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A B S T R A C T

Plastics enable our present lifestyle and, at the same time, negatively impact
the environment, among others by contributing to climate change. A way
to reduce greenhouse gas emissions from both plastics production and
end-of-life incineration is recycling.

One method to recycle plastics is mechanical recycling, which keeps
the main structure of the constitutive polymer chains intact and the input
material composition largely unchanged. Alternatively, plastics can be
recycled via solvent-based processes that are potentially able to remove
plastic additives, or chemically by decomposing and reassembling the
polymer chains. Plastic recycling rates are low today. To which extend
mechanical, solvent-based and chemical recycling may be increased has
so far not been well assessed. The same applies to the environmental
impact reduction that can potentially be accomplished by means of plastic
recycling, which depends on the achievable circularity. Environmental
benefits arising from increased circularity are to a large extent due to the
avoidance of primary material production. Therefore, a crucial aspect in
circularity assessments is whether secondary materials gained via certain
recycling pathways are able to substitute primary materials. This issue
has only insufficiently been considered in previous studies. Moreover,
environmental impacts of solvent-based and chemical recycling processes
have not been enough understood for evaluating their potential to achieve
environmental benefits.

This thesis conceives a circular future plastics material flow system,
comprising a combination of mechanical, as well as chemical and solvent-
based recycling, and quantifies its potential environmental impacts. Thereby,
central attention is given to designing a recycling system that can deliver
secondary materials able to substitute primary resources. The analysis is
comprehensive, covering 90% of all plastics used today, while the data
resolution regarding plastic types and products is exceptionally high. This
allows for a reliable assessment. The geographical scope is Switzerland,
which can be considered representative for the European situation because
of similar product portfolios and available waste treatment technologies.

As a basis for the assessment, the status quo of plastic recycling in
Switzerland is analyzed by means of a material flow analysis for the year
2017. The whole plastics life cycle is considered, including utilization of
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secondary materials gained from mechanical recycling. The latter has been
the predominantly used plastic recycling technology in practice worldwide.
Based on the secondary material utilization pathways identified, it is in-
vestigated whether application restrictions resulting from the quality of
recycled plastics are expected to pose a limitation to increased recycling.
For a scenario of increased waste collection without any changes to the
remaining recycling system, recycling restraints are likely to arise from con-
fined secondary material usability. The latter is, therefore, considered when
designing and assessing a scenario of maximum mechanical recycling for
the year 2040. Means utilized for increasing recycling include, among others,
aligned product design, increased waste collection, and more specific waste
sorting. The sensitivity of the results regarding secondary material shares
utilizable in products is determined. Mechanical recycling is prioritized
over other recycling routes, being able to provide higher environmental
benefits. To which extent mechanical recycling may be complemented with
solvent-based and chemical recycling, applied for composite or very diverse
waste streams, is investigated. Thereby, different recycling process config-
urations and product compositions are regarded. The impact assessment
focuses on climate change due to relevance as well as availability of data
and assessment methods.

The departing situation for the system assessed involved an overall plastic
recycling rate of only 10%. Important recycling barriers are the large diver-
sity in plastic grades, inaccessibility of waste, and contamination. These
challenges make it technically and effort-wise very demanding to convert
more than 30% of plastic waste to utilizable secondary material via mechani-
cal recycling. However, in addition, 39–55% of plastic waste may be recycled
chemically or by means of solvents in the medium term. The plastic carbon
footprint may be reduced by up to 18–26% by mechanical recycling com-
pared to complete waste incineration, depending on the secondary material
usability in products. An additional reduction of 6–39% may be achieved
by chemical or solvent-based recycling, the environmental performance
of these recycling methods being strongly dependent on process choice
and configuration. An impact reduction of similar extent as achievable by
recycling (41%) may, however, also be achieved by equipping plastic waste
incineration plants with carbon capture facilities.

The results of this thesis show that increasing the circularity of plastics
can constitute one contribution to mitigating climate change, having the
potential to save an amount of greenhouse gas emissions corresponding to
almost 3% of today’s total carbon footprint for Switzerland. For exploiting
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this potential, however, technical hurdles regarding the implementation of
all options to increase recycling that were assessed still need to be overcome.
In addition, an economically favorable situation or legal requirements likely
need to be established. The scientific contribution of this thesis consists in
improving the methodology for assessing environmental benefits achiev-
able via increased resource circularity. This is achieved by proposing a way
to consider limits regarding secondary material usability in assessments,
providing high-resolution material flow data that enables realistic estima-
tions of mass-based recycling potentials, and advancing the environmental
assessment of chemical and solvent-based plastic recycling.

Besides recycling, there are further measures to reduce the carbon foot-
print of plastics. These include plastics production from renewable resources
with low-carbon energy, the application of other circular economy strategies
such as refuse, reuse or repair, or an alternative waste treatment such as
landfilling, which may be investigated in future studies. However, plastics
do not only contribute to climate change but also have other types of envi-
ronmental impacts that were not covered in this assessment. These include
potential health risks arising from hazardous plastic additives or adverse
effects of plastics reaching into water bodies or soil. Recommendations for
future studies, therefore, are to gather further data on plastic additives use,
properties, and fate, as well as on environmental consequences of plastics
in natural settings, for developing assessment methods that allow to take
these aspects into account. Along with environmental implications of plastic
recycling, impacts and benefits regarding other sustainability pillars should
be evaluated and considered in decision making.
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Z U S A M M E N FA S S U N G

Kunststoffe ermöglichen unseren gegenwärtigen Lebensstil und haben
gleichzeitig negative Auswirkungen auf die Umwelt, unter anderem durch
ihren Beitrag zum Klimawandel. Eine Möglichkeit, sowohl Treibhausga-
semissionen der Kunststoffproduktion, als auch ihrer Verbrennung am
Nutzungsende zu reduzieren, besteht darin, Kunststoffe zu recyceln.

Eine Recyclingmethode für Kunststoffe ist mechanisches Recycling, bei
welchem die Hauptstruktur der Polymerketten, die das Grundgerüst von
Kunststoffen bilden, intakt und die Materialzusammensetzung weitgehend
unverändert bleibt. Alternativ können Kunststoffe mittels lösungsmittelba-
sierter Prozesse oder chemisch recycelt werden, wobei Erstere in der Lage
sein können, Kunststoff-Zusatzstoffe zu entfernen, während bei Letzterem
die Polymerketten zerlegt und neu zusammengesetzt werden. Die Recy-
clingraten von Kunststoffen sind aktuell niedrig. Inwieweit mechanisches,
lösungsmittelbasiertes und chemisches Recycling gesteigert werden können,
wurde bislang nicht ausreichend untersucht. Gleiches gilt für die potenziell
durch Kunststoffrecycling erzielbare Reduktion negativer Umweltauswir-
kungen, die von der erreichbaren Zirkularität abhängt. Die durch erhöhte
Zirkularität entstehenden Umweltvorteile resultieren zu einem grossen Teil
aus der Vermeidung von Primärmaterialproduktion. Ein entscheidender
Aspekt bei Zirkularitätsbeurteilungen ist daher, ob Sekundärmaterialien,
die über bestimmte Recyclingwege gewonnen wurden, in der Lage sind,
Primärmaterialien zu ersetzen. Dieser Gesichtspunkt wurde in früheren
Studien nur unzureichend berücksichtigt. Darüber hinaus war das bisheri-
ge Verständnis der Umweltauswirkungen von lösungsmittelbasierten und
chemische Recyclingprozessen nicht ausreichend, um deren Potenzial zur
Erzielung von Umweltvorteilen zu bewerten.

Diese Arbeit konzipiert ein zirkuläres zukünftiges Kunststoff-Materialfluss-
System, das eine Kombination aus mechanischem sowie chemischem und
lösungsmittelbasiertem Recycling beinhaltet, und quantifiziert dessen po-
tenzielle Umweltauswirkungen. Dabei liegt der Schwerpunkt darauf, ein
Recyclingsystem zu entwerfen, das Sekundärrohstoffe erzeugt, die in der
Lage sind, Primärmaterial zu substituieren. Die Analyse ist umfassend,
sie deckt 90% aller heute verwendeten Kunststoffe ab, während die Daten-
auflösung hinsichtlich Kunststoffarten und -produkten aussergewöhnlich
hoch ist. Dies ermöglicht eine zuverlässige Bewertung. Den geografischen
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Rahmen für die Untersuchung bildet die Schweiz, die aufgrund ähnli-
cher Produktportfolios und verfügbarer Abfallbehandlungstechnologien als
repräsentativ für die europäische Situation angesehen werden kann.

Als Grundlage für die Bewertung wird der Status quo des Kunststoffre-
cyclings in der Schweiz anhand einer Materialflussanalyse für das Jahr
2017 untersucht. Der gesamte Kunststoff-Lebenszyklus wird berücksichtigt,
einschliesslich der Verwendung von Sekundärmaterialien, die über mecha-
nisches Recycling gewonnen werden. Letzteres ist die weltweit in der Praxis
überwiegend verwendete Kunststoff-Recycling-Technologie. Auf Grundlage
der identifizierten Verwendungspfade für Rezyklat wird untersucht, ob zu
erwarten ist, dass Anwendungseinschränkungen, die sich aufgrund der
Qualität von Sekundärkunststoffen ergeben, eine Begrenzung für erhöhtes
Recycling darstellen. Für ein Szenarium erhöhter Abfallsammlung ohne
anderweitige Änderungen am bestehenden Recyclingsystem ist es wahr-
scheinlich, dass das Recycling durch eine begrenzte Verwendbarkeit des
Sekundärmaterials beschränkt wird. Letztere wird daher bei Entwurf und
Bewertung eines Szenariums maximalen mechanischen Recyclings für das
Jahr 2040 berücksichtigt. Verwendete Mittel zur Recycling-Steigerung sind
unter anderem vereinheitlichtes Produktdesign, erhöhte Abfallsammlung
und eine spezifischere Abfallsortierung. Die Sensitivität der Ergebnisse
hinsichtlich der in Produkten einsetzbaren Sekundärmaterialanteile wird
ermittelt. Mechanischem Recycling wird Vorrang vor chemischem Recy-
cling eingeräumt, da Ersteres das Potential hat, höhere Umweltvorteile
mit sich zu bringen. Inwieweit lösungsmittelbasiertes oder chemisches
Recycling, angewandt für Verbundmaterialien oder sehr diverse Abfall-
ströme, mechanisches Recycling ergänzen können, wird untersucht. Dabei
werden verschiedene Recycling-Prozesskonfigurationen und Produktzusam-
mensetzungen berücksichtigt. Die Abschätzung der Umweltauswirkungen
konzentriert sich auf den Klimawandel aufgrund seiner Relevanz sowie der
Verfügbarkeit von Daten und Bewertungsmethoden.

Die Ausgangssituation für das betrachtete System wies eine insgesamte
Plastik-Recyclingrate von nur 10% auf. Wichtige Recyclinghindernisse sind
die grosse Vielfalt an Kunststoffqualitäten, die Unzugänglichkeit von Abfall
und Verschmutzungen. Deshalb ist es technisch und hinsichtlich Aufwand
sehr herausfordernd, über mechanisches Recycling mehr als 30% der Ab-
fallmenge in verwendbares Rezyklat umzuwandeln. Zusätzlich könnten
jedoch mittelfristig 39–55% des Kunststoffabfalls chemisch oder lösungsmit-
telbasiert recycelt werden. Der CO2-Fussabdruck von Plastik kann durch
mechanisches Recycling im Vergleich zu vollständiger Abfallverbrennung
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um 18–26% reduziert werden, abhängig von der Verwendbarkeit des Se-
kundärmaterials. Eine zusätzliche Reduktion von 6–39% könnte durch
chemisches oder lösungsmittelbasiertes Recycling erreicht werden, wobei
die Umweltvorteile dieser Recyclingmethoden stark von Prozesswahl und
-konfiguration abhängen. Eine Reduktion der Umweltauswirkungen in ähn-
lichem Ausmass wie durch Recycling (41%) könnte jedoch auch mittels
Ausstattung von Kunststoffverbrennungsanlagen mit CO2-Abscheidern
erzielt werden.

Die Ergebnisse dieser Arbeit zeigen, dass die Erhöhung der Zirkulari-
tät von Kunststoffen einen Beitrag zum Klimaschutz leisten kann, da sie
das Potenzial hat, eine Menge an Treibhausgasen einzusparen, die für die
Schweiz fast 3% ihres gesamten heutigen CO2-Fussabdrucks entspricht.
Um dieses Potential auszuschöpfen, müssen jedoch für alle betrachteten
Massnahmen zur Recycling-Steigerung noch technische Hürden bezüglich
deren Umsetzung überwunden werden. Zudem müssen wahrscheinlich
wirtschaftlich günstige Verhältnisse oder rechtliche Verpflichtungen ge-
schaffen werden. Der wissenschaftliche Beitrag dieser Arbeit besteht darin,
die Bewertungsmethodik für Umweltvorteile, die durch eine erhöhte Res-
sourcenzirkularität erzielt werden können, zu verbessern. Dies wird durch
die Entwicklung einer Methode zur Berücksichtigung von eingeschränkten
Verwendungsmöglichkeiten für Sekundärmaterial in Studien, die Bereit-
stellung von Materialflussdaten in hoher Auflösung, die eine realistische
Abschätzung von massenbasierten Recyclingpotenzialen ermöglicht, und
die Weiterentwicklung der Umweltbewertung von chemischem und lö-
sungsmittelbasiertem Kunststoffrecycling erreicht.

Neben Recycling gibt es weitere Massnahmen, die den CO2-Fussabdruck
von Kunststoffen reduzieren können. Solche sind etwa eine Kunststoffher-
stellung mittels erneuerbarer Ressourcen und emissionsarmer Energie, die
Anwendung anderer Kreislaufwirtschaftsstrategien wie Vermeiden, Wie-
derverwenden oder Reparieren, oder eine anderweitige Abfallbehandlung
wie Deponierung. Diese Möglichkeiten könnten in zukünftigen Studien
untersucht werden. Jedoch haben Kunststoffe nicht nur Auswirkungen auf
den Klimawandel, sondern verursachen auch andere Umweltfolgen, die in
dieser Bewertung nicht berücksichtigt wurden. Dazu gehören potenzielle
Gesundheitsrisiken durch gefährliche Zusatzstoffe in Kunststoffen oder
negative Konsequenzen aufgrund von Kunststoffen, die in Gewässer oder
Böden gelangen. Es wird daher empfohlen, in zukünftigen Studien weitere
Daten zur Verwendung von Kunststoff-Additiven, deren Eigenschaften und
Verbleib, sowie zu Umweltauswirkungen von Kunststoffen in natürlichen
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Umgebungen zu erheben, um Bewertungsmethoden zu entwickeln, die
diese Aspekte abdecken. Gemeinsam mit den ökologischen Implikationen
von Kunststoffrecycling sollten auch dessen positive und negative Konse-
quenzen bezüglich anderer Nachhaltigkeitsdimensionen bewertet und bei
Entscheidungen berücksichtigt werden.
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A C K N O W L E D G E M E N T S

Es gibt gewisse Ansichten von gewissen Lebenssituationen, in denen sich
viele einig sind. Eine solche Ansicht ist, dass ein Doktoratsstudium einen
prägenden Einfluss auf ein Leben hat. Mich hat diese Anschauung, als
ich sie angetroffen habe, wie in anderen Fällen kalt gelassen, und, wie in
anderen Fällen, habe ich im Laufe der Erfahrung gemerkt, dass sie zutrifft.
Ich hatte in keinster Weise erwartet, in welchem Ausmass und in welche
Richtung ich mich in der Doktoratszeit weiterentwickeln würde. Das habe
ich zu einem wesentlichen Teil vielen Menschen zu verdanken, mit denen
ich diese Zeit teilen durfte.

Melanie, du hast die Grundlage für meine Arbeit gelegt, mich ausgewählt
und von Anfang an begleitet. Ich bewundere deine Fähigkeit, Menschen
zu erkennen, auf sie einzugehen, mit ihnen umzugehen, deine fachliche
Kompetenz, deine konstante Energie und Disziplin, deine Organisations-
fähigkeit, deine Kunst, Inhalte darzustellen und zu vermitteln, deinen
Fokus auf das Wesentliche. Du hast mir die akademische Welt gezeigt, ihre
Ausdrucksformen, Suchmaschinen und zwischenmenschlichen Seiten, hast
mir Studenten für Masterarbeiten vorgeschlagen als ich nur Augen für die
Werte meiner Materialflüsse hatte und in meiner ersten grossen Stressphase
vor einem wichtigen Projektmeeting das Programm meiner auch in die Zeit
fallenden ersten Konferenz ausgedruckt und mit diversen Anmerkungen
mitgegeben. Dein aufrichtiges Für-mich-da-Sein vergesse ich nicht.

Steffi, dich als Professorin zu haben und in deiner Forschungsgruppe
arbeiten zu dürfen, war ein grosses Glück für mich. Ich bewundere deine
Kompromisslosigkeit bei Qualität, die Geschicktheit und Eleganz, mit der
du Sachen arrangierst und Probleme löst, dein blitzschnelles Treffen von
guten Entscheidungen und Erfassen von Relevantem, deine Fähigkeit, mit
jeder Person, die du triffst, über Wichtiges und Interessantes zu sprechen,
dass du häufig deine eigene Person zurücknimmst und es dadurch an
erste Stelle setzt, Verantwortungen nachzukommen und Anfragen zu er-
füllen, deine Führungskompetenz, deine Diplomatie, deinen zuverlässigen
Fleiss. Sehr toll fand ich auch, in manchen Momenten zwischen deiner
Professionalität eine Freude am Wilden, Experimentellen, Abenteuerlichen
durchscheinen zu sehen. Deine renommierte hochwertige Arbeit hat es
mir ermöglicht, an auf internationaler Ebene verfassten und rezipierten
Berichten mitzuwirken, mit Journalist*innen hochkarätiger Medien zu inter-
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agieren, mit spannenden Persönlichkeiten in Kontakt zu kommen. Danke
für alles.

Meine ESD-Kolleg*innen, ich finde jede*n von euch so speziell-schön.
Eure Art – charismatisch, wissend, lebendig, humorvoll, vorausgehend,
locker, ernstnehmend, alternativ, interessiert, sympathisch. Eure Herange-
hensweise – offen, respektvoll, tolerant, aufrichtig, intelligent, fein, effizient,
pragmatisch. Euren Style – cool, individuell, elegant. Unsere Mittagessens-,
Büro- und Feierabendgespräche über das Anlegen eines Künstlerkontos auf
Spotify, die Herstellung von Bonbons aus ausgepressten Quitten, darüber,
wann man politisch mitbestimmen dürfen soll in einem Land, in das man
gezogen ist, bei welchen Journals typesetting nicht gut funktioniert und bei
welchen noch schlechter, über die gesetzlichen Regeln bezüglich Drohnen-
verwendung über Privathäusern in Zürich, die Form von Entenpenissen,
die Rolle von Taiwan aus chinesischer Sicht, das beste Skigebiet aus Zürcher
Sicht, Big-Green-Egg-Grills, darüber, wie man wissenschaftliche Literatur
sortiert und wie man salzige Pflaumen aus China verwendet, ob es sinnvoll
ist, vegetarisch zu werden, oder man wenn dann direkt vegan leben müsste,
dass Autoren, die eine Korrektur an einem Nature-Paper veröffentlichen,
dadurch eine weitere Nature-Veröffentlichung haben, ob es an steuerlichen
Bedingungen, gezielter Werbung oder der menschlichen Natur liegt, dass
so viele Autos gekauft werden, waren für mich so erhebend, spannend,
unterhaltsam. Unsere Muscle-Pump-Sessions waren spassig, verbindend,
aufpeppend.

Danke an meine Vorgänger, ihr wart für mich das ursprüngliche ESD, für
das ich mich entschieden habe. Maja, über MMM waren unsere Wege ver-
bunden, worüber ich sehr glücklich bin. Ich mag und schätze dich sehr, dein
Ansprechen von persönlichen, heiklen, intimen Sachen, das Verbindung
schafft und weiterbringt, deine Fähigkeit, Sachen auf nüchtern-witzig-
prägnant-treffende Weise auszudrücken, dein undogmatisch-bewusstes
Leben verbunden mit Toleranz gegenüber anderen Lebensweisen, deine
Fähigkeit, dir dein Leben so zu gestalten, wie du es haben möchtest, dein
Immer-sofort-Antworten, deine angenehme Art und deine versteckte Feier-
lust. Danke für das Mit-mir-Teilen von Rigoletto, Black-Cherry-Tomaten,
Sauerteigkultur mit Gebrauchsanweisung und Magma. Christopher, ich
schätze deine Aufmerksamkeit und enorme Kompetenz bezüglich Welt und
Weltgeschehen, im Grossen und im Kleinen, ungemein, dass dir deine Fre-
unde am Herzen liegen, deine Treue, dein Interesse und Wissen bezüglich
Brecht und Evolventenverzahnungen, und bewundere deine Fähigkeit,
daran heranzukommen, was deinen Mitmenschen wichtig ist. Rhy, mein
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Abbild und Gegenpol, es erhebt mich, deinen Erkundungswillen und Taten-
drang zu erleben, ich bewundere deine Fähigkeit, Sachen zu initiieren
und weiterzubringen, dass du immer die neuesten Technologien verwen-
dest und alle Schweizer Berge kennst. Stephan, dein immenses Wissen
und dein Charme, deine eigenen Überzeugungen und klaren Prioritäten,
deine ehrlich nachhaltige Lebensweise, deine Fähigkeit, zufrieden zu sein,
dein Selbstbewusstsein faszinieren und begeistern mich sehr. Zhanyun, wir
waren über Clean Cycle verknüpft. Ich habe vieles von dir gelernt, bewun-
dere, dass du immer weisst, was gerade Usus oder angesagt oder nice ist in
Wissenschaft und Welt, seien es Aussagesätze als Papertitel oder japanische
Tortenläden in Zürich, und immer die richtigen Personen kennst. Jonas, von
deiner Intensität, deinem Immer-tolle-Musik/Zeitschriften/Lokale-Kennen,
deinem Tatsächlich-etwas-verändern-Wollen, deinem Drang zu Erleben,
Spass, Aktivität, deinem ruhig-bewussten Handeln, habe ich mich anziehen
lassen und das hat mich motiviert und bewegt. Claudio, ich habe deine
Kunst, über Sachen zu reden, dein Leben auf deine Weise zu leben, Mo-
mente intensiv zu leben, dein Leben deiner Arbeit sehr bewundert und
du hast mich damit zu tollen Orten, Menschen und Dingen gebracht wie
übriggebliebenen Backwaren einer fancy Zürcher Bäckerei, in die Nähe des
RSI in Lugano, nach Möhlin. Thomas, ich mag deine Coolness. Christie, ich
mag deine Offenheit und deinen Witz, worüber ich viel über Möglichkeiten
und Grenzen im Doktorat erfahren habe. Adrian, ich habe dein interes-
santes Wissen und dein Können sehr geschätzt. Sasha, ich bewundere
deine versteckten vielfältigen individuellen Fertigkeiten und Interessen wie
Nähen, Contemporary Dance oder Haareschneiden, deine Fähigkeit, beim
abendlichen Zusammensitzen oder im Auto mit rauchendem Cousin zu
arbeiten, dass du uns Beluga-Wodka gebracht und uns davon abgehalten
hast, ihn am Montag um 8 Uhr in der Früh zu trinken, deine Coolness,
dein jederzeit sofortiges Lösen meiner programmiererischen Probleme und
zusätzlich eigeninitiatives Verbessern meiner Tabellen, dass du irgendwie
alle Freunde unserer Freunde kennst. Livia, danke für deine Offenheit und
Unterstützung, ich finde deine Überzeugungen und dein Fussballspielen
sehr toll. Danke an Niko, Emile, Harald, Andi, Ramin, Torsten, Joanna,
Helen, Carl, Florian. Ihr habt mir so vieles gezeigt und ich konnte mich mit
euch verbunden fühlen.

Helene, ich sehe es als grosses Glück, dass du meine Partnerin im Clean-
Cycle-Projekt warst. Mein erster Eindruck von dir, dass du kompetent, inter-
essant, und nett bist, hat sich in seiner Essenz nicht geändert, während ich in
der Zwischenzeit alle deine Seiten, die ich so schätze, viel genauer kennen-
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gelernt habe, deine Fähigkeit, Sachen fähig, fachkundig und pragmatisch
auszuführen, dass du deine Überzeugungen vor Gefallen-Wollen stellst,
deine grossartige Ausdrucksfähigkeit und deinen Humor, dein Aufrichtig-
und Kritisch-Sein, deine Informiertheit, dein Auf-mich-Zugehen. Ich feiere
die Clean-Cycle-Geburtstagskuchen und geniesse jede Gelegenheit des
Teilens unserer entstandenen Liebe zu Plastik.

Meine Nachfolger, ihr habt das Vermissen von weitergehenden ESDlern
immer in Begeisterung über euch verschwinden lassen. Vanessa, ich liebe
deine in jeder Situation zum Ausdruck gebrachte übersprühende Begeis-
terung, sei es beim Halten eines wichtigen Vortrags, beim group meet-
ing oder bei einer Schiffbau-Führung, deine Liebe zu Dalí, Eklogit, dem
Briefwechsel zwischen Einstein und Freud, Mantarochen, einem französisch-
koreanisch-wienerischen-plus Mann, deinen forstgrünen, langen, elegant-
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1
I N T R O D U C T I O N

1.1 motivation and background : relevance , properties , and

downsides of plastics

1 .1 .1 Plastics have become part of our culture

Eating a caprese salad made of tomatoes, mozzarella, and basil from Italy
everywhere in the world at any time. Buying the ingredients on the way
home from work without already in the morning having to plan for bringing
along storage boxes. Being able to accept a spontaneous dinner invitation
because the salad does not need to be directly prepared in order to avoid
food waste. This lifestyle is today made possible by protective single-use
plastic packaging5–12. For others, the good life needs vinyl records, which
have lately seen a resurgence in the hip scene of Australia13–15, while they
were cult already in the times of the first songs of Leonard Cohen16. Even
earlier, in 1945, 40,000 women in the US physically fought over 13,000 pairs
of nylon stockings in what has become known as the Nylon riots, due to a
shortage caused by an earlier diversion of polyamides to war materials17,18.
But not only our second, also our third skins19 have been made of plastics:
As an iconic symbol for the modern house, Walt Disney placed a plastic
House of the Future (Figure 1.1), built by Monsanto and MIT architects
and engineers, in his first Disneyland in California in 1957

20. The building
made of glass-reinforced plastics was so robust that demolishing attempts
with wrecking balls failed20. Indeed, our own skin was approximated with
silicon by Hiroshi Ishiguro, who has created robots with facial expressions
impressively similar to humans21,22. The design-conscious wealthy have
Panton chairs in their flats, some of us like to style themselves with sequins
for parties, most of us drive plastic vehicles, and no matter which location
in the world, age, or way of life, all of us wear cheap plastic clothes. Plastics
have long been an integral part of our lives.

1



2 introduction

Figure 1.1: Vinyls23, Monsanto House of the Future24, robots25, nylons26, insalata
caprese27, Panton Chair28 (from top left to bottom right)

1 .1 .2 Material characterist ics of plastics

What is the constitution of this “magic matter”29, which manifests itself in
so many ways? The countless properties and facets of plastics are achieved
by very common constituents. Plastics mainly consist of carbon (C) and
hydrogen (H), for some types accompanied by oxygen (O), chlorine (Cl),
nitrogen (N), or other elements30. These elements are linked together in
molecules with the form of long chains, consisting of recurring build-
ing blocks. From this configuration, the name polymers is derived (gr.
poly = many, mer = parts). With 1,000 to several 100,000 of repetitive units
(monomers) and molecular weights typically ranging from 10 kilograms to
a tonne per mole, the polymer molecules are by orders of magnitude larger
than other molecules like the water molecule H2O, having a molecular
weight of 18 grams per mole30. Therefore, they were proposed to be termed
macromolecules by Hermann Staudinger at ETH Zurich around 1920

30.
Polymer chains are not necessarily linear, but may be branched in various
configurations, and the building blocks may show different positioning
in space. Some polymer chains are made of different building blocks, for
which the name co-polymers has become established.

Most polymers consist of a number of molecules, as does for instance wa-
ter. While the elements within a molecule are connected via comparatively
strong covalent bonds, weaker binding forces such as Van der Waals forces
act between the molecules. Polymers with such a material structure are
named thermoplastics. The molecules of a polymer are not all of the same
size. Today, narrower chain length distributions are achievable than in the
past as the molecular synthesis process has become more controlled30–32.
Average chain length and variance have an important effect on the plastic
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properties, e.g. higher average molecular mass leads to higher strength.
Different manufacturing methods like injection molding or extrusion re-
quire specific viscosity ranges and, therewith, chain lengths. In addition,
polymer chains can be arranged in different ways in space, so to contain
crystalline or only amorphous parts. If its polymer chains are cross-linked,
i.e. even between the chains primary chemical bonds are present, a polymer
is named thermoset.30

The described possible configurations of polymer chains give countless
design options. However, plastic property setting is to a substantial extent
done via substances added to the polymer matrix as additives. Nearly all
plastics contain such additives in shares of 0.01–50 mass percent30. These
substances range from antioxidants, colorants, flame retardants, plasticizers,
impact modifiers, or fillers to processing aids like lubricants or viscosity
modifiers30,33. More than 10,000 different additives may be used in plastics,
containing a number of chemical elements and ranging from metals and
other inorganics to metallorganics or organohalogens33.

1 .1 .3 Plastic types and applications in time

While often associated with modernity, plastics were not invented in the last
century, not even in the last millennial. Already 200,000 years ago, a pitch
produced from birch bark was utilized as glue30. Mesoamerican peoples
mixed latex with juice from morning glory vine to produce balls used for
religious rituals or sports games, human figurines, or bands for attaching
stone ax heads to wooden handles around 1600 BC34. In the middle ages,
a recipe for how to transform goat cheese via a boiling procedure to a
moldable resin that would become solid when cooled down was passed on
by a merchant from St. Gall to a Bavarian friar in the House of Fugger35. In
the middle of the 19th century, natural rubber was successfully vulcanized
with sulfur, making it elastic and durable30. Subsequently, further natural
materials were modified30,36–38. Cellulose was transformed to celluloid,
which may be considered as the first thermoplastic (Section 1.1.2) and was
used as a material for billiard balls or photographic films. Cellulose was
as well the starting material for viscose, employed for packaging films
(Cellophan®) and fibers (Rayon®). The milk protein casein was used for
producing artificial horn, relying on the same principle as the medieval
goat cheese procedure. The first completely synthetic plastic, made from
chemicals produced of fossil resources39, was Bakelite®, among others used
for switches or radios30,38. It also substituted celluloid as a material for
billiard balls, which used to regularly explode upon impact because of the
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high flammability of this material17,30,40—a property that at the time also
caused many cinemas to burn down36,41.

None of the early plastic types is among the today most commonly used
plastics42. The first of the plastic types prevailing nowadays to be invented
was polyvinyl chloride (PVC) in 1912

30, today responsible for the third
biggest use amounts (mainly in the building and construction industry)
after polyethylene and polypropylene42,43. The two latter were invented
in 1933 and 1954, respectively, at the beginning of the exponential growth
of plastics production30,44. They are mainly used for packaging, today’s
biggest application segment of plastics42. In parallel with the creation of
these commodity plastics, engineering plastics, providing special functions
in vehicles or electronic devices, but used in lower volumes, were invented30.
Polyurethanes are the thermoset (Section 1.1.2) with the widest application
today ranging from thermal and acoustic insulation foams to mattresses42,43.
The raw material for more than 99% of all plastics are fossil resources42,45.
Thereby, oil is the most important feedstock, used for about two third of all
plastics produced, followed by natural gas, while coal is only used for less
than 10% of plastics production (based on Kulprathipanja et al.46). Plastics
make up the biggest share of textiles47, they are used for greenhouse films,
lighters, volleyball nets, spatulae, toys. The product range of plastics is
immense, causing their total consumption to amount to more than 400 Mt
per year globally today42. This compares to 2,000 Mt for steel48, meaning
that, based on typical densities of the two materials30,49,50, plastics have
surpassed steel by volume. In many cases, plastics led to a substitution
of other materials, to the extent that the expression “made of plastic” in
counterculture slang is used synonymously with “false”51, and one may
argue that we live in the plastic age52,53. This development seems to have
proved Roland Barthes’ view from the early times of plastics in the 1950s of
a single substance replacing all others29 true—apart from the fact that it is
not a single substance (Sections 1.1.2, 1.2.1.1).

