻǿƴ ŀǎ ΨǇƘȅǎƛŎŀƭΩ ƻǊ 

ΨƳŀǘŜǊƛŀƭΩ ǊŜŎȅŎƭƛƴƎύ ǊŜŦŜǊǎ ǘƻ ƳŀǘŜǊƛŀƭ ǊŜǇǊƻŎŜǎǎƛƴƎ ōȅ ƳŜŀƴǎ ƻŦ ŘƛǎǎƻƭǾƛƴƎ ǘƘŜ ǇƻƭȅƳŜǊ όƻǊ 

additives and pigments), in which the impurities is removed while the polymer is recovered 

through filtration or extraction phase (Crippa et al., 2019). A more detailed explanation of 

each technology at process level can be found in Appendix Aςsection 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 can be found in Figure 

2.1. The boundary comprises collection (i.e., source separation), sorting, and recycling, 

including the future potential plastic recycling using CR technologies in 2030. Figure 2.1 

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 found in Appendix Aς

section 2. There are three potential destinations of the plastic waste treatment: i) secondary 
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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 2.1). 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 (Ryberg 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 

ŎƻǳƴǘǊƛŜǎ ƛǎ ƳŜǊƎŜŘ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ΨƛƴŦƻǊƳŀƭ ǿŀǎǘŜ ǘǊŜŀǘƳŜƴǘǎΩ ŘǳŜ ǘƻ ƭƛƳƛǘŜŘ Řŀǘŀ ŀǾŀƛƭŀōƭŜ 

to estimate exact fate of these flows, which has been pointed out by previous studies (Material 

Economics, 2022; Agora Industry, 2022; SYSTEMIQ, 2022). Plastic packaging waste export 

(including non-household waste) usually occurs after a certain degree of source separation 

(and sometimes partial 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 countries) is poorly 

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; Lase et al., 2021). 

 In this study, six scenarios are modelled (Table 2.1): one scenario as benchmark (i.e. 

the status quo in 2018) (S0), and five potential future scenarios in 2030 (S1ςS5). 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., 2022). Table 2.1 also summarizes the 

supporting argumentations and assumptions of the five potential 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 quo scenario 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 UNEP 

Basel Convention; Lasaridi et al., 2018). It is important to note that indeed other scenarios 

might enroll in future work too, based on new developments and insights.  

S1 illustrates the improvements of current state-of-the-art plastic waste management 

systems, following the trends of increased (source separation) collection rates and improved 
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sorting and MR technologies (Maury et al., 2022; Lase et al., 2021; Antonopoulos et al., 2021). 

S1 assumes that only MR will be deployed to treat plastic waste. S2 ǎŜǊǾŜǎ ŀǎ ΨŜȄǇƭƻǊŀǘƛǾŜΩ 

projections, in which CR and SBR are assumed to outcompete MR (technologically and 

quantity wise) to deal with plastic waste. In S2, all sorted plastic waste, including the rejects 

from sorting and MR (i.e., 90ς100% of mass, SYSTEMIQ, 2022) and mixed waste streams (i.e., 

50ς80% of mass, SYSTEMIQ, 2022) are assumed to be processed via CR. S3 investigates 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., 1ς20% mass), including rejects (i.e., 90ς100% mass, SYSTEMIQ, 2022) and mixed 

waste streams (i.e., 50ς80% 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 S3 that 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 et al., 199фύΦ aŀƴȌǳŎƘ 

et al. (2021) and Kusenberg et al. (2022e) 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 scale up and optimize SBR technique (Jehano 

et al., 2022; Coates and Getzler, 2020; Tukker et al., 1999). Hence, S3 can also be perceived as 

Ψǎǳō-ƻǇǘƛƳŀƭΩ /w ŀƴŘ {.w ƛƳǇƭŜƳŜƴǘŀǘƛƻƴΣ ǿƘƛƭŜ aw ƛǎ ǎǘƛƭƭ ŎƘƻǎŜƴ ǘƻ ōŜ ǘƘŜ Ƴŀƛƴ ǊŜŎȅŎƭƛƴƎ 

technology. Furthermore, S4 investigates CR 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, 50ς

80% rejects, and 90ς100% 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, notably SYSTEMIQ, 

нлннΤ !ǊŜƴŀ ŀƴŘ !ǊŘƻƭƛƴƻΣ нлннΤ Iŀƴƴ ŀƴŘ /ƻƴƴƻŎƪΣ нлнлΤ aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмύΦ CƛƴŀƭƭȅΣ S5 

is identical to S4 ōǳǘ ŀŎŎƻǳƴǘǎ ŦƻǊ ǘƘŜ ŜȄǘǊŀ ǇƭŀǎǘƛŎ Ƴŀǎǎ όƛƴ ƪǘύ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ΨƳƛǎǎƛƴƎ 

ǇƭŀǎǘƛŎΩΣ ŀƴŘ ŜȄǇƭƻǊŜǎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ǇǊƻŎŜǎǎƛƴƎ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƻƴ ǘƘŜ ƻǾŜǊŀƭƭ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ 

ǇƭŀǎǘƛŎ ǿŀǎǘŜ ǘǊŜŀǘƳŜƴǘ ƛƴ 9¦ нтҌоΦ ²ƘŜƴ ǘƘŜ ǉǳŀƴǘƛǘƛŜǎ ƻŦ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ŀǊŜ ƴƻǊƳŀƭƛȊŜŘ ǘƻ 

the total plastic demand in Europe in 2019 and 2020 (Plastics Europe, 2020; Plastics Europe, 

2019b), they account for 15ς30% of the total plastic demand. A more detailed description of 
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the explorative future scenarios and improvements per sector is reported in Appendix Aς

section 2. 

 

 

Figure 2.1 Conceptual diagram of the end-of-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 (agriculture plastic 

waste), ASR (automotive shredder residue), CDW (construction and demolition waste), CFA 

(cooling and freezing appliance), EEE (electronic and electrical equipment), ELV (end-of-life 

vehicle), EPS (Expanded Polystyrene), HDPE (High Density Polyethylene), 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), SHA (small household appliance), TCs (transfer 

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

electrical plastic). 
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Table 2.1 Overview of the developed scenarios for the MFA of plastic waste in European Union 27+Norway, Switzerland, and the United Kingdom. 

ABS (Acrylonitrile Butadiene Styrene), APW (agriculture plastic waste), CDW (construction and demolition waste), CR (Chemical recycling), ELV 

(end-of-life vehicle), MR (Mechanical recycling). PE (Polyethylene), PA (Polyamide), PET (Polyethylene Terephthalate), PP (Polypropylene), PS 

(Polystyrene), PUR (Polyurethane), PVC (Polyvinyl Chloride), SBR (solvent-based recycling), TCs (transfer 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 

S0: Status quo in 2018 Benchmark (reference) scenario Flows of plastic waste in 2018 Not applicable Not applicable 

S1: Plastic waste 
treatment via MR in 
2030 

Improvement in waste collection rate, 
sorting, and MR in 2030 towards 
breakthrough of (currently) known 
best practices in 2022 based on  
previous studies (Maury et al., 2022; 
Lase et al., 2021; Antonopoulos et al., 
2021). 

Improved TCs of waste 
collection rate, sorting, and MR 
yield in 2030 towards. The 
rejects (from sorting and MR) 
and mixed waste streams are 
sent to residual treatment 

Not applicable Not applicable 

S2: Plastic waste 
treatment via CR and 
SBR in 2030 

Ψ9ȄǇƭƻǊŀǘƛǾŜΩ ǇǊƻƧŜŎǘƛƻƴǎ ƻŦ ǇƭŀǎǘƛŎ 
waste management in which CR and 
SBR options technologically 
outcompetes MR option 

All sorted plastic are sent to CR 
or SBR, including 50ς80% 
rejects from sorting and MR 
(assuming TD) and 90ς100% 
mixed waste streams (assuming 
TD) in 2030 

Dissolution-precipitation: 
o Sorted PVC and PS from CDW 

Chemical depolymerization: 
o Sorted PET bales (packaging 

sector) 
o Manually dismantled and post-

sorted PA and PUR from ELVs 
Pyrolysis with Steam Cracking: 

o Sorted PE film, PP film, PE rigid, 
PP rigid, mixed PO (film and 
rigid), and mixed plastic film 
bales (packaging sector) 

o Manually dismantled and 
sorted PP from ELVs 

o Sorted PP, PS and ABS from 
WEEP 

o Sorted PE and PP from CDW 
and APW 

Chemical depolymerization and 
dissolution-precipitation: 

o Polymer (and flakes for 
dissolution-precipitation) 

Pyrolysis with Steam Cracking: 
o Polymer 
o Base chemicals (e.g., wax, 

benzene, toluene, xylene, 
etc.) 

o Fuels (i.e., synthesis gas) 
Gasification with Fischer-Tropsch 
Synthesis: 

o Polymer 
o Base chemicals (e.g., tar, 

benzene, toluene, xylene, 
etc.) 

o Fuels (i.e., synthesis oil) 
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Gasification with Fischer-Tropsch 
Synthesis: 

o Rejects from sorting and MR 
o Mixed waste streams 

S3: Plastic waste 
treatment via MR and 
CR in 2030, in which 
MR option still 
technologically 
outcompetes CR and 
SBR options 

Ψ{ǳō-ƻǇǘƛƳŀƭΩ /w ŀƴŘ {.w 
implementation, while MR is still 
chosen as the main recycling option. 
Sub-optimal implementation is caused 
by operational (and technical) issues to 
scale up CR and SBR technologies to 
industrial scale (Jehano et al., 2022; 
Coates and Getzler, 2020; Tukker et 
al., 1999) and the need to optimize CR 
ŀƴŘ {.w ǘŜŎƘƴƻƭƻƎƛŜǎ όaŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ 
2021; Kusenberg et al., 2022e). 

Improved TCs of collection, 
sorting, and MR yield in 2030, 
while CR or SBR treats 1-20% 
mass (assuming TD) of sorted 
plastic waste from different 
sectors that is already sent to 
MR (in S1). Plastic waste in 
reject (50ς80%, assuming TD) 
and mixed waste streams (90ς
100%, assuming TD) are also 
sent to CR in 2030 

Dissolution-precipitation: 
o Sorted PVC and PS from CDW 

Chemical depolymerization: 
o Sorted PET bales (packaging 

sector) 
o Manually dismantled and 

sorted PA and PUR from ELVs 
Pyrolysis with Steam Cracking: 

o Sorted PE film, PP film, PE rigid, 
PP rigid, mixed PO (film and 
rigid), and mixed plastic film 
bales (packaging sector) 

o Manually dismantled and 
sorted PP from ELVs 

o Sorted PP, PS and ABS from 
WEEP 

o Sorted PE and PP from CDW 
and APW 

Gasification with Fischer-Tropsch 
synthesis: 

o Rejects from sorting and MR 
o Mixed waste streams 

Chemical depolymerization and 
dissolution-precipitation: 

o Polymer (and flakes for 
dissolution-precipitation) 

Pyrolysis with Steam Cracking: 
o Polymer 
o Base chemicals (e.g., wax, 

benzene, toluene, xylene, 
etc.) 

o Fuels (i.e., synthesis gas) 
Gasification with Fischer-Tropsch 
Synthesis: 

o Polymer 
o Base chemicals (e.g., tar, 

benzene, toluene, xylene, 
etc.) 

o Fuels (i.e., synthesis oil) 
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S4: Plastic waste 
treatment via MR and 
CR in 2030, in which CR 
options serve as 
complementary 
technology to treat 
waste streams that 
otherwise would be 
landfilled or 
incinerated 

CR as complementary technology to 
MR for waste streams that otherwise 
would be landfilled or incinerated such 
as mixed PO packaging (rigid and 
flexible) bales, mixed plastic packaging 
bales, rejects, and mixed waste 
streams. (SYSTEMIQ, 2022; Arena and 
Ardolino, 2022; Hann and Connock, 
нлнлΤ aŀƴȌǳŎƘ Ŝǘ ŀƭΦΣ нлнмύΦ 

Improved TCs of collection, 
sorting, and MR yield in 2030, 
while CR treats mixed PO bales, 
mixed plastic bales, mixed waste 
(90ς100%, assuming TD) and the 
reject streams from sorting and 
MR (50ς80%, assuming TD) in 
2030 

Relevant to S4 and S5: 
Chemical depolymerization: 

o Sorted PA from ELVs 
Pyrolysis:  

o Mixed Plastic bales and Mixed 
Polyolefin (MPO) bales 

Gasification:  
o Rejects from sorting and MR 
o Mixed waste streams 

Relevant to S4 and 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 Fischer-Tropsch 
Synthesis: 

o Polymer 
o Base chemicals (e.g., tar, 

benzene, toluene, xylene, 
etc.) 

o Fuels (i.e., synthesis oil) 
 

S5: Plastic waste 
treatment via MR and 
CR in 2030, in which CR 
options serve as 
complementary 
technology to treat 
waste streams that 
otherwise landfill or 
incinerated, including 
the ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛƴ 
2030 

 Identical to S4, with extra mass 
ŦǊƻƳ ŀŎŎƻǳƴǘƛƴƎ ǘƘŜ ΨƳƛǎǎƛƴƎ 
ǇƭŀǎǘƛŎΩ όtƭŀǎǘƛŎǎ 9ǳǊƻǇŜΣ нлнлΤ 
Plastics Europe, 2019b) 
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2.2.3.2 Transfer Coefficients 

For the purpose of calculating the uncertainty 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, can be found in Appendix A, Table A.1ςA.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 

complement the TCs presented and used by Watkins et al. (2020). Table A.1ςA.5 in Appendix 

A also provides 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 the (source separation) 

collection rate, sorting yield, 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; Global E-Waste 

Statistics Partnership, 2022; Eurostat, 2021; 2022b). From the linear regression calculations, 

the annual growth of the collection rates from 2018ς2030 are obtained. For the packaging 

sector, the projection is based on Hestin et al. (2017) in 2012ς2014. 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 2010 ς 2019. The 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 (Global E-Waste Statistics 

Partnership, 2022) over the collected WEEE (Eurostat 2022b) in 2015 ς 2019, 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 collection rates 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 implementation of best 

available technologies in sorting and recycling different polymers across different sectors by 

2035. The whole dataset in Table A.1ςA.5 is used to calculate the uncertainty of the flows in 

2030. Through this approach, the annual growth of sorting 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 found in Appendix A, Figure A.10ςA.22.  

 

2.2.3.2.2 Transfer coefficients of chemical and solvent-based recycling 

Pyrolysis, coupled with Distillation, Hydrotreatment, and Steam Cracker: The first steps of 

pyrolysis (after the plastic waste is separately collected and sorted) are shredding, cold 

washing (to remove contaminants like organic and inorganic residue; Larrain et al., 2021) and 

extrusion (using extrusive dehalogenation technique to remove substances like PVC and flame 

retardants; Kusenberg et al., 2022e). 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 hydrotreatment) 

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 Civancik-Uslu et al. (2021). The TCs from the cracking 

and condensation until (re)polymerization are obtained from literature (Civanvik-Uslu, 2021; 

Kusenberg et al., 2022a; Kusenberg et al., 2022b; Larrain et al., 2020; Jeswani et al., 2021; 

Genuino et al., 2022; Ghalomi et al., 2021; Zayoud et al., 2022; Kusenberg et al., 2022e). 

Gasification, coupled with Fischer-Tropsch Synthesis: the processing of mixed waste and reject 

streams (from sorting and MR) via gasification starts 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 Fischer-Tropsch Synthesis (FTS) to 

create monomers (incl. other base chemicals) that are used as feedstock for repolymerization 

processing. The TCs for converting plastic waste 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. (2008), and Jeswani et al. (2021). 
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Chemical depolymerization (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) and Lase 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). 

Solvent-based recycling (e.g., dissolution-precipitation) 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 

solvent-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 in Appendix A, Table A.6ςA.10. 

 

2.2.3.3 Waste categories and quantities 

2.2.3.3.1 Waste quantity in 2018 

Table A.11 shows the waste categories and quantities (in kilotonne, kt) 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 mono- and multi-layer flexible 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 Hestin et al. (2017), 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, 2020b). Lastly, the quantities of PP and ABS used 

in the electronic sector are estimated from Lase et al. (2021) and European Commission 

(2020c). 

 

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 2010ς2018 in packaging sector based on data 

availability for EU27+3 found in Eurostat (2022a), more in Appendix A, Figure A.23ςA.27. Later, 
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the information on the annual growth per sector is extracted and applied to estimate the 

quantities of waste in 2030 (see Table A.11). 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 & construction and agriculture sectors, historical waste quantity data by NACE activity 

(NACE F: Construction and NACE A: Agriculture, forestry, and fishing, respectively) are 

extracted from Eurostat (2022c). Overall the annual growth rates for packaging, ELV, WEEE, 

CDW, and APW are 1.4ς1.8%, 1.3ς1.6%, 1.1ς1.2%, 0.8ς0.9%, and 1.0ς1.1%, respectively. 

Detailed results of the projections and annual growth can be found in Appendix Aςsection 7. 

 

2.2.4 Circularity indicators 

The summary of the four circularity indicators can be found in Table 2.2 (Equation 2.1ς

2.8). In Figure 2.2, a conceptual diagram of life cycle of plastic is presented to show the 

calculation point of each indicator. The end-of-life recycling rate (EoL-RR) (measured in %) is 

calculated as the ratio between the total mass (in kt) of polymer and base chemicals 

(А + А  ) that is produced from the plastic waste treatments over the waste 

generated (А  ) (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 

ƻŦ ΨǊŜŎȅŎƭƛƴƎΩ ōȅ ǘƘŜ ²C5 ό9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ нлмуŀΤ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΣ нллуύΣ ǿƘƛŎƘ 

excludes materials (such as fuel) for energy usage. The plastic-to-plastic rate (P2P), plastic-to-

chemicals rate (P2C), and plastic-to-fuels rate (P2F) (measured in %) are described as the share 

of total mass (in kt) of plastic waste generated (А  ) that is converted into 

polymers (А ), base chemicals (А  ), and fuels (А ), respectively (Broeren 

et al., 2022; Arena and Ardolino, 2022). On the denominator, in S0ςS5, only the reported 

plastic waste (А  ύ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀƴŘ ƛƴ {р ǘƘŜ ǊŜǇƻǊǘŜŘ ǇƭŀǎǘƛŎ ǿŀǎǘŜ Ǉƭǳǎ ΨƳƛǎǎƛƴƎ 

ǇƭŀǎǘƛŎΩ όА   + А  ) is considered (see Figure 2.2). In all developed 

scenarios, the assumed legal waste export for recycling is not counted in the EoL-RR and P2P 

rate calculations. 
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Figure 2.2 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 mass/quantity. 

Abbreviation: EoL-RR (End-of-life recycling rate), P2C (plastic-to-chemicals), P2F (plastic-to-

fuel), P2P (plastic-to-plastic). 

 

 

System Boundary ïEU 27+Norway, 

Switzerland and the United Kingdom

Recyced content availability = 
EoL-RR = (in S0ïS4)

EoL-RR = (in S5)

P2P = (in S0ïS4)

P2P = (in S5)

P2C = (in S0ïS4)

P2C = (in S5)

P2F = (in S0ïS4)

P2F = (in S5)

Calculation points ïcircularity indicators
Calculation points ïrecycled content availability

= as accumulated products in use phase (EU 27+3 market) that are not entering the end-of-life yet
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Table 2.2 Summary of circularity indicators of plastic waste treatment, their corresponding definitions and formulas applied in this study, which 

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

Circularity indicators Definition Equation 

End-of-life recycling 
rates (EoL-RR) 

The total mass of plastic waste that is converted into secondary materials 
(polymers and base chemicals) over total plastic waste generation (i.e., 
reported plastic waste (in S0ς{пύ Ǉƭǳǎ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ όƛƴ {рύ ǳƴŘŜǊ ǘƘŜ 
ŘŜŦƛƴƛǘƛƻƴ ƻŦ Ψ1ǊŜŎȅŎƭƛƴƎΩ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ όнлмуŀΤ нллуύΣ 
excluding plastic waste-to-energy (e.g., hydrocarbons) 

ὉέὒὙὙ
АὴέὰώάὩὶ АὦὥίὩ ὧὬὩάὭὧὥὰί

АὶὩὴέὶὸὩὨ ύὥίὸὩ
 (in S0ςS4) (Equation 2.1) 

 

ὉέὒὙὙ
АὴέὰώάὩὶ АὦὥίὩ ὧὬὩάὭὧὥὰί

АὶὩὴέὶὸὩὨ ύὥίὸὩ АάὭίίὭὲὫ ὴὰὥίὸὭὧ
 (in S5) (Equation 2.2) 

Plastic-to-plastic rate 
(P2P) 

The total of plastic waste that is converted into new polymer over the total 
plastic waste generation 

ὖςὖ
АὴέὰώάὩὶ

АὶὩὴέὶὸὩὨ ύὥίὸὩ
 (in S0ςS4) (Equation 2.3) 

 

ὖςὖ
АὴέὰώάὩὶ

АὶὩὴέὶὸὩὨ ύὥίὸὩ АάὭίίὭὲὫ ὴὰὥίὸὭὧ
 (in S5) (Equation 2.4) 

Plastic-to-chemicals 
rate (P2C) 