Currently, renewable resources are again moving into the center of interest
as a source material for plastics45. Also, plastic types designed for at the end
of life being disassembled into their building blocks in order to be newly
recomposed are being developed54. Our present plastic world is likely not
the end of the road.

1 .1 .4 Why we use plastics

There are reasons for the ubiquitous utilization of plastics. One advantage
that they offer has—contrary to today’s prevalent image of plastics—since
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the beginning of their utilization been environmental protection. The plas-
tics of the 19th and early 20th century replaced ivory, corals, nacre, ebony,
horn, tortoise shell, silk, amber, lapis lazuli17,36,38,55. Whether nature conser-
vation was the primary motivation, or the main incentive was to save the
high cost of the substituted natural materials—in any case these plastics
allowed for people to rejoice from aesthetic objects without directly harming
animals, impacting biodiversity, or consuming scarce resources. In no way
neglecting their negative environmental impacts (Section 1.1.5), the list of
environmental benefits that plastics can provide does not end here. Plastic
products are in many cases less harmful than their alternatives in regard
to important impact categories such as climate change, as is the case for
LDPE shoppers compared to bags from cotton or bleached paper56, or PET
bottles in comparison with glass or aluminum beverage containers44,57. The
environmental advantage does not only result from lower specific impacts
of primary production of plastics in comparison to, for instance, metals58.
It may also emerge on a product level, when the plastic option requires
less material or less energy for product manufacturing while providing
the same function. This may, e.g., be the case when an car part assembly
consisting of several components can be consolidated into one single part
made in a single processing operation59. If transport processes are relevant
in the use phase, which is the case, among others, for packaging or vehicles,
the low weight-to-strength ratio of plastics allows for weight and there-
with greenhouse gas savings44,59. Using glass packaging or vehicle parts
made from steel, instead, would result in a higher weight to be transported.
Transport emissions may also be reduced through the use of plastics films
for covering agricultural plantations60, allowing for a longer local growing
season and therewith avoiding food imports.

Regardless the environmental advantages plastics may offer, a main
reason behind their vast use is one that drives many of our choices—plastics
are cheap44. The market price of a material can in part be determined
by political decisions, and the low price of plastics specifically is to an
important extent due to extensive subsidies to the petrochemical industry61.
However, the price may also be indicative for the production effort62. One
condition lowering the production effort of plastics is that they are a co-
product of fuels and other chemicals32,63. However, cost savings by using
plastics are not only achieved because of a lower material price, but also
because of easier manufacturing which plastics often allow compared to
other materials59. The effect of the cheapness of plastics was that household
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appliances, TVs, and phones have become part of nearly all households in
the Western industrialized countries55,64.

A non-negligible aspect are the conveniences that arise from plastics
packaging enabling long-term conservation of food5–11,65,66. While it would
certainly be possible to buy food more locally and seasonally as well
as consume it more directly after purchase, this would greatly restrict
the food choice and planning freedom. But not only single-use consumer
packaging, also reusable, standardized, lightweight plastic packaging used
in the manufacturing or logistics industries such as small load carriers are
convenient as they allow for easier item handling.

While convenience and cheapness, same as corrosion or chemical resis-
tance, ease of assembly, or durability44,59 are nice to have, several products
that we use in our everyday life could simply not exist in their current
form without plastics. Laptops and, to an even greater extent, smartphones
rely on this lightweight material to be portable regarding weight and size
(cf. Singh et al.67, Weiss68, Markham69, Van Eygen et al.70). Related to that,
extremely compact, lightweight, and robust circuit boards are difficult to
picture without plastics providing for electrical insulation, low weight and
stability at the same time44,71–74. Several medical applications including
biodegradable surgical suture threads or bone nails, drug-delivery-systems
releasing an active substance over a defined period of time at defined rate,
biocompatible implants such as artificial joints or heart valves, contact
lenses, hearing aids, kidney machines, or film dressings for wound care
were developed with plastics30,75. Plastics have created a whole new aes-
thetic, becoming apparent in certain furniture pieces, packaging designs, or
building shapes like the roof of the Olympic Stadium in Munich76. From
air bags in cars and sterile single-use medical items to certain sex toys or
pneumatic bicycle tires75,77–79-—numerous items only became possible due
to the existence of plastics. The inherent connection of plastic and its use
was already noted by Roland Barthes, who wrote that with the existence of
plastics, “ultimately, objects will be invented for the sole pleasure of using
them”29.

Several of the benefits arising from plastics are interlinked—design free-
dom may allow for an aesthetic appearance, and at the same time low
cost due to easy production as well as material savings, which in turn
can bring weight savings leading to lower environmental impacts. Any-
ways, plastics are useful to us in various ways. At the same time, there are
movements like break free from plastics80, which are representative for the
current predominant mood in Western educated societies that considers
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plastics as incarnation of environmental harm. Despite problems related to
plastics must not be ignored (Section 1.1.5) and recognizing that extreme
approaches may among others be needed to achieve certain goals, against
the background of all convenient capabilities of plastics, such movements
seem to have blinkers on.

1 .1 .5 Environmental impacts of plastics

Besides making our lives easier and more pleasant, plastics also impact the
environment. A pivotal problematic effect of plastics is their contribution
to climate change, one of the most pressing environmental concerns81,82.
Plastics are responsible for 4% of the total global greenhouse gas emis-
sions today and were projected to use up 15% of the total greenhouse gas
emissions budget for keeping global warming below 1.5°C by 2050

83. CO2

emissions related to plastics are mainly caused by their production83, im-
portantly as the majority of global plastic production takes place in Asian
countries with carbon-intensive coal-based heat and electricity mixes84.
The other important climate change contribution comes from end-of-life
incineration83. Both the generation of energy required for production and
the waste incineration also cause particulate-matter emissions, which are
the main cause of anthropogenic pollution impacts on human health85.

Another substantial concern when it comes to the utilization of plastic
products are potential negative health effects arising from the variety of
chemical substances involved in plastics production, including monomers,
processing aids, additives, and non-intentionally added substances33,52. Sev-
eral substances used in plastics in the past were later found to be hazardous
and restricted, including cadmium and subsequently lead stabilizers for
PVC, certain phthalates used as plasticizers in PVC flooring, or bromi-
nated flame retardants used in EPS insulation or electrical and electronic
equipment86–92. This leaves the concern that several of the countless sub-
stances still in use may be hazardous as well. Even in highly regulated
products such as food packaging or toys, several substances of concern
may be used33. Due to the immense multitude of substances, a holistic
assessment is extremely challenging. Potential toxicity impacts caused by
plastic additives do not only depend on the hazard properties of the latter,
but also on the exposure pathways, which are related to the use patterns
of plastic products93. As even after phase-out legacy substances stay in
circulation within products with long lifetimes, waste treatment should be
designed such that no hazardous substances are recycled94.
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Another impact, with still largely unknown consequences, is that plastics
are becoming ubiquitous in an unwanted way—today being present in
water, soils, fish, and our human bodies52,95–102. Certain negative impacts
of macroplastics in the environment are evident, including sea turtles stran-
gled when growing by fishing nets in which they got entangled52,103,104 or
seabirds starving with a belly full of plastics that they mistakenly ate95,105.
At the same time, there are still large knowledge gaps regarding e.g. hu-
man health impacts caused by exposure to microplastics via ingestion,
inhalation or dermal contact102,106–108 or reduction of crop yields due to
microplastics in soil109–114. A precautionary principle would, therefore,
require plastic input to the environment to be reduced. Globally, packag-
ing was estimated to contribute the most to the total amount of plastics
in the environment (mostly in form of macroplastics)115. In landlocked
countries with functioning waste management systems like Switzerland, in
contrast, most plastics reach into the environment as microplastics via car
tire abrasion97,116. As a logical consequence, the biggest lever for reducing
plastic input to the environment for such countries would be a reduction of
motorized individual transport. Opposed to this, avoiding plastic waste in
countries like Switzerland, where the largest share of it is incinerated117,
has basically no effect on the amount of plastics in the ocean. European
countries in which higher shares of plastic waste are separately collected,
however, export a considerable amount of plastic waste to countries without
properly functioning waste management system98,118,119. The major export
destination had been China, before introducing its restriction for plastic
waste imports118–120. Thereafter, many recycling plants moved to countries
with insufficient power to establish such regulations such as Malaysia121,122,
causing a related export shift118,119. Several cases of exported European
plastic waste ending up in the environment were reported123. The waste
amounts exported from Switzerland were mainly destined to its neighbor-
ing countries124. While it has for a long time practically not been possible to
trace waste exports further than to the first destination125, among the direct
export destinations to which the biggest plastic waste amounts have been
exported from Switzerland are the Netherlands124 with the biggest port
in Europe126, suggesting a further export. The intended treatment of the
exported waste theoretically is to be mentioned in the customs export dec-
laration, however, this had not been consistently performed, and no control
of declared information relating to waste treatment had been in place125. As
of 01-01-2021, amendments from 2019 to the Basel Convention require the
responsible administrative bodies of export, transit, and import countries
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of mixed plastic waste to approve the shipment, whereby environmentally
sound management in the destination country is required125,127,128. Switzer-
land only approves exports if the treatment is known and corresponds to
the Swiss state of the art125.

What is likely not a limiting factor for plastics utilization is restricted
fossil resource availability, with only around 5% of the globally refined
oil and gas being converted to plastics30,129. The rest is mostly directly
incinerated for energy recovery in power plants or as fuels130,131. Thereby, a
part of the energy gained is as well used for plastics production, e.g. 6% of
the globally produced coal electricity84. Due to huge diversion efforts away
from fossil resources in the energy, transport, and other sectors with the
aim of climate change mitigation132,133, fossil resource depletion does not
seem probable. Climate change may, however, also force the plastics sector
to more away from fossil fuels and feedstocks.

1 .1 .6 Increasing the circularity of plastics for diminishing
their ecological effects

Connecting the ends of a linear plastics’ value chain to a closed life cycle
can address central environmental problems related to plastics by reducing
both primary material production and end-of-life incineration impacts at
the same time, as well as naturally preventing plastic waste from ending
up in the environment. Therefore, besides other circular economy measures
such as reuse or refurbishment134, recycling of plastic waste has proven to
be able to achieve lower environmental impacts than other current waste
treatment options including thermal treatment or disposal135–137. Hence, by
increasing the recycling of plastics, their environmental performance may
be improved.

1.2 state of knowledge regarding the assessment of circu-
larity achievable for plastics and associated environ-
mental consequences

1 .2 .1 Plastic recycling technologies and their l imited
implementation

The type of plastic recycling that keeps the material to the highest degree
integral consists in only breaking the weaker bonds between the polymer
chains (Section 1.1.2), while the latter are sustained. This process takes place
during the melting of plastics. Molten plastics can be reformed to any shape.
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When cooling the melt down, the bonds are reestablished. The described
procedure is called mechanical recycling30,138. The bonds between polymer
chains can also be broken by aid of a solvent, which is called solvent-based
recycling139. Mechanical or solvent-based recycling are only applicable
to thermoplastics (Section 1.1.2). For thermosets, in contrast, which only
exhibit stronger primary bonds, the latter are broken if a sufficient tempera-
ture is reached. This means that the material decomposes, as the primary
bonds are not restored during cooling, making mechanical or solvent-based
recycling impossible.

All plastics, however, are theoretically recyclable by singularizing the
elements forming the polymer chains and recombining them. This way of
recycling plastics can be figured as a recirculation in a bigger cycle, because
it involves plastics decomposition to a bigger extent than by mechanical
recycling. Different process types that break primary bonds between the
elements constituting the polymers can achieve this, referred to as chemical
recycling30,138,140. This means that, by such recycling methods, for thermo-
plastics also the polymer chains themselves are disassembled, and that the
processes can also be applied for cross-linked thermosets. The products are
mainly monomers and/or hydrocarbons, which may again be used for the
production of plastics.

1.2.1.1 State of the art and challenges of recycling technologies

State-of-the-art mechanical recycling processes, as in operation at industrial
scale, involve several steps. These include, after waste collection, plastic
separation from other materials (if not source-segregated as well as for mis-
collected items), separation into plastic types (if the waste consists of mixed
plastics) and main colors, shredding, washing, extrusion with melt filtration
and degassing, as well as upgrading by use of additives like heat-stabilizers,
compatibilizers, or pigments138,141–143. For the separation of plastics from
other materials, several technologies are employed, including magnetic
separation of iron, eddy-current separation of non-ferrous metals, or optical
sorting for carton142. Sorting into plastic types is realized via density-based
float-sink sorting, e.g. utilized for separating polyolefins from other plastic
types or materials, or electrostatic sorting, used among others for waste
electrical or electronic equipment, both applied to plastics in shredded
form87,142,144. Near-infrared (NIR) detection of plastic types, in contrast, can
be applied either to whole products or to flakes142,145. A globally standard-
ized coding system for different plastic types exists146, however, it is not
practically used for sorting142. Even in industrialized countries, it is still
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usual that hand sorting is part of the process for achieving the targeted final
quality142. Sorting is currently usually only done by plastic, not by product
type; exceptions are films being usually separated from rigids through
wind sifting or ballistic separators, or certain car parts being individually
dismantled and recycled142,147,148. However, new technologies for a more
specific sorting have been emerging. These include product recognition via
artificial intelligence techniques and physical sorting via robots149–151, or
product marking with machine-readable codes and connection to database
information for sorting based on any criterion, such as additives content
or previous use. Product marking can be done via addition of fluorescent
particles152–154 or so-called digital watermarks155. Color sorting is done by
optical recognition142. Washing removes external contaminants such as food
residues from packaging or soil from silo wrapping films142,156. During the
extrusion, remaining wood, paper, or higher-melting polymers are held
back by a filter and decomposition products are removed via degassing142.
Additives contained in the plastic waste generally stay in the material with
this recycling technology. The properties of the recycling product can be
improved by adding additional additives142.

The described mechanical recycling process involves several issues lead-
ing to the produced secondary plastics having different properties from
the original input. This property alteration to an important extent results
from joint recycling of different plastics. While sorting into plastic types
has been implemented, a central problem already identified in the first
recycling studies remains, being the myriad of different plastic grades and
additives91,129,157,158. This is not relevant for the recycling of an individual
plastic product142, but appears as an issue on a system level, making indi-
vidual recycling of each plastic grade nearly impossible. Still, the attention
it gains in the current environmental modelling discussion is limited159–162.
While a more specific sorting would technologically be possible, currently
there are only few implementation trials154,155. A problem inherently con-
nected to plastics as a material is the modification of the polymer chains
taking place under the influence of heat, oxygen, light, or mechanical shear
forces142. Respective conditions are necessary for mechanical recycling,
during which, therefore, the polymer chains are e.g. shortened (as is the
case for PP), or branched (for PE)142,163. This leads to a change in viscos-
ity and, therefore, affects processability (Section 1.1.2). However, not only
during recycling, but already during the use phase, the polymer chains
change, e.g. due to exposure to UV radiation142. Additives as well undergo
alterations both during plastic use and recycling164. The consequence of
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this material modification and the mixing of different plastics is that in
many cases mechanical recycling products have only been used in less
demanding applications, including e.g. since the 1970s flower pots, as well
as pipes or boxes157,165–167. Because of the limited utilization options for
secondary plastics from mechanical recycling, demand for the latter may be
lacking163,166, whereby it had not been quantified whether that actually is
or will be the case for increased recycling.

Chemical recycling technologies may overcome the described issues of
mechanical recycling to a large extent, as they break down the polymer
chains and rebuild them from scratch, and can be able to remove ad-
ditives and contaminants140,168–170. Respective process types range from
depolymerization, decomposing the polymer chains to their monomers, to
pyrolysis and gasification, breaking the polymers down to mixed hydrocar-
bons, which can be used as feedstock for new plastics, other chemicals, or
fuels141,142,171–181. Also solvent-based recycling, namely dissolution, despite
keeping the polymer chains intact, can be able to remove plastic additives,
and, therefore, partly reduce adverse blending effects182. While depolyme-
rization and dissolution are polymer-specific, pyrolysis and gasification
can be applied to mixed plastics140, therewith not requiring any sorting
into plastic types. Even heavily contaminated waste streams may be treated
without requiring prior washing170, while in some cases there may be the
need for removing external contaminants183. However, while numerous
related studies are being conducted, the potentially beneficial properties
of chemical or solvent-based recycling have so far almost exclusively been
demonstrated in small-scale plants184 (Section 1.2.1.2).

While chemical recycling is perceived as a technology with the potential of
being an important part of future plastic waste management systems184,185

and often regarded as “the future of plastics recycling”186, several related
questions remain open. The breaking of primary bonds with higher binding
energy requires greater efforts than needed for only disrupting secondary
bonds30,176,183,187, which is disadvantageous for the environmental perfor-
mance. In addition, it is challenging to achieve high heat transfer efficiencies
on large scale170,183. Also formation of coke that deposits over heat exchang-
ing surfaces of the reactor and deactivates catalysts, as well as unsatisfactory
product quality pose important challenges170, affecting implementability.
For solvent-based recycling, challenges that remain are the polymer chain
configuration of the product depending on the specific mix of input poly-
mers, same as for mechanical recycling, or incomplete solvent removal139,174.
Another uncertainty is related to the behavior of additives and external
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contaminants in chemical and solvent-based recycling processes, which
may adversely affect process properties and product quality139,174,183,188,189.
Process performance on large scale is therefore highly uncertain.

1.2.1.2 Current recycling situation worldwide, as well as in the European and
Swiss context

Plastic recycling was already a topic in 1911
30, and, due to high pricing

pressure, company-internal recycling of production scrap has been practiced
since the early days of plastic product manufacturing30,157,165. The first
studies on how to recycle post-consumer plastics were conducted in the
1970s157,165, already then proposing both mechanical and chemical recycling
technologies. At the time, usually blends of different plastic types were
treated, as respective sorting technologies were not yet available157. While
early recycling plants were installed already in the 1970s, e.g. applying
mechanical recycling in Conshohocken (Pennsylvania, US) or Funabashi
(Japan)141,165,166, or pre-industrial-scale chemical recycling in Japan, the US,
or Germany165, the implementation of plastic recycling globally started
ramping up in the 1990s42.

Today, plastic recycling still only takes place to a very limited extent.
Roland Barthes considered plastic less as a substance, than rather as the
“very idea of its infinite transformation”. In fact, we are far away from
that. The various recycling challenges (Section 1.2.1.1) and the economic
situation30,157,158 led to currently only a marginal share of plastic waste be-
ing recycled. The global recycling rate is at most slightly above 10%42,184,190,
with a similar situation prevailing in nations at the front-end of technol-
ogy like Switzerland117, while in best-performing European countries the
recycling rates may be double as high191,192. The recycling that does take
place is almost exclusively mechanical143. The recycling rates of produc-
tion waste are high compared to post-consumer waste, as the former often
arises in pure from and its composition is usually exactly known142,157. As
a consequence, today, the recycling amounts of pre- and post-consumer
waste are similar117,192. However, the overall recycling potential of pre-
consumer waste is much lower, as it makes up only about 15% of the
total waste amount192. Chemical recycling has rarely been implemented
on large scale, being financially unfavorable and posing several challenges
in upscaling140,143,170,171,174,184,193,194. Chemical recycling technologies have,
however, recently been gaining momentum. Many pilot plants are being
constructed or in operation, while few gasification, pyrolysis, depolyme-
rization, and dissolution plants are operating at industrial scale, partly
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since a long time170,171,174,195–197. The recycling context is constituted by
an international network of material and product manufacturing, from
which waste products stem, as well as export of the latter and treatment
abroad43,84,136,191,198. This interconnectedness of different countries compli-
cates the implementation of standards or collaboration among stakeholders
related to different life-cycle stages.

The biggest share of plastic waste worldwide is accumulated in landfills
or the natural environment, followed by incineration in waste-to-energy
plants42, while for Switzerland the last pathway is most relevant117. Smaller
shares are used in cement kilns as a fuel117,191,199. This can achieve high
benefits if substituting coal, avoiding the high production impacts and
emissions of the latter136,200. On a system level, however, the achievable
benefits are dependent on cement production amounts and utilization of
other alternative fuels. Other possible plastic waste treatments that are
neither widely practiced include a utilization as reduction agent in blast
furnaces136,143,191,201 or as part of the input material of coke ovens172,196,199.

1 .2 .2 Environmental assessments of scenarios for increased
plastic recycling

1.2.2.1 Rationales for taking a system perspective in order to assess the recycling
potential of plastics

If the environmental benefits achievable by plastic recycling are to be as-
sessed, taking a system perspective is crucial. An important reason for this
is that some recycling limitations do not appear on a technological, but
only on a system level. It has become common for companies selling plastic
products to claim that the latter are 100% recyclable. For the currently used
recycling technology, i.e. mechanical recycling, this is theoretically quite
correct, but not realistic in the system context. An individual thermoplastic
can be mechanically recycled, with small losses and material modification
(Section 1.2.1). However, due to reasons lying in logistics and effort, it is
impossible to recycle all existing plastic grades separately, which may lead
to more than a million fractions considering all different specifications,
including colors, for different products of the different plastic types. There-
fore, usually several different grades of a plastic type are recycled together,
which impairs the secondary material quality and, therewith, utilization
options (cf. Section 1.2.1.1). This means that recycling is in practice limited.

If the usability of secondary plastics from mechanical recycling is to
be assessed, an inclusion of the complete plastic product portfolio in a
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study is required because of cross-sectoral recycling patterns. Another
area in which an integrated system assessment can offer advantages is the
estimation of the potential of chemical recycling to reduce environmental
impacts. Chemical recycling tends to be less environmentally favorable
than mechanical recycling200,202, but can at the same time be applied for
waste streams not mechanically recyclable (Section 1.2.1.1), being able to
expand the recyclable product portfolio. Therefore, a reasonable potential
of chemical recycling may be derived based on the amount of waste streams
unsuitable for mechanical recycling, making a joint assessment necessary.

At the same time, many recycling improvement potentials emerge only
on a system level. For example, implementing a more specific sorting based
on product marking requires a collaboration between the manufacturing,
sorting, and recycling life-cycle stages. Systemic thinking is required for
identifying such potentials203.

For the mentioned reasons, the environmental potential of plastic re-
cycling cannot be calculated by scaling up the benefits of an individual
recycling operation, but they make a system perspective indispensable for
estimating a realistic overall recycling potential.

1.2.2.2 Overview of environmental assessments of plastic recycling systems

Common instruments for assessing the environmental performance of
recycling systems are material flow analysis (MFA)204–206 and life cycle
assessment (LCA)135,207–211. Material flow analysis quantifies the flows of
a material between selected processes and stocks therein within certain
spatial and temporal boundaries. Considered processes may range from
product manufacturing to recycling, the geographical scope can be regional,
national or global, and what regards the time horizon, past, current, or
potential future system configurations may be assessed. By means of life
cycle assessment, environmental impacts of a product system with defined
boundaries can be quantified. For achieving this, a performance provided by
this system, specified as functional unit, is assessed. This provision induces
resource consumption and emissions, directly and related to supply chains,
which are quantified in the life cycle inventory. Resource consumption and
emissions have different effects on the environment, like climate change or
toxicity. These effects, in turn, may be translated to impacts on assets to be
protected, so-called areas of protection, which can include human health,
biodiversity, or natural resources. LCA can serve to holistically identify an
environmentally optimal system configuration. In case one alternative is to
be chosen and system designs show trade-offs regarding different impacts,
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considerations regarding weighing have to be made. The latter can be based
on severity of adverse effects, but may also require value-based choices.

Material flow analyses related to plastics recycling have been conducted
on different levels of detail and completeness regarding plastic types,
product categories, and life cycle stages, and with different geographical
scopes. Studies were conducted for plastics overall212,213 or for individual
commodity plastics such as for PET214–217 or PVC218,219, for other plas-
tics such as PMMA220, or several individual plastic types159,191,198,221–226;
mostly for household packaging plastics223,224,227 (cf. Kleinhans et al.228),
but also for products that are in part made of plastics such as electri-
cal and electronic equipment229–231 or vehicles232, or for several prod-
uct segments159,191,198,221,222,225,226. Studies regarded different regions in
the world, including for instance Austria191, Switzerland198,217, Italy227,
Thailand213, India233, Korea222, South Africa212, Europe159,198,224,234, the
US215,226, or had a global scope42,190. Most studies considered the whole
life cycle of plastics from material or product manufacturing to waste
treatment42,159,191,198,212–214,216,218,219,221–223,225–227,232,234,235. With regard to
the aspect of circularity, the vast majority of studies considered mechanical
recycling159,190,191,198,212,214,216,218–223,226,227,234,235, with some also consider-
ing chemical recycling190,191,214,216,218–220,235. Many studies analyzed the
past and status quo191,198,214,216,221,222,225–227,231,234, some modelled future
scenarios for recycling based on set recycling rates42,212,213,218,219,232,235,236,
while only few explored which effect specific measures—almost exclusively
for mechanical recycling—may have on recycling rates159,190,223,224,237,238.
Some studies depict static future scenarios198,212,221,223,226,227,234,235,237,238,
while others used dynamic models42,159,214,218,219,222,225,231,232,236.

LCA studies for plastics have been conducted regarding several geogra-
phies, mainly for PE, PET, and PP, as well as packaging, but also e.g. for
plastics in electrical and electronic equipment, including different life cycle
stages, considering pre- and post-consumer waste, and regarding mechani-
cal and chemical recycling processes83,84,136,140,160,195,200,202,239–260. Studies
for Switzerland with a focus on recycling were limited to mechanical recy-
cling of packaging items and polyethylene films261–265.

LCA coupled to an underlying MFA was only in some studies applied
for assessing plastic recycling83,212,221,229,237,261,266–268.
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1.2.2.3 Shortcomings in assessments of potential environmental benefits of plastic
recycling

Previous assessments of the potential increase of plastic recycling and re-
lated environmental impact mitigation have some critical limitations. Key
research gaps are outlined in the following.

Missing assessment of secondary material usability in product manufac-
turing

A characteristic that previously conducted MFA and LCA studies have in
common is that they do not connect the recycling and manufacturing ends of
the value chain, i.e. they do not close the plastic life cycle on a product level:
The assessment of the vast majority of studies ends at the quantification
of the producible secondary material amounts198,214,222,223,269, while they
often do not consider quality of recycled materials and rarely determine
which products can actually be made of the latter. If secondary material
usability in product manufacturing was considered, the uptake pathways
were not analyzed in detail and, therefore, not well depicted, the level of
detail regarding product groups was insufficient for assessing maximum
secondary material shares in products in a meaningful way, or no maximum
limits for usable secondary material amounts were considered159,215,216,238.
Reasons for an insufficient assessment of secondary material usability are
likely scarce data availability and difficult traceability of waste flows, partly
due to an increasing globalization of waste treatment270. For assessments to
include a quantification of the demand for secondary materials produced
in a certain scenario is, however, very relevant. The reason for that is
that the composition of a secondary material is rarely the same as of the
original material—for plastics, same as for other materials such as metals or
wood142,271,272. This means that usually no 1:1 substitution of the original
material can be assumed, and, therefore, suitable applications and utilizable
secondary material shares therein need to be investigated. These, in turn,
determine which secondary material amount can be taken up overall. The
resulting substitution of virgin material is a parameter determining the
environmental benefits from recycling to a significant extent136,261,273,274.
Therefore, an adequate assessment of the substitutable material amounts is
key for determining realistic environmental potentials of recycling.

Differences between primary and secondary materials have commonly
been taken into account by use of a substitution ratio, specifying which
amount of primary material can be substituted by a certain secondary
material136. This approach, though, as currently used, is not able to con-
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sider maximum substitution limits arising on a system level. For instance,
when a secondary plastic material flow is utilizable in boxes and able to
substitute 80% of a primary material needed for producing a box, via so-
called substitution factors, lower substitution benefits because of a higher
total amount of material needed can be taken into account. However, such
factors would need to depict maximum secondary material shares overall
usable in boxes, and take into account the limited total use amount of boxes,
which together constitute a recycling limit above which additional recy-
cling cannot obtain further substitution benefits. Such a recycling limitation
posed by secondary plastics usability is likely to become relevant at higher
recycling rates, as currently envisioned by EU targets275—similar to the
situation already prevailing in practice for steel276.

Another common approach for considering altered secondary plastics
properties compared to virgin material is to assess material quality. As used
in this work, quality refers neutrally to the entirety of properties (of a mate-
rial). Different studies have differentiated degrees of quality for secondary
plastics based on different aspects. Eriksen et al.277 defined quality levels
according to legal requirements regarding chemical composition and/or
migration behaviour of the product. Other studies base quality on differ-
ent plastics properties such flexural modulus or melt flow index164,278–280.
Quality in terms of material purity can sometimes decrease with increasing
collection rate281. One commonly used quality criterion, the suitability for
closed-loop recycling, has proven not to be a suitable indicator for environ-
mental benefits, since closed-loop recycling does not necessarily provide for
higher environmental benefits than open-loop recycling261,282,283. Whether
open-loop recycling pathways limit the environmental benefits achievable
by recycling or not may, again, only appear on a system level: When only
looking at the recycling of a single product, the environmental benefits
that secondary materials produced from it can provide are the same inde-
pendent from the application in which they are used, if the same amount
of primary material is substituted. From a system perspective, however,
it matters if the usability of secondary material is restricted to certain
products, as this makes it more likely for the overall demand for this sec-
ondary material to become saturated at increased recycling, limiting the
substitution benefits achievable by recycling. At the same time, if secondary
plastics can be used in a different application than the original, for which
the demand is higher than for the original product, insufficient demand
for secondary material may not be an issue. A utilization in a different
product than the original may also result from product development over
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time. For instance, recycled plastics from car bumpers may be used in
vehicle front ends which, in current cars, may look very different from
the recycled bumpers. Such evolution, in fact, also takes place in nature.
The image of closed cycles in nature is, therefore, a misconception, while
a perception as spirals seems more appropriate284. In synthesis, assessing
the quality of secondary materials could be useful as a basis for defining
possible pathways from recycled plastics to product manufacturing. For this,
however, comprehensive product requirements would need to be assessed
and matched against the properties of available secondary materials, as
partly done in Demets et al.280.

It is especially relevant to consider secondary material utilization when
assessing new developments in recycling methods like the application of
marker-based sorting: More specific sorting, same as other measures such
as aligned design on a plastic-grade level help to avoid a mixing of different
plastics and, therewith, affect secondary material quality. The achievable
quality is not necessarily “better”, however, it is more specific, which may
allow for a utilization of respective secondary material in the original ap-
plication. Therewith, the number of products in which secondary material
may be used can be expanded, leading to a higher utilizable secondary
material quantity overall. This also again stresses the importance of taking
a system perspective.

Insufficient level of detail
Another shortcoming of existing studies is a lack of necessary detail that

may easily lead to erroneous results. The importance of a high material
resolution in LCAs for waste management systems was already stressed by
Laurent et al.207 and Astrup et al.285. As an example, if the data granularity
of a study is such as to consider HDPE in pipes, from the large waste
amount198, one may draw the conclusion that also high secondary material
amounts may be produced. However, when looking more thoroughly, it
becomes clear that relevant waste shares are present in non-recyclable multi-
material structures, contaminated such as for sewage pipes, or not accessible
from domestic or buried installations (cf. e.g. Kunststoffrohrverband e.V.
(KRV)286, PE Europe GmbH et al.287, Vilaplana & Karlsson288). This lowers
the recycling potential, but becomes only apparent if the level of detail of a
study is sufficient.

When assessing secondary material usability, as well, too broad product
categories (such as in Eriksen et al.159) may lead to an overestimation of
utilizable amounts. High-resolution studies on product-specific usability of
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secondary plastic flows in dependence of recycling pathways have not been
available.

Connected to the fact that plastic-type and product resolution of previous
studies are often not sufficient, also recycling scenarios in many cases lack in
elaboration. Several studies merely assume plastic recycling rates achievable
in future without basing them on concrete material or recycling system
properties (Section 1.2.2.2). Future scenarios assessing concrete measures
for increased recycling of plastics from different applications have largely
been lacking.