The total of plastic waste that is converted into base chemicals over the 
total plastic waste generation 

ὖςὅ
АὦὥίὩ ὧὬὩάὭὧὥὰί
АὶὩὴέὶὸὩὨ ύὥίὸὩ

 (in S0ςS4) (Equation 2.5) 

 

ὖςὅ
АὦὥίὩ ὧὬὩάὭὧὥὰί

АὶὩὴέὶὸὩὨ ύὥίὸὩ АάὭίίὭὲὫ ὴὰὥίὸὭὧ
 (in S5) (Equation 2.6) 

Plastic-to-fuels rate 
(P2F) 

The total of plastic waste that is converted into fuels for energy use over the 
total plastic waste generation 

ὖςὊ
АὪόὩὰ

АὶὩὴέὶὸὩὨ ύὥίὸὩ
 (in S0 ς S4) (Equation 2.7) 

 

ὖςὊ
АὪόὩὰ

АὶὩὴέὶὸὩὨ ύὥίὸὩ АάὭίίὭὲὫ ὴὰὥίὸὭὧ
 (in S5) (Equation 2.8) 

1¢ƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ΨǊŜŎȅŎƭƛƴƎΩ ŀǎ ǎǘŀǘŜŘ ƛƴ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴ όнлмуŀΤ нллуύ ǊŜǇƻǊǘǎ ŀǊŜ Ψany recovery operation by which waste materials are reprocessed into products, 
materials or substances whether for the original or other purposes. It includes the reprocessing of organic material but does not include energy recovery and the reprocessing 
into materials that are to be used as fuels or for backfilling operationsΩΦ IŜƴŎŜΣ ƛǘ όƳŀƛƴƭȅύ ƛƴŎƭǳŘŜǎ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ǊŜŎȅŎƭƛƴƎ ōŀŎƪ ƛƴǘƻ ǇƭŀǎǘƛŎ ŦǊƻƳ ƳŜŎƘŀƴƛŎŀƭ ǊŜŎȅŎƭƛƴƎ ƛƴ нлмуΦ 
²ƘŜƴ ŎƘŜƳƛŎŀƭ ǊŜŎȅŎƭƛƴƎ ƛǎ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ нлолΣ ΨǊŜŎȅŎƭƛƴƎΩ Ŏŀƴ ƛƴŎƭǳŘŜ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ǊŜŎȅcling back into plastic or other materials for other purposes (e.g., base chemicals 
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 potential combined effects of variation of modelling parameters variability or 

the effects of modelling assumptions (Claverul et al., 2012). The 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 (Table A1ςA5 in Appendix 

A), rather than a single point estimate. Hence, the selected parameters are subjected to 

variability that can influence the model results. The uncertainty analysis is calculated assuming 

TD of the input parameters (i.e., the TCs). The uncertainty propagation method as suggested 

by Bisinella et al. (2016) is used in this research. For this, the Monte Carlo analysis with 1,000 

iterations using RiskAMP add-in of Microsoft Excel® is used to randomly sample a value within 

each uncertainty distribution and calculate the standard deviation, which is shown relative 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 4,090 kt ± 9% (i.e., 353 kt / 4,090 kt × 

100%). For the circularity indicators, if the EoL-RR is estimated to be 24% with ± 2% 

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 recycled plastic, 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 potential 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 (2020b) (details in Appendix A, 

Table A.12). Second, assuming 100% closed-loop recycling, i.e., no mass exchange between 

the sectors. The closed-loop recycling itself is defined as the use of recycled materials for the 

same market applications as that of its previous life cycle (UNEP, 2011), e.g., recycled plastics 

ŦǊƻƳ ǇŀŎƪŀƎƛƴƎ ǿŀǎǘŜ ƛǎ ǳǎŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ǎŜŎǘƻǊΦ ¢Ƙƛǎ ƛǎ ǇŜǊŎŜƛǾŜŘ ŀǎ ΨŜȄǇƭƻǊŀǘƛǾŜΩ ǇǊƻƧŜŎǘƛƻƴΣ 

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., 2017) at the time 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 2030 (Equation 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 elaborated in Appendix A, Figure A.28. It is 

important to note that the amount of plastic flowing from use phase to EoL phase 

(А  ) in 2030 is not the same as the plastic demand in 2030 (А  ) 

ōŜŎŀǳǎŜ ǎƻƳŜ ǇƭŀǎǘƛŎ ǿƛƭƭ ǊŜƳŀƛƴ ƛƴ ΨǎǘƻŎƪΩ όА ) depending on their lifespan distribution 

(Figure 2.2), as described by Lase et al. (2021). 

 

ὙὩὧώὧὰὩὨ ὧέὲὸὩὲὸ ὥὺὥὭὰὥὦὭὰὭὸώ 
  А   ȟ    

А    ȟ    
 ρππϷ (Equation 

2.9) 

 

2.3 RESULTS AND DISCUSSIONS 

2.3.1 Material flow analysis: status quo (in 2018) and future scenarios (in 2030) 

 The MFA results of the ten polymers over the different sectors are shown in Figures 

2.3Aς3F for S0 ς S5, respectively. Per sector, the Sankey diagrams can be found in Appendix 

A, Figures A.29-A.53, and the mass balances can be found in Table A.14.  

 In the status quo scenario (S0), it is estimated that 3,273 ± 9% kt of polymer (i.e., 

recycled plastic) is produced from plastic recycling systems in 2018, while 12,287 ± 3% kt 

plastic waste are sent for residual treatment and 1,805 ± 5% kt are sent to waste export and/or 

informal treatment (e.g., illegal export or unauthorized recycling by brokers or scraps dealers) 

(Figure 2.3A). 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, respectively. 

 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 to 10,277 ± 5% kt (Figure 2.3B), which is approx. 3.0 times higher than 

what is estimated for S0. 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 that 7,903 ± 6% kt of recycled plastic are produced together with 7,247 ± 6% kt of 

base chemicals and 1,189 ± 4% kt of fuel (Figure 2.3C). The recycled plastic production in S2 

(i.e., 7,903 ± 6%) is approx. 2.5 times higher than in S0. 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 Coefficients (TCs) retrieved from current data sources (see Table S7-S11), and, while 

potential improvements in the technology might still occur, it is nevertheless difficult to 

quantify technological learnings without an established history (as assumed for MR, sorting or 

collection rates).  

In Figure 2.3D and 2.3E, the MFA results display that 12,262 ± 6% kt and 12,740 ± 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 implementation of 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 considers only CR and SBR). In 

particular, the MFA results for S4 estimate that CR produces 3,110 ± 6% kt recycled plastic. 

This finding aligns with SYSTEMIQ (2022) and Caro et al. (2023) that 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 and 3,951 ± 6% kt (i.e., a reduction of 41% and 45% compared to S2, 

respectively), while the fuel production from the same scenarios is estimated to be 683 ± 4% 

kt and 628 ± п҈ ƪǘΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ CƻǊ {р όǘƘŜ ǎŎŜƴŀǊƛƻ ƛƴ ǿƘƛŎƘ ŜȄǘǊŀ Ƴŀǎǎ ŦǊƻƳ ǘƘŜ ΨƳƛǎǎƛƴƎ 

ǇƭŀǎǘƛŎΩ ƛǎ ǘǊŜŀǘŜŘ Ǿƛŀ /w ŀƴŘ awύΣ ǘƘŜ ǊŜŎȅŎƭŜŘ ǇƭŀǎǘƛŎΣ ōŀǎŜ ŎƘŜƳƛŎŀƭǎΣ ŀƴŘ ŦǳŜƭ ǇǊƻŘǳŎǘƛƻƴ 

from plastic waste is estimated to be 18,536 ± 6% kt, 5,556 ± 6% kt, and 881 ± 4% kt, 

respectively (Figure 2.оCύΦ ¢ƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛƴ ŦǳǘǳǊŜ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ǊŜŎȅŎƭƛƴƎ 

treatment, combined with complementarity between MR and CR, increases the total recycled 
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plastic production by 5.5 times relative to S0. This would allow reaching the recycled content 

target (section 2.3.3). 

 

 

 

[A] Aggregated flows of plastic waste treatment in S0

Color legend:

LDPE HDPE PP PET PS EPS PVC ABS PUR PA
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[B] Aggregated flows of plastic waste treatment in S1

Color legend:

LDPE HDPE PP PET PS EPS PVC ABS PUR PA

[C] Aggregated flows of plastic waste treatment in S2

Color legend:

LDPE HDPE PP PET PS EPS PVC ABS PUR PA
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Continue 

 

 

Continue 

 

[D] Aggregated flows of plastic waste treatment in S3

Color legend:

LDPE HDPE PP PET PS EPS PVC ABS PUR PA
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[E] Aggregated flows of plastic waste treatment in S4

Color legend:

LDPE HDPE PP PET PS EPS PVC ABS PUR PA
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Figure 2.3 Material flow analysis of the selected polymers throughout the waste management 

systems in EU 27+3 in 2018 and 2030 of S0 (3A), S1 (3B), S2 (3C), S3 (3D), S4 (3E) and S5 (3F). 

Values are in rounded in kilotonne, including the calculated standard deviation (in %). 

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

and/or informal waste treatment (e.g., illegal export or unauthorized recycling brokers/scraps 

dealers), mixed waste, reject (from sorting, washing, extrusion), and residual streams. The 

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

and fuel productions from chemical recycling, respectively. 

 

 

[F] Aggregated flows of plastic waste treatment in S5

Color legend:

LDPE HDPE PP PET PS EPS PVC ABS PUR PA
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2.3.2 Circularity of plastic value chain: to what extent can chemical recycling contribute to 

improve plastic recycling EU? 

Table 2.3 summarizes the results obtained for the circularity indicators (EoL-RR, P2P, 

P2C, and P2F rates) for scenarios S0 ς S5. The EoL-RR of plastic waste in S0 is 18% ± 2% in 

which the only contributor is P2P from MR. Significant improvements in the EoL-RR can be 

observed in all future scenarios (S1 ς S5). The overall EoL-RR in S1 (i.e., 49% ± 3%) is approx. 

2.7 times higher than in S0 (i.e., 18% ± 2%). For the S2, the EoL-RR (i.e., 73% ± 3%) is approx. 

4 times higher than in S0 and it is approx. 1.5 times higher than in S1. In S2, 38% ± 2% and 35% 

± 2% of the overall EoL-RR 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%) 

(Table 2.3).  