As a result of neglection of details, mechanical plastic recycling rates
of 80–100% are considered in studies83,289, which seem highly unlikely to
be achievable based on the severe recycling barriers (Section 1.2.1.1). It is,
therefore, of utmost importance to look at material flow systems in depth
for determining recycling potentials. Although some studies have achieved
a rather high level of detail159,191,198,223,238, this is still not sufficient for an
adequate assessment, as exemplary demonstrated for the above depicted
case of pipes. The required level of detail may, thus, be extremely high,
while at the same time a wide system perspective is required (see next
section). This balancing act is clearly challenging.

Incomplete scenarios
The scenarios modelled by previous studies are mostly not holistic. Many

studies lack comprehensiveness in the inclusion of different product seg-
ments: Most recycling studies focused on (current or future) recycling
measures for only one product segment such as packaging (e.g. Eriksen
et al.159, Thomassen et al.223, Van Eygen et al.237, Antonopoulos et al.224) or
electrical and electronic equipment229, while there is a lack of studies for
other relevant product segments, e.g. building and construction135. Only sin-
gle studies cover and distinguish all product segments relevant for plastics
when assessing measures for increased recycling159. This comprehensive-
ness is, however, required when overall demand restrictions for secondary
plastics are to be assessed: Because of cross-sectoral recycling patterns, sec-
ondary plastics from all product segments, and secondary plastics demand
within the complete product portfolio need to be considered for identifying
possible demand saturations.

Similarly, it seems meaningful to only assess the potential of chem-
ical and solvent-based recycling jointly with mechanical recycling (see
Section 1.2.2.1). Future scenarios for chemical recycling taking a system
perspective are, however, rare161,235,238,290.
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When it comes to assessing the potential of different measures for in-
creasing recycling, a consideration of individual measures separately may
not be the best way forward, as different measures may mutually reinforce
or annihilate each other. Few studies have assessed a combination of several
measures159. In addition, the potential of emerging technologies for increas-
ing recycling (Section 1.2.1.1) has so far not been part of assessments.

Lack of LCA data and of MFA-LCA combination
Life cycle inventory data is available for all main plastic types on pro-

duction and incineration in waste-to-energy plants58. When it comes to
recycling processes, data is more scarce. For mechanical recycling, data is
available for some plastic types58,191,202, while there is generally a lack of
data on chemical recycling200,221,246,290. Important gaps include a scarcity of
data related to the energy requirements for large-scale operation of chemical
recycling processes and the assessment of substitution benefits based on
product composition and therewith usability200,202. Available data are not
sufficient for assessing whether chemical recycling processes may bring
environmental advantages compared to alternatives, while, in the context of
the United Nations’ plastic treaty291–293 or EU plastic packaging recycling
targets275, on a political level the course is being set as to chemical recycling
processes being supported or not.

While several LCAs related to plastics have been conducted with very
different scopes, LCA has only in individual cases been based on a MFA
(Section 1.2.2.2), and if so, the underlying MFA lacks in detail (such as for
Zheng & Suh83, Haupt et al.261, or De Meester et al.229) and/or completeness
(e.g. Chaudhari et al.221 or Van Eygen et al.237). Which environmental bene-
fits plastic recycling may bring on a system level has, therefore, remained
largely unassessed, especially under consideration of concrete measures for
increased recycling of plastics from different applications and secondary
material usability.

1.3 research objectives

The aim of this dissertation is to determine how and to which extent the
environmental impacts of plastics can be lowered by means of mechanical
and chemical recycling of post-consumer waste. The geographical scope
is Switzerland, which can be considered representative for the European
situation due to the international production and recycling situation (Sec-
tions 1.2.1.2 and 4.4). This means that the challenges identified and solutions
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proposed are widely applicable to plastic material flow systems in a Euro-
pean context.

The following questions have guided the research:

RQ1 Which plastic types from which products are currently recycled via
which pathways in which amounts into which products?

RQ2 May a lack of utilization options for secondary plastics constitute a
limitation for increased mechanical plastic recycling?

RQ3 By which means and to which extent may mechanical and chemical
plastic recycling be increased and which environmental benefits can
this bring?

1.4 methodological approach and thesis structure

To answer the first research question, the current plastic recycling situation
is analyzed for the case of Switzerland and the year 2017 by means of a
material flow analysis with outstanding level of detail regarding plastic
types and product groups (Chapter 2; Klotz & Haupt1). All main plastic
types from all relevant application segments are included. All life cycle
stages are considered, whereby also the fate of secondary plastics is deter-
mined, meaning that the complete cycle is regarded. Based on the secondary
material utilization data gained, it is assessed whether limited utilization
options for secondary plastic produced by the current recycling system may
constitute a relevant barrier to increased recycling (Chapter 3; Klotz et al.2).
To this end, a future scenario for Switzerland in the year 2025 is modelled
that involves increased waste collection without any other system changes.
The only recycling method that is already practiced to a relevant extent
and, therefore, part of the scenario is mechanical recycling. The different
secondary plastic flows are allocated to suitable uptaking product groups so
to maximize the overall amount of secondary material utilizable in product
manufacturing. Thereby, constraints posed by consumption amounts of
individual product groups and secondary material shares utilizable therein
are considered. Based on this assessment, not all producible secondary
plastics will be able to substitute primary plastics if only waste collection is
increased. Therefore, additional system changes besides increased waste
collection are designed when modelling future scenarios for increased me-
chanical plastic recycling in Switzerland in 2040, and secondary material
utilization is considered in their assessment (Chapter 4; Klotz et al.3). The
additional system modifications consist in improved product design and
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waste sorting, involving the implementation of newly available technolo-
gies (Section 1.2.1.1). Thereby, certain system changes specifically target
secondary material quality, leading to increased secondary material usabil-
ity. The achievable recycling rate is determined based on the producible and
utilizable secondary material amount. The environmental impacts of differ-
ent system designs are quantified via life cycle assessment. How chemical
recycling could complement mechanical recycling and which environmental
benefits this may bring is finally investigated (Chapter 5; Klotz et al.4). The
mass flow potential for chemical recycling is based on an assessment of the
availability of waste flows not mechanically recyclable and their suitability
for different chemical recycling processes. The related potential for reduc-
ing environmental impacts is determined with a life cycle assessment of
the system as a function of process choice and configuration. Finally, the
main findings of the thesis are summarized and their relevance for science
and society is outlined, while limitations are pointed out and areas for
continued research suggested in Chapter 6.

Figure 1.2: Thesis overview
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value of the data

• The provided data can be used in designing a plastic waste man-
agement system for Switzerland, for conducting a related life cycle
assessment, or as a methodological reference for similar studies.

• Stakeholders who can directly benefit from the provided data include
policy-makers, as well as institutions and consultancies aiming to
develop plastic waste management systems. The data can also be of
use to scientists who are interested in performing similar analyses or
life cycle assessments.

• For gaining further insights, for example regarding the environmental
impacts of different parts of the system or of different waste manage-
ment options, the provided data can be used as a basis for modelling
future scenarios and conducting prospective life cycle assessments.

2.1 data description

The presented data comprises three parts. The content and structure of
these are described in this chapter. Additionally, a way for transferring the
material flow data into a relational database is described.

2 .1 .1 Database

The database (referred to as such in the following) contains all material
flow data, with related calculations and data sources. It is stored as an Excel
workbook consisting of various sheets.

The flow data are stored in sheets of the database according to the plastic
life cycle (Figure 2.1). Besides the sheets relating to the material flows in
the different life cycle stages, there are further sheets in the database. The
General information sheet gives relevant information on how to read the data
in the database. It includes all abbreviations, an explanation of the color
coding, a glossary, general explanations to certain product segments and
life cycle stages, important information regarding the connection of the
database with the Sankey diagrams, and a possible way to transfer of the
data into a relational database2. The References sheet contains all literature
references mentioned in the database, and personal data of the people who
provided information via personal communication. The variable parameters
sheet contains parameters that were used in the flow calculations, together
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with related sources and critical discussion. Several help sheets of grey
tab color document auxiliary calculations for the material flows. For the
connection with the Sankey diagrams, all relevant flow data are gathered on
additional sheets (see Section 2.1.3). Additionally, all flow data are compiled
in a structured form on specific sheets from which the data can be read out
and written into a relational database, as done in Klotz et al.2 (see Section
2.1.4).

2 .1 .2 Detailed data description document

In the detailed data description document (which it is referred to as in the
following and in the database), the data sources and calculations for data
compilation and reconciliation are described and discussed. Information on
the collection, sorting and recycling processes in place is provided.

The description is structured according to the product life cycle (Fig-
ure 2.1). Each of the Sections 2.1 to 2.12 of the detailed data description
document refers to one sheet of the database.

2 .1 .3 Sankey diagrams

Two Sankey diagrams depicting the material flow data are provided:

• Sankey diagram on the plastic-type level: This flow diagram depicts the
material flow data from the database on the level of plastic types.
The distinguished plastic types are provided in Section 2.2.2 System
definition of the Chapter 2.2 Experimental Design, Materials, and
Methods. The diagram is provided in PDF and .sankey format.

• Sankey diagram on the product-subsegment level: This flow diagram de-
picts the material flow data from the database on a product subseg-
ment level. A list of the distinguished product segments and subseg-
ments is provided in Section 2.2.2 System definition of the Chapter
2.2 Experimental Design, Materials, and Methods. The diagram is
provided in PDF and .sankey format.

For depicting the material flow data in the database as Sankey diagrams,
specific database sheets were created, to which the Sankey diagrams are
linked. The respective sheets are located after the sheets regarding the
life cycle stages and are named according to the product segments. The
sheets linked to the Sankey diagram on plastic-type level contain the term
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Included
Life Cycle
Stages

Polymer 
Manufacturing

Product 
Manufacturing

Use 
Separate 
Collection

Sorting Recycling

Packaging

Building and 
Construction

Automotive

Electrical and 
Electronic 
Equipment

Agriculture

Household items, 
furniture, leisure 
and other

Textiles

2.3.1

2.1

Energy Recovery

2.4.1

Related Sections of the Detailed Data Description Document:

2.5

2.6.1

2.7

2.8.1

2.9

2.10.1

2.11

2.12

2.3.2

2.4.2

2.5

2.6.2

2.7

2.8.2

2.9

2.10.2

2.11

2.12

2.3.3

2.4.3

2.5

2.6.3

2.7

2.8.3

2.9

2.10.3

2.11

2.12

2.3.4

2.4.4

2.5

2.6.4

2.7

2.8.4

2.9

2.10.4

2.11

2.12

2.3.5

2.4.5

2.5

2.6.5

2.7

2.8.5

2.9

2.10.5

2.11

2.12

2.3.6

2.4.6

2.5

2.6.6

2.7

2.8.6

2.9

2.10.6

2.11

2.12

2.3.7

2.4.7

2.5

2.6.7

2.7

2.8.7

2.9

2.10.7

2.11

2.12

*The document sections relating to the database sheet Intl. trade parts and products are not shown in this figure.
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Figure 2.1: Overview of included life cycle stages, as well as corresponding
database sheets and sections of the detailed data description docu-
ment. Use and separate collection refer to the respective processes
taking place in Switzerland, while the considered polymer and prod-
uct manufacturing, sorting, recycling and energy recovery processes
at least partly take place abroad. Chemical recycling processes, which
allow to gain a product that can be used for polymer manufacturing,
were not relevant for the research work; neither was landfilling, as
combustible waste must be incinerated in Switzerland if no material
recycling takes place300
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“polymers_diagram”, and the sheets linked to the Sankey diagram on sub-
segment level contain the term “product_diagram”.i The flows into polymer
manufacturing and from polymer manufacturing to product manufacturing
were calculated via the mass balances of the respective processes, assuming
that no stock changes occur. For the manufacturing taking place abroad
of products imported into Switzerland, the manufacturing losses were not
modelled, i.e. the amount of input materials into manufacturing corre-
sponds to the amount of manufactured products. In reality, an additional
input of virgin materials corresponding to the manufacturing losses into
the respective process is needed. For calculating the flows from polymer
manufacturing to product manufacturing, relating to virgin plastics, the
amounts of secondary plastics used in product manufacturing according to
the present model were considered. Specifically, the determined secondary
material flows were subtracted from the total demand in product manu-
facturing to get the virgin material input flows, i.e., a 1:1 substitution was
assumed. This does not necessarily reflect the reality in all cases, but was
used for a first best-case assessment.

2 .1 .4 Modality for a transfer of the material f low data into a
relational database

The presented material flow data, for a scenario analysis2, was transferred
from the Excel database into a relational database in MySQL, which was
then accessed to retrieve data and conduct calculations, with Python. The
MFA data can also be retrieved from the Excel database by other researchers
in a similar way. For this purpose, specific sheets were added in the Excel
workbook, each containing structured data that correspond to tables of
a relational database. The names of these sheets start with “db_”. The
relations among the individual tables are provided using unique identifiers.
Foreign keys can be applied to ensure consistency. The structure of a
relational database seems suitable for MFAs; the Open Dynamic Material
Systems Model (ODYM) framework developed by Pauliuk and Heeren [14]
was a move in a similar direction.

i Regarding the Sankey diagram on plastic-type level, there is one additional sheet containing
“Intercon” instead of the name of a product segment in its denomination. The reason is that
certain flows of the same plastic type from different product segments are treated together
in one process, which means that the product flows from such processes are composed of
plastics from different subsegments. Since the total flows of the individual plastic types are
depicted in the Sankey diagram, the sum of the flows of the different segments was made and
is specified in this particular sheet.
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2.2 experimental design, materials , and methods

2 .2 .1 Methods

A static material flow analysis (MFA) considering stock change was con-
ducted. The system boundaries are described in Section 2.2.2 of this chapter.

The underlying data for the MFA were gathered from databases from rel-
evant organizations, official statistics offices, studies conducted by institutes
and consultancies, scientific literature, reports from industry organizations,
information from companies’ websites, and personal communication with
stakeholders. This research work builds on the two most recent studies of
the plastic material flows in Switzerland, i.e. Kawecki et al.198 and Schelker
& Geisselhardt117. The material flow data were reconciled and compared to
relevant studies wherever possible. Details on the data collection and recon-
ciliation process are provided in the detailed data description document.

The data compilation was done in Excel. The material flows are depicted
in Sankey diagrams, which were created with e!Sankey 4 pro and are
directly linked to the Excel workbook. The flow data was prepared to be
transferred from Excel to a relational database.

2 .2 .2 System definit ion

The geographical boundary of the material flow analysis is constituted by
plastics used and arising as waste in Switzerland. In order to include the
complete material life cycle, relevant disposal processes taking place abroad
were included. The temporal boundary was the year 2017.

The plastic types considered in the material flow analysis are listed in
Table 2.1 and on the database sheet labeled Plastic types. For each product
segment (Table 2.2), individual plastic types were included to cover the
largest share of all plastics used, whereby some plastic types were consid-
ered for all segments. The estimated compositions of the individual product
segments and the approximately covered share of each product segment by
the considered plastic types are provided on the same sheet Plastic types.
The shares of different plastic types used in different product segments
were also used to estimate the amounts of different plastic types in certain
products where more specific information was not available.
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Table 2.1: Plastic types considered in the material flow analysis

Plastic type denomination Abbreviation

Commodity
plastics

High-density polyethylene HDPE
Low-density polyethylene LDPE
Polyethylene terephthalate PET
Polypropylene PP
Polystyrene PS
Polyvinylchloride PVC

Technical
plastics

Acrylonitrile butadiene styrene ABS
High-impact polystyrene HIPS
Polyamides PA
Polycarbonates PC

Polyurethanes PUR

Plastics can generally be categorized based on different characteristics
such as functional groups present in the polymerii or monomeriii, tempera-
ture behavioriv, usev, material originvi or degradabilityvii. For this research
work, typical categories for plastic types were used (see Kawecki et al.198,
Plastics Europe301): some refer to plastics made from specific monomers
(LDPE, HDPE, PET, PP, PS, PVC, ABS, HIPS), whereas the other types
consist of plastics made from similar, but not identical monomers (PC,
PA, PUR). The exact polymers included in each of these plastic types are
specified in detail on the database sheet Plastic types. All distinguished
plastic types include diverse plastics, which have varying chemical struc-
tures (chain length distribution, side chains configuration) and contain a
variety of additives (see Wiesinger et al.33). All considered plastic types are
thermoplastics, except for polyurethanes (PUR), which are often thermosets.
Today, more than 94% of all plastics that are produced worldwide are made
from fossil feedstocks302.

ii e.g. esters as functional group in polyesters (polymers)
iii e.g. olefins/alkenes as monomers of polyolefins (polymers), vinyls as monomers of polyvinyls

(polymers)
iv thermoplastics, thermosets, elastomers
v commodity/technical/specialty plastics

vi bio-/fossil-based
vii e.g. bio-degradable, compostable
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The material flows of the mentioned plastic types were further subdi-
vided based on product groups in which they are used. To determine
the scope of differentiated product segments and subsegments, different
product categorization schemes applied in the fields of official statistics,
trade of goods, customs, and product management on the international
level were reviewed regarding their suitability303–310. Many of the differen-
tiated product groups of the considered schemes, however, do not contain
plastic products or contain products made of other materials additionally
to plastic products. It was, therefore, considered useful to rather choose
product categories that are in line with commonly applied categories in
plastic studies and statistics. The considered main product segments and
product subsegments (see Table 2.2), as well as included and not included
products for each subsegment are provided on the database sheet Product
(sub)segments. All flows were determined on a subsegment level, except
for the flows of imported electrical and electronic equipment (EEE) parts,
re-used parts from waste electrical and electronic equipment (WEEE), and
secondary materials from WEEE recycling, where a determination on the
subsegment level was not possible due to missing data.

Table 2.2: Products segments and subsegments considered in the material flow
analysis (PTTs: pots, trays and tubs; C&I: commercial and industrial;
B&C: building and construction; HH: household; AC: air conditioning;
ICT: information and communication technology; CE: consumer elec-
tronics; EEE: electrical and electronic equipment)

Product
segment

Product
subsegment

Packaging

Food films
Food bags
Food bottles
Food PTTs
Food other
Consumer non-food films
Consumer non-food bags
Consumer non-food bottles
Consumer non-food PTTs
Consumer non-food other
Non-consumer packaging C&I - manufacturing - films
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Non-consumer packaging C&I - manufacturing - rigids
Non-consumer packaging C&I - retail - films
Non-consumer packaging C&I - retail - other
Non-consumer packaging C&I - hospitality - films
Non-consumer packaging C&I - hospitality - bottles
Non-consumer packaging C&I - hospitality - PTTs
Non-consumer packaging C&I - hospitality - other
Non-consumer packaging B&C - films
Non-consumer packaging B&C - rigids
Non-consumer packaging agriculture - films
Non-consumer packaging agriculture - rigids

Building and
Construction

Pipes and ducts
Thermal insulation
Flooring
Window profiles
Roof lining
Other B&C products

Automotive

Electrical and
Electronic
Equipment

Large HH appliances
Cooling, refrigerating and AC devices
Small HH appliances
ICT equipment and CE
Other EEE

Agriculture

Agricultural films - silage
Agricultural films - greenhouse
Agricultural films - mulch
Agricultural films - other
Agricultural pipes
Other agricultural products

Household
items,
furniture,
leisure and
others

Household items
Toys
Furniture
Sports items
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Medical and hygiene items
Other products

Textiles

Apparel
Household textiles
Technical textiles - textile flooring
Technical textiles - textile furniture
Technical textiles - mobility textiles
Technical textiles - agrotextiles - agricultural nets
Technical textiles - agrotextiles - other agrotextiles
Technical textiles - other technical textiles

All main stages of the plastic life cycle, as shown in Figure 2.1, are
included in the material flow model. For depicting the closed life cycle, the
material flows of the secondary material obtained from recycling back into
product manufacturing were determined.

Recycling refers to mechanical recycling. Chemical recycling processes
were not applied to a relevant extent for the investigated waste flows. The
definition of mechanical recycling used in this research work, as well as
details on the differentiation between the sorting and recycling stages, are
provided on the database sheet General information. The research work
focuses on the treatment of post-consumer wasteviii, as production (pre-
consumer) waste is only responsible for about 15% of the total plastics
waste192ix. Production losses arising in Switzerland were considered as
additional input into the product manufacturing processes, i.e. the amounts
of input materials are higher than the amounts of final products produced.
Losses arising during installation of imported semi-finished products (e.g.
cut-offs during pipe installations) were considered by directly deducing the
respective share from the import amounts.

viii The term “waste” as used in the present research work includes materials that are converted
back to a useful product by recycling (see also Wiprächtiger et al.311).

ix Note, however, that the share of secondary materials from pre-consumer waste in the total
secondary materials is higher than the share of pre-consumer waste in the total waste, since
more information is generally available on pre-consumer than on post-consumer waste, which
facilitates recycling.
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abstract

Plastic recycling can provide environmental benefits by avoiding the detri-
mental impacts of alternative disposal pathways and enabling the substi-
tution of primary materials. However, most studies aiming at increasing
recycling rates have not investigated how the resulting secondary materials
can be utilized in product manufacturing. This study assesses the future
substitution potential of primary with secondary plastics, building on a
material flow system of 11 plastic types in 54 product subsegments in
Switzerland in 2017 with a recycling rate of 9%. In a prospective material
flow analysis of a scenario for 2025, the collection rate of the plastic fractions
collected in 2017 is increased to 80%. The secondary material flows are
allocated to suitable uptaking product subsegments using a linear opti-
mization. The maximum share of secondary materials utilizable in each
product subsegment is estimated, whereby three sub-scenarios involving
high, moderate and low allowed secondary material shares are modelled.
Depending on plastic type and scenario, 21% to 100% of the secondary
material gained can substitute for primary material, covering 11% to 17% of
the total material demand. While the overall recycling rate could reach 23%,
taking into account only the uptaken secondary materials a true recycling
rate of only 17% results in the moderate applicability sub-scenario. Based
on these results, the secondary material uptake can be said to constitute a
limiting factor for increased future recycling. Therefore, thorough consid-
eration of the possible secondary material application is a prerequisite for
designing and assessing future recycling systems or for setting recycling
rate targets.

37
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3.1 introduction

Plastics are ubiquitous in our modern world due to the design flexibility
they offer at low cost. Moreover, plastics can be advantageous compared to
other materials from an environmental point of view. For instance, their high
strength-to-weight ratio enables fuel savings related to transportation44. At
the same time, the production and disposal of plastics cause substantial en-
vironmental impacts. These impacts can be partly mitigated by mechanical
recycling, which tends to be environmentally beneficial compared to other
disposal pathways, including landfilling, energy recovery and chemical
recycling135,136,200.

The environmental benefits of mechanical plastic recycling result from
the avoidance of detrimental impacts of other disposal pathways and the
substitution of primary materials. The quantification of the substituted pri-
mary materials decisively influences the estimated environmental benefits
in life cycle assessment studies261,273,274. At the same time, the determina-
tion of which specific materials are substituted to which extent remains
one of the main challenges in environmental assessments due to a lack of
information273,285.

Which materials are substituted to which extent is determined by a com-
bination of different factors, including the properties of the secondary and
substituted materials, as well as the socio-economic and legislative bound-
ary conditions273. In many studies203,277,278,312, the capability of a secondary
material to comply with the requirements for substituting primary material
in product manufacturing is called quality. The quality rating, however, is
often based on only one single aspect of the numerous influencing factors
mentioned above. Holistic criteria for what constitutes the quality of sec-
ondary plastics, which could serve as a basis for determining whether and
to which extent they are utilizable in certain products, is missing. In waste
management studies (e.g. Huysman et al.312, Rigamonti et al.256, Rosado
et al.313, Van Eygen et al.237, or Wäger & Hischier258) the substituted mate-
rial is often assumed to be the exact same as the original waste material,
neglecting to recognize that changes in the material properties might allow
a utilization of the secondary material only for purposes different from
the original one. How much material is substituted is often simplistically
assessed by the application of a substitution factor (e.g. in Gu et al.259,
Huysman et al.312, Neo et al.248, Rigamonti et al.256, or Van Eygen et al.237).
Applying substitution factors allows the fact that environmental benefits
are lower if a share of the required primary material is not substituted to
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be taken into consideration (if, e.g., more secondary material is needed
for manufacturing a certain product than when using primary material,
see Vadenbo et al.273). It does, however, not enable an assessment of the
maximum applicable amount of secondary material. Eriksen et al.159 have,
for European scenarios of increased PE, PET and PP recycling, considered
whether an uptake of the complete amount of secondary material gained is
possible. However, the product categorization used was coarse and possi-
ble uptake distribution changes were only taken into account to a limited
degree. To date, no waste management system studies are available that
investigate the applicability of secondary plastics taking into account the
market sizes of detailed uptaking product groups.

The present study investigates whether and under which circumstances
the applicability of post-consumer secondary material might represent a
bottleneck for an increased mechanical recycling of plastics. A prospec-
tive material flow analysis of a scenario involving increased collection in
2025 is conducted, based on the material flows of all main plastic types
and product segments in Switzerland in 2017

1, including the often over-
looked non-household plastics228. The amount of secondary material that
can replace virgin material is determined based on today’s utilization of
secondary material, assessing three sub-scenarios that allow high, moderate,
and low secondary material shares in the uptaking products. This approach
empirically takes into account the secondary material properties in relation
to the technical, legislative and socio-economic uptake restrictions. The
products in which secondary materials are or are not used today reflect,
for instance, prevalent aesthetic restrictions for consumer products or leg-
islative prohibitions on using certain secondary materials in food-contact
applications. They also depict economic hurdles, e.g. too high costs of mea-
sures potentially required for secondary material to be made suitable for
use in certain electronic products. After analyzing the potential secondary
material surplus, strategies for its mitigation are discussed.

3.2 methods

For the plastic material flow system investigated (Section 3.2.1), first the
situation in 2017 was analyzed based on the data provided in Klotz &
Haupt1 (Section 3.2.2). On this basis, a prospective material flow analysis
of a future scenario involving increased recycling in 2025 with three sub-
scenarios regarding the extent of secondary material applicability was
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modelled and the potential secondary material uptake was assessed (Section
3.2.3).

3 .2 .1 System definit ion

The system investigated was constituted by the material flows from polymer
manufacturing to disposal or recycling of plastic products consumed and
arising as waste in Switzerland, including related processes taking place
abroad. Eleven most frequently used plastic types and seven main appli-
cation areas of plastics, further subdivided into 54 product subsegments,
were distinguished (see Table 3.1).

This study considers mechanical recycling of post-consumer waste; it does
not regard the recycling of pre-consumer waste, nor emerging technologies
such as chemical recycling. Mechanical recycling means processes involving
a melting of the recycled material during recovery or product manufac-
turing. Post-consumer waste refers to all waste from consumers as well
as waste from commercial and industrial (i.e. non-consumer) applications,
except for manufacturing and installation losses.

Table 3.1: Products segments, subsegments as well as plastic types considered
along with collection rates of the system investigated in 2017

1 and
for a high-collection scenario in 2025 (see Section 3.2.3.1). AC: air
conditioning, B&C: building and construction, C&I: commercial and
industrial, CE: consumer electronics, EEE: electrical and electronic
equipment, HH: household, ICT: information and communication
technology, PTTs: pots, trays and tubs, HDPE: high-density polyethy-
lene, LDPE: low-density polyethylene, PET: polyethylene terephthalate,
PP: polypropylene, PS: polystyrene, PVC: polyvinyl chloride, ABS:
acrylonitrile butadiene styrene, HIPS: high-impact polystyrene, PA:
polyamide, PC: polycarbonate, PUR: polyurethane.

Product
segment

Product
subsegment

Plastic types considered Estimated
collection
rate 2017
(Klotz &
Haupt1 )

Modelled
collection
rate 2025
(present
study)HDPE LDPE PET PP PS PVC ABS HIPS PA PC PUR

Packaging

Food films x x x x x x 4% 80%n

Food bags x x x x x x 4% 80%n

Food bottles x x x x x x 82% 88%e

Food PTTs x x x x x x 9% 80%

Food other x x x x x x 5% 80%

Consumer non-food films x x x x x x 4% 80%

Consumer non-food bags x x x x x x 23% 80%

Consumer non-food bot-
tles

x x x x x x 7% 80%

Consumer non-food PTTs x x x x x x 8% 80%
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Consumer non-food other x x x x x x 5% 80%

Non-consumer packaging
C&I - manufacturing -
films

x x x x x x 8% 62%f

Non-consumer packaging
C&I - manufacturing -
rigids

x x x x x x 9% 31%g

Non-consumer packaging
C&I - retail - films

x x x x x x 38% 77%h

Non-consumer packaging
C&I - retail - other

x x x x x x 25% 40%i

Non-consumer packaging
C&I - hospitality - films

x x x x x x 6% 48%f

Non-consumer packaging
C&I - hospitality - bottles

x x x x x x 84% 87%e

Non-consumer packaging
C&I - hospitality - PTTs

x x x x x x 3% 13%g

Non-consumer packaging
C&I - hospitality - other

x x x x x x 37% 37%g

Non-consumer packaging
B&C - films

x x x x x x 3% 80%

Non-consumer packaging
B&C - rigids

x x x x x x 0% 0%

Non-consumer packaging
agriculture - films

x x x x x x 0% 0%

Non-consumer packaging
agriculture - rigids

x x x x x x 0% 0%

Building &
construction

Pipes and ducts x x x x x x x 55%a
17%j

Thermal insulation x x x x x x x 9%a
80%n

Flooring x x x x x x x 66%a
74%k

Window profiles x x x x x x x 57%a
80%

Roof lining x x x x x x x 53%a
80%

Other B&C products x x x x x x x 50%a
80%n

Automotive Automotive total x x x x x x x x x x x 26% 47%12

Electrical
and elec-
tronic equip-
ment

Large HH appliances x x x x x x x x x x x 92% 92%

Cooling, refrigerating and
AC devices

x x x x x x x x x x x 83% 83%

Small HH appliances x x x x x x x x x x x 92% 92%

ICT equipment and CE x x x x x x x x x x x 85% 85%

Other EEE x x x x x x x x x x x 91% 91%

Agriculture

Agricultural films - silage x x x x x x 25% 80%

Agricultural films - green-
house

x x x x x x 4% 80%

Agricultural films - mulch x x x x x x 0% 0%

Agricultural films - other x x x x x x 0% 0%

Agricultural pipes x x x x x x 0% 0%

Other agricultural prod-
ucts

x x x x x x 0% 0%

Household
items, furni-
ture, leisure
and others

Household items x x x x x x x x x x x 3% 80%

Toys x x x x x x x x x x x 1% 80%

Furniture x x x x x x x x x x x 50%b
80%n

Sports items x x x x x x x x x x x 20%b
80%n

Medical and hygiene
items

x x x x x x x x x x x 0% 0%

Other products x x x x x x x x x x x 0% 0%

Textiles

Apparel x x x x 34%c
80%n

Household textiles x x x x 34%c
80%n

Technical textiles - textile
flooring

x x x x 50%b
80%n
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Technical textiles - textile
furniture

x x x x 50%b
80%n

Technical textiles - mobil-
ity textiles

x x x x 26%d
47%m

Technical textiles - agro-
textiles - agricultural nets

x x x x 0% 0%

Technical textiles - agro-
textiles - other agrotextiles

x x x x 0% 0%

Technical textiles - other
technical textiles

x x x x 0% 0%

a For the B&C subsegments, the collection rates in 2017 include the waste collected via bulky goods collection, the subsequent sorting of which
exhibits a very low efficiency for pipes and ducts and window profiles, and from which no material at all is recycled for the remaining B&C
subsegments.
b Furniture, sports items, textile flooring and textile furniture were collected via bulky goods collection in 2017, but subsequently conveyed to
energy recovery.
c Apparel and household textiles were collected for re-use in 2017, but not mechanically recycled.
d Mobility textiles were collected along with end-of-life vehicles in 2017, but subsequently conveyed to energy recovery.
e increased collection for bottles from other plastic types than PET
f only LDPE films collected
g only certain plastic types collected and only half of the respective waste assumed to correspond to the type of waste collected in 2017 and
modelled to be collected
h only LDPE and PP films collected
i only half of all waste assumed to correspond to the type of waste collected in 2017 and modelled to be collected
j only cable conduits from HDPE and PP collected for recycling
k only PVC flooring collected for recycling
l

53% exported, rest collected (subsequently 80% of PP bumpers dismantled for recycling (Section 3.2.3.1, Section S-2))
m

53% exported, rest collected along with end-of-life vehicles
n For product subsegments from which material was collected, but from which no material was recycled in 2017, the collection rate in 2025

was modelled to amount to 80%, but as the transfer coefficients of the recycling system were kept unchanged (Section 3.2.3.1), as in 2017 no
secondary material resulted.

3 .2 .2 Material f low analysis for the status quo

The situation as modelled for the year 2017 by Klotz & Haupt1 was re-
garded as status quo. The methodology of the material flow analysis (MFA)
conducted is described in detail in Klotz & Haupt1.

3 .2 .3 Future scenario design and assessment

Based on the status quo (Section 3.2.2), a prospective MFA was conducted to
determine the amounts of secondary materials resulting from an increased
separate waste collection at an otherwise unchanged recycling system
(Section 3.2.3.1). Subsequently, the question as to whether the resulting
secondary materials may be utilized in product manufacturing was investi-
gated. For this, potentially uptaking product subsegments were designated,
along with estimates of the respective applicable amounts of secondary ma-
terials for three sub-scenarios (Section 3.2.3.2). Then, the secondary material
was allocated to the suitable product subsegments by conducting a linear
optimization for each plastic type to maximize the uptake of secondary
materials (Section 3.2.3.3).
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3.2.3.1 Determination of the secondary material amounts

The data on the status quo system (Section 3.2.2) was used as a basis
for modelling the future scenario. For the scenario, the year 2025 was
chosen as a reference year since this year corresponds to an EU target for
increased plastic recycling275. To estimate the consumption amounts for
2025, the per-capita consumption was assumed to be the same as in 2017.
This assumption is based on the two counteracting tendencies of, on the one
hand, the promotion of plastics due to their advantages regarding flexibility
and light-weight construction and, on the other, the avoidance of plastics
due to their negative public perception and legislative initiatives such as
the single-use plastics directive314. The actual and expected population
numbers of Switzerland in 2017 and 2025

315,316 were used to scale up the
consumption amounts of the year 2017

1. The waste amounts in 2025, as
inputs into the subsequent stages of the waste management system, were
modelled assuming a fixed, average product lifetime for each product
segment, i.e. each waste flow corresponds to the use amount of the year
from which the waste arises (2025 minus lifetime; details are provided in
Section S-1 of the Supplementary Material (SM)).

One share of the plastic waste in the system is collected for recycling,
whereas the remaining part is used for energy recovery. One systemic
change for reaching increased recycling targets is to substantially increase
the collected waste amounts. To assess a respective situation, in the future
scenario the collection rate was modelled to be increased to 80% for those
plastic types in product subsegments for which collection systems already
existed in 2017 (Table 3.1). This collection rate of 80% was considered
to be realistically attainable as it has already been achieved (and even
surpassed) for some products like PET drinking bottles and electrical and
electronic equipment (EEE) (see Table 3.1) and non-plastic materials317

in Switzerland. If the collection rate of a certain plastic type in a certain
product subsegment was already higher than 80% in 2017, it was kept
unchanged for the 2025 projection (see Table 3.1). Certain products collected
in 2017 in the model are part of a subsegment that also comprises products
that were not collected (e.g., of the pipes and ducts subsegment, only cable
conduits were collected). To depict a collection rate increase for only the
collected products, the collection rate of the subsegments concerned was
adjusted as described in Section S-2 of the SM (the resulting collection rates
are shown in Table 3.1). Moreover, the export share of end-of-life vehicles
(ELVs) was kept unchanged from today at 53%. The exported amounts
were not regarded in the recycling rate calculation. The remaining ELVs
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(47%) were modelled to be all separately collected in Switzerland, as legally
required318. Further details are described in Section S-2 of the SM.

The same sorting and recycling processes as in 2017 were applied for 2025.
Therefore, the same transfer coefficients, expressing the relation between
inputs and outputs of a process, as reported in Klotz & Haupt1 were used.
The inputs into each sorting process were calculated based on the waste
amounts and defined collection rates. From the inputs into sorting, via the
transfer coefficients the secondary material amount of each plastic type in
each subsegment from each recycling pathway was calculated.

3.2.3.2 Estimation of the applicable secondary material amounts

The suitable applications for the secondary materials were empirically de-
termined as this allows the secondary material properties and prevalent
boundary conditions to be indirectly considered. Klotz & Haupt1 had de-
termined in which product subsegments each secondary material flow (of
a specific plastic type in a specific subsegment, stemming from a specific
recycling pathway) was used in 2017 (Table S-1 of the SM). These subseg-
ments were considered suitable for taking up the same secondary material
flow in 2025.

The total plastic demand of each uptaking product subsegment was
approximated by the consumption amount of Switzerland in 2025. This
amount consists of domestic and imported products as well as, for both,
7% manufacturing losses198. The consumption amount includes imported
products, which were, besides domestic production, also considered as
uptake pathways. Including the imported products as uptake pathways,
on the one hand, is in line with the consideration of total Swiss waste,
including waste from imported products. This increases the amount of
secondary material that can be taken up, as compared to focusing only on
products manufactured in Switzerland. Limiting the uptake of secondary
plastics abroad to the amount of products imported to Switzerland, on
the other hand, ensures that the system is scalable and does not depend
on other countries recycling less to accommodate for additional material
from Switzerland. Therefore, regarding Swiss consumption amounts as
total demand was considered a reasonable way forward to assess possible
secondary material usability without relying on other countries as “material
sinks”, but also respecting that Switzerland is not a closed market.

The total plastic demand of each product subsegment can generally not
be completely covered by secondary material due to quality requirements.
Each subsegment contains a variety of different products and usually only
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in some of these products can secondary material be applied. Moreover,
the suitable products can only partly be made of secondary material. The
amount of secondary material that can be applied was estimated as a share
of the total demand for each plastic type in each subsegment, based on the
literature, personal communication with relevant stakeholders and own
assumptions (Table 3.2). Specifically, the maximum secondary material
shares for different product subsegments were determined i) by estimating
which share of a product subsegment is constituted by products in which
secondary material can be applied, based on available mass flow data, ii)
based on the theoretically utilizable recycled content in products, according
to estimates by available studies, iii) based on the share of recycled material
used in certain product groups, known from product manufacturers or
available studies, iv) based on the secondary material applicability of other
plastic types or product groups, v) by making assumptions regarding the
degree to which the secondary material meets the property requirements of
a product subsegment, based on available data on the secondary material
properties and on the product requirements and the composition of the
product subsegments. To address the uncertainty related to this estimation
procedure, the sensitivity of the results was analyzed by modelling three
sub-scenarios, varying the parameters as to the share of secondary material
that can be utilized in the uptaking product subsegments: a moderate, low,
and high applicability sub-scenario were modelled in this manner.

While the designation of suitable uptaking product subsegments was
specific to plastic type and recycling pathway, the usable share of secondary
plastics in a product subsegment (except for consumer non-food bottles)
was assumed to be the same for all plastic types and recycling pathways.
For example, in certain product subsegments, both secondary PET from
recycling abroad and from recycling in Switzerland can be used. Despite
the different origins, the same maximum fraction of secondary PET in the
uptaking subsegments was used. For consumer non-food bottles, it was
known that there is a clear difference between the usable secondary mate-
rial shares for different plastic types. Hence, for PET, a higher secondary
material share was allowed than for PE and PP (the reasons are outlined in
Table 3.2).
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Table 3.2: Shares of the total demand of the individual product subsegments
considered suitable for being covered by secondary material in the
three sub-scenarios. Only product subsegments in which secondary
material is used are listed. For the high and low applicability sub-
scenarios, in the cases where no related considerations are mentioned,
the shares were calculated based on the share for the moderate applica-
bility scenario by applying the default calculation method outlined in
Section S-4 of the Supplementary Material. The estimate gained with
this method is a percentage of the share of the moderate applicability
scenario (for the low applicability sub-scenario) or lies at a defined
point between the share of the moderate applicability sub-scenario and
100% (for the high applicability sub-scenario). The usable secondary
material shares were deter-mined for the specific secondary materials
that are used in each product subsegment. A favorable financial situ-
ation or other incentives are required in all cases to actually achieve
the secondary material shares listed. B&C: building and construction,
C&I: commercial and industrial, CE: consumer electronics, EEE: elec-
trical and electronic equipment, HH: household, ICT: information and
communication technology, OEM: original equipment manufacturer,
PTTs: pots, trays and tubs.

Product
subsegment

Relevant
plastic
type(s)

Share of total demand suit-
able for being covered by sec-
ondary material

Considerations regarding chosen shares

High
applica-
bility sub-
scenario

Moderate
applica-
bility sub-
scenario

Low
applica-
bility sub-
scenario

Food films PET 89% 85% 70% Main quality factors considered: (1) Esthetic requirements apply for the prod-
ucts from this subsegment since they are consumer products; more specifically,
some products might require transparency or a specific color. Besides the
transparent ones, also colored secondary materials can be suitable for certain
applications where the color fits or is irrelevant. (2) Also odor requirements
are relevant as this subsegment contains consumer products. (3) Technical
requirements need to be fulfilled.
Moderate applicability sub-scenario: About 70% of all secondary material
that is used in this subsegment is transparent or of light blue color319 . As-
suming that the transparent or light blue secondary material is suitable for
all products in this subsegment and that, additionally, half of the colored
secondary material is suitable, a share of 85% of the demand was assumed
suitable for the uptake of secondary material. Limiting the amount of applica-
ble secondary material based on its average composition makes this approach
conservative as the assumed usable share of secondary material corresponds
to a maximum allowance of secondary material if the demand is greater than
the available secondary material amount. Odor requirements were assumed
to be fulfilled by all secondary material due to the low diffusivity of PET,
implying a low uptake of foreign substances320 , and the extensive cleaning
process applied321 . The secondary material applied in this subsegment was,
based on the known application examples1 , assumed to mostly fulfill the
technical requirements.
Low applicability sub-scenario: It was assumed that only the secondary
material that is transparent or of light blue color can be used.

Food bottles PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Food PTTs PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Consumer non-
food films

PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.
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Consumer non-
food bags

HDPE,
LDPE

63% 50% 25% Main quality factors considered: (1) Esthetic requirements apply for the
products from this subsegment since they are consumer products. It was,
however, assumed that besides, for example, carrier bags with branding
functions, other bags like waste bags have no strong esthetic requirements.
Additional requirements regarding (2) odor (since the concerned products are
consumer products) and (3) stability (load carrying function) might constitute
additional limitations for secondary material uptake.
Moderate applicability sub-scenario: Regarding esthetics, already at low
contamination level, even if the original product was transparent, secondary
films become grey (personal communication Nadlera, 2019-07-17). Regarding
odor, PE has a higher diffusivity than PET320 and its molecular chains are
less dense than for other plastic types322 , making it prone to the uptake of
odorants. However, the secondary material used for this subsegment only
partly comes from food or silo wrapping applications, for which residues or
decomposition products of the packaged content can cause smell. Moreover,
odor mitigation is possible to a certain extent via odor removal technologies or
additives (see for example Gerlat322 , Evonik323 ), even if removal technologies
or additives might for some applications be too expensive to apply. Based
on the considerations outlined, on the one hand, a share of the secondary
material is suitable for any product of this subsegment, while for a share of
the demand no strong requirements apply, meaning that this demand share
can completely be covered by secondary material allocated to this subsegment.
On the other hand, a certain share of the demand cannot be covered by part
of the secondary material. Due to the lack of more specific information, it was
assumed that 50% of the products from this subsegment can be made from
the allocated secondary material.

Consumer non-
food bottles

HDPE,
LDPE,
PP; for
PET same
shares
as for
food films
(see Sec-
tion 3.2.3.2)

57% 43% 21% Main quality factors considered: (1) Esthetic requirements apply for the
products from this subsegment since they are consumer products. Secondary
material that is transparent or of natural color was assumed to be suitable for
all bottles regarding color. For certain products, even the colored secondary
material may be suitable because the available color fits or the respective
esthetic requirements are lower. (2) Also odor requirements are relevant as
this subsegment contains consumer products. (3) Technical requirements need
to be fulfilled.
Moderate applicability sub-scenario: A share of the secondary material is
transparent or of natural color. However, the share of transparent material was
assumed to be lower than for PET drinking bottles (for which it amounts to
about 70%, see food films). Regarding odor, a share of the secondary material
was assumed to be odorless. Further, odor mitigation is possible to a certain
extent via odor removal technologies or additives (see for example Gerlat322 ,
Evonik323 ). However, polyolefins are more prone to taking up odors and more

difficult to clean than PET320,322 ; personal communication Gudeb, 2020-08-
26), and removal technologies or additives for some applications might be too
expensive to apply. Due to the reasons mentioned, a share of the secondary
material was assumed neither to meet the esthetic nor the odor requirements,
and only few examples of the application of secondary material for products
from this subsegment were known. The technical requirements were, based
on the known application examples1 , assumed to be mostly fulfilled by the
secondary material applied in this subsegment. Due to the limitations outlined
relative to the secondary material from PET drinking bottles and the lack of
more precise data for polyolefins, their usable share of secondary material
was assumed to amount to half of the share specified for the subsegments
made from secondary material from PET drinking bottles (see food bottles),
i.e. 43%.

Consumer non-
food PTTs

HDPE, PP,
EPS

81% 75% 38% Main quality factors considered: (1) Esthetic and (2) odor requirements apply
for the products from this subsegment since they are consumer products (for
example paint buckets needing to be white). (3) Probably also certain stability
requirements apply. However, it was assumed that for products from this
subsegment (for example buckets) the requirements are generally rather low.
Moderate applicability sub-scenario: It was assumed that 75% of all products
from this subsegment can be made of secondary material, i.e. more than for
consumer non-food bottles due to lower requirements.
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Consumer non-
food other

PET 85% 59% 33% Main quality factors considered: (1) Esthetic and (2) odor requirements apply
for the products from this subsegment since they are consumer products. (3)
Stability requirements may also apply.
Moderate, high, and low applicability sub-scenarios: Secondary PET from
two different recycling pathways is used in this subsegment, stemming from
PET drinking bottle recycling in Switzerland or from mixed-plastic sorting and
recycling abroad. For the first case, the same considerations can be applied as
for the other subsegments made from secondary material from PET drinking
bottles (see food films). For the second case, it was assumed that one third
of the demand could be covered by secondary material, based on various
considerations as follows. The subsegment contains very diverse products,
while limited specific information on the use of secondary material is available.
Also, the respective secondary material is a mix of PET with different technical
properties294 . Since the assessment of the applicability of secondary material
in the present study was not specific to the origin of the secondary material
(see Section 3.2.3.2), a share corresponding to the average of the two cases
was applied. The estimated shares applying to the two individual cases (85%
for the secondary PET from drinking bottles recycled in Switzerland, 33% for
secondary PET from mixed-plastic recycling abroad) were used in the high
and low applicability scenarios, respectively, for analyzing the sensitivity of
the results.

Non-consumer
packaging C&I -
manufacturing -
films

LDPE 36% 27% 18% Main quality factors considered: (1) The esthetic requirements were assumed
not to be high since this subsegment does not contain consumer products. Still,
possibly some films are used for branding purposes. (2) Odor characteristics
were also considered to be of only minor importance as this subsegment does
not regard consumer products. (3) Stability requirements were assumed to
apply.
Moderate applicability sub-scenario: Only shrink films were known as an
application for secondary material within this subsegment1 . Out of all non-
food packaging films (shrink films, stretch films, film on reel), according to
Eunomia & Plastics Recyclers Europe324 , around 36% are shrink films. Al-
ready at low contamination level, even if the original product was transparent,
secondary films become grey (personal communication Nadlera, 2019-07-17),
and for fulfilling the stability requirements, a share of virgin material might
be needed. It was, therefore, assumed that 75% of all shrink films can be made
of secondary material.
High and low applicability sub-scenarios: It was assumed that 100% and
50%, respectively, of all shrink films can be made of secondary material.

Non-consumer
packaging C&I -
manufacturing -
rigids

HDPE, PP 51% 35% 18% Main quality factors considered: It was assumed that the (1) esthetic and
(2) odor requirements are rather low since this subsegment does not contain
consumer products, but (3) stability requirements apply.
Moderate applicability sub-scenario: This subsegment is very diverse. One
example of secondary material use for a relevant application from this sub-
segment was known: reusable boxes, in which 35% secondary material is
used (personal communication Röschlic , 2019-04-18). This value was used as
an estimation for the average share of the demand that can be covered by
secondary material.

Non-consumer
packaging C&I -
retail - films

LDPE 36% 27% 18% The same considerations as mentioned for non-consumer packaging C&I -
manufacturing – films were assumed to apply.

Non-consumer
packaging C&I -
retail - other

HDPE, PP 51% 35% 18% The same considerations as mentioned for non-consumer packaging C&I -
manufacturing - rigids were assumed to apply. In contrast to the manufactur-
ing industry, part of the reusable boxes are used for food-contact applications.
At the same time, part of the secondary material used in this subsegment
stems from food applications and was known to be used in food-contact
products1 . Therefore, the same shares as for non-consumer packaging C&I -
manufacturing - rigids were used.
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Non-consumer
packaging C&I -
hospitality - films

LDPE 29% 22% 15% Main quality factors considered: (1) The esthetic requirements were assumed
not to be high since this subsegment does not contain consumer products. Still,
possibly some films are used for branding purposes. (2) Odor characteristics
were also regarded as of only minor importance as this subsegment does not
contain consumer products. It was assumed that (3) stability requirements
apply and (4) hygiene requirements apply partly (for food packaging).
Moderate applicability sub-scenario: Films from hospitality include non-
food and food packaging films, the latter having higher requirements that
cannot be fulfilled by the secondary material used. Of the non-food films,
only shrink films were known as an application for secondary material1 . The
share of non-food packaging films out of all packaging films was estimated
based on data from Houlder325 , assuming that 57% of all consumer films are
food packaging films1 . 80% of all (consumer and non-consumer) packaging
films are non-food films according to this calculation, which is slightly higher
than in1 . Out of all non-food packaging films (shrink films, stretch films,
film on reel), according to Eunomia & Plastics Recyclers Europe324 , about
36% are shrink films. Based on the mentioned shares, non-food shrink films
constitute 29% of all hospitality packaging films. Already at low contamination
level, even if the original product was transparent, secondary films become
grey (personal communication Nadlera, 2019-07-17), and for fulfilling the
stability requirements, a share of virgin material might be needed. Due to
these considerations, it was assumed that 75% (same as for films from the
manufacturing industry) of all non-food shrink films can be made of secondary
material.
High and low applicability sub-scenarios: It was assumed that 100% and 50%,
respectively, of all non-food shrink films can be made of secondary material.

Non-consumer
packaging C&I
- hospitality -
bottles

PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Non-consumer
packaging C&I -
hospitality - other

HDPE, PP 51% 35% 18% The same considerations as mentioned for non-consumer packaging C&I -
retail - other were assumed to apply.

Non-consumer
B&C - films

HDPE,
LDPE

36% 27% 18% The same considerations as mentioned for non-consumer packaging C&I -
manufacturing - films were assumed to apply.

Non-consumer
B&C - rigids

HDPE, PP 51% 35% 18% The same considerations as mentioned for non-consumer packaging C&I -
manufacturing - rigids were assumed to apply.

Pipes and ducts HDPE,
LDPE, PP,
PVC

50% 22% 17% Main quality factors considered: For this subsegment, requirements regard-
ing (1) mechanical stability, (2) resistance to certain chemical substances, and
possibly (3) odor restrictions for air ducts apply, while (4) esthetic considera-
tions were assumed to be of lower importance since the pipes and ducts are
usually installed in an enclosed space.
Moderate applicability sub-scenario: No pressure pipes or pipes with safety

requirements (drinking water, gas) are made of secondary material326,327 .
Cable conduits and drainage pipes can be made of up to 100% sec-

ondary material326 , while today they are only partly made of secondary

material327–329 . According to Kunststoff Information326 , sewage pipes could
also be made with a share of secondary material. The share of the total de-
mand suitable for taking up secondary material was estimated based on the
demand share constituted by cable conduits and drainage pipes, amounting
to 22% according to Klotz & Haupt1 . Thereby, it was assumed that drainage
pipes constitute one third of all other than supply pipes, which is considered
a generous assumption. It was assumed that 100% of the calculated amount
of cable conduits and drainage pipes can be made of secondary material. The
resulting demand share is higher than the goal of the German plastic pipes
industry association as to increasing the share of used secondary material to

14% by 2025-2030
326 .

High applicability sub-scenario: The share used for the moderate applicabil-
ity sub-scenario is much smaller than the share of pipes suitable for taking

up secondary material according to Kunststoff Information326 , amounting to
two thirds, whereby the source mentions that not all of the respective pipes
can be made of 100% secondary material. Therefore, it was assumed that in
two thirds of all pipes secondary material can be applied (based on Kunststoff

Information326) and that the secondary material content in these pipes can
amount to up to 75%.
Low applicability sub-scenario: It was assumed that only 75% of all cable
conduits and drainage pipes can be made of secondary material, using the
respective shares of all pipes and ducts from Klotz & Haupt1 .
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Thermal insula-
tion

EPS 100% 100% 75% Main quality factors considered: It was assumed that (1) technical require-
ments apply, while (2) esthetic and (3) odor requirements are not of importance
as the insulation is usually installed in an enclosed space.
Moderate and high applicability sub-scenarios: According to EPS-Verband
Schweiz330 , the secondary EPS has the same properties as the virgin material.
Therefore, it was assumed that the whole demand can be covered by secondary
material.
Low applicability sub-scenario: It was assumed that only 75% of the demand
can be covered by secondary material.

Flooring PVC 63% 50% 25% Main quality factors considered: (1) It was assumed that esthetic require-
ments for the flooring surface apply in the context of which the different
colors of post-consumer secondary materials could be an issue. For layers that
are not on the surface of the flooring, secondary material can be used from
an esthetic point of view. In general, also (2) odor and (3) wear requirements
need to be fulfilled.
Moderate applicability sub-scenario: According to personal communication

with Helminiakd, 2019-10-25, by slightly adapting the material formulation,
secondary PVC with technical properties equivalent to those of virgin ma-
terial is obtained. However, from a PVC flooring manufacturing company
in Switzerland, the information was obtained that today consistent material
supply is an issue for the use of post-consumer secondary material and that
the company only uses pre-consumer secondary material (personal communi-
cation Bachmanne, 2019-10-25). Based on the information and requirements
mentioned and due to missing quantitative data, it was assumed that 50% of
the demand can be covered by secondary material.

Window profiles PP, PVC 80% 65% 40% Main quality factors considered: Besides (1) technical requirements, it was
assumed that (2) esthetic requirements (color and surface quality) and (3) odor
requirements (as the windows are connected to inhabited rooms) apply.
Moderate applicability sub-scenario: The considerations outlined hereafter
refer to the PVC in window profiles. For PP, which is only used in minor
amounts in window profiles, the same shares were used. It would be possible
to produce window profiles of 100% secondary material331 . However, due to
the grey color of the secondary material made from colored profiles331–333 ,
as well as a reduced profiles surface quality when secondary material is
applied331 , at least part of the secondary material is only used in the core of
the profiles331 . Plinke et al.331 mention legacy additives as another barrier.
Secondary material from white profiles was assumed to be suitable for the
visible parts of the profiles regarding color, whereby surface quality might
constitute a limitation. According to Plinke et al.331 , a maximum share of
60-70% of secondary material is used, which was used as the applicable sec-
ondary material share (65%).
High applicability sub-scenario: It was assumed that a share of 80% sec-
ondary material can be used since ECHA334 mentions that window profiles
can be made of at least 70% secondary material content.
Low applicability sub-scenario: According to ECHA334 , the average con-
tent of secondary material in window profiles amounts to only 10%. This is
assumed to at least partly be due to economic reasons rather than technical
ones. Therefore, the lower limit of the share of secondary material used in
single profiles made with secondary material according to ECHA334 was
used, amounting to 40%.

Other B&C prod-
ucts

HDPE,
LDPE, PP,
PS, EPS,
PVC

63% 50% 25% Main quality factors considered: A share of the products contained might
have low requirements overall, while other products might have very specific
requirements.
Moderate applicability sub-scenario: This subsegment is very diverse, while
only some applications for secondary material were known. This is why the
known applications were assumed to constitute only a limited share of the
total demand. It was assumed, though, that of the other products contained in
this subsegment, besides the known products in which secondary material
is used, some might have low requirements as well and thus be suitable for
secondary material uptake, while some might have very specific requirements.
Due to the outlined reasoning and the scarcity of quantitative data, it was
assumed that 50% of all products from this subsegment can be made from
secondary material.
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Automotive total PP, PS,
ABS,
HIPS

50% 18% 9% Main quality factors considered: (1) Technical, (2) esthetic and (3) odor re-
quirements apply.
Moderate applicability sub-scenario: Secondary material is only used in
certain vehicle parts. These include bumpers, underbody applications, wheel
arch liners, air ducts, air deflectors, fuel tanks, fittings, armrests and other
not further specified interior and exterior vehicle parts294,322,335–341 . The
respective parts were estimated to constitute 24% of the total vehicle plastics,
based on the shares of different automotive plastic parts from Wilts et al.294 ,
including assumptions if the distinction between different parts was not spe-
cific enough. It was assumed that the components mentioned can be made of
75% secondary material. The resulting share of 18% of the demand for which
secondary plastics are usable seems realistic, considering the goal of Volvo to
use 25% recycled plastics in their vehicles in 2025

342 . This is the only known
example for such a target, thus it is considered ambitious and not likely to be
followed by all OEMs.
High applicability sub-scenario: It was assumed that in half of all vehicle
components secondary material can be used and that the respective compo-
nents can be made of 100% secondary material.
Low applicability sub-scenario: It was assumed that the car components in
which secondary material can be used can only be made of 50% secondary
material and that their share of complete vehicle plastics amounts to only
three quarters of the share estimated based on Wilts et al.294 , i.e. 18%.

Large HH appli-
ances

HDPE, PP,
PS, ABS,
HIPS

40% 20% 10% Main quality factors considered: (1) Technical, (2) esthetic and (3) odor re-
quirements apply.
Moderate applicability sub-scenario: Examples for the application of sec-
ondary material are available, but only for a few non-visible parts339,343 .
A usable amount of secondary material corresponding to 20% of the total
demand was assumed for the moderate applicability scenario.

Cooling, refriger-
ating and AC de-
vices

HDPE, PP,
PS, ABS,
HIPS

40% 20% 10% The same considerations as mentioned for large HH appliances were assumed
to apply.

Small HH appli-
ances

HDPE, PP,
PS, ABS,
HIPS

75% 36% 18% Main quality factors considered: (1) Technical, (2) esthetic and (3) odor re-
quirements apply.
Moderate applicability sub-scenario: Several examples for the application of

secondary material are available338,343,344 . However, the known applications
for secondary material mostly feature specific characteristics: the respective
parts are not visible for the product user, black, or do not require high technical
performance. Technical issues are known to hamper recycling, including the in-
ability to produce secondary material with satisfactory visual appearance (e.g.
for a weighing machine by SEB) and sufficient technical properties (e.g. shock
resistance)343 . On the other hand, progress in recycling technology allows
secondary material with appealing visual appearance (uniform color, gloss), as
well as good technical properties (fatigue and creep properties) and processing
characteristics (regarding smell, stability, degradation) to be gained344 . The
recycled content of the known examples for secondary material application
ranges from 36% to 75% for complete products and from 90% to 100% for
single parts343,344 . Since, as outlined, secondary material is only used for
specific parts of specific products (according to the available information), the
lower limit of the given range of secondary material content for the specific
product examples is used as average possible secondary material content for
products from this subsegment, i.e. 36%.
High applicability sub-scenario: The upper limit of secondary material con-
tent in individual products according to the available information, i.e. 75%,
was assumed to be the maximum possible average secondary material content
of all products from this subsegment.
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ICT equipment
and CE

HDPE, PP,
PS, ABS,
HIPS

42% 10% 5% Main quality factors considered: (1) Technical, (2) esthetic and (3) odor re-
quirements apply.
Moderate applicability sub-scenario: Some examples for the application of
secondary material in products of this subsegment are available343 . However,
there are several application barriers343 . These include esthetic limitations (e.g.
regarding brightness, constancy, standardized color, gloss), which constitute a
criterion of high importance for certain products from this subsegment (e.g.
for audio products). Other barriers are unpleasant odor, insufficient technical
properties (e.g. due to the mixing of different grades at recycling, leading to an
average grade which is not suitable for e.g. certain IT equipment, degradation
of the polymer chains), the requirement of mould design change, and at the
moment also unfavorable economics. The limitations mentioned are reflected
by known examples of products (notebooks, tablets and smartphones) of one
OEM (Lenovo), which do not currently include post-consumer secondary
material for technical or economic reasons343 . A promising aspect regard-
ing the application of secondary material is that even though the secondary
material, as mentioned, often has average properties due to the mixing of
different grades of a plastic type, its properties might still be satisfactory
for standard applications with less specific requirements343 . Also, certain
secondary material can be subjected to the same moulding conditions as the
virgin material from the respective plastic type (e.g. HIPS), and for Hi-Fi
equipment, secondary material met or even outperformed the given specifica-
tions (e.g. a lower quantity of additives was needed)343 . The recycled content
of the known examples in which secondary material is used ranges from 10%
to 42% for complete products and from 10% to 85% for single parts343 . For
one OEM (Lenovo), the total amount of post-consumer recycled content in its
products in 2014 was known and estimated to correspond to at least 5% of
overall recycled content343 . For the same OEM, the average recycled content
in plastics containing recycled materials (almost exclusively post-consumer) is
58%343 . Based on the information given, it was assumed that the overall share
of the demand of this subsegment suitable for taking up secondary material
corresponds to the lower limit of secondary material content for products
from the known examples, i.e. 10%, due to the several barriers mentioned and
limited examples for the application of secondary material. High applicability
sub-scenario: The upper limit of secondary material content for products
based on the known examples was used, i.e. 42%.
Low applicability sub-scenario: It was assumed that only half of the share
used for the moderate applicability scenario is suitable for being made from
secondary material, i.e. 5%. This corresponds to the average share of secondary
material used by the OEM mentioned, which is assumed to be a generous
estimate since the OEM is mentioned as a forerunner.

Other EEE HDPE, PP,
PS, ABS,
HIPS

49% 22% 11% Main quality factors considered: (1) Technical, (2) esthetic and (3) odor
requirements apply partly.
Moderate, high, and low applicability sub-scenarios: Some examples for
the application of secondary material were known, but they were assumed
to constitute only a small share of all products belonging to this subsegment
due to its high diversity. The remaining products were assumed to be partly
undemanding and partly require specific technical properties. Due to the lack
of additional information, the shares of the demand suitable for being covered
by secondary material for the three sub-scenarios were assumed to correspond
to the average of the other EEE subsegments.

Household items HDPE,
PP, PS,
EPS, ABS,
HIPS

44% 25% 13% Main quality factors considered: (1) Hygiene requirements apply partly as
some products from this subsegment are food-contact products. (2) Esthetic
requirements apply partly. Besides that, it was assumed that the requirements
are low.
Moderate applicability sub-scenario: A usable amount of secondary material
corresponding to 25% of the total demand was assumed.

Toys HDPE,
PS, ABS,
HIPS

44% 25% 13% Main quality factors considered: (1) Safety requirements apply, and (2) es-
thetic requirements apply partly, but (3) the technical requirements were
assumed to be mostly low.
Moderate applicability sub-scenario: A usable amount of secondary material
corresponding to 25% of the total demand was assumed.