The results of circularity indicators for S3 and S4 estimate that the overall EoL-RR 

increases by approx. 4.5 times higher relative to S0 (Table 2.3). When comparing to S1, the 

EoL-RR of S3 and S4 (i.e., 78ς80% ± 3%) is 1.6 times higher, while when comparing to S2, the 

EoL-RR of S3 and S4 is 1.1 times higher. It is estimated that the EoL-RR in S3 and S4 comes 

from P2P from MR (41ς46% ± 3%), P2P from CR and SBR (15ς17% ± 1%), and P2C from CR (19ς

нл҈ ҕ м҈ύΦ ²ƘŜƴ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛǎ ƛƴŎƭǳŘŜŘ ƛƴ {рΣ ǘƘŜ 9ƻL-RR is identical to S4 however 

S5 produces more recycled plastics, base chemicals, and fuels as elaborated in the previous 

section (section 2.3.1). It is important to note that in this study the EoL-RR is calculated as the 

ǎƘŀǊŜ ƻŦ ǘƻǘŀƭ ǊŜŎȅŎƭŜŘ ǇƭŀǎǘƛŎ όŀƴŘ ōŀǎŜ ŎƘŜƳƛŎŀƭǎύ ƻǾŜǊ ǿŀǎǘŜ ƎŜƴŜǊŀǘŜŘ όƛƴŎƭΦ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ 

in S5) hence resulting the same EoL-RR in S4 and S5, but with different quantities involved. 

Furthermore, in all scenarios where CR options are implemented, the P2F rate is relatively low 

ranging from 3% (S3ςS5) to 6% (S2).  

In Appendix AςTable A.15 the plastic circularity per sector is presented. In status quo 

scenario (S0) the highest EoL-RR 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. (2022) study. In all 

future scenarios (S1ςS5), the EoL-RR will increase. In the most positive future scenarios (S4 

and S5) the highest EoL-RR is achieved by building and construction 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 increased EoL-RR in future 

scenarios by adding around 15ς18% ± 2% of P2C and 8ς25% ± 2% of P2P from CR and SBR, 
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while P2P from MR contributes 29ς56% ± 3% (Table S16). Relative to S0, improved MR, CR and 

SBR implementation can increase the EoL-RR by roughly 2ς5 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 S0 status 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) is lower than what is obtained for S1 (i.e., 49% ± 3%) where all sorted 

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

 

Table 2.3 Summary of the circularity indicators for all scenarios in 2018 (S0) and 2030 (S1ςS5). 

Values are rounded, including the standard deviation (in %). Acronyms: CR (chemical 

recycling), EoL-RR (end-of-life recycling rate), MR (mechanical recycling), P2C (plastic-to-

chemical), P2F (plastic-to-fuel), P2P (plastic-to-plastic), SBR (solvent-based recycling). 

1Overall Circularity Indicators S0 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% 

2EoL-RR 18% ± 2% 49% ± 3% 73% ± 3% 78% ± 3% 80% ± 3% 80% ± 3% 

1 ¢ƘŜ ΨƻǾŜǊŀƭƭΩ Řŀǘŀ Ǉƻƛƴǘǎ ǉǳŀƴǘƛŦȅ ǘƘŜ ǎǳƳ ƻŦ Ƴŀǎǎ ǉǳŀƴǘƛǘƛŜǎ όƛƴ ƪǘύ ŦǊƻƳ ŀƭƭ ǎŜŎǘƻǊǎ ŀƴŘ ŀƎƎǊŜƎŀǘŜŘ 
calculations for the circularity indicators. 
2 EoL-ww ŎƻƴǎƛŘŜǊǎ ƻƴƭȅ tнt ŀƴŘ tн/ ōŜŎŀǳǎŜ tнC ǊŜŎȅŎƭƛƴƎ ŘƻŜǎ ƴƻǘ ŎƻƴŦƻǊƳ ǘƻ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ΨǊŜŎȅŎƭƛƴƎΩ ƛƴ 
WFD (European Commission, 2018a; European Commission, 2008). 

 

2.3.3 Recycled content availability in 2030 

Figure 2.4 and Figure 2.5 summarize the potential recycled plastic (i.e., only P2P from 

MR, CR, and SBR) and recycled content (RC) availabilities in 2030 per sector. Figure 2.4 shows 

the results assuming that the share of recycled plastic uptake between sectors in 2018 is 

maintained in 2030 (i.e., closed-loop and open-loop recycling occur). For example, recycled 

plastic from plastic waste in packaging sector can be used for applications in packaging and 

other sectors too. In contrast, Figure 2.5 shows the results assuming 100% closed-loop 

recycling (i.e., the recycled plastic is used in the same sector where the waste is originated). 
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For example in Figure 2.4A, 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 Figure 2.4A). In Figure 2.5A, 

assuming 100% closed-loop 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. In Figure 2.пΣ ǘƘŜ ΨƻǘƘŜǊǎΩ ǎŜŎǘƻǊ ǊŜŦŜǊ ǘƻ ƘƻǳǎŜƘƻƭŘ ƎƻƻŘǎΣ 

furniture, textiles, sports equipment, etc. 

From Figure 2.4 it can be observed for all future scenarios (S1ςS5) a considerable 

ŀƳƻǳƴǘ ƻŦ ǊŜŎȅŎƭŜŘ ǇƭŀǎǘƛŎ ƛǎ ŘƛǾŜǊǘŜŘ ƛƴǘƻ ϥƻǘƘŜǊǎΩ ǎŜŎǘƻǊ όоΣстлς7,141 kt) and make the RC 

ŀǾŀƛƭŀōƛƭƛǘȅ ŦƻǊ ΨƻǘƘŜǊǎΩ ǎŜŎǘƻǊ ǘƘŜ ƘƛƎƘŜǎǘ ŀƳƻƴƎ ƻǘƘŜǊ ǎŜŎǘƻǊǎ όŦǊƻƳ оф҈ ƛƴ {н ǘƻ тт҈ ƛƴ {рύ. 

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 availability ranges 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 (from 170 kt in S2 to 415 kt in S5), and agriculture sectors (from 107 kt in S2 to 

фос ƪǘ ƛƴ {рύ ŀǊŜ ŎƻƴǎƛŘŜǊŀōƭȅ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ǇŀŎƪŀƎƛƴƎΣ ŎƻƴǎǘǊǳŎǘƛƻƴ ŀƴŘ ΨƻǘƘŜǊǎΩ ǎŜŎǘƻǊΦ 

These result in a considerably lower RC availability in automotive sector (6ς15%) and 

electronic sector (3ς11%). 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% closed-loop recycling is assumed (Figure 2.5), the packaging sector is 

expected to receive the highest amount of recycled plastics (i.e., 7,698ς11,430 kt), as 

expected, followed by the building and construction sector (i.e., 619ς2,107 kt) since most of 

the recycled plastics are produced from these sectors (see Appendix 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 lowest increase in the 

automotive sector (i.e., 1.5 times higher than assumed 2018 market uptake). As results, the 

RC availability increases to 35ς52% in packaging sector and 5ς38% in electronic sector. Still, in 

the automotive sector the RC availability increases to 5ς26% (Figure 2.5). Instead, as expected, 

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

maintained (open- and closed-loop, Figure 2.4), which reduces the RC availability to 5ς19%. 
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Figure 2.4 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 

[A] Packaging sector [B] Building and construction sector

[C] Automotive sector [D] Electronic sector

[E] Agriculture sector [F] óOthersô sector
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content (the dots, in %) assuming recycled plastic market uptake in 2018 based on Watkins et 

al. (2020) and European Commission (2020b). 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 sum of mechanical recycling and chemical recycling. 

 

  

  

[A] Packaging sector [B] Building and construction sector

[C] Automotive sector [D] Electronic sector
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Figure 2.5 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 

content (the dots, in %) assuming 100% closed-loop 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 sum of mechanical recycling 

and chemical recycling 

 

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

The MFA results of the status quo scenario (S0, 3,273 ± 9% kt) obtained in this study is 

comparable to the findings 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. In S0 (status 

quo 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, respectively. Several 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, 2014; Liang 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 EoL-RR) nor considered in the calculation of recycled content 

availability in EU27+3. The exact fate of the currently shipped waste, evolution of export 

quantities, and final geographical and technical destination should be subjected to future 

research. 

[D] Agriculture sector
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Looking at each future scenario in 2030 (S1ςS5), including when the CR and SBR are 

implemented, it can be observed that the recycled plastic produced from only CR and SBR 

implementation (S2; 7,903±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 observed 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) and Agora Industry 

(2022), which is 15%. Important aspects to consider when comparing these numbers are i) 

recycling rate measurement points (as numerator in the EoL-RR formula) and ii) total 

considered EoL plastic waste (as denominator in the EoL-RR formula). The reported EoL-RR 

from Plastics Europe (2019a; 2019b) (i.e., 33% EoL-RR) calculates the share of sorted plastic 

waste that is sent to recycling facilities (9.6 Mt as the numerator) over the reported waste 

quantities (29.1 Mt as the denominator), which increases the EoL-RR. The reported EoL-RR by 

tƭŀǎǘƛŎǎ 9ǳǊƻǇŜ όнлмфŀΤ нлмфōύ ŦǳǊǘƘŜǊ ŜȄŎƭǳŘŜǎ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ όƛΦŜΦΣ уς15 Mt) and, to a 

large extent, the losses from recycling, which inclusion will decrease further the EoL-RR. On 

the other hand, EoL-RR calculation by Material Economics (2022) and Agora Industry (2022) 

(i.e., 15% EoL-RR) consider the net recycled plastic production (6.7 Mt, after extrusion and 

ƭƻǎǎŜǎ ŦǊƻƳ ǊŜŎȅŎƭƛƴƎύ ŀǎ ǘƘŜ ƴǳƳŜǊŀǘƻǊ ŀƴŘ ǊŜǇƻǊǘŜŘ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ƎŜƴŜǊŀǘŜŘ Ǉƭǳǎ ǘƘŜ ΨƳƛǎǎƛƴƎ 

plŀǎǘƛŎΩ ŀǎ ǘƘŜ ŘŜƴƻƳƛƴŀǘƻǊ όƛΦŜΦΣ ŜǎǘƛƳŀǘŜŘ ǘƻ ōŜ пр aǘύΦ Lƴ ǘƘƛǎ ǎǘǳŘȅ ǘƘŜ 9ƻ[-RR is calculated 

based on the share of total recycled plastic production (plus base chemicals when CR is 

ƛƳǇƭŜƳŜƴǘŜŘύ ƻǾŜǊ ǘƘŜ ǘƻǘŀƭ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ƎŜƴŜǊŀǘƛƻƴ όƛƴŎƭΦ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛƴ {рύ όǎŜŜ 

Table 2.2).  