Furniture PS, PVC,
ABS,
HIPS

44% 25% 13% Main quality factors considered: (1) Esthetic requirements apply for visible
parts. (2) Odor requirements apply, and (3) technical requirements apply partly
(e.g. stability, wear resistance).
Moderate applicability sub-scenario: This subsegment is highly diverse. An
applicable amount of secondary material corresponding to 25% of the total
demand was assumed.
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Other products HDPE,
PP, PS,
EPS, ABS,
HIPS

33% 10% 5% Main quality factors considered: (1) Esthetic, (2) odor and (3) stability re-
quirements might apply.
Moderate applicability sub-scenario: This subsegment is highly diverse, con-
taining products from the transportation sector other than passenger vehicles,
certain clothing items, pallets, waste containers, mobile traffic infrastructure
elements, park benches, composters, equestrian mats, as well as a variety of
different other products like cigarette lighters, umbrellas, smoking pipes and
buttons. The known applications for secondary material were assumed to only
constitute a small share of the total subsegment as this subsegment, due to its
high diversity, contains several other products as well in which no secondary
material was known to be used. It was assumed that 10% of all products are
suitable to be made from secondary material.

Apparel PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Household tex-
tiles

PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Technical textiles -
textile flooring

PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Technical textiles -
textile furniture

PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

Technical textiles -
mobility textiles

PET 89% 85% 70% The same considerations as mentioned for food films were assumed to apply.

a Nadler, André: emüller, managing director
b Gude, Thomas: Swiss Quality Testing Services (SQTS), scientific head
c Röschli, Kurt: Swiss Plastics, managing director
d Helminiak, Norbert: ARP Schweiz, managing director
e Bachmann, Mirko: Forbo-Giubiasco SA, head of marketing and application technology

3.2.3.3 Assessment of the potential secondary material uptake

As a last step of the assessment, the amount of secondary material of each
plastic type (Section 3.2.3.1) was distributed to the designated suitable
uptaking product subsegments (Section 3.2.3.2). Since most secondary mate-
rials are suitable for various subsegments, and in each subsegment different
secondary materials can be used, a linear optimization algorithm was ap-
plied to allocate a maximum secondary material amount. This optimization
was conducted for each plastic type separately, assuming that one plastic
type does not substitute for another plastic type1. The objective function
represented the amount of secondary material utilized in product manu-
facturing, which was to be maximized (Eq. S-1 of the SM). This amount
was calculated as a sum of the individual secondary material flows, each
multiplied with the sum of its shares allocated to product subsegments.
The constraints were that for each uptaking subsegment the total amount of
allocated secondary material had to be smaller than the maximum usable
amount of secondary material (Section 3.2.3.2; Eq. S-2 of the SM). The total
amount of secondary material allocated to a subsegment was calculated as a
sum of the individual usable secondary material flows each multiplied with
its share allocated to that subsegment. The distribution of the secondary
material to the subsegments was, within the feasibility space defined by
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the constraints, variable and determined by the optimization algorithm (see
Section 3.3.2.3).

The applicable amount of secondary material msmappl
in each of the

three sub-scenarios, resulting from the optimization, was put in relation
to the total waste amount mwaste of the scenario to calculate the true
recycling rate (TRR) (Eq. 3.2; a graphical depiction of the TRR can be found
in Section S-6 of the SM). The TRR differs from the apparent recycling
rate (RR, definition from Haupt et al.261; Eq. 3.1) in that it only considers
secondary material covering a share of the current material demand. Any
secondary material used in the manufacturing of future additional products
for which no demand exists today msmsurp (see Zink & Geyer345) is not
included as it merely increases consumption, but does not reduce the
primary material demand. The RR, putting the total secondary material
amount (msmappl

+msmsurp) in relation to the total waste amount, was
additionally calculated as a benchmark since it shows which maximum
recycling increase could be achieved with the system change modelled if
the complete secondary material could be applied.

RR =
msmappl

+msmsurp

mwaste
(3.1)

TRR =
msmappl

mwaste
(3.2)

3.3 results

3 .3 .1 Status quo

In 2017, 1’020’000 tonnes of plastics were used in Switzerland and 790’000

tonnes arose as waste. The overall recycling rate amounted to 9%. Of all
product segments, the highest recycling rate was reached by EEE (22%).
Although the packaging segment only depicted the second highest recycling
rate (17%), 83% of all secondary material stemmed from this segment as
it constituted the largest share of the total waste (45%). The product sub-
segments with the highest recycling rates were hospitality and food bottles
(including PET drinking bottles), window profiles as well as information
and communication technology (ICT) equipment and consumer electron-
ics (CE); the largest secondary material amounts stemmed from food and
hospitality bottles, retail films and ICT equipment and CE (Figure 3.1).
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Figure 3.1: Recycling rates and secondary material amounts of recycled product
subsegments in 2017

1. AC: air conditioning, B&C: building and con-
struction, C&I: commercial and industrial, CE: consumer electronics,
EEE: electrical and electronic equipment, HH: household, ICT: in-
formation and communication technology, NC: non-consumer, PTTs:
pots, trays and tubs.
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66% of the total secondary material was applied in the packaging seg-
ment. This is to a large extent owed to the fact that in Switzerland in 2017,
of the packaging waste, mainly PET drinking bottles were recycled, and
the respective recycling process allowed for a closed-loop application of the
secondary material. The high recycling rate of PET drinking bottles also led
to the highest recycling rate for PET overall. In addition, LDPE packaging
films, HDPE boxes and other packaging items were also produced from
secondary material. The next largest amounts of secondary material were
applied in the building and construction (B&C, 14%) and the household
items, furniture, leisure and others (9%) segments. As the secondary mate-
rial amounts in 2017 were small, they could be completely used in product
manufacturing.

Besides the recycled waste, an additional 5% of the total waste was re-
used, mostly abroad (automotive and EEE products and parts as well as
textiles). 85% was used for energy recovery: 83% in waste-to-energy plants,
mainly conveyed there directly from the use phase, and 2% in cement
kilns, corresponding to separately collected waste that is separated out in
the recycling chain. 1% of the waste had an unknown destiny (passenger
vehicles).

3 .3 .2 Scenario assessment

In the sub-scenarios modelled for 2025, not all secondary material can be
utilized in product manufacturing (Figure 3.2). The lowest applicable share
of secondary material results for HIPS in the low applicability sub-scenario
(21%), followed by LDPE (25%) and PS (32%). In contrast, 100% of the sec-
ondary PET and PVC can be taken up in all sub-scenarios. In the moderate
applicability sub-scenario, the uptaken secondary material shares of the
single plastic types range from 38% (LDPE) to 100% (PET, PVC and ABS).
The overall RR of the system modelled amounts to 23%, while the TRRs
for the high, moderate and low applicability sub-scenarios amount to 20%,
17% and 13%, respectively (Section 3.3.2.2). This means that considering
the secondary material applicability reduces the apparent recycling rate by
10% to 42%. The largest absolute amounts of uptaken secondary material
in the moderate and high applicability sub-scenarios result for PET, HDPE
and PP; this coincides with the fact that for these plastic types the largest
total secondary material amounts are obtained (Figure 3.2). In the low
applicability sub-scenario, the second-largest secondary material amount
uptaken results for PVC.
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3.3.2.1 Uptaken secondary material amounts of the individual plastic types

The secondary PET and PVC can be completely taken up in all sub-scenarios.
The demand for secondary PET is sufficiently high as a large share of the
total secondary PET stems from PET drinking bottles and has a quality that
makes it suitable for a number of different applications. Most secondary
PVC can, among other possible applications, be used in the same B&C
product subsegments from which it stems. For the B&C subsegments,
the waste amounts are considerably smaller than the use amounts due
to increasing plastic shares in the respective products during their long
lifetimes in the past. Therefore, only small shares have to be produced from
secondary resources in order to take up all secondary material. However,
over time the PVC waste amounts will approach the consumption amounts.
This can possibly lead to a situation in which not all secondary material can
be applied if the product design and recycling system remain unchanged.

The lowest uptake rates resulted for secondary LDPE and PS, which
cannot be completely used in product manufacturing, even in the least
restrictive high applicability sub-scenario. The material properties of some
secondary LDPE and PS only allow for a limited applicability. For example,
secondary LDPE from silo wrapping films can only be used in carrier bags
or pipes; LDPE stemming from tertiary packaging can again be used in the
same, however only in shrink films (Table S-1 of the SM and Table 3.2). For
secondary PS from packaging or EEE, only a few applications were known
with a low total demand that is saturated quickly in the model. A high
secondary material demand from insulation material exists. However, it can
only be covered by secondary EPS stemming from certain packaging appli-
cations, not by the aforementioned secondary PS (the uncovered demand is
visible in Figure S-5 of the SM).

For HDPE and PP, the secondary material demand is saturated in the
low and moderate applicability sub-scenarios. The range of products for
which the secondary HDPE and PP are applicable is similar. The situation
of HDPE is shown in exemplary form in more detail in Section 3.3.2.4.

For the two technical plastics that are recycled today, ABS and HIPS, the
applicable amount of secondary material is smaller than the total amount
of secondary material in the moderate and low applicability scenario (for
HIPS) or in the low applicability sub-scenario (for ABS).
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Figure 3.2: Total secondary material available in a system with increased col-
lection rates in 2025 and uptaken secondary material in the three
sub-scenarios modelled for each plastic type. Only the plastic types
that are recycled are shown in the figure. The sources of the data on
which the related calculations were based are available in Table 3.2 as
well as in Klotz & Haupt1.

3.3.2.2 RR and TRRs of the individual plastic types

The RRs of the individual plastic types are low for the system modelled
(Figure 3.3) compared to the RRs reached by other materials like glass,
cardboard or aluminum217. The low overall plastic RR of 23% is attributable
to different causes. A part of the waste is not separately collected (Table 3.1).
Of the separately collected waste share (56%), more than half is lost during
the sorting and recycling processes. The losses arise, among other reasons,
since some product subsegments (e.g. food films, thermal insulation, fur-
niture) and plastic types (PA, PC, and PUR) are not recycled at all; for the
rest of the collected waste, material is lost, for instance, due to separating
out of non-recyclable items, mis-sorting and filter losses. Moreover, in addi-
tion to the mechanically recycled waste, certain plastic products or parts
thereof are re-used (e.g. from the automotive and textiles segments) and
the respective amounts are not incorporated into the RR from this study
(see Section 3.2.3.3).

Of all plastic types, the highest RR and TRR (both 37%) are reached
by PET. If only packaging is regarded, the PET (T)RR achieved amounts
to 57% and would meet the 50% target for 2025 set by the EU Packaging
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Figure 3.3: Recycling rate (RR) in a system with increased collection rates in
2025 as well as true recycling rates (TRRs) in the three sub-scenarios
modelled for each plastic type. Only the plastic types that are recycled
are shown in the figure. The sources of the data on which the related
calculations were based are available in Table 3.2 as well as in Klotz
& Haupt1.
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Directive275. The lower (T)RR for the total PET waste from all product
segments is due to the fact that PET is widely used in textiles, which are
re-used rather than mechanically recycled346. The next highest RRs are
reached by LDPE, HDPE and HIPS. The underlying reason is that for a
large share of products, in which the respective plastic types are used,
recycling systems exist (even if the collection quantities are low today).
However, when looking at the moderate applicability sub-scenario, the
picture changes for LDPE and HIPS: the TRRs are among the lowest of all
plastic types in that sub-scenario as little secondary material can be used
to substitute primary inputs. ABS, PS and PP have the lowest RRs. For PP,
the low RR is because of its application in automotive, household items,
furniture, leisure and others, and textiles products, which are not primarily
mechanically recycled. The RR of PS is lowered by large EPS waste amounts
from insulation not being recycled. ABS is, similarly to HIPS, recycled to a
relatively big extent from waste electrical and electronic equipment (WEEE).
Compared to HIPS, however, ABS is used in a much higher quantity in the
segment household items, furniture, leisure and others, and no technical
plastics of that segment are recycled, which lowers its overall RR.

3.3.2.3 Secondary material uptake by product subsegments

Overall, only 11%, 14%, and 17% of the total plastic demand can be covered
by secondary material in the low, moderate, and high applicability scenario,
respectively. Limiting factors for secondary material uptake are discussed
in Table 3.2 and Section 3.4. In all sub-scenarios, among the seven product
subsegments in which the biggest amounts of secondary materials are
applied, there are (1) food bottles, (2) pipes and ducts, (3) non-consumer
packaging C&I - manufacturing - rigids, (4) apparel, and (5) consumer non-
food bottles (Figure 3.4, and Figure S-9 and S-10 as well as Table S-2 to S-4
of the SM). For some plastic types in certain sub-scenarios, the secondary
material can be completely taken up and the projected distribution among
product subsegments from the linear optimization does not represent the
only possible situation.

3.3.2.4 Secondary material uptake and distribution in the three sub-scenarios

Figure 3.5 (for HDPE) and Figures S-2 to S-8 of the SM (for the other plastic
types) show the secondary material amounts taken up by the individual
product subsegments in each of the three sub-scenarios. Additionally, they
show the total uptake capacity of each subsegment. In the following, the
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Figure 3.4: Uptaken secondary material of the individual plastic types in the
moderate applicability sub-scenario and total plastic demand (includ-
ing manufacturing losses) for the single product subsegments. Only
the product subsegments that take up secondary material and the
plastic types that are recycled are shown in the figure. The abscissa
is cut at 40’000 tonnes. The sources of the data on which the related
calculations were based are available in Table 3.2 as well as in Klotz &
Haupt1. AC: air conditioning, B&C: building and construction, C&I:
commercial and industrial, CE: consumer electronics, EEE: electrical
and electronic equipment, HH: household, ICT: information and com-
munication technology, PTTs: pots, trays and tubs.
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case of HDPE is exemplary discussed, as it exhibits both situations of
partial and of full uptake of secondary material, and secondary HDPE can
be utilized in a broad variety of different products. The largest amounts
of secondary HDPE can be used in the pipes and ducts, non-consumer
packaging C&I – manufacturing – rigids, and consumer non-food bottles
subsegments in all sub-scenarios. In the moderate and low applicability sub-
scenarios, the suitable demand share is completely covered by secondary
material, and a part of the secondary material cannot be utilized. In the high
applicability sub-scenario, all secondary material can be used in product
manufacturing; additionally, an unexploited uptake potential exists, even if
it is comparatively small, mainly in the subsegments other products, pipes
and ducts, other B&C products, household items and toys. As stated in
Section 3.3.2.3, in the cases of full uptake, the allocation of the secondary
material to the suitable product subsegments shows only one possible
solution and could be shifted between the suitable product subsegments.

3.4 discussion

This study indicates that the recycling of a substantially increased amount
of plastic waste in an otherwise unaltered system may lead to a supply
surplus of secondary material, i.e. excessive secondary material that cannot
be used in product manufacturing. Applicability restrictions for secondary
material, therefore, might constitute a limiting factor for plastic circularity
and environmental gains through primary material substitution. The re-
strictions became apparent already for the comparatively low recycling rate
in the scenario modelled (23%).

The potential supply surplus of secondary material identified could result
in the development of new substitution options. In this case, the complete
secondary material could offer substitution benefits, but it is uncertain
whether further suitable applications exist or can be developed. A second
consequence the potential supply surplus could have is a consumption
increase due to the excessive and thus cheap availability of secondary
materials (see Zink & Geyer345). In the latter case, the secondary material
used for producing the supplementary products would not provide any
substitution benefits and cause environmental impacts due to the additional
product manufacturing. Based on these findings, the secondary material
uptake needs to be considered when designing and assessing future plastic
recycling systems.
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Figure 3.5: Material demand from the individual product subsegments that
can be covered by secondary HDPE and uptaken secondary HDPE
amounts as well as overall share of the secondary HDPE taken up in
product manufacturing for the three sub-scenarios. Only the product
subsegments from which demand for secondary HDPE exists are
shown. The sources of the data on which the related calculations were
based are available in Table 3.2 as well as in Klotz & Haupt1. AC: air
conditioning, B&C: building and construction, C&I: commercial and
industrial, CE: consumer electronics, EEE: electrical and electronic
equipment, HH: household, ICT: information and communication
technology, PTTs: pots, trays and tubs.
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To mitigate the risk of a supply surplus of secondary materials, secondary
material applicability needs to be increased. The biggest increase potentials
can be identified from a system perspective, taking into account the whole
value chain. Different suggestions for system changes are subsequently dis-
cussed; they include (1) producing secondary materials with more defined
properties, (2) expanding the use of the current secondary materials to other
subsegments, (3) increasing the applicable shares of secondary materials
in products, (4) changing the boundary conditions, and (5) changing the
consumption pattern.

1. The overall share of products made of secondary material can be
increased if the secondary material has characteristics enabling its
application in specific products. This is hampered by the – often disre-
garded, but highly relevant – alteration of the plastic properties during
recycling that occurs not due to polymer-chain modification by the
thermal impact of the recycling process itself, but due to the mixing of
different grades of the same plastic type. Each plastic type can feature
a myriad of different combinations between chain length distribution,
side chain configuration and contained additives33, specifically tai-
lored to the highly specialized applications of our modern society.
If those different grades are mixed, as is usually the case for post-
consumer recycling today, the resulting secondary material is not
fit for any application that requires specific properties. To address
this issue, advancing sorting is a crucial step. An emerging sorting
approach is marker-based sorting using different technologies like
digital watermarks347 or fluorescent markers153,348. In this approach,
any kind of information could be connected to specific markers, for
instance on the composition or the original use of the waste plastic
products. Marker-based sorting could allow secondary material with
a known composition and properties targeted to a specific end use
to be obtained. This approach could be combined with an aligned
product design to limit the number of secondary material fractions
while avoiding a mixing of different plastics.

Secondary material with more defined properties may also be gained
by focusing on the recycling of the most suitable products, thereby
limiting the mixing of different plastics. Products not targeted for
recycling may be used as substitute fuel in cement kilns, if suitable. A
utilization of plastic waste as alternative fuel in cement production
can result in higher environmental benefits compared to incinera-
tion in waste-to-energy (WTE) plants; these benefits can be as sub-



3.4 discussion 65

stantial as those achieved by chemical or mechanical recycling136,200.
Incentivizing the use of cement should be avoided, however, from
an environmental perspective. Chemical recycling processes may be
complementarily used for plastic waste streams unsuitable for me-
chanical recycling as well. These processes could also be applied to
remove some undesired additives and restore the required polymer
chain properties. However, there is a lack of comprehensive studies
on the environmental impact of chemical recycling technologies. If
the current waste fraction suitable for mechanical recycling needs to
be increased to achieve high recycling rate targets, design guidelines
regarding the avoidance of hazardous additives33 and mono-material
design could, in the future, diminish recycling barriers. For certain
products (e.g. food packaging films or mulch films), limitations due to
contamination or degradation during their service life158 can remain.

2. While this study covers a large share of the secondary plastic ap-
plications that exist today, an increase in secondary material uptake
could, besides the proposed changes mainly addressing the recycling
system, also be achieved by new secondary material applications.
For example, one company is currently attempting to obtain food
contact approval for producing yoghurt cups from 100% mechanically
recycled PS349. In the UK, HDPE milk bottles are recycled back into
milk bottles320,350, a process that has not yet been implemented in
Switzerland or several other countries. Moreover, for greenhouse films,
closed-loop recycling has been studied351. The reason why additional
applications for secondary plastics have not yet been developed to
a larger extent may be due to lack of need because of the currently
low amounts of secondary material and cheaply available primary
materials. Furthermore, already today further product subsegments
may qualify for secondary material uptake than those considered here.
The application of secondary material could also be increased by the
substitution of non-plastic materials, which is neglected in this study.
Taking such materials into account would require an in-depth under-
standing of the non-plastic material flow systems, which is beyond
the scope of this study. Non-plastic substitution should be guided
by a life cycle assessment for individual cases to assess whether a
respective substitution would be environmentally beneficial.

3. Another potential means of increasing secondary material uptake
would be to achieve higher secondary material shares in plastic prod-
ucts in future, e.g. via industry or legislative targets. The estimated
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future secondary material shares applicable in the product subseg-
ments of all sub-scenarios modelled in this study, however, appear
generally high considering the limited available examples for the
application of secondary material. For instance, regarding the pack-
aging segment, several large consumer goods, retail and hospitality
companies as well as packaging producers have made commitments
regarding secondary material application in their (used or produced)
packaging by 2025, including Unilever, Nestlé, the H&M Group, Car-
refour, Amcor, Greiner AG and many more197. The commitments by
the respective companies are the most ambitious targets known to
the authors and mostly amount to only 10-30% of post-consumer
secondary plastics, which corresponds to the values used for the low
applicability sub-scenario in this study.

4. Besides recycling system changes, the identification of new applica-
tions for secondary plastics and an increase in the share of secondary
material in products, a higher applicability of secondary materials
could also be achieved by alterations to the boundary conditions: As
an empirical approach was used, the underlying limiting, subsegment-
specific conditions for the application of secondary material are un-
known. This means that the secondary material applicability depicted
by this study only reflects the effects of those influencing factors that
trump the effects of other influencing factors. The dominant influ-
encing factor, however, might be the only hurdle when no secondary
material is applied and its alteration may already lead to increased
secondary material applicability. For example, consumer perception
is currently shifting strongly towards positive associations with prod-
ucts conceived as sustainable, which could result in an increased
application of recycled materials by brands. Another factor limiting
secondary material use today is that a secondary material application
is often economically disadvantageous compared to a primary mate-
rial application, which could be changed by establishing incentives
through suitable legislation or fiscal policies.

5. A change in the composition of the primary plastic demand could
also affect secondary material applicability. In this study, no rele-
vant change in the products consumed until 2025 was assumed, and
the secondary material quality for 2025 corresponds to the quality
at present as the recycling pathways investigated were assumed to
remain the same as today. For a more detailed analysis, a further
subdivision of material demand and secondary material according
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to their characteristics (technical properties, color, odor etc.) would
have to be made. This would allow changes in plastic consumption
based on aligned design, the avoidance of hazardous additives or
mono-material design, or in recycling processes (see 1.) to be taken
into consideration.

The system alterations recommended are all qualitative changes. Such
changes seem necessary because merely quantitative system changes can
lead to a potential supply surplus of secondary material, as shown by this
study. The limit of the true recycling rate achievable by only quantitative
changes (17% in the moderate applicability sub-scenario) is estimated to be
well represented by this study: the products collected in 2017 in Switzerland
are also representative for countries with recycling rates ranging among
the highest worldwide, like Germany. Hence, they are assumed to be
a good proxy for the overall recyclable plastics portfolio, despite some
additional products being known to be separately collected, for instance, in
Germany (Section S-8 of the SM). Also the product subsegments in which
the secondary plastics were allowed to be used in this study are considered
to cover all relevant current options for secondary material application,
as the recycling of the Swiss plastic waste takes place via state-of-the-art
sorting and recycling processes (in Switzerland and abroad). The collection
rate increase modelled in this study can only increase circularity up to a
certain limit. Analogously, beyond a certain limit, no increased circularity
could be reached by only increasing the sorting efficiencies using principally
the same sorting method, as investigated by Eriksen et al.159. Still, Eriksen
et al.159, the only study known to the authors that also considered secondary
material applicability as a recycling limitation, estimated higher recycling
rates as achievable than those in the present study. According to that study,
a maximum recycling rate (considering secondary material applicability) of
65% for PE, PP and PET waste from all product segments could be reached
on the European level. This recycling rate was estimated to be achievable by
a combined implementation of mono-polymer design, alignment of rigid
packaging, increased collection, higher sorting and recycling efficiencies,
reduction of waste exports and constant demand. The additional measures
compared to this study allow a higher recycling rate to be achieved. One
explanation for why the study also estimates that a much higher amount of
secondary material could substitute for primary material (allowing a higher
TRR to be achieved) could be that the product groups used in Eriksen et
al.159 were much coarser, i.e. each product group contained a large variety of
products. This may have hampered the estimation of the extent of secondary
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material applicability since the possibility and potential extent of secondary
material utilization are different for these diverse products according to
the present study. A more detailed distinction between products generally
allows for a more precise estimation. In addition, the secondary material
shares allowed in the product groups seem generally very high based on
the current situation of secondary material application (see 3.). However,
system changes like an aligned use of plastic types for food / non-food
applications allowing for the separation of food-contact materials so that
they can be again used for such applications, as modelled by Eriksen et
al.159, could allow for higher secondary material applicability relative to the
situation modelled in this study.

Increased secondary material application, which this study aims for,
may influence the total plastic demand in product manufacturing if the
latter depends on the amount of secondary material used. For example, a
reduced flexural strength of the secondary material can require bigger wall
thicknesses to achieve the same load capacity. This possible increase in the
total demand due to the application of secondary material was not modeled
here. What was investigated was the amount of secondary material that can
potentially replace virgin material. The ratio of substituted virgin material,
however, affects the environmental benefits and needs to be considered in
studies on the environmental performance of a recycling system.

3.5 conclusions

This study highlights that secondary material applicability might pose a
challenge to increased recycling. Adaptions of the product design, treat-
ment processes and/or boundary conditions are required to substantially
increase the substitution of primary with secondary material, i.e. to achieve
high true recycling rates. An improvement in the recycling scheme requires
collaboration along the whole value chain, resulting e.g. in new sorting
procedures based on product marking to enable higher secondary material
shares through targeted material characteristics. However, the environmen-
tal benefits achievable by improved recycling might be outweighed by the
additional impacts caused by increasing consumption352. Therefore, besides
increasing recycling, the demand should be stabilized159 and possible waste
prevention measures considered311.

The formulation of legislative targets and policies should take place
once a comprehensive environmental assessment of the system modelled is
available. Compared to previous studies, this study highlights the impor-
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tance of including secondary material uptake as part of the system under
study since limited replacement of primary materials partly annihilates the
achievable environmental benefits. A sole focus on the obtainable secondary
material amounts might lead to erroneous estimations of achievable circu-
larity. Commonly applied substitution factors for taking secondary material
applicability into account when assessing recycling systems do not have a
direct relation to the specific substitution situation. In turn, as in the present
study, the particular uptake pathways must be considered. Alternatively to
the empirical approach used in this study, the possible secondary material
uptake pathways could be defined based on selected secondary material
characteristics, i.e. a property-based matching of the secondary materials
and the demand from product manufacturing could be conducted.
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abstract

Plastics consumption continues to steeply increase worldwide, while resul-
tant waste is currently mostly landfilled, discarded to the environment, or
incinerated. This significantly contributes to global warming and causes
negative health and ecosystem effects. Increasing the circularity of plastics
can reduce these impacts. This study investigated to which extent plas-
tics’ circularity can be increased by mechanical recycling. For this purpose,
future scenarios involving increased waste collection, improved product
design and improved waste sorting were assessed. The system studied
consists of 11 plastic types in 69 product groups consumed and arising as
waste in Switzerland. By means of a material flow analysis, the amounts of
consumption, waste and secondary material utilizable in product manufac-
turing were quantified for the year 2040. For the waste not mechanically
recycled, treatment situations mainly involving energy recovery in waste-
to-energy plants and cement kilns were modelled. A life-cycle assessment
of the complete plastic material flow system was conducted. We found
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that the mechanical recycling rate calculated based on the utilizable sec-
ondary material can be increased to up to 31%. This can lower the plastic
carbon footprint by one quarter (1.3% of today’s total Swiss carbon foot-
print) compared to no recycling. Important barriers to a further increase of
the recycling rate were inaccessibility, the large diversity of plastic grades
and contamination. The remaining impact at maximum recycling is mainly
caused by polyurethanes, polypropylene, and polystyrene production. In
conclusion, the potential of mechanical plastic recycling is limited, but it
can, as one of several measures, contribute to combating climate change.

4.1 introduction

The material circularity of plastics is low today. The share of secondary plas-
tics used in product manufacturing on a national or regional level currently
only lies at around 10% at most2,234,353 and circular economy strategies
are only applied to a minor extent354. Instead, worldwide the largest share
of plastic waste is landfilled or ends up in the environment42,184. In Eu-
rope, a considerable share of the plastic waste is incinerated for energy
recovery purposes2,234,353. While the latter allows for reducing the waste
volume, destroying hazardous substances, and providing energy, on the
downside current plastic disposal causes CO2 emissions, occupies land and
has negative health and ecosystem impacts140,355.

Such negative environmental impacts of plastic waste handling can be
avoided by increasing the circularity of plastics. One measure for achieving
this is to increase mechanical recycling. How and to what extent mechanical
recycling can be increased, has been investigated by several studies on a
European level. Antonopoulos et al.224 assessed a scenario of converging
to the best European plastic waste collection and recycling practices. Erik-
sen et al.159 combined different measures including monopolymer design,
alignment of rigid packaging, increased collection, and state-of-the-art re-
cycling technology. An optimized circular plastics economy scenario by
Meys et al.161 involves 20% of the carbon contained in plastics waste being
mechanically recycled.

However, the available studies mostly focus on the amount of secondary
materials that are producible from waste via recycling (supply), while they
do not thoroughly assess their usability (demand). An adequate assessment
of the substitutable primary materials is crucial, though, when it comes
to assessing both circularity as well as the environmental benefits achiev-
able via mechanical recycling2,273,356,357: Circularity implies that secondary
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material is conveyed back to product manufacturing, i.e. it would be more
appropriately defined in terms of the utilized rather than the produced
amount of secondary material. A main environmental benefit of mechanical
plastic recycling is the avoidance of environmental impacts related to the
production of the substituted primary materials.

The present study investigates to what extent mechanical recycling can
be increased by different measures in future scenarios, taking the whole
material cycle into consideration. The uptake capacity for secondary plastics
from one product segment depends on the recycling activities of not only
the same, but also other product segments, because cross-segment recycling
takes place. Therefore, all relevant product segments are included in the
study. All main plastic types are considered, covering more than 95%42,47 of
plastics used today. We aim at a high data resolution in plastic types and ap-
plications, which is key for an adequate assessment, as the diversity among
the different plastics is immense and poses individual recycling as well as
secondary material utilization challenges. The study is conducted on a na-
tional level for Switzerland, including waste treatments applied abroad, and
it represents a typical European consumption and disposal situation (apart
from landfill not being applied to plastics in Switzerland)2,147,159,269,358,359.
To compare the future scenarios, we assess the achievable circularity based
on the utilizable secondary material as well as the related environmental
benefits.

4.2 methods

We assessed the circularity and environmental impacts of plastics in Switzer-
land in scenarios for the year 2040 involving different waste treatment
settings.

For the design of the waste treatment scenarios, we took an integral
approach: We aimed to apply mechanical recycling to the greatest possible
extent, as such processes tend to provide the most substantial environ-
mental benefits among the most common plastic waste treatment options
available135,200. To enable a maximum amount of mechanically recycled
material, we adapted the product design, waste collection and waste sorting
parameters (Section 4.2.2).

For those waste streams, for which mechanical recycling processes en-
counter limitations, we compared the performance of energy recovery in
cement kilns and in waste-to-energy (WTE) plants (Section 4.2.3). For a
small share of the plastic waste, second-hand use is applied in the model.
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The performance of the latter can largely vary based on the substitution
rate346 or use-phase impacts of the substituted products360 and was not
assessed. A comparatively minor waste share is not collected at all.

To model realistically implementable scenarios, we consulted various ex-
perts related to different product segments and life cycle stages (Section S1).

4 .2 .1 System definit ion

The system modelled comprises the material flows of the whole life cycle
of 11 widely used plastic types in 69 product groups within the packaging,
building and construction, electrical and electronic equipment, agriculture,
household items, furniture, leisure and others, and textiles product seg-
ments (refined from Klotz et al.2, Section S2.1–S2.7) consumed and disposed
of on a Swiss national level.

4 .2 .2 Mechanical recycling scenarios

To benchmark the recycling scenarios against an incineration scenario, one
scenario considers a situation without recycling and, instead, with treatment
in WTE plants, whereby we also took the option of carbon capture into
account. In all other scenarios, most waste with potential for recycling is
separately collected. Additionally, we improved product design and waste
sorting parameters, modelling four different scenarios (Table 4.1). The main
aims of the scenario design are to increase the secondary material amounts
producible, e.g. by reducing composite structures, and to allow for increased
secondary material utilization, e.g. by avoiding a mixing of different plastics
by means of more specific sorting and by designing products for recycling.
As respective changes do not only affect the secondary material amounts,
but also the secondary material usability, we determined the secondary
material amounts that can be utilized in product manufacturing.