 

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 breaking down the 

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)polymerization (Tabrizi 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., monomers, chemicals, and hydrocarbon), it 

is important to clearly identify the potential quantities of each output to further distinguish 

recycled plastic production (i.e., plastic-to-plastic recycling) from the other outputs (e.g., 

plastic-to-fuel). This is also relevant to appropriately report the plastic recycling rate in Europe 

to monitoring the attainment of recycling targets, since the production of fuels (i.e., recycling 

ǇǊƻŘǳŎǘǎ ǘƻ ōŜ ǳǎŜŘ ŀǎ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ ƘȅŘǊƻŎŀǊōƻƴǎύ ƛǎ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ΨǊŜŎȅŎƭƛƴƎΩ 

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 potential contributions 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 producing valuable materials (e.g., wax, benzene, 

toluene, xylene, methane, propane, etc.) as suggested by previous studies (Civancik-Uslu, 

2021; Kusenberg et al., 2022a; 2022b; 2022c; Ghalomi et al., 2021; Zayoud et al., 2022), which 

might be used as feedstock 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 scenarios (S1ςS5), it can be noticed 

the most positive scenario with EoL-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 (S2, EoL-RR 73% ± 3%). The highest EoL-RR (80% ± 3%) is 

indeed achieved in S4 and S5. In these two scenarios, the EoL-RR reaches 80% ± 3% because 

of the contribution of improved MR (46% ± 3%) and complementary CR (34% ± 1%), where, 

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 possible, i.e. 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 such as by adding catalysts, hydrocracking, etc. 
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(Kusenberg et al., 2022e, Kusenberg et al., 2022a). A study from Eschenbacher et al. (2022) 

suggests that the yield of olefins (i.e., C2ςC4) 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 Commission, 2018a) cannot be achieved 

only by improving the current waste management treatments (i.e., collection, sorting, and 

MR) as the estimated EoL-RR in S1 is 49% ± 3%. The CR and SBR options will contribute to 

reach the recycling targets set by PPWD, as the EoL-RR is expected to increase 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 15ς38% ± 2% and 20ς35% ± 2% to the EoL-RR in packaging sector 

(i.e., 73ς81% ± 3%) in S2ςS5, respectively. The contribution of CR and SBR options to increase 

the EoL-RR 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, 

Table A.15). Furthermore, the findings from this study (in Table A.16) 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 plausibility-ŎƘŜŎƪǎ ƻƴ ǎǘŀƪŜƘƻƭŘŜǊǎΩ 

pledges. For example, it can be observed that the recycled plastic produced from only CR and 

SBR of plastic (S2; 7,903 ± 6% 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 Plausibility-checks 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 transparency of 

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 (Tabrizi et al., 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 plastic-based items) by taking 

into account the quantities of recycled plastic produced annually. This MFA model 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., 3,670ςтΣмпм ƪǘύ ƳƛƎƘǘ ōŜ ǳǎŜŘ ƛƴ ǘƘŜ ΨƻǘƘŜǊǎΩ ǎŜŎǘƻǊ όƛΦŜΦΣ ƘƻǳǎŜƘƻƭŘ 

goods, textile, etc.) as open-loop recycling in 2030. In other words, if 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,  25ς30% RC target in electronic 

sector (Sandoval, 2018, Lase et al., 2021)  will not be met as only 11% of RC would be available 

ŀǘ ǘƘŜ Ƴƻǎǘ ǇƻǎƛǘƛǾŜ ǎŎŜƴŀǊƛƻ όƛΦŜΦΣ /w ƛǎ ƛƳǇƭŜƳŜƴǘŜŘ ŀƴŘ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ƛǎ ŀŎŎƻǳƴǘŜŘ ŦƻǊΣ {р 

in Figure 2.4D). Similarly, the RC targets in automotive sector (i.e., 20ς25% 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 Figure 2.4C). For electronic and automotive sectors, the RC 

ǘŀǊƎŜǘǎ Ŏŀƴ ƻƴƭȅ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ǘƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ /w ƻǇǘƛƻƴǎΣ ǇǊƻŎŜǎǎƛƴƎ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩΣ 

and closed-loop recycling (S5 in Figure 2.5C and 2.5D).  

The findings on RC availability can be used to formulate targets for the each sector, 

e.g., packaging. It can be observed that around 35ς52% of RC will be available for packaging 

sector in 2030, assuming closed-loop recycling (i.e., S1ςS5 in Figure 2.3A). 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. Therefore, the findings 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 end-of-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 2030 is 

projected using historical data, while widespread implementation of production and use-

oriented solutions such as waste reduction, re-use, re-fill, etc. are not yet considered in this 

study.  In future, several scenarios can be deployed to improve the recycling rate. In first 
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instance, stretching the possibilities of current commercially used mechanical recycling 

technologies can lead to an overall end-of-life recycling rate up to 49% in 2030. Results of this 

study show that the implementation of chemical and solvent-based recycling technologies 

bring positive impacts towards the end-of-life-recycling rate as plastic-to-plastic and plastic-

to-chemicals recycling (from chemical recycling) will increase the rate up to 80%. In this most 

positive scenario (and potentially the most realistic one), chemical recycling becomes 

complementary (and not competitive) to improved mechanical recycling. In this scenario, 

plastic-to-plastic rate of 61% can be achieved (46% from mechanical recycling and 15% from 

chemical recycling), with an additional plastic-to-chemical rate of 19%. In all cases, plastic-to-

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 closed-loop, chemical and solvent-based recycling, and 

ǇǊƻŎŜǎǎƛƴƎ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ ŀǊŜ ŀƭƭ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ŀŎŎƻǳƴǘŜŘ ŦƻǊ ƛƴ ǇƭŀǎǘƛŎ ǿŀǎǘŜ ǘǊŜŀǘƳŜƴǘΦ 

/ŀǇǘǳǊƛƴƎ ŀƴŘ ǘǊŜŀǘƛƴƎ ǘƘŜ ΨƳƛǎǎƛƴƎ ǇƭŀǎǘƛŎΩ Ŏŀƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜ ǘƘŜ recycled plastic 

production and this contribution appears necessary to be able to reach the recycled content 

targets in some sectors (i.e., 25ς30% recycled content targets in new electronic products in 

2030). For policy makers, the approach (i.e., mass balance 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 and future flows of plastic from WEEE recycling 

 

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 advancements, falling prices, 

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 of EEEs, it is expected that the quantities of 

WEEE will reach 115 Mt by 2050 (Parajuly et al., 2019; Baldé et al., 2017). Moreover, plastics 

have been widely used in EEEs and from the total collected post-consumer plastics waste in 

2018, 6% was found in WEEE. However, the EEE industry only procures 2% of total recycled 

plastics (as regranulates) in the same evaluation year (PlasticsEurope, 2019b). The 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 production 

(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 resources. Particularly 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, 2022b; 2018d; 2012). With legislation towards increased recycling of WEEE and 

also Plastics from WEEE ς known as WEEP ς pushing on the market, electronic producers have 

responded by pledging to use at least 25ς30% of regranulates in EEEs by 2025 or 2030 (Philips, 

2020; Electrolux Group, 2020; Whirlpool 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 pledges to use recycled 

material (i.e., recycled content targets). However, 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 WEEE (Thiébaud et al., 2017a; 2017b). 

Moreover, Thiébaud et al. (2017b) and Kawecki et al. (2018) have also 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 technologies. 

Such estimations require high-quality data on product sales and lifespan distributions 

of EEE. The dynamic socio-economic conditions and the fact that EEE are often not disposed 

of immediately at the end-of-life, but rather end up in so-ŎŀƭƭŜŘ ΨǎǘƻŎƪǎΩΣ Ŏŀnnot be easily 

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 uncertainty due to complex socio-economic 

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 of socio-economic 

situations is not fully captured (Tran, 2018). Furthermore, 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 the establishment of sustainable end-markets for the uptake of 

regranulates are actually feasible. In this context, multivariate input-output analysis (MIOA) 

combined with material flow analysis (MFA) are perceived as suitable tools to answer the 

above mentioned questions because these approaches can better predict future WEEE 

generation (Wang et al., 2013; Wang, 2014). Additionally, 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 steps: separate collection (i.e., source 

separation), pre-processing, and end-processing (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 shavers can easily 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 service lifetime 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 high-quality 

materials for recycling processes (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 end-processing step that converts WEEP from flakes into granulates via extrusion 

(Cherrington & Makenji, 2019; Ragaert et al., 2017). Unfortunately, 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, a significant 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 & Sareen, 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 in WEEP, the 

Restriction of Hazardous Substances (RoHS) Directive was put into force in 2006, and 

continuously updated (RoHS Guide, 2020; European Commission, 2011). An example of 

hazardous substances, namely brominated flame retardants (BFRs), has been observed to 

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; Julander et al., 2005; Sjödin 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 the future requires 

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 approach thus 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 

quantification of the annual regranulates production. This research consists of 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 identify the 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 historical product 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 recycled content, introducing scenarios with improvements in the WEEE 

ǊŜŎȅŎƭƛƴƎ ŎƘŀƛƴ ŀƴŘ ŎƘŀƴƎŜǎ ƛƴ ǾŀŎǳǳƳ ŎƭŜŀƴŜǊǎΩ ƳŀǘŜǊƛŀƭ ŎƻƳǇƻǎƛǘƛƻƴΦ !ǎ ǎȅǎǘŜƳ ōƻǳƴŘŀǊȅ 

of this study, we focus on Belgium and The Netherlands and focus on three selected small 

household appliances (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 highest plastics 

concentration among other EEEs and inherently different equipment in this category 

(European Committee of Domestic Equipment Manufacturers, 2017). 

According to a study by Rames 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 designs and 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 machines in 

Europe belongs to the semi- and fully-automated 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, Löv & Fetene, 

2012). Although the market data belongs to the European market condition, it is assumed that 

Belgium and The Netherlands 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 plastics and 27% 

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, Gallego-Schmid et al., 2016). For the coffee 

machine, drip filter coffee machines are made of 55% mixed plastics and 45% non-plastics. Of 

this 55% mixed plastics, 95% is PP and 6% is a combination of Polycarbonate (PC) and PVC. 

The remaining 45% of non-plastics are copper, glass, alloy steel, and 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 regardless of the difference in models (Rietzler, M. et al., 2016; 

Löv 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 of 
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this research focuses on evaluating the current WEEE management systems from disposal 

phase by the consumers until the end-of-life (EoL). The functional unit (FU) used in evaluating 

the current state of WEEE management systems in Belgium and The Netherlands corresponds 

to the treatment of one ton (1000 kg) of mixed WEEP and 200 kg of imported WEEE from 

vacuum cleaners, coffee machines, and electric shavers waste after being thrown away by the 

consumers. The second part of this research (more in section 3.2.3) 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 2030 [WEEP(t,n)] 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 processes and 

flows of the selected (W)EEE products and WEEP in Belgium and The Netherlands mainly 

because of the data availability (Figure 3.1). This WEEE management system is organized by 

different WEEE collectors and recyclers in Belgium and The Netherlands (Recupel, 2018; 2013, 

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 phase). At this 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 WEEE management and (2) 

informal WEEE management systems (Figure 3.1). 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 Belgium and The Netherlands, and it is also the consumers' 

behaviour that mainly acts as the crucial determining factor of where WEEEs are going to be 

processed. WEEE may enter recycling facilities via 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 collected WEEE 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 3.1 is listed in Table 3.1. All collection, sorting and recycling efficiencies of these 

processes are indicated by ḽ symbol and mass fractions are indicated by  ˃symbol. When 

consumers decide to dispose of their EEEs, waste can be formally collected (ḽCol) via WEEE 

collectors, repair centers, or take-back schemes. The take-back scheme refers to authorized 

WEEE collectors in Belgium and The Netherlands, e.g., Recupel and Wecycle, respectively. In 

fact, the majority of WEEE (85%) is collected via take-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., 2012). At the repair centers, WEEE will be checked, and the 

repairable items will be sent for reuse purposes (R˃U) (De Meester et al., 2019). However, in 

this research, we assumed that no products are reused because vacuum cleaners, coffee 

machines, and electric 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; Recupel, 2018; 2013; 

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, called pre-processing (ḽQCDS) 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 the selected EEEs. This process is crucial in the entire WEEE recycling chain 

because it determines the extent to which the materials are appropriately sent to the proper 

separation and end-processing step. It is also found that good practice of pre-processing 

treatment can upgrade valuable substances 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 to dry and wet separation (ḽS) and compounding (ḽC). Typical examples of wet and dry 

separation technologies are near-infrared (NIR), sink-floats, magnetic and eddy current 

separations (Van Eygen et al., 2016; Menad, 2016; Makenji and Savage, 2012; Van Schaik and 

Reuter, 2012). Once the plastics material has been size reduced and 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; Ragaert et al., 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 the lower (technical) limits of using regranulates (in EEE sector), 

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 the informally collected WEEE (ḽInfCol) are 

incineration όI˃NC) or export stream όE˃x). Landfilling has been banned in Belgium and The 

Netherlands (Plastics Europe, 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, real-time 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 seem to exist in Belgium and 

The Netherlands. Hence, an unidentified stream is introduced into the system boundary, 

which was also suggested in several national WEEE reports in Belgium and The Netherlands 

(Recupel, 2018; 2013; Huisman et al., 2012). 
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Figure 3.1 Overview of vacuum cleaners, coffee machines, and electric shavers lifecycle from 

the production to recycling phase in Belgium and The 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 3.1 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 ḽCol 49 (%) (Recupel, 2018; National (W)EEE Register, 

2019; Global E-Waste Statistics 
Partnership, 2020) 

WEEE to informal systems ḽInfCol 51 (%) 

Post-disposal      
Imported WEEE i˃mport 20* (%) 

(Recupel, 2018; Huisman et al., 2012) 
WEEE to reuse R˃u 0 (%) 

Pre-processing ḽQCDS 48 (%) 

(De Meester et al., 2019; Van Eygen et al., 
2016) 

Dry and wet separation ḽS 90 (%) 
Compounding ḽC 90 (%) 

WEEE to incineration I˃NC 21 (%) 
WEEE to export E˃x 10 (%) 
Unidentified Stream - 20 (%) 

*Import WEEE equals to 20% of the total WEEE generated in each evaluation year (Recupel, 2018; 
Huisman et al., 2012) 

 

3.2.2.3 Description of mathematical framework used in material flow analysis 

Based on Figure 3.1, 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 the aggregated mixed WEEP (1000 kg) and imported WEEP (200 
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kg) from the selected EEEs in the evaluation year n [W(n)] with the collection (ḽCol), pre-

processing (ḽQCDS), separation (ḽὛ), and compounding (ḽὅέ) efficiencies. The mathematical 

expression of annual regranulates production from the formal WEEE management system is 

shown in the Equation 3.1: 

 

╡▄▌►╪▪◊■╪◄▄ ▬►▫▀◊╬◄░▫▪ █►▫□ ╦╔╔╔ ►▄╬◐╬■░▪▌ ╦ ▪  z ╒▫■ ╦ ▪ᶻ

 А░□▬▫►◄z   ╠╒╓╢z  ╢  z  ╒▫      ◄▫▪▪▄▼ Ⱦ ◐▄╪►

 Equation 3.1 

 

However, 51% of the total WEEP generation are forwarded to informal WEEE 

management systems (ḽInfCol). 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 value 

is used, which was derived from the literature (Recupel, 2018; 2013; Huisman et al., 2012). 

The mathematical expression to quantify WEEP to export and incineration can be seen in 

Equation 3.2 and Equation 3.3, respectively: 

 

ὡὉὉὖ ὸέ Ὁὼὴέὶὸ ὡ ὲ ὼ А            ÔÏÎÎÅÓ Ⱦ ÙÅÁÒ Equation 3.2 

 

ὡὉὉὖ ὸέ ὍὲὧὭὲὩὶὥὸὭέὲ ὡ ὲ Аz ὡ ὲᶻ ᶻρ ὡ ὲᶻ

ᶻ ᶻρ  ὡ ὲᶻ ᶻ ᶻ ᶻρ ὡ ὲᶻ

 А ᶻρ ὡ ὲ  zА ᶻ ᶻρ  ὡ ὲ  zА ᶻ

ᶻ ᶻρ      ÔÏÎÎÅÓ Ⱦ ÙÅÁÒ Equation 3.3 

 

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). This is the remaining portion of WEEE that is neither 

being sent for energy recovery nor exported. The mathematical expression to quantify the 

unidentified stream is as follows: 

 

ὟὲὭὨὩὲὸὭὪὭὩὨ ὛὸὶὩὥά ὡ ὲ ὼ  А  А  ÔÏÎÎÅÓ Ⱦ ÙÅÁÒ Equation 3.4 
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3.2.3 Multivariate Input-Output Analysis 

In WEEE management systems, an accurate quantitative estimation of WEEE generation and 

composition is complicated. To address this challenge, multivariate input-output analysis 

(MIOA) developed by Wang et al. (2013) is applied. The MIOA considers socio-economic 

dynamics of electronic products flowing into the society (sales), then accumulate in the 

technosphere (stock), and eventually reaching the end-of-life 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 distribution (Wang et al., 

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 apply a model developed by Wang et al. (2013) to 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 fixed, normally average, 

product lifespan (Parajuly et al., 2017). This approach generally describes the percentage and 

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 in the market have 

different obsolescence rate and have satisfied their service lifetime and storage time. 

The result of this modeling, which is the disposal age composition in evaluation year n 

[W(t,n)], is combined with MFA to quantify the recycling rate and regranulates production 

from WEEE recycling process. The MIOA method incorporates historical sales data [POM (t)] 

and EEE lifespan distribution profile [(L(p)(t,n)] computation in determining total outflow of 

WEEE in the evaluation year 2030.  

 

3.2.3.2 Mathematical framework of multivariate input-output analysis 

The term disposal age composition of WEEE [W(t,n)] describes the amount of WEEE 

from the past (year t) being disposed of in the evaluation year n, in which n 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 using Equation 3.5: 

 

ὡ ὸȟὲ В ὖὕὓ ὸȟὲ ὼ  ὒ ὸȟὲ   ÔÏÎÎÅÓ Ⱦ ÙÅÁÒ Equation 3.5 

 

The amount of WEEE generation W(t,n) is the multiplication of vacuum cleaner, coffee 

machine, and electric shaver sales (POM) and lifespan distribution profiles [(L(p)(t,n)]. Product 

sales data are obtained from the Eurostat database and National WEEE Report (Eurostat, 

2022b; Recupel, 2018; National 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 awaȅ ōȅ ǘƘŜ ŎƻƴǎǳƳŜǊǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ΨƘƛōŜǊƴŀǘƛƻƴΩ ǘƛƳŜΦ aƻǊŜƻǾŜǊΣ ǘƘŜ ²Ŝƛōǳƭƭ 

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 aligns with the 

fact that the characteristics of EEE lifespan can differ depending on the technological 

development or socio-economic conditions (Tran, 2018; Wang, 2014; Nordic Council, 2009). 

Detailed information related to the product sales data and its calculation is summarized in 

Appendix Bςsection 1.  

The lifespan distribution [(L(p)(t,n)] describes the probable obsolescence rate of EEEs in 

evaluation year n of the batch of products sold in historical year t. In other words, lifespan 

distribution denotes the probability (shown in percentage, %) of products being sold in the 

past (year t) that will become waste in evaluation year n. The mathematical equation of 

selected electronic products' obsolescence rate is presented in Equation 3.6, which is 

developed and validated by Wang et al. (2013) and Wang (2014): 

 

ὒ ὸȟὲ   ὲ ὸ Ὡ
 

  Ϸ    Equation 3.6 

 

Here, the shape parameter ‌(t) and scale parameter ‍(t) are used for the computation 

of lifespan distributions (Equation 3.6). The shape parameter, ‌(t), is the failure or obsolete 

rate of EEEs while the scale parameter, ‍(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., 2013). 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 research, the shape and scale 

parameter data are obtained from Eurostat database and previous research (Eurostat, 2022b; 

Forti et al., 2018; Wang, 2014). Detailed Weibull parameters data can be found in Appendix 

Bςsection 2. 

Thereafter, 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 section 3.2.1). The mathematical expression to quantify total plastics for each the 

selected WEEE can be found in Equation 3.7. 

 

ὡὉὉὖ ὸȟὲ Вὡ ὸȟὲ ὃzὺὩὶὥὫὩ ὖὰὥίὸὭὧί ὅέὲὸὩὲὸ Ϸ  ÔÏÎÎÅÓ Ⱦ ÙÅÁÒ Equation 3.7 

 

Finally, once the mass of WEEP generated in 2030 [WEEP(t,n)] has been calculated, the 

material flow analysis through the formal and informal WEEE management systems are 

investigated. The flow of WEEP in 2030 can be quantified by replacing the functional unit (1000 

kg) of aggregated mixed plastics [W(n)] with the mass of WEEP [WEEP(t,n)] to Equation 3.1 ς 

3.4. 

 

3.2.4 Sensitivity analysis and scenario analysis 

Sensitivity analysis is conducted to identify the weight (influence) of a parameter in the 

case-specific model or study towards model results (Bisinella et al., 2016). In Chapter 3, a 

sensitivity analysis is performed on some of the selected parameters to identify which 

parameter has more influences on the model results and needs more attention in future 

research. Moreover, a sensitivity analysis in Chapter 3 is also carried out to identify 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 from 0 ς 100% one by one while 

maintaining the remaining parameters 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, which is separate 
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ŎƻƭƭŜŎǘƛƻƴ ǊŀǘŜ όḳCol), pre-ǇǊƻŎŜǎǎƛƴƎ όḳQCDSύΣ ŘǊȅ ŀƴŘ ǿŜǘ ǎŜǇŀǊŀǘƛƻƴ όḳSύΣ ŎƻƳǇƻǳƴŘƛƴƎ όḳCo), 

and the WEEE import stream.  