4.2.2.1 Consumption and waste amounts

The consumption amounts for the scenarios with unchanged product de-
sign were calculated by scaling the consumption amounts of 2017

1 with
forecasted population growth in Switzerland315,316 and applying a yearly
material efficiency increase of 0.5%. For the automotive segment, a yearly
increase in the plastic share in vehicles of 1% per year was assumed. For the
scenarios involving improved design, a shift towards the main plastic types
for each product group was modelled. The waste amounts were calculated
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Table 4.1: Overview of waste treatment scenarios modelled.

No-recycling
scenario

Mechanical recycling scenarios

Baseline Improved
waste sorting

Improved
product design

Improved
waste

sorting
& product

design

complete
waste
treated in
WTE plants
(apart from
not collected
waste and
second-hand
use)

80% collection of waste streams that can be practically collected and are suitable for
mechanical recycling

product
design
as well as
sorting and
recycling
processes
as in 2017

2

implemented
changes com-
pared to
baseline

effects in
model

implemented
changes com-
pared to
baseline

effects in
model

combined
measures
and effects
of imp-
roved waste
sorting
and im-
proved pro-
duct design

product-plas-
tic-type-spe-
cific (marker-
based) sorting

additional se-
condary mate-
rial utilization
options

gradual reduc-
tion of multi-
material shares
down by 25%
compared to
2017

lower sorting
and recycling
losses

lower sorting
losses due to
less missor-
ting

aligned design
& design for
recycling

higher quality
recyclates ⇒
higher secon-
dary material
shares allowed
in products

additional re-
cycled pro-
ducts

shift to main
plastic types

higher share of
collected waste
conveyed to
recycling

different scenarios for residues treatment in WTE plants and cement kilns

from consumption amounts in previous time periods by using individual,
fixed, average lifetimes for the product segments.

4.2.2.2 Waste collection

In all scenarios modelled, 80% of the plastic waste that can be practically
collected and mechanically recycled was assumed to be separately collected
for recycling (Figure S2). The criteria for determining whether a waste
stream can be practically collected were that it is accessible (e.g. some B&C
plastics incorporated in buildings or placed underground are not accessible)
and that it occurs in sufficient amounts (e.g. not fulfilled by agricultural
mulch films). The criteria for determining whether a waste stream can be
mechanically recycled were that it can be reshaped by melting (not fulfilled
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by polyurethanes), that a mechanical recycling process is established on an
industrial scale (not the case for textiles), that the multimaterial share is not
too high, that it is not contaminated, and that it is rather homogeneous (not
fulfilled by products grouped under "other"). With this model approach,
overall 46% of the total plastic waste is separately collected for recycling
(Figure 4.1).

4.2.2.3 From collection to secondary material

The modelling of sorting and recycling was done in accordance with the
scenarios investigated.

Baseline scenario
In the baseline scenario, the sorting and recycling processes applied

remain the same as in 2017
1. These processes are mostly state-of-the-art

sorting and recycling processes1. Different products of the same plastic type
are often recycled together and the same products are recycled as in 2017

1.
The overall transfer coefficients (TCs) from the waste amounts collected
for recycling to secondary material amounts for each plastic type in each
product group are mostly the same as in 2017.

Improved waste sorting
In the scenario involving improved waste sorting, in addition to the

increased collection, sorting via detectable markers that are connected to
any desired information is assumed to be applied for most waste streams.
Such sorting allows for not only plastic-type-, but additionally product-
specific sorting. Therefore, the recycled plastics have a more homogeneous
composition and, with this, increased potential for closed-loop recycling.
Respective sorting plants are in development and currently being scaled up
to industrial scalei,361, while product marking is already applied today, e.g.
for tracing products back to their producers in the case of defectsii. Different
available marking technologies allow for product or flake sorting154,361. A
sufficient number of fractions can be separated (estimated to be up to 100

considering marker technology and logistical aspectsiii, while a maximum
of 23 is needed for the system configurations modelled (Section S4.5)).

i personal communication with Moesslein and Treick (Polysecure), 2021-12-15

ii personal communication with Diekmann (UTZ), 2021-11-25; personal communication with
Kaiser (Prof. em. ETH), 2019-08-14

iii personal communication Moesslein and Treick (Polysecure), 2021-12-15; event Virtual Holy-
Grail 2.0 Open House (2021-11-18)
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Figure 4.1: Waste amounts of individual product groups not collected for recy-
cling and the respective reasons for this, ordered by amount. The
bar patterns indicate to what extent the waste from the individual
product groups is separately collected. The reasons for which the
individual waste flows are only in lower shares or not at all separately
collected are specified (details in Figure S2). The ordinate is cut at
40%. Textiles are partly collected for reuse, but not for mechanical
recycling. The minor amounts of products from the electrical and
electronic equipment and agriculture segments that are not separately
collected are included in "Rest". B&C: building and construction, PTT:
pots, tubs and trays. Underlying data are available in Section S6.1.
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The system modelled consists of a pre-sorting into only plastic types, as
e.g. done today in German lightweight packaging sorting plants147, and
further marker-based sorting into product groups at recycling plantsiv.
At recycling plants, larger plastic-type-product-specific fractions can be
obtained in contrast to sorting plants since at recycling plants sorting
fractions of a plastic type from different pre-sorting plants are gathered.
This allows for more energy- and cost-efficient storage and processing. For
the automotive segment, pre-sorting consists in a dismantling of the parts
that offer the greatest recycling potential from 80% of the collected vehicles
as well as further sorting into plastic types. The recycling potential for
parts was estimated based on the mass that can be dismantled per timev,59

and availability of a suitable mechanical recycling technologyvi,148,335,362.
For the electrical and electronic equipment (EEE) segment, no change in
today’s sorting principles was assumed, i.e. only plastic-type-, not product-
specific recycling takes place. The reason for this is that the products
from this segment are very diverse (many different product types, designs,
manufacturers, vintages), which would require a large number of separately
recycled fractions if mixing was to be avoided. However, it was assumed
that the fixed process losses (used in Equation 4.1 for TC calculation)
could be reduced by 20% if, e.g., investments were made for achieving
finer shredding and, with this, a higher separation efficiency as fewer
plastics would be lost to other fractions. From the pre-sorting facilities, only
those waste fractions are conveyed for recycling in the model that exceed
minimum threshold amounts, depending on minimum plant and fraction
sizes and maximum transportation distances. For a product group to be
separately recycled at a recycling plant dedicated to recycling a plastic
type, a minimum amount of waste from that product group needs to reach
the plant per year due to minimum batch size and limited storage time.
The specificity level of the separately recycled waste flows of a plastic type
corresponds to the product groups distinguished in the model. The waste of
all remaining product groups of a plastic type conveyed to recycling, which
do not meet the threshold for being recycled as an individual fraction,
is recycled together. The sorting configuration described leads to 1–23

iv based on personal communication with Feil (RWTH Aachen) (2022-02-03)
v personal communication with Mattsson (formerly NEVS (former Saab Automobile), formerly

Borealis) (2021-11-12), Rosvall, Bengtsson and Tanderud (NEVS (former Saab Automobile))
(2021-11-15), Romming (Leonhard Kurz) (2022-01-27)

vi personal communication with Mattsson (formerly NEVS (former Saab Automobile), formerly
Borealis) (2021-11-12), Rosvall, Bengtsson and Tanderud (NEVS (former Saab Automobile))
(2021-11-15), Romming (Leonhard Kurz) (2022-01-27)
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fractions recycled in batches at one recycling plant (Section S4.5) without
color sorting.

For waste fractions exceeding the recycling threshold amounts, the TCs
from collected to secondary material for the case of improved sorting
were calculated based on the total loss via sorting and recycling losstot
(Equation 4.1). This loss was assumed to be constituted by two parts.
One part is attributable to multimaterial structures (lossmm,scen,waste).
In the improved waste sorting scenario, the share of the waste present
as multimaterial was assumed to be entirely lost (either at sorting or at
recycling). The multimaterial share as defined in the present study refers to
the shares of products that cannot be mechanically separated (Section S2.10).
The multimaterial shares in the improved sorting scenario are the same as
estimated for 2017 (Section S2.9). The other part of the losses was assumed
to be inherent to the sorting and recycling processes. The sorting process
losses losssort,pr are mainly constituted by misrecognition (by the sensor
technology, not due to multimaterial) and incorrect discharges (e.g. because
two packaging types are attached to each other and both ejected from the
belt, even if only one is targeted). The misrecognition losses were estimated
to amount to 3% and the losses due to incorrect discharges to 2%, based
on data from a semi-industrial-scale marker-based sorting processvii. For
recycling, two types of process losses lossrec,pr were considered: filter
losses (i.e. target material attached to filter residues) and losses due to batch
changes. Both types of recycling losses were each assumed to amount to
2.5% of the amount entering recycling, in total 5%. This value was confirmed
by an industry representativeviii. Moreover, it is slightly higher than the total
(multimaterial and process) recycling losses for PET bottles in Switzerland
in 2017 (3%1), having a multimaterial share close to zero and probably
requiring fewer batch changes.

losstot = lossmm,scen,waste + (1− lossmm,scen,waste)

∗ (losssort,pr + lossrec,pr − losssort,pr ∗ lossrec,pr)
(4.1)

With this sorting configuration, additional product groups are recycled
compared to 2017 (e.g. consumer food films, non-consumer packaging from
additional plastic types, additional pipe types, additional automotive parts).
In addition, the sorting and recycling losses are lower because of missorting

vii event Virtual HolyGrail 2.0 Open House (2021-11-18)
viii personal communication De Pietro (Fachhochschule Nordwestschweiz), 04-03-2022
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e.g. due to sleeves being reduced.

Improved product design
In the scenario of improved product design, two system changes affect

the amount of secondary material gained. One change is the gradual re-
duction in the multimaterial shares in the product groups down to 75%
of the shares in 2017. Efforts to replace multimaterial with monomaterial
are ongoing363,364 and the modelled decrease was deemed achievableix.
Reduced multimaterial shares lower the losses from collected to secondary
material. To calculate the related TCs for the sorting and recycling processes
unchanged from 2017, for most product segments the share of the 2017

losses attributable to multimaterial (see Equation 4.1) was scaled down with
the ratio of the multimaterial shares in the waste in the scenario and in 2017.
The multimaterial loss share in 2017 was calculated from the TC in 2017

1

and the fixed process losses. The amount of the latter was assumed not to
be substantially different than in the scenario of improved waste sorting.

The second design improvement affecting the producible secondary ma-
terial amounts is the mass shift to the main plastic types for each product
group (Section 4.2.2.1). As recycling necessarily focuses on the predominant
plastic types to keep recycling efforts within reasonable limits, such a shift
enables a bigger share of plastics to be recycled. Therefore, the losses of the
plastic types used in smaller amounts are reduced.

Improved product design and waste sorting
In the scenario involving both improved product design and waste sort-

ing, increased material amounts are recycled due to additional recycled
products, lower sorting losses because of reduced missorting and lower
multimaterial shares in products as well as the shift towards the recycled
plastic types. The TCs were calculated via Equation 4.1 with the future
multimaterial shares in waste as well as the process losses and minimum
recycling thresholds of the improved waste sorting scenario.

4.2.2.4 Utilizable secondary material amounts

The secondary material amounts utilizable in product manufacturing were
determined based on the utilization options for each secondary material
flow, feasible secondary material shares in products, and overall plastic
demand. The individual secondary material flows were allocated to uptak-

ix personal communication with De Pietro (Fachhochschule Nordwestschweiz) (2022-03-04)
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ing products via a linear optimization so to maximize the overall utilizable
amount, as in Klotz et al.2.

In which products the secondary material from a plastic type in a product
group could be utilized in the model depended on the sorting: If sorting was
not changed, it was assumed that the secondary material gained could be
applied in similar products as was done in Klotz et al.2 (Section S3.5). For the
scenarios involving improved sorting, the similarity of the products within
the individually recycled fractions (corresponding to the product groups
distinguished in the model) is sufficient so that the secondary material
can in many cases be applied again in shares in the original products
according to several expertsx (Section S3.6). For example, the products
within these fractions have a similar viscosity since they are produced by
the same manufacturing method, such as injection molding, despite the still
prevailing differences in plastic grades. Additives can be of help in achieving
required secondary material properties and all production processes are
(to different degrees) able to tolerate a certain variability in the material
properties, or the process parameters can be adjustedxi. Further technical
development needed for the production of secondary PE, PP and PS suitable
for food-contact applications was assumed to occur, as respective efforts are
ongoingxii,365–367. The possibility of secondary material utilization in the
original products increases the total secondary material uptake capability
of the system.

Regarding the utilizable shares of secondary material in products, as
in Klotz et al.2, a sensitivity analysis was conducted by modelling three
different degrees of secondary material applicability (high, moderate, low;
Section S3.8). For the scenarios with improved design, it was assumed that
aligned design and design-for-recycling would be implemented. Aligned
design generally leads to less diversity among the grades of one plastic
type (polymer chain configuration and used additives), therewith avoiding
adverse mixing effects. Design-for-recycling aims at avoiding e.g. additives
that are detrimental for the polymer chains during the recycling process368,
or at increasing the share of transparent or natural-color material, the
secondary material of which has fewer aesthetic application restrictions.

x personal communication with Kaiser (Prof. em. ETH) (2021-12-12), Kahlen (Borealis) (2022-
02-28), Drogi, Greger-Gürbüz, and Robeck (Krauss-Maffei) (2022-01-20), Mattsson (formerly
NEVS (former Saab Automobile), formerly Borealis) (2021-11-12), Wick (Swiss Prime Pack)
(2022-01-21), Streng (Streng Plastic) (2021-11-24), Enger (BASF) (2021-12-09); event Virtual
HolyGrail 2.0 Open House (2021-11-18))

xi personal communication with Kaiser (Prof. em. ETH) (2021-12-12), Kahlen (Borealis) (2022-02-
28), Drogi, Greger-Gürbüz, and Robeck (Krauss-Maffei) (2022-01-20)

xii event Verwertbar, 2021-11-18
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Both changes improve the secondary material properties, which was taken
into account by allowing 20% higher secondary material shares in products
compared to the scenarios with an unchanged product design.

4 .2 .3 Treatment scenarios for waste flows not mechanically
recycled

A small share of the total waste ends up in the environment, like drinking
bottles, pipes, or agricultural films. This non-collected waste share was
estimated based on Kawecki & Nowack97. In addition to this, a share of the
plastics waste is exported (vehicles and EEE assumed to be exported for
second-hand use). Potential mismanagement of this exported waste (like
unhealthy recycling practices) was not regarded here. Another share of
the waste is separately collected for reuse (textiles). The remaining non-
separately collected waste is used in WTE plants as non-separately collected
waste cannot be used in cement kilns in Switzerland today369. Landfilling
of plastic waste was not considered, as Swiss legislation does not allow
it369.

Of the recycling collection, some dismantled parts of collected integral
products (vehicles and EEE) are reused. For the sorting and recycling
residues and surplus secondary material, we modelled two scenarios. In
the reference scenario, they are completely utilized in WTE plants. In a
second scenario, sorting and recycling residues of all plastic types are used
in cement kilns, except for PVC, which is not suitable for co-combustion
in cement kilns370,371. The maximum uptake capacity for plastic waste
in co-combustion in cement kilns was estimated to be about 150,000 t
for Switzerland (Section S3.10). For both incineration processes, we also
modelled a configuration involving carbon capture.

4 .2 .4 Scenario assessment

As an indicator for material flow circularity, we used the true recycling rate
(TRR) from Klotz et al.2, defined as the secondary material amount utilized
in product manufacturing in relation to the total waste amount.

In order to assess the environmental effects of the system, we performed a
prospective life cycle assessment (LCA) of the different system designs. The
functional unit was the production of plastics consumed and the disposal
of plastics arising as waste in Switzerland in 2040. In the impact assess-
ment we focused on climate change (IPCC 2013 GWP 100a). Particulate
matter and toxicity impacts were not quantified. They have been shown
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to largely correlate with climate change impacts for the Swiss situation261.
This does, however, not generally have to be the case, as e.g. individual
flue gas treatment of combustion processes may affect emissions and im-
pacts. Other relevant impacts of plastics may be caused by toxic additives
contained therein and their waste ending up in the environment. However,
regarding additives, inventory data is missing, and regarding plastics in
the environment, impact assessment methods are missing. Fossil resource
consumption was not assessed as their depletion seems unlikely. This is
because large current consumers like the energy and mobility sectors are
expected to move away from fossils to mitigate climate change.

An overview of the processes considered for the LCA and the inventory
data used is given in Table 4.2. The LCA was conducted for today’s as well
as a potential future energy production and mobility situation. For the fu-
ture foreground and background processes, we chose suitable processes and
used Brightway 2

372 with Ecoinvent 3.858, modified via the tool premise373.
The latter allows for representing a future situation of electricity and heat
production as well as mobility for 2040 determined with the aid of the
integrated assessment model IMAGE374 for the Shared Socioeconomic Path-
way 2 together with the Representative Concentration Pathway 19

375–378,
which is compatible with the Paris Agreement’s 1.5°C target379.

Table 4.2: Overview of LCA inventory data (details are available in Sections S3.13–
S3.18). Ecoinvent 3.8 refers to the respective database58; premise refers
to the respective package373. WTE: waste-to-energy.

Life cycle stage Foreground life cycle inventory

Production Ecoinvent 3.8 datasets for individual plastic types mostly for global and partly for
European markets (depending on availability), for today’s and future energy mix
for polymerization
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Recycling Own inventory (referring to secondary material amount; Section S3.15) including:

• waste pre-washing at home, for today’s or future heat mix

• transport to collection point, considering city and countryside situations,
for today’s or future mobility situation

• transport to sorting and recycling plants, for today’s or future mobility
situation

• waste shredding, distinguishing between commodity and technical plastics,
for today’s or future electricity mix

• detergent potentially used in recycling plants

• heat (mainly for extrusion; today’s or future mix): heat required for the
individual plastic types, calculated based on heat amount from Ecoinvent
3.8 dataset ’polyethylene production, high density, granulate, recycled’
[Europe without Switzerland] scaled via individual heat capacity multiplied
by temperature difference between ambient and individual processing
temperature plus individual melt enthalpy, taking fixed heat consumption
for process based on estimate by Schwarz et al.202 into consideration

• electricity (mainly for extrusion; today’s or future mix): electricity required
for the individual plastic types, calculated based on electricity amount from
Ecoinvent 3.8 dataset ’polyethylene production, high density, granulate,
recycled’ [Europe without Switzerland] scaled via individual heat capacity
multiplied with temperature difference between ambient and individual
processing temperature plus individual melting enthalpy, taking fixed
electricity consumption for process based on estimate by Schwarz et al.202

into consideration

Note: the incinerated recycling residues are included in the incineration amount
Credits for substitution of primary with secondary material: substitution rate of 90%,
assuming that products containing secondary material partly need more material,
e.g. as they might require higher wall thicknesses due to lower technical properties

Incineration
in WTE plants

Three cases modelled:

• similar configuration as today in Switzerland: modelled by using Ecoin-
vent 3.8 datasets and LCA4waste, incineration assumed to take place in
Switzerland to avoid transportation; amounts of utilizable heat and electric-
ity produced available from Ecoinvent 3.8 and LCA4waste

• increased efficiencies: taking projected efficiency increases of 27% for heat
and electricity production (based on Rytec380, Dettli et al.381) into considera-
tion

• increased efficiencies with carbon capture: 90% reduced CO2 emissions,
heat and electricity required for carbon capture subtracted from heat and
electricity outputs (based on Bisinella et al.382, RWE et al.383)

Credits for energy production: for today’s or future heat and electricity mixes
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Incineration
in cement kilns

Two cases modelled:

• without carbon capture: for each plastic type, coal substitution ratio calcu-
lated via heating values of coal and plastic type; CO2 emissions for each
plastic type stoichiometrically calculated from monomer composition, CO2,
CH4, and N2O emissions for substituted coal calculated via emission factors,
production processes for substituted coal from Ecoinvent 3.8

• with carbon capture: 90% reduced CO2 emissions, heat and electricity
required for carbon capture added (today’s or future mix; amounts based
on Bisinella et al.382, RWE et al.383)

Note that not necessarily the same energy content as of the substituted coal has
to be provided by plastics, as also parameters like adiabatic flame temperature or
excess air ratio come into play when the needed amount of a substitute fuel is to be
determined384. We neglected this here, estimating based on Beckmann et al.384 that
for the relevant heating values and process temperatures a consideration would not
lead to a significant change of the LCA results.

Background system

Ecoinvent 3.8, for the future modified with premise

4.3 results

4 .3 .1 Material f lows and circularity

The total use amount of plastics in Switzerland is projected to increase
by 8% from 2017

1 to 2040 based on the model, mainly due to population
growth. The waste amount approaches the use amount (Figure 4.2) because
the plastic share was not modelled to increase to a large extent after 2017 in
any product segment with a long lifetime, unlike before.
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Figure 4.2: Overview of material flows in scenarios modelled. The upper horizon-
tal lines show the amounts of consumed and waste plastics. The bars
show the various scenarios of waste plastics recycling and treatment.
The utilizable secondary material amounts are shown for the case
of moderate applicability, whereby the semi-transparent bar parts
represent the non-utilizable amount (no demand). The error bars
show the utilizable secondary material amounts in the high and
low applicability cases (sensitivity analysis). The non-collected waste
amounts are uncontrolled waste flows into the environment. WTE:
waste-to-energy. Underlying data are available in Section S6.2.

The maximum achievable material circularity, defined via the TRR,
amounts to 31% based on the scenarios modelled. This TRR is achieved in
the scenario involving increased collection, as well as improved product
design and waste sorting, for moderate secondary material applicability.
When compared to the TRR in Switzerland in 2017 of 9%1, an increase of
10 percentage points is achieved by increased collection (baseline scenario).
The additional twelve percentage points are achieved by the improved prod-
uct design and waste sorting system parameters, whereby nine percentage
points can be achieved by improved sorting alone and two by simply im-
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plementing improved design. About three quarters of both the total and
the utilizable secondary material stem from the packaging segment in all
scenarios (Section S4.4, Figure 4.4). However, the other product segments
also contribute significantly to the TRR.

The biggest share of the non-recycled material is constituted by waste
flows that are not collected for recycling (Figures 4.2 and 4.1). The main
reasons for waste not being collected in the model were inaccessibility
(responsible for 32% of the non-collected waste), the large diversity of plastic
waste (28%) and internal or external contamination (20%) (Figure 4.1).

Of the two individual system changes, improved waste sorting can con-
tribute to a greater extent than improved product design to increasing
both the produced and utilized secondary material amounts (Figure 4.2).
The reason for the higher producible secondary material amount in the
improved waste sorting scenario, for instance in the packaging segment,
is the reduction of missorting, related to misrecognition via NIR caused
by multimaterial compounds like sleeves, by marker-based sorting. In the
automotive segment, to give another example, additional car parts are
dismantled for recycling, compared to only bumpers in 2017

1. The larger
amount of secondary material utilizable in product manufacturing in the
improved sorting scenario is ascribable to the additional applications for sec-
ondary material (as most individually recycled waste flows can be recycled
closed-loop).

Of the three changes modelled in the improved design scenario, reduced
multimaterial shares and the shift to main plastic types contribution to a
similar extent to the increase in secondary material producible (Figure 4.3).
When it comes to utilizable secondary material, aligned design and design
for recycling may provide the biggest benefits. One reason for the overall
low achievable increase in secondary material amounts producible in this
scenario is that the multimaterial shares in the recycled products are mostly
low (weighted average shares 2017: 12%). According to our estimation, the
highest shares are present in one automotive part (75%) and EEE (50%),
while for packaging they amount to a maximum of 32% for food films, but
are much lower for the other packaging product groups (Section S2.9).

The additional secondary material utilization options in the case of
improved sorting cause a shift in the products taking up the secondary
material (Figure 4.4). A much higher amount of packaging waste can again
be used in the same segment, especially also in food packaging. With this
shift, about two third of the secondary material are utilized in the packaging
segment. Consequently, comparatively less packaging material is used in
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design change implementation in model

[t]
high

applicability
moderate

applicability
low

applicability
reduced multimaterial shares improved product design scenario (involving 

reduced multimaterial shares) without shift to 
main plastic types and with same secondary 
material shares allowed in products as in 
baseline scenario

+5% +5% +3% +3%

aligned design &
design for recycling

baseline scenario with higher secondary 
material shares allowed in products

no change +1% +5% +9%

shift to main plastic types baseline scenario with shift to main plastic 
types

+4% +5% +4% +4%

all design changes combined improved product design scenario

+9% +10% +13% +15%

available 
secondary 

material

utilizable secondary material

Figure 4.3: Increase in the total and utilizable secondary material amounts com-
pared to the baseline scenario achievable by the three individual
product design changes modelled as well as by their combination.
Note that the values represent the relative increase in the recycling
rate, while the improved design scenario achieves an absolute increase
in the recycling rate by two percentage points.

other product segments. Due to the overall higher secondary material
amount, also for automotive and other products, the uptake amounts are
doubled compared to the baseline.

In all recycling scenarios modelled, WTE plants remain the main disposal
pathway (Figure 4.2). This is even the case if a maximum waste amount is
used in cement kilns.

4 .3 .2 Environmental impacts

The climate change impacts of the Swiss plastics material flow system
amount to 5.4 Mt CO2-eq for the future energy situation modelled if almost
the complete plastic waste is incinerated without carbon capture (Figure 4.5).
The baseline mechanical recycling scenario (19% TRR) achieves a reduction
in climate impacts of 0.8 Mt CO2-eq. A further 0.6 Mt CO2-eq, i.e. in total
1.4 Mt CO2-eq, corresponding to one quarter of the original impact, can
be saved with additionally improved product design and improved waste
sorting (best-case scenario with a TRR of 31%). The uptake limitations
are largely overcome in this scenario, meaning that almost all secondary
material can be used. When co-combusting a share of the non-recycled
waste in cement kilns instead of a utilization in WTE plants, a further
0.6 (in total 2) Mt CO2-eq can be saved as the substituted coal in cement
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Figure 4.4: Utilization of secondary material flows. Note that the total secondary
material amounts differ among the scenarios. AC: air conditioning,
CE: consumer electronics, EEE: electrical and electronic equipment,
HH: household, ICT: information and communication technology,
PTTs: pots, tubs and trays. Underlying data are available in Sec-
tion S6.3.
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kilns has higher CO2-eq emissions per net calorific value than plastics.
Only implementing carbon capture without recycling can achieve higher
benefits than only increasing mechanical recycling. The highest benefits
are achieved by maximum recycling with maximum incineration in cement
kilns and carbon capture (closely followed by maximum recycling with
residues treatment in WTE plants and carbon capture), more than halving
the impact of the no-recycling scenario without carbon capture.

Primary material production is responsible for at least two thirds of the
total climate impacts of the system for today’s energy mix. For the future
situation modelled, the share is lower (55%) as production is less carbon-
intensive and WTE plants receive fewer substitution credits. Of all plastic
types, polyurethanes are responsible for the biggest share of production
impacts (Figure 4.5), while they cannot be mechanically recycled. With
increased recycling, PP remains the second biggest contributor, despite big
reductions. The impacts of PET compared to other plastic types, in contrast,
are lowered, as it achieves comparatively high TRRs, while polyamides
become more relevant. Gross recycling impacts (without credits) amount to
a maximum of 6% or 1% of the net total impact, for today’s or the future
situation. The technical plastics provide recycling benefits up to almost five
times as high as for commodity plastics per amount recycled (PA compared
to PP, Figure S4).

Compared to today’s situation, future plastics production and recycling
have lower impacts, while WTE plants get lower credits for their energy
recovered due to the less carbon-intensive energy mixes in future (Sec-
tion S4.7). This leads to the future plastic material flow system overall
having similar impacts as today based on the model, whereby they are
slightly higher if a large waste share is incinerated in WTE plants (Sec-
tion S4.6). The relation among the different scenarios is not sensitive to the
choice of background energy system.

4.4 discussion

The recycling rate estimated to be achievable for plastics—about 30%—is
low in relation to other materials. For steel, for instance, secondary material
shares in production of more than 50% are already achieved today, and
75% are estimated to be achievable if practices are improved385. One reason
making mechanical plastic recycling challenging is the immense diversity
of plastics combined with their mixing properties. In a car, already in 1994,
60 different plastic grades were estimated to be present59, generally being
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Figure 4.5: Net climate change impact of plastics in Switzerland for different
future scenarios. The values are based on a future energy and mobil-
ity situation. Maximum recycling refers to the scenario achieving a
true mechanical recycling rate of 31% and involves maximum waste
collection for recycling, improved product design and waste sorting,
and moderate secondary material usability. The impact of maximum
recycling with residues treatment in WTE plants and carbon capture
is only marginally higher than for the scenario also involving inciner-
ation in cement kilns (Section S4.6). Figures depicting impacts and
credits separately as well as the results for today’s energy and mo-
bility situation are available in Section S4.10, the impacts and credits
per kg of each plastic type for the individual processes are given in
Section S4.7. WTE: waste-to-energy. Underlying data are available in
Section S6.4.
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even different for different brandsxiii. Joint recycling of different grades of
the same plastic type delivers a product which is a mix of polymer chains
of different lengths containing different additives or even decomposition
products of the latter33. In contrast, for metals, the microstructure of the
material can be newly established at remelting and the number of alloy ele-
ments is lower50. However, also for metals different alloys pose a recycling
challenge271,385–387. The diversity among plastics was, after inaccessibility,
the main reason for the large plastic waste share not being collected for
recycling (Figure 4.1, Figure S2).

The diverse additives may pose even further limitations to recycling com-
pared to the situation modelled in this study because we could only take
into account the limitations currently considered by European recyclers.
The full extent of additives use and their behavior at recycling is unknown33.
Another important recycling limitation is external contamination. The possi-
bility of destroying organic contaminants at high temperatures is not given
in the mechanical recycling process as—again unlike metals—the polymer
matrix would decompose at these temperatures.

Composite products restrict recycling to some extent. A multimaterial
share that is too high is not among the main reasons for products not
being collected (only 1% of non-collected waste, Figure 4.1), whereby the
non-collected waste constitutes the biggest share of the non-recycled waste
(Figure 4.2). While additionally a share of the non-collected waste amount
counts as not accessible because it is part of a composite (B&C products
that are part of buildings), this share in total constitutes only 7% of the
non-collected waste. Other non-collected products might, however, also be
composites, while being excluded from collection for a different reason (e.g.
textiles). A substantial part of the losses from collected to secondary mate-
rial in the maximum recycling scenario occurs in the automotive and EEE
segments (Figure S10) and is attributable to composites: In the automotive
sector, most material is lost because many plastic parts cannot easily be
dismantled (Section 4.2.2.3); similarly, EEE has a high share of composite
structures (Section S2.9) that are lost in the course of sorting and recycling.
In addition, the definition of multimaterial used and related material re-
covery assumes that only the mechanically not separable compound of
products is lost, while several plastic types contained in the same product
can be recovered. This requires a recovery of several plastic types after
product shredding, which is possible, but not widely practiced today. If for
logistical reasons only the main plastic type of products were recovered, the

xiii personal communication with Kahlen (Borealis), 2022-02-28
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recycling rates achievable would be lower than in the present study, which
aimed at determining the maximum potential for recycling.

Despite the overall comparatively low recycling rate achievable, the TRR
for packaging in the model amounts to 62% in the best-case scenario for
moderate secondary material applicability, meeting the EU target of 55% for
2030 (Directive 2018/852/EU275). Similarly, Antonopoulos et al.224 estimated
the post-consumer packaging recycling rate achievable for Europe in 2030

at 41–63%. Eriksen et al.159 achieved a maximum recycling rate of 55% for
Europe for PE, PP, and PET in all plastic applications. Another quantitative
EU goal is a secondary material share of 30% in beverage bottles by 2030

(Directive 2019/904/EU314). This is by far outperformed by the present
study, achieving a share of 71% if taking consumer and non-consumer food
bottles as a proxy. We deem the system changes modelled in this study
implementable on a European level with a similar result, as the Swiss and
European plastic product portfolios are comparable198. Smaller differences
consist in the European consumption shares being to some extent lower
for automotive plastics and higher for agricultural films or clothing198. On
European level, measures included in the EU Plastics Strategy and the
European Green Deal are expected to facilitate system changes as modelled
in this study. The related legislation contributes to improved product de-
sign (e.g. requiring all packaging placed on the market to be recyclable
or reusable by 2030

388, promoting eco-modulation of extended producer
responsibility fees388, introducing a so-called plastic tax on not recycled
plastic packaging waste389,390), increased collection (e.g. by ensuring better
implementation of existing obligations on separate collection388), and the
utilization of secondary plastics (e.g. by the intention to establish related
regulatory or economic incentives for packaging, construction products and
vehicles, and to develop quality standards388). Along the same lines, also
the envisioned UN plastics treaty aims for promoting design for recycling,
for instance291.

We did not consider a per-capita consumption reduction for certain
plastic products, as stipulated by the Single-Use Plastic Directive (Directive
2019/904/EU314). This reduction, however, while relevant regarding the
amount of plastics in the environment, is estimated to be minor in relation
to the total plastic waste concerning comparatively few product groups. As
we only considered the currently most widely used plastic types, bio-based
or bio-degradable plastics were not part of the study, therefore, related
measures from the EU Plastics Strategy are not depicted. The same applies
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to measures relating to plastics in the environment, which were not in the
focus of this study.

The accuracy of the estimate for the achievable TRR is deemed high
due to the extensive expert consultation, the high level of detail of the
model, and the consideration of systemic logistical aspects. Any effects
of the design and sorting improvements on the recycling potential of the
non-collected waste are not estimated to be substantial. This is because
these measures do not affect the main collection barriers. Inaccessibility is
difficult to tackle. While plastics diversity provides many benefits (design
for targeted functions), it could possibly be reduced to a certain extent so
that additional products might become suitable for collection and recycling.
Such changes would, however, be difficult to model, since it needs to be
ensured that the original function can still be fulfilled. Contamination is
mostly external or due to legacy additives, whereby for the latter improved
product design could increase recyclability in the long term. Due to the long
lifetimes of the products concerned (e.g. insulation material) this would,
however, not provide for much higher collectable amounts in 2040 than
modelled in this study. One possible future development that was not
depicted concerns the possibility that mechanical recycling processes might
be established for textiles in the context of the EU Textiles Strategy391.

The average plastics’ carbon footprint in the case of no recycling for
Switzerland amounts to 4.9 tonnes CO2-eq per tonne of plastic consumed.
This is similar to the value for the global situation (4.7 tonnes CO2-eq /
tonne plastic), which involves a recycling rate below 10%42,84. However,
the value from the present study may be an underestimation, as the life
cycle inventory data for plastics production used does not sufficiently
consider the large share of plastics produced in coal-intensive economies84.
Unlike in Switzerland, globally plastic waste is partly landfilled instead
of incinerated. This is likely the reason why production constitutes an
even higher share of the total plastics carbon footprint globally (above
90%83,84) than for Switzerland (Section 4.3.2). The Swiss carbon footprint of
plastics amounts to 4.7% of today’s total Swiss carbon footprint (5.4 Mt of
116 Mt392 per year, Figure 4.5) for the case of no recycling. This is similar
to the relative global climate change impact of plastics84. In the scenario
with the maximum achieved recycling rate of 31%, the carbon footprint
share of plastics is reduced by one quarter to 3.4% (4.0 Mt), while carbon
capture alone could achieve an even higher reduction to 2.8% (3.2 Mt). The
latter might in addition be less costly compared to recycling393. However,
it requires suitable utilization or storage options for the CO2 captured,
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not to mention the electricity that will be needed same as for many other
low-carbon technologies in future. Alternative treatments of plastic waste
that were not assessed include a utilization in coke ovens or steel blast
furnaces196,201.

An option to further increase plastics circularity achieved by the scenar-
ios modelled are chemical recycling processes. Studies135,200 have shown
that from an environmental point of view mechanical recycling should
be favored for those waste streams for which this technology can be effi-
ciently applied. However, mechanical recycling is not suitable for certain
(e.g. composite, contaminated or non-remeltable) waste streams. For those,
a complementary application of chemical recycling should be explored in
future studies. Respective processes could especially be an option to lower
the high production and incineration impacts of polyurethanes (Figure 4.5),
which cannot be mechanically recycled.

While this study focused on recycling, other value retention strategies like
reuse might achieve higher environmental benefits346,394–396. The potential
of such measures for plastic products needs to be studied in future research.
Consumption reduction would also lower impacts, whereby attention would
need to be paid to rebound effects397 and potential substitute materials56.
The application of additional circular economy principles besides recycling
seem indispensable, as recycling seems to be only capable of mitigating the
production impacts to a limited extent (Figure 4.5).

A change that might become relevant in the long-term future, which was
not modelled in the present study, is the utilization of new plastic types.
If biological resources are increasingly used, new platform chemicals and
therewith new monomer structures are likely to be established. Depending
on which biomass is used, bio-based plastics might have considerable land
use, water, and climate change footprints398. The incineration impacts are
often lower than for fossil-based plastics. Recycling of bio-based plastics
still needs to be studied and integrated into existing systems, biodegrad-
able plastics only seem beneficial for products whose waste is difficult
to collect184,399. Beyond this, new plastic types specifically suitable for
depolymerization54 could facilitate chemical recycling.

4.5 implications

Even with considerable efforts made to achieve recycling-friendly product
design, increased waste collection and more specific waste sorting, only
about a third of all plastics waste is estimated to be mechanically recyclable
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in the mid-term future. Principal reasons for this are inaccessibility of waste,
the large diversity of plastics and contamination.

Maximum mechanical recycling can achieve a reduction of the plastics
carbon footprint corresponding to 1.3% of today’s Swiss CO2 footprint
compared to no recycling. Mechanical recycling can therefore only be one
of many necessary measures to combat climate change, solve the plastics
crisis, and decrease dependency on imported fossil resources.

If the remaining system impacts are to be reduced, attention needs to be
paid to polyurethanes, which have often been overlooked in previous re-
search, while their production contributes the most to climate change. There-
fore, potential complementary measures to mechanical recycling should be
studied further, including less carbon-intensive plastics production, waste
prevention, and chemical recycling. Finally, also the choice and design of
incineration processes significantly affects the system impacts.
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abstract

Chemical and solvent-based recycling of plastic waste may help overcome
some of the challenges faced by predominantly applied mechanical re-
cycling techniques. This study quantifies the environmental impacts of
chemical and solvent-based recycling as a function of varying process pa-
rameters and product composition using life cycle assessment. Furthermore,
potential benefits and impacts on a system level are determined. To that
end, a high-resolution material flow analysis is conducted for the reference
system of Switzerland, covering all main plastic types and applications. In
a scenario for the year 2040, we employ environmentally beneficial mechan-
ical recycling where possible and convey suitable remaining waste streams
to chemical or solvent-based recycling processes. Applying chemical or
solvent-based recycling as a complement to maximum mechanical recycling,
instead of thermal treatment with energy recovery, may achieve a reduction
in the climate change impact of the system ranging from less than 10%
to almost 40%. For achieving high environmental benefits, proper process
choice and configuration are crucial. Dissolution or depolymerization pro-
vide higher benefits relative to other chemical recycling processes, but can
only treat certain waste streams and require prior sorting into plastic types.
Pyrolysis and gasification appeared to only have the ability to achieve
substantial benefits over incineration if their output products can substitute
high-impact chemicals and provided that efficient heat transfer and recov-
ery is warranted when implemented on a large scale. As industrial-scale
plants for chemical or solvent-based plastic recycling are still lacking, the
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upscaling potential and the environmental benefits achievable in practice
are highly uncertain today.

5.1 introduction

Plastic recycling can reduce negative environmental impacts such as green-
house gas emissions caused by plastic production and waste incineration.
Currently, the by far most widely applied plastic recycling technology is
so-called mechanical recycling, referring to reshaping processes that involve
melting. However, this recycling method has a limited ability to produce
useful secondary materials from mixed plastics. The reason for this is that it
commonly involves an alteration of the polymer chain configuration due to
a blending of different plastic wastes and thermal impact. It also leads to a
transfer of (potentially hazardous) additives from the original plastics and
possibly external contaminants to the recycling product. Thermosets can-
not be remelted at all. Therefore, the circularity achievable via mechanical
plastic recycling is limited2,3.

Alternative plastic recycling technologies that can potentially overcome
the limitations of mechanical recycling mentioned are chemical or solvent-
based recycling. Chemical recycling processes break down the polymer
chains, to varying degrees, thermally and partly by means of reactants,
potentially aided by catalysts. The polymer chains can then be rebuilt from
scratch, which allows any desired chain configuration to be established, and
additives or contaminants may be removed and immobilized or destroyed.
Common chemical recycling technologies that are applicable for different
plastic types are gasification, pyrolysis, and depolymerization141,142,171–181.
Solvent-based (dissolution) processes do not considerably alter the polymer
chain configuration and, therefore, exhibit some characteristics of mechani-
cal recycling139,173,174,400. However, in contrast to mechanical recycling, they
can be able to separate plastic additives from the polymer matrix or individ-
ual plastic types from multilayer structures, and hence alter the chemical
composition of the input plastics mixture. Therefore, we treat solvent-based
processes as a distinct recycling technology. Chemical or solvent-based
recycling processes can potentially deal with a wider range of plastic waste
than mechanical recycling. Moreover, the secondary feedstock materials
obtained from chemical and potentially solvent-based recycling processes
generally allow for a much broader application than those from mechanical
recycling. It should be noted, though, that these favorable characteristics of
chemical or solvent-based recycling have so far rarely been demonstrated
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on a full industrial scale due to, among other reasons, a current lack of
profitability174.

From an environmental point of view, mechanical recycling tends to
outperform chemical and solvent-based recycling200,202, for instance, due
to a lower energy demand paired with products able to substitute for al-
ternatives with considerable environmental impact200. Therefore, it seems
reasonable to apply mechanical recycling where possible and to comple-
ment it with chemical and solvent-based recycling of remaining waste
streams. Few studies have assessed the role that chemical and solvent-based
recycling could play in an integrated plastic waste management system,
i.e. which waste streams would be suitable for chemical and solvent-based
recycling and which environmental benefits the latter may bring. Lase
et al.238 conducted a material flow analysis (MFA) of plastics including
mechanical, chemical and solvent-based recycling, but probably overesti-
mated the achievable mechanical recycling rate3 and did not couple the
MFA with environmental impact data. Meys et al.161 optimized a plastic
material flow system in order to achieve minimum climate change impacts
by combining mechanical recycling and pyrolysis with other measures
such as carbon capture and utilization. Their approach, however, involves
rough assumptions regarding the mechanical recyclability of different waste
streams. It assumes that certain packaging plastics are completely mechani-
cally recyclable and the remaining waste streams not at all, while all plastic
waste is assumed to be chemically recyclable. In reality, not all packaging
plastics offer potential for mechanical recycling, while several other plastic
waste streams do3. At the same time, it seems unlikely that all plastics are
suitable for chemical recycling since some are part of composite structures
involving other materials. Another study estimated the domestic potential
for chemical recycling for the Netherlands to be about 17 kg per person
and year, consisting of recycling losses, mixed plastics, and polyethylene
terephthalate (PET) trays401,402. Khoo195 determined mass-based recycling
potentials based on installable capacities for mechanical and chemical recy-
cling for Singapore (11% and 18% of plastic waste, respectively). Both the
latter studies, however, have not or only partly analyzed plastic waste flows
regarding their suitability for chemical recycling.

While a structured overview of the suitability of chemical and solvent-
based recycling processes for different plastic types is lacking, life cycle
assessment (LCA) data is available for several processes and plastic types,
mostly for a fossil-based economy. Inventory data for different processes
(energy demand, product composition, efficiency) are available from Al-
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Salem et al.257, Cardamone et al.253, Khoo195, KIT & Conversio403, Perug-
ini et al.247, Schwarz et al.202, and Arena & Ardolino140. Climate change
impacts are provided by Schwarz et al.202 for the vast majority of rele-
vant processes and plastic types, as well as by Garcia-Gutierrez et al.255

for several different processes and plastic types. While the impacts of
the former are based on theoretical models, the latter conducted an in-
dustry survey. Meys et al.200 quantified climate change impacts as well
as fossil resource depletion for different chemical recycling processes for
polyethylene (PE), polypropylene (PP), PET and polystyrene (PS). Of the
different chemical and solvent-based recycling technologies, depolymeriza-
tion (if applicable for a plastic type) tends to provide the highest benefits,
achieving net climate change impacts of -7.2 to -0.5 kg CO2-eq / kg of
plastic input, depending on plastic type and plant size200,202,255,404. It is
closely followed by dissolution (net climate change impacts of -6.6 to 0.3
kg CO2-eq / kg of plastic input140,202,255). Gasification tends to perform
better than pyrolysis195,202,260,405, achieving net impacts of -1.6 to 0.4 kg
CO2-eq / kg of plastic input. Many studies have investigated pyrolysis con-
figurations for mixed plastic waste140,195,241,252,255,257,260, different plastic
types250,251, or low-density polyethylene (LDPE)245. In most studies, pyrol-
ysis results in a net impact of around 0.5 kg CO2-eq per kg mixed plastic
waste140,195,241,245,252,255,257. Exceptions with lower impacts are Lindgreen et
al.260 (-0.8 to -0.3 kg CO2-eq / kg of plastic input, depending on technology),
Schwarz et al.202 (-3.5 to 0.4 kg CO2-eq / kg of plastic input, depending
on technology and plastic type) and Civancik-Uslu et al.250 (-1.5 to 0.5 kg
CO2-eq / kg of plastic input, depending on plastic type). The performance
of pyrolysis compared to mechanical recycling depends on the assumed
efficiencies of mechanical and chemical recycling, the primary material sub-
stitution ratio for mechanical recycling, and residues treatment241,251,252,257.
Pyrolysis outcompetes energy recovery in waste-to-energy (WTE) plants
in terms of climate change impacts according to Civancik-Uslu et al.250,
Jeswani et al.252, Khoo195, and Russ et al.245, the latter having impacts of 1

to 2.5 kg CO2-eq / kg of plastic input depending on plastic type, energy
efficiency and substituted energy3,195,250,252. When the products of pyrolysis
and gasification, however, are used as fuels, direct incineration of the plastic
waste may perform better406.

The available LCA studies are almost exclusively based on theoretical
models or small-scale plants. MFA studies also only approximate industrial-
scale plants, assuming they can be installed. A prediction of the performance
of full-scale industrial plants, therefore, involves high levels of uncertainty.
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Process scale-up for chemical and solvent-based recycling is technically
challenging. Efficient and uniform heat transfer to the plastic waste, for in-
stance, may be hard to implement on a large scale174,255,407. Moreover, other
process-related issues like corrosion or pipe clogging may arise, for example
when treating PET or poly(vinyl chloride) (PVC) via pyrolysis194,200, and
pilot plants usually sort out these plastic types (e.g. Quantafuel408). At the
same time, studies have quantified the impact of PET or PVC pyrolysis202,
albeit considering varied product composition and necessary removal of
hydrogen chloride (HCl). Currently, numerous new plant construction ac-
tivities are ongoing. Overviews of plant installations and the maturity of
different process types are given by KIT & Conversio403, Maisels et al.409,
Solis & Silveira187, and Vollmer et al.174. However, data on capacity and
actual production are scarce. The actual practicability of chemical and
solvent-based recycling is, therefore, uncertain.

In summary, up to now a comprehensive assessment with regard to
which plastic wastes might be reasonably and viably treated by means of
chemical or solvent-based recycling and with respect to which environmen-
tal benefits may be achieved on a system level by applying these alternative
recycling processes has been lacking. In this study, we model the environ-
mental impacts of chemical and solvent-based recycling as a function of
various process parameters and product compositions. We identify plastic
waste streams that are unsuitable for mechanical recycling, but appropriate
for chemical or solvent-based recycling, and assess environmental impacts
related to chemical or solvent-based recycling of these particular waste
streams. For this, a high-resolution material flow analysis is conducted cov-
ering waste streams of the main plastic types across all relevant applications
to ensure that only realistically feasible system solutions are assessed. We
use Switzerland as a study region, which we consider to be representative
for the whole European context since the Swiss plastics product portfo-
lio is comparable to the one of other European countries3 and also the
waste treatment processes modelled are pertinent for a European situation.
Potentially achievable reductions in climate change impact by means of
chemical and solvent-based recycling on a system level are quantified and
sensitivity analyses are performed by varying process parameters based
on the literature and simulation data. Finally, we assess the maturity of
chemical and solvent-based recycling based on current plant operation and
construction activities.
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5.2 methods

First, we investigated which chemical and solvent-based recycling tech-
nologies can treat which plastics (Section 5.2.1) and quantified related
environmental impacts per input amount of plastic waste (Section 5.2.2).
We then determined whether the composition of plastics waste streams
within a material flow system that were previously identified as unsuitable
for mechanical recycling3 allows for chemical or solvent-based recycling
(Section 5.2.3). We determined the system impacts resulting when applying
chemical or solvent-based recycling for these waste streams with LCA,
performing a sensitivity analysis by varying different process parameters
(Section 5.2.4). Finally, to provide insight into the maturity of the application
of chemical and solvent-based recycling processes in practice, we compiled
data on plants in operation or under construction (Section 5.2.5).

5 .2 .1 Determination of suitabil i ty of chemical and
solvent-based recycling processes for different plastic
waste streams

We categorized chemical and solvent-based recycling processes for plastics
based on process parameters (temperature level, reaction environment) and
product range (type and diversity). Then we investigated, which processes
are applicable for each plastic type. We also specified whether the processes
are able to treat mixed waste streams. The data basis was the literature
(including data given in Sections S2.1.1, S2.2.1, S2.3.1, as well as S5).

5 .2 .2 Quantif ication of environmental impacts related to
chemical and solvent-based recycling processes

5.2.2.1 Goal and scope

For all chemical and solvent-based recycling processes considered (Ta-
ble 5.1), we performed a life cycle assessment using the functional unit of
1 kg plastics input.

For impact allocation, we used system expansion with the avoided burden
approach. This means, for example, that credit was given for all products of
recycling as they can substitute primary materials or for energy recovered
from thermal treatment.

In the impact assessment, we focused on climate change impacts as
these belong to the most severe environmental impacts of plastics that can
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currently be assessed with LCA (see Klotz et al.3). We used the IPCC 2021

GWP 100a method for assessing the climate change impacts of chemical
and solvent-based recycling processes.

5.2.2.2 Inventory analysis with sensitivity assessment

For each chemical or solvent-based recycling technology, we investigated
a range of different process configurations based on the literature and
simulation data. We provide all parameters and respective values considered
in Table S2.9.1. In the assessment, we used the same underlying energy
scenarios for all processes and substituted chemicals. For background data,
we used inventories from the Ecoinvent v3.8 and IDEA v2.3 databases.

With respect to the provision of energy for all chemical or solvent-based
recycling processes and for the alternative production of substituted chemi-
cals, we assessed two scenarios: a fossil and a renewable scenario (all details
and the carbon intensities of the energy mixes are available in Section S2.5).
In the fossil scenario, for the recycling processes, we assumed an energy
supply via a natural gas industrial furnace as the reactors are usually lo-
cated directly inside a combustion chamber. Suitable reactor types are, for
instance, fluidized bed or tube reactors for gasification or pyrolysis, which
provide for a uniform temperature distribution and good heat transfer on a
large scale170,171,178,183,187,189,196,199,407,410. We derived reactor heat transfer
efficiencies from Wernet et al.58 and Zhang et al.411, and varied them in the
course of the sensitivity assessment (Table S2.9.1). For chemicals production,
we assumed energy supply via a natural gas combined heat and power
plant.

In the renewable energy scenario, we assumed an electricity production
mix of 50% open-ground photovoltaic and 50% offshore wind power plants
as photovoltaic roof installations are assumed to mostly supply households
and because many chemical companies are investing in offshore wind
farms, the energy from which can partly be used directly at production sites
close to the shore412. We accounted for storage losses of 25% and assumed
that storage would be required for 25% of the electricity produced. We
assumed heat provision for the recycling processes via power-to-heat. We
varied the heat transfer efficiency in the sensitivity assessment based on
Madeddu et al.413 to depict different suitable reactor types (Table S2.9.1). The
latter include resistance furnaces, microwave and radio frequency heaters,
infrared heaters, plasma technology, or inductive heating, which can achieve
sufficient temperatures413 and be applied for this purpose173,176,410,413–415.
For chemicals production, we considered heat supply via steam, which
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is the most common heat source for this purpose413, with average boiler
efficiency of 97.5% from Madeddu et al.413.

For crediting chemical or solvent-based recycling products, we calculated
the alternative production impacts of the chemicals substituted for all
processes based on cradle-to-gate heat and electricity demands as well as
direct CO2 emissions. The respective values were derived from the IDEA
database v2.3. The energy mix was in line with the energy scenario. The
few substances not available in the database were approximated with other
similar substances (Section S2.6). Water, as part of the product, was given
zero credits. CO2 was assumed to be released as emission into the air. Since
it may also be sequestered or further purified to be utilizable in industry in
the future, we also did a sensitivity analysis where we did not account for
these CO2 emissions.

To assess the possible impact variations of gasification, we modeled a
gasification process in Aspen Plus v11, according to Salah et al.416. We
conducted process simulations for PE, PET, PP, and PS inputs, respec-
tively, covering most of the plastic types conveyed to chemical recycling in
the highest amounts (Sections S1.2.1 and S1.2.2). Steam was deployed as
gasifying agent to react with the input polymers at a 1.5 mass ratio; the
reactor size corresponded to a mass flow rate of 8,000 t polymer input per
year. This simulation allowed the effect of different parameter changes on
energy demand to be quantified. The energy required for the process is
provided by the partial oxidation of the input material, the low-pressure
input steam, as well as external sources. The life cycle inventories were
compiled based on the energy balance data obtained from the simulation,
taking different reactor heat transfer efficiencies and potential catalyst use
into consideration, as well as product separation efforts for the gaseous and
liquid products (based on Bisinella et al.382, RWE et al.383, Salah et al.416, and
Somoza-Tornos et al.417, Section S2.1.3) in cases when product components
were assumed to be individually utilized (and credited). Apart from the
latter, we varied impacts and credits individually for similar reasons as
outlined regarding pyrolysis. The parameter combinations considered are
provided in Section S2.1.5.

To quantify the substitution benefits, we calculated which alternative
production impacts can be avoided by gasification products with different
compositions (Section S2.1.5). We derived a range of possible compositions
from a literature review (Section S2.1.1) as well as from the simulation
results (Section S2.1.2). For the gaseous product, we consider, on the one
hand, the case of separation and individual substitution of all main product



5.2 methods 105

components and, on the other, the separation of water and CO2 only, as
well as the utilization of the remaining product as syngas. A further trans-
formation to methanol, which can be used for plastic monomer production,
was not considered. We also assessed the case of energetic utilization of
the product so as to be able to compare it to direct incineration of the
plastic waste. For the liquid product, we considered either separation into
components or substitution of naphtha. For char, no material utilization was
assumed due to potentially hazardous plastic additives contained therein,
whereas energy recovery as well as landfill were assumed to be suitable
alternatives. The total product amount resulted from the simulation.

For pyrolysis, we relied on energy demand data available from the
literature195,202,247,253,417 (Section S2.2.2). The range of substitution bene-
fits were determined based on possible product compositions from the
literature (Sections S2.2.1 and S2.2.3). For the target liquid product, we
considered, on the one hand, a separation and individual utilization of
product components and, on the other hand, a utilization of the complete
product. For the gaseous product, we considered both the case of material
utilization as well as energetic utilization (as, e.g., considered in Cardamone
et al.253). For char, no material utilization was assumed, but instead either
energy recovery or landfill (as in the case of gasification). As pyrolysis,
similar to gasification, yields products that are typically also used as fuels,
we modelled the case of energetic utilization of the complete product as a
reference for comparison with direct incineration of the plastic waste. The
total amount of the pyrolysis product corresponds to the plastic waste input
as the reactions take place in an inert atmosphere.

When calculating the net environmental impacts of pyrolysis, we mostly
varied impacts and credits independently, and did not differentiate between
different individual plastic types or mixed plastic waste, for several reasons.
Some parameters relevant for the impact are completely independent from
product composition such as reactor efficiency and product energy recovery.
For other process parameters, due to the complex behavior of waste plastics
under pyrolysis conditions189, there is no straight-forward correlation with
product composition. While a higher temperature or longer reaction time
may lead to more aromatics and less aliphatic compounds being present in
the product170,171,176,183, the use of a catalyst may affect product composi-
tion and the temperature level of the process140,142,171,176,183,253,414. Thereby,
the uniformity of the temperature distribution within the reactor plays an
important role as it may partly lead to undesired reaction conditions178,189.
The specific plastic input mix affects product composition176,183,202, whereby
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secondary reactions may occur183 and be affected by plastic additives. From
the literature considered, no direct correlation between process input and
substances yielded is apparent (Section S2.2.1). For instance, high liquid
yields or shares of styrene therein, providing for high substitution credits,
are achieved for mixed plastic waste from electrical and electronic equip-
ment, rather than with treatments of individual plastic types. This may be
because of the different factors mentioned that affect product composition.
This complex situation led to the decision not to consider potential corre-
lations between impacts and credits or to differentiate between different
plastic waste inputs, and in so doing depicting a maximum range of possible
net impacts for realistic process configurations. We did, however, consider
product separation efforts for the cases in which we credited individual
product components separately. The parameter combinations considered
are provided in Section S2.2.4.

To assess variations in depolymerization impacts, we focused on glycoly-
sis of PET, polyamides (PA), polycarbonates (PC) and polyurethanes (PUR)
since glycolysis is applied in industrial plants and due to data availability.
However, depolymerization can also be achieved via other processes such
as hydrolysis or alcoholysis177. In the inventory, we considered the reaction
enthalpy, as well as the energy required for heating both the plastic and
the corresponding reactant amount up to the process temperature and for
compensating heat losses. We also accounted for the production of the
reactant participating in the reaction, isolation of the target product via
distillation, shredding of the input material, and approximated impacts
arising because of catalyst use. We calculated the required reactant and
total product amounts stoichiometrically. We varied the yield of monomers
and oligomers utilizable for plastic production based on the literature and
considered residues treatment. The yield depends on the temperature level
and reaction time177, but can also be affected by catalyst use141,142,177, and
we assume it is further determined by reactants mixing and product sepa-
ration efficiencies. Therefore, we varied parameters affecting impacts and
credits (Table S2.9.1) independently.

For dissolution, we considered ranges for energy and solvent demand
from the literature88,202,253, assuming that the reported energy demands
given include efforts for shredding, solution enthalpy, heat losses, and
product separation, and fit all plastic types treatable with dissolution.
We assumed that no catalyst is required418 and neglected the use of a
drying additive253. The yield depends on the reaction time and temperature
level418,419, but we assume factors such as homogeneity of reactant mixing
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and efficiency of product separation as well. Therefore, we varied impacts
and credits independently, leading to a maximum range of possible process
impacts.

5 .2 .3 Material f low analysis of an integrated plastic waste
management system involving mechanical as well as
chemical or solvent-based recycling

In Klotz et al.3 we concluded that the mechanical recycling rate (calculated
based on utilizable secondary material) in the mid-term future is limited
to a maximum of 31% for the main plastics (Table 5.1) from all application
segments in Switzerland1, distinguishing 11 plastic types and 69 product
groups. For the present study, we kept this mechanical recycling situation in
a scenario for the year 2040 unchanged. In addition, we assumed the same
reused and uncollected waste amounts (ending up in the environment e.g.
due to littering or non-dismantled pipes) as in Klotz et al.3. For the remain-
ing waste, which in Klotz et al.3 is treated mostly in waste-to-energy (WTE)
plants as well as in cement kilns, we modelled the following treatment
(Figure 5.2):

• For the remaining post-consumer waste

– we assumed that a share cannot be sufficiently separated from
other materials so that it needs to be treated in WTE plants (15%
based on Lase et al.238); this may include, for instance, plastics in
mixed building waste containing large pieces of other materials,
but does not comprise waste that may, despite being a material
composite, be treated by chemical recycling (e.g. textiles may be
made of a mixture of plastic and non-plastic fiber material, of
which the plastic fiber share may still be recovered via chemical
recycling);

– for the rest (85%) we assumed that

* 40% is difficult to further separate into plastic types and
can, therefore, only be treated by pyrolysis or gasification;
this value is based on the share of waste not suitable for
mechanical recycling in Klotz et al.3 because it is very inho-
mogeneous or composed of multi-material structures, which
makes sorting very burdensome;

* the rest (60%) can be separated into plastic types and there-
with allows for the application of all chemical or solvent-
based recycling processes.
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• With regards to sorting and recycling residues, it was assumed that
attachments of other materials than plastic do not inhibit chemical
or solvent-based recycling as pilot plants were able to utilize these
residues407. Thereby,

– 50% were assumed to either arise as single-plastic-type streams or
to be separable into plastic types, allowing for the application of
all chemical or solvent-based recycling processes; the rationales
for this choice were the following: the residues from mechanical
recycling, which is done for individual plastic types, typically
mainly contain one plastic type; we assumed missorted amounts3

to be separable into plastic types as the multi-material shares in
products conveyed to mechanical recycling in Klotz et al.3 are
generally low; in contrast, the other part of sorting and recycling
losses is constituted exactly by material that is not separable
into plastic types3 and, therefore, not mechanically recyclable;
as overall about half of the sorting and recycling losses in Klotz
et al.3 are due to multi-material structures, while the other half is
due to missorting and recycling process losses, we assumed 50%
of all sorting and recycling residues to be separable into plastic
types;

– the other half cannot be separated into plastic types, restricting
the treatment to pyrolysis or gasification.

The treatment shares considered are meant to depict the maximum
possible amounts treatable via chemical or solvent-based recycling from
a technical perspective. This is consistent with the assumptions of the
maximum mechanical recycling scenario of Klotz et al.3, which we used
and expanded here with chemical and solvent-based recycling. Therefore,
the results should be understood as a higher benchmark of what the
combination of mechanical as well as chemical and solvent-based recycling
may be able to achieve. To determine the effect of potentially lower waste
shares conveyable to chemical or solvent-based recycling on the system
impacts, we conducted a sensitivity assessment. In this, we considered only
50% of remaining post-consumer plastic waste to be separable from other
materials, and only 25% of all waste recycled chemically or by means of
solvents to be separable into plastic types.

Regarding the choice of specific chemical or solvent-based recycling pro-
cesses applied, we depict four scenarios (Table S1). In each scenario, we
conveyed all suitable waste streams to one of the four distinguished process
types, respectively. Depolymerization and dissolution cannot be applied
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to all plastic types (Table 5.1). Therefore, for those plastic types for which
no depolymerization process is available, we applied dissolution, and vice
versa. For the waste streams restricted to pyrolysis or gasification (as they
cannot be separated into individual plastic types) in the depolymerization
and dissolution scenarios, we conveyed half of the concerned waste streams
to gasification and half to pyrolysis, with intermediate parameter assump-
tions to depict an intermediate situation, whereby in the sensitivity analysis
we quantified the difference between the extreme cases of applying either
only worst-performing gasification or only best-performing pyrolysis.

5 .2 .4 Quantif ication of system impacts

Based on the MFA conducted (Section 5.2.3) and process impacts per kilo-
gram for chemical and solvent-based recycling (Section 5.2.2), we performed
a system-level LCA. The LCA compares scenarios of plastics waste man-
agement in Switzerland and, in particular, assesses the contribution that
chemical and solvent-based recycling can make in reducing climate impacts
in the future. The functional unit was defined as production of plastics
consumed as well as treatment of plastics waste arising in Switzerland in
2040 according to the plastic material flow system described in Section 5.2.3.

The system boundaries included plastic production and all processes
related to waste treatment. Regarding plastic waste collected for mechanical
recycling, collection, sorting, and mechanical recycling was considered. For
the sorting or recycling residues, additional transportation to chemical or
solvent-based recycling plants is required, as well as the process of chemical
or solvent-based recycling. Plastic waste to be recycled chemically or by
means of solvents needs to be collected, transported to sorting, separated
from other materials, transported to recycling, and recycled chemically or
by means of solvents. In the case of a treatment via depolymerization or
dissolution, further sorting into plastic types is considered. The assumptions
regarding additional collection, sorting, and transportation efforts related
to chemical or solvent-based recycling were based on Klotz et al.3 and
Van Eygen et al.237, and are documented in Section S3.1. For gasification,
we assumed longer transportation distances than for the other processes as
the plant size must be larger420, resulting in a lower geographical density
of plants.