Lastly, a prediction of how changes in collection rate, pre-processing efficiency, and 

material composition impact recycling rate or regranulates availability was elaborated. In the 

coming years, three trends are expected to occur simultaneously: collection rates should 

increase, pre-processing efficiency might improve, and 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. The change 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 electronic components, which reduce the share of 

plastics content to 55% (Parajuly et al., 2016). As for pre-processing technology, we assume 

that recyclers will keep improving their technologies. Therefore, three different scenarios 

were performed in which the parameters are varied simultaneously. Ultimately, the time in 

which the recycling target would be achieved can be revealed.  

Three scenarios are developed namely base, intermediate, and positive scenarios. In 

the base scenario, the collection rate is expected to have an incremental increase of 1.4% 

annually (Global E-Waste Statistics Partnership, 2020). The market share of RVC is expected 

to increase by 1.5% annually (Rames et al. 2019). Lastly, in this scenario, we also assume that 

the efficiency of pre-processing technology will have an incremental increase of 1.4% annually 

similar to the collection rate. For the intermediate and positive scenarios, the incremental 

increase of the collection rates, pre-processing efficiency, and market share of RVCs are 

assumed to be slightly higher, 3% and 5% respectively. Detailed information about the 

incremental changes can be found in Appendix Bςsection 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 can be seen in Figure 3.2. The 

summary of mass balances within the investigated system can be found in Table 3.2. From 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 pre-processing technology. Instead, the recycling rate of mixed WEEP to 

regranulates is only 22%, i.e. equal to 268 kg in Figure 3.2. 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. These findings 

demonstrate the limitation of the current recycling technologies in producing high-quality 

regranulates from mixed WEEP, which are actually intended to be recycled content in high-

end applications (e.g. closed-loop recycling).  

When looking at the pre-processing step, plastics can be lost for several reasons. 

Dismantling and depollution is labor-intensive, in which trained labors manually dismantle 

hazardous substances and electronic components (e.g., copper cable and battery) from WEEE 

on moving conveyor belts (Makenji and Savage, 2012; Menad, 2016), which is a phase that is 

typically not dedicated to the plastic fraction (Buekens and Yang, 2014). Next to that, 

commonly used mechanical shredder based processing still underperforms related 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 to other elements. 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 work fine to remove metals at 

a size of 1 ς 150 mm, but sensor-based technologies, like near-infrared 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 not met (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 integration between one pre-processing step to another becomes crucial 

(Maisel et al., 2020). 
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Figure 3.2 Flows of aggregated mixed WEEP (1000 kg) from vacuum cleaners, coffee machines, 

and electric shavers within the current WEEE management system in Belgium and The 

Netherlands. 

 

Table 3.2 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 The Netherlands WEEE management systems. 

 Unit Aggregated Mixed WEEP from Selected Products 

Total aggregated mixed WEEP kg 1000 

WEEP Entering Recycling Chain   
Formally collected kg 490 

¶ via take-back scheme kg 416 

¶ via other WEEE collectors kg 37 

¶ via repair centers kg 37 

Imported WEEE kg 200 
Plastics at Recycling Facility   

Pre-processing kg 690 

¶ to separation process kg 331 

¶ to incineration (residue) kg 359 

Dry and wet separation kg 331 

¶ to compounding process kg 298 

¶ to incineration (residue) kg 33 

Compounding kg 298 

¶ to secondary materials kg 268 

¶ to incineration (residue) kg 30 

Outputs   
Regranulates kg 268 
To Incineration kg 632 
Exported  kg 100 
Unidentified Stream kg 200 

 



Chapter 3 ς Waste estimation and plastic recycling from WEEE 
 

89 
 

3.3.2 Improving the current WEEE management systems: Belgium and The Netherlands case 

The result of sensitivity analysis of the current formal WEEE management system is 

presented in Figure 3.3. The x-axis shows the parameter values of collection rates, recycling 

efficiencies, and import stream from 0% ς 100% while the y-axis shows the WEEP recycling 

rate. The current state of the WEEE management system, with 49% collection rates, 48% pre-

processing efficiency, 90% dry-wet separation and compounding efficiencies, and 20% import 

stream indicates that we can recycle 22% of WEEP back to granulates. If the flow of import 

stream is excluded in the calculation, the recycling rate drops from 22% to 19%, as shown by 

horizontal orange dashed line Figure 3.3. 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 Figure 3.3 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 pre-processing technology to 64% (purple line), or importing more 

WEEE up to 40% of the annual WEEE generation in Belgium and The 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 in improving 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 educated about the separate 

collection of WEEE as well as the awareness to bring their used EEEs to the collection points. 

Pre-processing can still be improved a lot for better plastics recycling by, for example, 

promoting design for recycling of EEEs. While mechanical recycling 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 the component 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 EEEs 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 Commission, 2018d; 2012). 

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 and The Netherlands, as shown by the green line on Figure 

3.3. 

 

 

Figure 3.3 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., 

separate collection rate from 0% to 100%, shown in green line) while keeping the other 

parameters constant (i.e., pre-processing, dry and wet separation, compounding, and import). 

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

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 of status quo recycling 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 found in Figure 3.4. The 

summary of total selected WEEEs generation can be found in Table 3.3. From 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 would be disposed of by 
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the consumers in Belgium and The Netherlands 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 Figure 3.4A) describes the probability of vacuum cleaners 

purchased in 2012, 2017, and 2022 to be disposed of in 2030 are 2%, 4%, and 6% respectively.  

 ¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘƛǎ ǇǊƻƧŜŎǘƛƻƴ ŀǊŜ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ²Ŝƛōǳƭƭ ǇŀǊŀƳŜǘŜǊǎ ʰ ŀƴŘ ʲ ǘƘŀǘ 

establish a different disposal rate for every electronic product. In Figure 3.4A and Figure 3.4C, 

we can observe that a fair quantity of vacuum cleaners and electric shavers waste disposed in 

2030 might originate from the products purchased between 1990 ς 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 (Figure 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 disposal of 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 consumers' possession before 

finally discarded and brought to the WEEE collection points. In Figure 3.4, the sum of vacuum 

cleaners that was purchased between 2020 ς 2029 accounts for 75% of the total vacuum 

cleaner waste in 2030 while the same purchasing period accounts for 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 encounter hazardous substances therein, which will be 

discussed in the next section. 

 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 (Table 3.1), 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 tonnes of WEEP will be potentially recycled from the 
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selected WEEEs while a total of 23.557 tonnes of plastics will be sent for incineration, 

exported, or undocumented (Figure 3.5).  

If there is a status quo in the collection and separation efficiencies, the potential use 

of recycled content of plastic in 2030 would thus remain in 19% (assuming closed-loop 

recycling within EEE sector). This value might even decrease because the regranulates can also 

be used in other industries such as automotive or construction (open-loop recycling). 

Nevertheless, to achieve ambitious recycling targets and pledges related to use of recycled 

content, these parameters would thus need to improve. 

 

 

(A) Vacuum cleaners 

 

(B) Coffee machines 
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(C) Electric shaver 

Figure 3.4 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 composition, shown 

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

 

Table 3.3 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 
Waste 

Coffee Machine 
Waste 

Electric Shaver 
Waste 

Total Mass of WEEE tonnes 21.722 11.621 5.951 

¶ Mixed WEEP tonnes 15.857 6.392 3.035 

¶ Other materials tonnes 5.865 5.229 2.916 

WEEP Entering Recycling Chain     

¶ Collected WEEP tonnes 7.770 3.132 1.487 

¶ Import WEEP tonnes 3.171 1.278 607 

WEEP at Recycling Facility     

¶ Pre-processing tonnes 10.941 4.410 2.094 

¶ Dry and wet separation tonnes 5.252 2.117 1.005 

¶ Compounding tonnes 4.727 1.905 905 

Outputs     

¶ Regranulates tonnes 4.254 1.715 814 

¶ To Incineration tonnes 10.018 4.038 1.916 

¶ Exported WEEP tonnes 1.586 639 304 

¶ Unidentified Stream tonnes 3.171 1.278 607 
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Figure 3.5 Estimated flows of mixed WEEP from vacuum cleaner, coffee machine, and electric 

shaver waste towards different end-of-life final destinations in evaluation year 2030 (only 

expressed in tonnes of mixed WEEP in respective electronic product based on material 

composition explained in section 3.2.1) 

 

3.3.4 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, pre-processing 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 69% by 2030. For 

the intermediate scenario, the collection rates and pre-processing efficiency increase up to 

69% and 78% respectively, while the plastics content will drop to 66% by 2030. Lastly, the 

collection rates and pre-processing efficiency will increase up 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 the Appendix Bςsection 3. 

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 pre-processing 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 be unfeasible (red 

line in Figure 3.6). As we accelerate the improvement of collection rates and pre-processing 

technologies the ambition to use 30% recycled content of plastic can be achieved in 2022 or 

2023 for positive and intermediate scenarios respectively (blue and green line in Figure 3.6). 

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. 

 

 

Figure 3.6 Prediction of the availability of recycled plastics from the formal WEEE management 

system for base scenario (red line), intermediate scenario (blue line), and positive scenario 

(green line). 

 

3.3.5 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 inherited risk 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; Sjödin et al., 2001). Despite the restriction of BFRs 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 products. Figure 3.7 reveals the 

predicted portion of mixed WEEP from the selected products that 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 of BFRs still 

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., 2019; Wagner 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 Deca-BDE and the group of PBDEs. According to the WEEE 

Directive Annex VII, WEEP containing POP BFRs has to be removed and treated at a specialized 

WEEE recycling facility to not end up in the regranulates (Haarman et al., 2020; European 

Commission, 2012). The recycling facility shall ensure the segregation 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 XRT, XRF or density 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 secondary resource. 

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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Figure 3.7 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 Figure 3.4, which implies that the WEEP originated from products being sold before 

the effective implementation of RoHS Directive in 2006. 

 

3.5 CONCLUSION 

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 techniques are applied to 

investigate the current and future performance of WEEE management systems, with a focus 

on the SHA category and a geographical scope of Belgium and The Netherlands. 

 Our findings suggest that the plastics recycling rate from WEEE in Belgium and The 

Netherlands is 22% when the import streams are included and 19% without the import 

streams. A sensitivity analysis highlights the limitation of current pre-processing technology 

and collection schemes, which have become the WEEE management systemsΩ bottleneck. The 

model's outputs also suggest that the target to recycle and use 25% of plastics from WEEE can 

be achieved by improving the collection rate or pre-processing technologies efficiency to at 

least 64%. Moreover, there is plenty of room for improvement to go beyond the established 

target by improving the collection and pre-processing 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 recycled plastics 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 pre-processing 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 accomplished 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% and 2,3% of WEEP 

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 might still need to be separated in 2030 

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

 

 



 
 

99 
 

 

CHAPTER 4: RECYCLING PERFORMANCE OF AN 

IMPROVED MECHANICAL RECYCLING PROCESS FOR 

HOUSEHOLD FLEXIBLE PLASTICS 

 

 

 

 

Redrafted from: 

Lase, I.S., Bashirgonbadi, A., van Rhijn, F., Dewulf, J., Ragaert, K., Delva, L., Roosen, M., 

Brandsma, M., Langen, M., De Meester, S., 2022. Material Flow Analysis and Recycling 

Performance of an Improved Mechanical Recycling Process for Post-Consumer Flexible 

Plastics. Waste Management 153, 249ς263. DOI 10.1016/j.wasman.2022.09.002 

 

With additions of economic and cost-benefit analysis modeling from: 

Bashirgonbadi, A., Lase, I.S., Delva, L., Van Geem, K., De Meester, S., and Ragaert, K. 2022. 

Quality Evaluation and Economic Assessment of an Improved Mechanical Recycling for Post-

Consumer Flexible Plastics. Waste Management 153, 41ς51. DOI 10.1016/j.wasman.2022.08.018 

  



 
 

100 
 

 

This page is intentionally blank. 

 



Chapter 4 ς Waste management of post-consumer household flexible plastics 
 
 

101 
 

Chapter 4  

Material flow analysis, recycling performance, and economic balance 

of an improved mechanical recycling process for post-consumer 

household flexible plastics 

 

4.1 INTRODUCTION 

4.1.1 General overview of the flexible packaging waste management 

Management of post-consumer flexible packaging (PCFP) waste from households is 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, which is 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 plastics, design for recycling efforts should 

further be introduced such as changing the design from multi- to mono-material, and changing 

the business model such as building reuse or refill stations (SYSTEMIQ, 2022; OECD 2022; 

Feber et al., 2020). Next to this, also the waste management infrastructure of PCFP can be 

further improved such as establishing separate collection (i.e., source separation), sorting 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 PCFP. To improve this, several 

options exist, including improved mechanical recycling, chemical recycling (e.g., pyrolysis), 

solvent-based recycling (e.g., dissolution-precipitation or delamination), and energy recovery 

(Horodytska et al. 2019; Civancik-Uslu et al., 2021; Larrain et al., 2021; 2020; Ragaert et al. 

2017; Simon and Martin, 2019; Vollmer et al. 2020; Ügdüler 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; Schwarz et al., 2021; 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 requirement for increased 

recycling rates is urgent, and thus it is crucial to assess how far currently available technologies 

Ŏŀƴ ōŜ ΨǇǳǎƘŜŘΩ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǇǊƻŎŜǎǎ ȅƛŜƭŘ ŀƴŘ ǊŜƎǊŀƴǳƭŀǘŜǎΩ ǉǳŀƭƛǘȅ ŦǊƻƳ t/Ct ǊŜŎȅŎƭƛƴƎΦ 

Therefore, this study focuses on assessing the potential improvement in terms of process yield 

ŀƴŘ ǊŜƎǊŀƴǳƭŀǘŜǎΩ ǉǳŀƭƛǘȅ ƻŦ ƳŜŎƘŀƴƛŎŀƭ ǊŜŎȅŎƭƛƴƎ ƻŦ t/Ct ōŀǎŜŘ ƻƴ ǇƻǘŜƴǘƛŀƭ ŦƭƻǿǎƘŜŜǘǎ ǘƘŀǘ 

are proposed by industry with technologies that are commercially used (e.g., 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; Tanguay-Rioux et al., 2022;  Kessler Consulting, 2009), Europe (Picuno 

et al., 2021; Kleinhans et al., 2021a; 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 

optical sorters for recycling (Tanguay-Rioux et 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 bales 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 are flexible plastics 

(consumer and industrial plastics), in which ~3.7 million tonnes become PCFP (KIDV, 2020; 

PlasticsEurope, 2021; Eunomia, 2020). Flexible plastics, also referred as films, includes bags, 

pouches, envelopes, sachets, and wraps which are widely used as consumer packaging with 

the main function 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 and reduce (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 

(Ügdüler et al., 2021; Horodytska et al., 2018). The main polymers for PCFP are the polyolefins 

(PO) low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), and 

polypropylene (PP) (CEFLEX, 2020; Horodytska et al., 2018; Faraca & Astrup, 2019). Flexible 

plastics can be produced from a single component or can be multi-layered, consisting of 

different material types such as polymers (e.g., PO, Polyethylene Terephthalate (PET), 

tƻƭȅŀƳƛŘŜ όt!ύΣ 9ǘƘȅƭŜƴŜ ±ƛƴȅƭ !ƭŎƻƘƻƭ ό9±hIύΣ ΧύΣ ǇŀǇŜǊΣ ŀƭǳƳƛƴǳƳΣ ƻǊ ŀƴȅ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ 

these. These films may be transparent, printed, coated and/or laminated. It is estimated that 

around 20% (750 kilotonne) of the total PCFP are multi-material and between 70 ς 80% (~3 

million tonne) are reported as mono-material 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, 2018c). 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, 2022b; 2020b). The EU has also recently 

ǇŀǎǎŜŘ ŀ ǘŀȄ ƻƴ ǇƭŀǎǘƛŎǎ ǿŀǎǘŜ ǘƘŀǘ ŎƘŀǊƎŜǎ ϵулл ǇŜǊ ǘƻƴƴŜ ƻŦ ƴƻƴ-recycled plastic packaging 

waste (European Commission, 2020b). However, 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 exported (Lopez-Aguilar 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 rigid plastics packaging, metals, and beverage carton (e.g., 

in P+MD system in Belgium). When source separated, PCFP are sent for sorting and recycling 

(Kleinhans et al., 2021a; Picuno et al., 2021; Horodytska et al., 2018; Brouwer et al., 2018).  

A typical PCFP waste treatment can be seen in Figure 4.1. Correctly 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 are: (i) bale rich in PE film and 

(ii) bale rich in PO film, in which >70% of PCFP is forwarded to these two bales at MRF level 

(Antonopoulos et al., 2021; Kleinhans et al., 2021a; Picuno et al., 2021; Mastellone et al., 2017; 
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/ƛƳǇŀƴ Ŝǘ ŀƭΦΣ нлмсύΦ hƴŜ ƻŦ ǘƘŜ ǎǘŀƴŘŀǊŘǎ ǳǎŜŘ ŦƻǊ ōŀƭŜǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴ ƛǎ Ψ5ǳŀƭŜǎ {ȅǎǘŜƳ 

5ŜǳǘǎŎƘƭŀƴŘ ό5{5ύ DƳōIΩΣ ǿƘƛŎƘ ƛǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ŀƴŘ ŀŎŎŜǇǘŜŘ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ǘƻ ōŜƴŎƘƳŀǊƪ 

quality of the sorted bales in Europe (Der Grüne Punkt ς Duales System Deutschland GmbH, 

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

310-1 and DSD 323-2 bales, respectively. 

Thereafter, the two sorted bales are sent to recycling facilities to be reprocessed into 

ǊŜƎǊŀƴǳƭŀǘŜǎΣ ƛƴ ǿƘƛŎƘ ǘƘŜ ΨǊΩ ƛǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ǊŜŦŜǊǊƛƴƎ ǘƻ ŘƛŦŦŜǊŜƴǘ ǊŜƎǊŀƴǳƭŀǘŜ 

types (Figure 4.1). Mechanical recycling is to date the most commonly used technique to 

ǇǊƻŎŜǎǎ t/Ct ǿŀǎǘŜΦ ! ǘȅǇƛŎŀƭ ŎƻƴǾŜƴǘƛƻƴŀƭ ƳŜŎƘŀƴƛŎŀƭ ǊŜŎȅŎƭƛƴƎ όǿƛƭƭ ōŜ ŎŀƭƭŜŘ ΨŎƻƴǾŜƴǘƛƻƴŀƭ 

ǊŜŎȅŎƭƛƴƎΩ ŦǊƻƳ ƘŜǊŜŀŦǘŜǊύ ƻŦ 5{5 омл-1 bale consists of shredding, additional (yet limited) 

optical sorting based on near-infrared (NIR) technology, washing, density separation, 

mechanical and thermal drying, and extrusion (Ragaert et al., 2017; Faraca & Astrup, 2019; 

Brouwer et al., 2018; Faraca et al., 2019; Civancik-Uslu et al. 2021). In the conventional 

recycling, PCFP waste is shredded into flakes and washed to remove the contaminants such 

as organic remnants, wood, rocks, sand, and metals. In the water-based medium, PO will 

mostly float and the other materials will mostly sink. After being dried using mechanical and 

thermal drying, PCFP waste undergoes a final regranulation step by extrusion (Ragaert et al., 

2017; Larrain et al., 2021). Regranulation of PCFP flakes is usually processed at 180 ς 220°C, 

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 from 60 ς 80% depending on the input 

quality (sorted bales) and efficiency of the recycling equipment (Picuno et al., 2021; 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 polymer compositions, 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 remains even after washing and separation 

processes leading to recycling issues, which must be removed from the stream to allow more 

closed-loop 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 with virgin or 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 above-mentioned challenges highlight 

the importance of improving current mechanical recycling 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 (Figure 4.1) for PCFP waste is proposed by CEFLEX, called the quality 

recycling process (QRP), that consists of additional sorting and either Tier 1 or Tier 2 recycling 

processes (Mosora, 2020). QRP can be perceived as a more elaborated route to the current 

conventional recycling process. As shown in Figure 4.1, QRP could start from DSD 310-1 and 

DSD 323-2 bales created at MRFs, in which QRP adds additional sorting (called QRP additional 

sorting in this research) to these bales prior to the actual recycling process (either Tier 1 or 

Tier 2 recycling). 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. More information on QRP 

can be found in section 4.2.2.3. 
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Figure 4.1 A conceptual figure depicting PCFP waste treatment in Europe (adapted from 

Picuno et al., 2021; Antonopolous et al., 2021; Kleinhans et al., 2021a; CEFLEX, 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 studied systems 

based on quantity or quality indicators (Kleinhans et al., 2021a). Quantity indicators refer to 

the amount of valuable products created from sorting or recycling facilities and the amount 

of recovered material (Roosen et al., 2022; Kleinhans et al., 2021a). Quality indicators refer 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 of the regranulates (Eriksen & Astrup, 

2019; Eriksen et al., 2018; Vadenbo et al., 2016). These studies also link the contamination 

level (i.e., non-polymer 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 


























































































































































































































































































































































































































































































































































































































