Variations in inventory data for chemical and solvent-based recycling
were considered as described in Section 5.2.2. For plastics production,
mechanical recycling, and waste incineration, we retrieved the inventory
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from Klotz et al.3. The impacts of second-hand use and plastics reaching
into the environment were not quantified as in Klotz et al.3.

The LCA calculations were carried out using Brightway 2, Python 3.9,
and Excel 2019.

5 .2 .5 Investigation of chemical and solvent-based recycling
plants in operation

To gain insight into the maturity of different chemical and solvent-based
recycling technologies for different waste streams, we compiled a non-
exhaustive list of chemical and solvent-based recycling plants in operation
or under construction. We provide data on applied process type, treat-
able plastic types, plant capacity, current production amounts, locations,
duration for which plants have been in operation, and other parameters
in a structured way. This data was partly used as a basis for waste flow
allocation to processes (Section 5.2.1) and for quantification of their impacts
(Section 5.2.2.2), and can give an impression of the timeframes needed for a
broad implementation of chemical or solvent-based recycling.

5.3 results and discussion

5 .3 .1 Applicabil i ty of chemical and solvent-based recycling
processes

We categorized available chemical or solvent-based recycling processes fol-
lowing common approaches. Most processes can treat nearly all of the main
plastic types (Table 5.1). Some polymer types pose challenges to pyrolysis
and gasification, affecting process operation and product quality, however,
with ways to handle undesired byproducts available (Table 5.1). Depolyme-
rization is mainly used for condensation polymers (PET, PA, PC, PUR)177,
while high monomer yields may be achieved with pyrolysis configurations
for addition polymers such as PE, PP, or PS177,200. Solvent-based processes
exist for all main plastic types, except for thermoset polyurethanes, which
require a breaking of primary chemical bonds for recycling. This means
that—if sorting into plastic types is possible—most plastic types in waste
streams can be recycled via any desired chemical or solvent-based recycling
process. The process choice, therefore, depends on environmental and fi-
nancial considerations. Waste streams not separable into plastic types are
restricted to processes that are able to recover useful products from an input
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of mixed plastics, while these waste streams are not suitable for processes
targeting the recovery of individual plastic types.

Table 5.1: Main chemical recycling routes: characteristics and suitability for plas-
tic types. A cross (x) means that a process type can be applied for a
plastic type. A tilde (~) means that a plastic type can be treated with a
certain process, but requires extra treatment steps. A slash (/) means
that a plastic type cannot be treated with a certain process. LDPE com-
prises LLDPE, PS refers to general-purpose polystyrene (GPPS) and
expanded polystyrene (EPS), and PA includes all types of polyamides,
as in Klotz & Haupt1 and Klotz et al.3. ABS: acrylonitrile butadiene
styrene, HIPS: high-impact polystyrene.

Gasification Pyrolysis Depolymerization Dissolution

Reaction
environ-
ment i

presence of sub-
stoichiometric
amount of oxygen

absence of oxygen presence of a re-
actant such as
ethylene glycol,
methanol, or water

presence of a solvent

Temperature
level ii

400–1500°C, typi-
cally 700–1200°C

300–800°C 50–450°C, typically
around 200°C

30-200°C

Decomposi-
tion pattern iii

decomposition to
mainly H2 and CO;
smaller amounts
of H2O, CH4, CO2

especially at lower
side of tempera-
ture range; other
hydrocarbons and
other gaseous, solid,
and liquid products
depending on input
composition

decomposition to
liquid and gaseous
aliphatic and aro-
matic hydrocarbons
(C2-C18+, BTX,
plastic monomers,
waxes), a solid
product (carbon,
minerals), as well as
other products de-
pending on plastic
composition

decomposition to
monomers and
oligomers, as well
as byproducts

rupture of sec-
ondary bonds
between polymer
chains, while the
primary bonds
within the polymer
chains remain intact
(as for mechanical
recycling)

Suitable for
recovery of

individual and
mixed plastics iv

individual and
mixed plastics v

individual plastics vi individual plastics
vii

HDPE x x / x

LDPE x x / x

PET x ~ x x

PP x x / x

PS x x / x

PVC ~ ~ / x

ABS x x / x

HIPS x x / x

PA ~ ~ x x

PC x ~ x x

PUR ~ ~ x /
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Some chemical recycling technologies are not covered in Table 5.1 and this
paper as they are specific to certain plastic types or less widespread. These
include the production of value-added chemicals from plastic waste200.
For PVC specifically, a process exists to recover HCl138. Hydrocracking is
similar to pyrolysis with, however, the addition of hydrogen, causing more
saturated chemicals to be produced181,247. Liquefaction may refer to thermal
cracking of plastics in liquid form at higher pressure and lower temperature
than pyrolysis170,196,436. PP may be depolymerized via ionization, being
subjected to an inductively coupled plasma173.

5 .3 .2 Variabil i ty of chemical and solvent-based recycling
impacts per kilogram of plastics input

The environmental impacts of chemical or solvent-based recycling processes
may vary greatly depending on process choice and process configuration
as well as input material (Figure 5.1). Gasification and pyrolysis have the
highest gross impacts per input amount, with gasification tending to have

i Source: Al-Salem et al.175, Goto177, Munir et al.181

ii Source: Schwarz et al.202, Knappich et al.418, Solis & Silveira187, Ragaert et al.142, Zhao et al.419,
Sections S2.1.1, S2.2.1, S2.3.1

iii Source: Baerns et al.32, Arpe421, Ragaert et al.142, Goto177, Zhao et al.419, Knappich et al.418,
La Mantia138, Schlummer et al.422, Schwarz et al.202, Puig-Arnavat et al.423, Munir et al.181, Meys
et al.200, Sections S2.1.1, S2.2.1, S2.3.1; BTX: benzene, toluene, xylenes

iv Source: Ragaert et al.142, Jeong et al.424, Borgianni et al.425, Sections S2.1.1, S5; suitability
for technical plastics and polyurethanes assumed based on Buekens & Zhou144 and Guo
et al.426; for PVC, chlorine in product gas must be eliminated, but ways to achieve this
exist425; polyamides and polyurethanes lead to undesired byproducts (personal communication
Wolfgang Hofer, OMV, 2023-09-18)

v Source: Ragaert et al.142, Meys et al.200, Garcia-Gutierrez et al.255, Sections S2.2.1, S5; suitability
for technical plastics and polyurethanes assumed based on Buekens & Zhou144, Font et al.427,
Zakharyan & Maksimov428, and Zakharyan & Maksimov429; the presence of elements other
than carbon and hydrogen, as is mainly the case for PET, PVC, PA, PC, and PUR, leads to
byproducts and requires different degrees of specialized treatment (personal communication
Wolfgang Hofer, OMV, 2023-09-18, Zakharyan & Maksimov428, Zakharyan & Maksimov429);
PET and PVC have been pyrolyzed in laboratory experiments430,431, however, in practice
they can only be present in very small amounts if no additional measures are taken, because
they are decomposed to corrosive products (benzoic acid, HCl) and adversely affect product
quality170,171,196,200,202,407; however, chlorine can be removed via an additional treatment step
and neutralized142,171,178,202; high yield of PE, PP, and PS monomers (ethylene, propylene,
styrene) can be achieved, especially for pyrolysis of these plastic types (Sections S2.2.1, S5,
Meys et al.200, Kaminsky et al.432, Schwarz et al.202, Ragaert et al.142)

vi Source: Schlummer et al.422, Goto177, Lucas et al.168, Hong & Chen433, Sections S2.3.1, S5

vii Source: Lucas et al.168, Mäurer & Schlummer434, Knappich et al.418, Zhao et al.419, Roelands435;
assumed that dissolution also possible for HIPS, which usually consists to >90% of PS30;
thermoset polyurethanes are cross-linked, therefore, primary bonds have to be broken for
reshaping



5.3 results and discussion 113

higher impacts. The gross impacts of depolymerization and dissolution
overlap with pyrolysis, but tend to be lower. The latter two processes gain
the highest credits for substituted products. Dissolution can obtain the same
credits as mechanical recycling per amount of secondary plastic produced
since the polymer chains are not modified to a greater extent in the course
of this process than is the case with mechanical recycling. As the largest
share of plastic production impacts is often caused by monomer production
(Section S2.6), it is plausible that depolymerization can achieve credits that
are not much below those of dissolution. The credits for gasification and
pyrolysis are lower, whereby the utilization of their products may even
lead to additional impacts instead of providing benefits. The net impacts
of gasification and pyrolysis largely overlap and are above zero for many
process configurations, while depolymerization and dissolution in all cases
considered achieve net environmental benefits. The tendency is that the
less the polymer chains and monomers are decomposed, the lower the net
impacts achievable.

In the renewable energy scenario, the patterns are mostly the same as
for the fossil scenario, with lower absolute values for impacts, credits, and
net impacts (Section S2.10). Exceptions are gasification and pyrolysis net
impacts, which tend to be higher in the renewable than in the fossil scenario.
The reason is that their product utilization in the renewable scenario has
additional impacts for most configurations instead of receiving credits,
which is due to the energetic utilization of the solid product share and the
gaseous product of pyrolysis. This does not, however, affect the process
performance ranking based on their intermediate net impacts.

Depending on the type of process, different factors have the biggest effect
on the overall impacts (Sections S2.1.5, S2.2.4, S2.3.4, S2.4.3). For gasification,
both impacts and credits may vary largely. The impacts are determined
to a large extent by heat transfer efficiency and plastic type. Efforts for
separating individual product components may be considerable, potentially
increasing the total energy demand by more than half. The credits mainly
depend on the composition of the gaseous product.

Likewise, for pyrolysis, variations in impact and credits may affect the
net impact to a similar extent. The impact variation depends mostly on
the energy demand (as derived from the literature); the credit variation is
determined to the greatest extent by the composition of the liquid product.

When assuming zero impacts for CO2 generated during gasification or
pyrolysis (Section 5.2.2.2), the pyrolysis impacts are only negligibly affected
(due to small CO2 amounts produced), while the net gasification impacts
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Figure 5.1: Variation in gross impacts and credits, as well as net impacts for
different chemical recycling processes, per amount of plastic waste
treated. The framed bars show the impacts for each process based
on the assumptions of medium values in the sensitivity analysis (see
Table S2.9.1) and the filled bars the whole range from minimum to
maximum values. For comparison, impacts of energy recovery are
given. The ranges for the latter consider different fossil shares in the
substituted energy mix and energy efficiencies (Section S3.2). CC:
carbon capture.
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decrease by 19% for an intermediate product composition (Sections S2.1.4
and S2.2.3).

As a treatment for the solid residue of gasification and pyrolysis, landfill
seems more suitable than energy recovery in terms of climate change
impacts. This is because the assumed alternative energy source (natural gas)
has lower emissions per heating value. In the case that landfilling is chosen,
preventive measures against leaching of potentially hazardous additives
must be taken. However, according to Swiss legislation, the carbon content
(Section S2.2.1) may be too high for landfilling369, and from a financial point
of view it may be favorable to utilize the energetic content of the char.

Energetic utilization of all gasification products may achieve a similar
net impact as material utilization in the case of intermediate product com-
position in a fossil scenario, despite lower credits, because of the lower
product component separation efforts required. In a renewable scenario,
however, potential energy recovery of the complete gasification product
would perform much worse than other utilization options (Section S2.1.5).
For pyrolysis, energetic utilization performs worse than material utilization
in both the fossil and renewable scenarios, which is due to lower estimates
for product separation efforts compared to gasification.

For depolymerization, the credits for the substituted monomer, depend-
ing on plastic type input, affect the net impact the most. For a specific
plastic type, the yield was the most relevant parameter.

Similarly, for dissolution, the net impacts were determined to the greatest
extent by the substituted plastic type. For a specific plastic type, the yield
had the greatest effect on the net impact for plastic types with high produc-
tion impacts, whereas for plastic types with lower production impacts, the
process energy demand was more relevant.

5 .3 .3 Impact reduction potential of chemical and
solvent-based recycling on a system level

Based on the suitability of chemical and solvent-based recycling processes
for different waste flows (Sections 5.2.1 and 5.2.3), in the maximum recycling
scenario assessed in this paper, 55% of the waste amount undergoes chemi-
cal or solvent-based recycling, besides 31% of the waste amount resulting
in utilizable secondary material from mechanical recycling (Figure 5.2).
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Figure 5.2: Possible material flow paths for the scenarios modelled (Table S1).
Material flows resulting from a sensitivity analysis assuming less
waste to be suitable for chemical or solvent-based recycling are pro-
vided in Section S1.2.2. The percentages given are based on weight
and refer to the total waste amount.

Chemical or solvent-based recycling of suitable non-mechanically recy-
cled waste instead of incineration may, depending on process choice, achieve
climate change impact savings of 18–34% (referring to the system impact
for the case of no recycling, 0.9–1.8 Mt CO2-eq; Figure 5.3). The potential
savings are based on a calculation with intermediate value assumptions
for process parameters (Section 5.2.2.2) and maximum waste amounts con-
veyed to chemical or solvent-based recycling (Section 5.2.3). The impact
savings result from lower impacts of chemical or solvent-based recycling
per waste amount treated compared to WTE (Section 5.3.4). The potentially
higher impact reduction achievable by chemical and solvent-based as com-
pared to mechanical recycling on a system level is due to the fact that a
larger waste volume is recycled chemically or by means of solvents than
mechanically (Figure 5.2). However, the specific climate change benefits per
input amount into chemical or solvent-based recycling (1.7–3.2 t CO2-eq
/ t on a system level, depending on process type) are smaller than those
per secondary material amount from mechanical recycling (4.3 t CO2-eq
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/ t3). The main benefit of applying chemical or solvent-based recycling
comes from avoiding incineration impacts (1.4 Mt CO2-eq), while the net
impact of chemical or solvent-based recycling ranges from impacts of 0.5 Mt
CO2-eq to benefits of 0.4 Mt CO2-eq, depending on process choice. Carbon
capture and sequestration (CCS) can also diminish incineration impacts
and may, therefore, achieve similar benefits as chemical or solvent-based re-
cycling when applied in addition to maximum mechanical recycling (1.5 Mt
CO2-eq, Figure 5.3). CCS may be comparatively cheap to implement393 and
ramping up its installation in Switzerland is provided for by an agreement
of the Swiss Federal Department of the Environment, Transport, Energy
and Communications (DETEC) with the Association of Plant Managers of
Swiss Waste Treatment Installations (VBSA)437.

If more unfavorable assumptions are made with regard to the amounts
of plastic waste that can be treated with chemical or solvent-based recy-
cling (Section 5.2.3), only 39% of the plastic waste is conveyed to chemical
recycling (Section S1.2.2). In this scenario, the achievable benefits are lower
(impact reduction of 13–19% on a system level compared to incineration;
Section S3.3.2).

From a system perspective, the great variation in chemical or solvent-
based recycling impacts (Section 5.3.2) leads to overlapping uncertainty
ranges for the different scenarios for chemical or solvent-based recycling
(error bars from Figure 5.3, which are based on the highest and lowest
possible impact values for chemical or solvent-based recycling according to
the sensitivity analysis). Dissolution and depolymerization tend to perform
better than pyrolysis and gasification. The worst performance is displayed
by gasification with low gaseous yield, a syngas containing large shares
of components with low alternative production impacts that are separated
and utilized individually, utilization of the liquid product as a naphtha
substitute, and incineration of the solid product assuming a high carbon
content (Section S2.1.5; Table S2.9.1). When this comes together with factors
leading to a high process energy demand, such as a high reaction temper-
ature and low heat transfer efficiency of the reactor, the impact savings
of applying chemical recycling instead of incineration in WTE plants on
a system level may amount to only 8% (Section S3.3.1). If the energy sub-
stituted by the heat and electricity generated in WTE plants is to a large
extent fossil-based, energy recovery may even perform better than chemical
recycling for unfavorable configurations of the latter (Section S3.3.1). This
means that chemical recycling is only able to perform considerably better
than incineration if the process configuration is carefully chosen.
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Figure 5.3: System impacts of a no-recycling scenario compared to maximum
mechanical recycling in combination with different incineration
scenarios3 and, alternatively, different chemical or solvent-based recy-
cling situations. The impacts of chemical and solvent-based recycling
were calculated based on intermediate assumptions for process pa-
rameters, the uncertainty bars represent the best and worst case
assumptions for each process (Section 5.2.2.2). The production and
incineration impacts are given for a future energy and mobility sit-
uation (as in Klotz et al.3). rec: recycling, WTE: energy recovery in
waste-to-energy plants, max: maximal, mech: mechanical, cem: energy
recovery in cement kilns, CC: carbon capture, gasif: gasification, pyro:
pyrolysis, dissol: dissolution, depoly: depolymerization.
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The highest benefits can be achieved by depolymerization and dissolution.
This means that sorting waste into plastic types, which is required for
these processes, pays off environmentally, while from a cost perspective
the situation may look different. The impact variation in the respective
scenarios stems to a large extent from combining depolymerization and
dissolution with either gasification or pyrolysis (see Section 5.2.3). Both the
depolymerization and the dissolution scenarios are in any case, however,
clearly beneficial compared to incineration as a complement to mechanical
recycling (minimal reduction of system impact by around 30%).

Recycling less waste mechanically, and instead doing so chemically or
by means of solvents, would lead to overall higher system impacts because
of the better environmental performance of mechanical recycling (Section
5.3.4).

5 .3 .4 Comparison to alternative circular solutions and
treatments

Compared to mechanical recycling, gasification and pyrolysis tend to have
higher gross impacts and receive lower substitution credits for their prod-
ucts. Depolymerization and dissolution, however, may perform similarly to
mechanical recycling both regarding gross impacts and gross credits (see
Section 5.3.2 and Klotz et al.3). This is plausible because all of these recycling
processes keep the structure of the polymers intact to a high degree.

In the present study, chemical or solvent-based recycling was assumed to
only take plastic wastes as an input that are not mechanically recyclable.
Therefore, the alternatives to which chemical or solvent-based recycling pro-
cesses should be compared include incineration in waste-to-energy (WTE)
plants or cement kilns, utilization in steel furnaces or coke ovens, or land-
filling. Pyrolysis and gasification have the potential to perform better than
incineration in WTE plants, for WTE gross electric and thermal efficiencies
amounting to 20.12% and 36.21%, respectively3, when the WTE energy
produced substitutes a future heat and electricity mix3 (as considered for
Figure 5.3). The net WTE impacts for this case range from 1.8–3.1 kg CO2-eq
/ kg of input, depending on plastic type3, and compare to pyrolysis or
gasification impacts ranging from -0.8–1.7 kg CO2-eq / kg (Figure 5.1) of
input in the fossil scenario (Section 5.2.2.2), as shown in Figure 5.3, and
-0.1–1.8 kg CO2-eq / kg of input in the renewable scenario. However, when
WTE energy substitutes heat from natural gas and electricity from the
European mix (representing today’s energy situation in Klotz et al.3), the
impact ranges of pyrolysis and gasification overlap with the WTE impacts
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(net WTE impacts of 1.0–2.1 kg CO2-eq / kg of input3). This is because
of the high credits received by WTE for CO2-intensive energy substituted
in such a scenario. Consequently, if we fail in reducing fossil-based heat
and electricity supply, WTE may perform similarly or even better than
chemical recycling (Section S3.3.1). In such a case of largely fossil energy
substitution, achieving high WTE efficiencies and concentrating plants in
locations allowing for a high heat utilization rate may provide for WTE
net impacts as low as 0.3–1.6 kg CO2-eq / kg of input (Section S3.2). For a
future (low-impact) energy mix substituted, in contrast, WTE efficiency has
a minor effect on net impacts. An advantage that pyrolysis and gasification
could in any case offer compared to WTE is that their output products can
be transported and stored. Thus, they allow for flexible energy generation
or other utilization in terms of site and time.

Incineration of plastics in cement kilns for substituting coal may perform
better than gasification and pyrolysis per amount of waste treated (net
impacts of -1.7 to -0.2 kg CO2-eq / kg of waste treated for cement kilns3;
0.2 and 0.8 kg CO2-eq / kg of waste treated for pyrolysis and gasifica-
tion, respectively, in the intermediate case). From a system perspective,
however, gasification and pyrolysis are able to achieve higher benefits by
avoiding WTE impacts (Figure 5.3) because the amount treatable with
these technologies is not limited, while for cement kilns it depends on the
cement production volumes3. In addition, coal has already partly been
substituted by alternative fuels in cement kilns, which additionally limits
the substitution potential3.

Landfilling of plastics has low climate change impacts when considering
a time frame of 100 years (0.1 kg CO2-eq / kg of landfilled plastics58), lying
within the range of gasification and pyrolysis impacts. However, landfills
occupy land and hazardous additives included in waste plastics may leach
to the groundwater.

5 .3 .5 Relation to the li terature and limitations of the study

The climate change impacts of dissolution as well as depolymerization of
our study are similar to those of Schwarz et al.202 (except for PA), while
for pyrolysis and gasification they are higher. The latter corresponds to
the findings of other studies140,195,241,245,252,255,257. The climate change im-
pact of pyrolysis for intermediate value assumptions from this study is
similar to other studies (0.2 compared to 0.5 kg CO2-eq/kg, see Section
5.1). Possible reasons for the lower impacts in Schwarz et al.202 may be
potentially assumed higher yields of high-impact substances and higher
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alternative production impacts, as well as lower energy demands or energy
production impacts. Another reason may be the different Ecoinvent versions
used for inventory data. Since not all assumptions regarding these issues
were openly reported in Schwarz et al.202, it is not possible to identify the
reasons for the differences with certainty. The overlap of net impacts for
different gasification and pyrolysis configurations from this study is in line
with Schwarz et al.202. However, our finding that pyrolysis tends to perform
better than gasification contradicts the findings of Schwarz et al.202 and
other studies195,260,405. The reason for the good performance of gasification
in the literature may be high assumed yields of aliphatic as well as aromatic
compounds, which amount to up to 80% in Schwarz et al.202, excluding
methane, compared to less than 10w% of aliphatic and aromatic compounds
(without methane) in the gasification product in our study. These aliphatic
and aromatic components may arise when reaction time is short according
to Schwarz et al.202 and are assumed to be due to an incomplete reaction,
which may be difficult to control in practice. The impacts of the substituted
chemicals in the fossil scenario of this study are generally lower than those
from the Ecoinvent database. This may be because natural gas was assumed
as energy source, while the Ecoinvent datasets may include energy from oil
or coal. This leads to lower credits, while at the same time using natural
gas as energy source for the processes lowers the gross impacts.

The present study, while trying to depict a range of process variations,
is subject to uncertainties that were not quantified. These largely concern
parameters affecting the gross impact of the processes. Regarding gasifica-
tion and pyrolysis, efforts related to product component separation were
only very roughly estimated, and catalyst use was approximated. Catalyst
use may be required to achieve the desired product composition and be
financially relevant, while with the chosen model parameters, it is not very
relevant in terms of climate change impacts. However, the specific material
used as a catalyst may drastically affect the environmental impact. Gasifi-
cation impacts were determined for all high-volume plastic types except
for polyurethanes (Sections 5.2.2.2, S1.2.1), which constitute the second
biggest plastics fraction available, by mass, for chemical recycling. PVC was
neither considered for determining gasification impacts. Although PVC
is conveyed to chemical recycling in smaller amounts, it may be relevant
in terms of process impacts due to required HCl removal202. Regarding
the impacts of depolymerization, reaction enthalpy was considered, while
potentially required activation energy and solution enthalpy were neglected.
Depolymerization was approximated with glycolysis, while it may also be
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achieved by other processes such as methanolysis, which can yield other
products (e.g. dimethyl terephthalate (DMT) instead of bis(2-hydroxyethyl
terephthalate) (BHET) for PET177) and consume different amounts of reac-
tant. Methanolysis or hydrolysis may achieve a slightly better performance
than glycolysis for the example of PET255.

Substitution credits for individual components of chemical recycling
products may vary considerably. Many of the substituted substances may
be produced from different raw materials via different production routes
and typically stem from multi-product systems, which makes the impacts
dependent on allocation methods. We only considered one production
option based on the approach used in the IDEA database. We did, however,
align the energy source for production with the one supplying the recycling
processes.

The impact ranges are rather overestimated by this study as we varied
many parameters independently, partly combining worst- and best-case
parameter settings (Section 5.2.2.2). Possibly, further correlations between
process parameters and product composition could be identified. One ex-
ample is PET gasification, which needs much less energy than required for
PE, PP, or PS, while at the same time the product composition is different
because of the oxygen contained in PET (Section S2.1.2). Considering this
dependency would lead to lower impacts along with lower credits, which
would narrow the net impact range. This may also be relevant for other
plastic types than PET, which may as well lead to different products than
gained for PE, PP, and PS438. The process input composition, in general,
affects the product output composition to a certain extent (Sections 5.2.2.2
and 5.3.1). For the plastic material flow system assessed in this study, the
composition of plastic waste input to chemical recycling is given, resulting
from the MFA, while for calculating gasification and pyrolysis impacts, we
varied the product output composition over a range of potential plastic
waste inputs. This likely resulted in an overestimated impact variation for
the system assessed. Besides, while gasification and pyrolysis are theoreti-
cally able to treat all plastic types, certain polymers may be more suitable
for one process or the other (Table 5.1). It may, for instance, be convenient
to treat polymers containing oxygen by gasification rather than by pyrolysis
(personal communication Wolfgang Hofer, OMV, 2023-09-18). An appropri-
ate allocation of plastic types to gasification and pyrolysis may lead to lower
impacts, which we did not consider. We do, however, provide the impacts
for different process configurations and product compositions separately
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so that they may be combined in different ways and matched with specific
input compositions.

Impact categories other than climate change may also be important when
evaluating chemical and solvent-based recycling. Future research should,
for instance, assess potential toxic impacts of process emissions. Process
design of future plants should safeguard that potentially arising undesired
byproducts such as dioxins or persistent organic pollutants (POPs)439–441,
possibly formed from substances present as plastic additives, are removed
or destroyed442–444.

The saving of fossil resources by means of chemical recycling was not
assessed in this study. It seems to be of secondary importance given the
climate emergency. Whatever the case may be, chemical recycling may make
regions like Europe more independent of fossil resource imports.

The estimation of waste amounts recyclable via chemical or solvent-based
recycling processes may be too high. This is, on the one hand, because
sufficient information to assess the suitability for chemical or solvent-based
recycling was not available for all waste plastic streams. The lack of large-
scale plants in operation (Section 5.3.6), on the other hand, makes it very
uncertain to which degree the application of chemical or solvent-based
recycling may be expanded. Despite possibly overly large waste amounts
conveyed to chemical recycling in the model, the resulting environmental
benefits may anyhow to be low.

An aspect that was not regarded in this study, but is of utmost relevance,
is the behavior of plastic additives in chemical recycling processes, which
may impair performance. For instance, metals ending up in pyrolysis oil
may lead to higher coke formation when the latter is used in steam crackers
compared to naphtha445. Plastic additives may, therefore, affect the practical
feasibility and product usability of chemical recycling, and must be further
investigated.

5 .3 .6 Current situation of chemical and solvent-based
recycling implementation in practice

There are many ongoing activities worldwide devoted to the upscaling
of chemical or solvent-based recycling processes with the aim to install
industrial-scale plants for a range of plastic types (Table 5.2). While plants
operating on an industrial scale exist for each process type, actual pro-
duction data was found for only a few gasification and pyrolysis plants
(Table 5.2, Section S5). The maximum installed capacities of individual
plants for different process types range from 8,000–70,000 t/a (Table 5.2),



124 chemical and solvent-based recycling in a circular plastics economy

with the median size of installed plants decreasing in accordance with the
sequence gasification, pyrolysis, depolymerization, dissolution (Section S5).

Table 5.2: Summary of data on existing and planned chemical recycling plants
worldwide in 2022 (Section S5)

Gasification Pyrolysis Depolyme-
rization

Dissolution

Maximum
actual production
per plant

50,000 t/a 20,000 t/a no data no data

Maximum
installed capacity
per plant

70,000 t/a 20,000 t/a 50,000 t/a 8,000 t/a

Maximum
planned capacity
per plant

360,000 t/a 100,000 t/a 160,000 t/a 48,000 t/a

Treated
plastic types

mixed plastic
waste

HDPE, LDPE, PP,
PS, PA, rubber,
and others; lower
shares of PET,
PVC

PET, PA HDPE, LDPE,
PET, PP, PS, PVC,
PA

The process choice in practice may be driven by financial aspects. These
are determined, among others, by the demand for energy, catalysts, solvent-
reactants, solvents, and product revenue. The financial expenses are related
to specific process configurations and, therewith, environmental perfor-
mance. For instance, regarding energy demand, the degree of separation of
individual product components is very relevant (Section 5.3.2), and concrete
catalyst selection is likely to determine product composition to a significant
extent as well. Another factor that can affect process choice is plant size:
gasification tends to require larger plant sizes420, which means that a large
waste amount needs to be available per area, or transport distances increase.
The share of transportation, as well as collection and sorting processes
related to chemical recycling, however, is only responsible for 1% of the
total system impact (Sections S3.1 and S3.3.1), while transportation efforts
may financially play a role.

Achieving process design so as to gain products that are able to substitute
chemicals with high climate change impacts in favor of low-impact ones
on a large scale is crucial from an environmental point of view (Section
5.3.2). Some of the industrial-scale plants in operation may currently only
produce fuels (Section S5). As the utilization of chemical recycling products
as fuels may not create substantial environmental benefits (Sections S2.1.5
and S2.2.4), process improvements are potentially required. Activities re-
lated to upgrading pyrolysis oil, for instance, are ongoing (Section S5).
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Important technical challenges include the implementation of uniform heat
distribution and efficient heat transfer, and avoiding coke formation on a
large scale170,174,255,407,446. Uncertainties regarding whether chemical and
solvent-based recycling processes can be implemented as modelled are,
therefore, still considerable.

5.4 conclusions

The climate change impacts of chemical or solvent-based recycling processes
for plastics can range from values similar to those resulting from direct en-
ergy recovery from plastic waste via incineration to benefits approximating
those achievable for mechanical recycling. To achieve low environmental
impacts, plastic waste should be sorted into plastic types, where possible,
to allow for dissolution or depolymerization. If pyrolysis or gasification are
applied, efficient heat transfer and recovery as well as a composition of the
main product enabling a substitution of chemicals with high alternative
production impacts should be aspired to. The strong dependence of the
environmental impact of chemical or solvent-based processes on process
type as well as specific parameters suggests that the specifics matter and
no general conclusions about the performance of these alternative recycling
processes can be drawn. By providing chemical and solvent-based recycling
impacts in dependence of process parameters, the present study enables
process configurations that are environmentally competitive to be identified
and, hence, can inform decisions about technology use and implementation.

In plastic waste management systems, chemical and solvent-based recy-
cling seem suitable for application as a complement to mechanical recycling
due to the tendency towards better environmental performance of the latter.
Recycling mixed or contaminated waste streams that are unsuitable for
mechanical recycling chemically or by means of solvents instead of recov-
ering their energy appears to be potentially environmentally beneficial in
most cases. The reduction in system impact achievable may amount up to
40%. However, impact savings over energy recovery may only be minor for
certain process configurations, even when making generous assumptions
regarding the applicability of chemical recycling given its current marginal
utilization. Chemical recycling may for certain configurations even perform
worse than energy recovery if WTE energy is able to achieve high benefits
by substituting for fossil heat and electricity and WTE efficiencies are high.
This broad range of possible outcomes demonstrates the necessity of careful
process selection and optimization. Whether chemical or solvent-based
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recycling will in fact be able to provide considerable environmental benefits
depends on process performance achieved on a large scale. Several chal-
lenges for implementation remain, such as designing reactors that achieve
a specific target product composition, understanding the behavior of the
diverse plastic additives in chemical recycling processes, and minimizing
process energy demand.
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6
C O N C L U S I O N

6.1 synthesis and implications

6 .1 .1 Summary of main findings

The current recycling rate of plastics in Switzerland is only around 10%,
with merely mechanical recycling taking place to a relevant extent. Factors
inhibiting a high circularity of plastics are, on one hand, major material-
related and systemic challenges such as the immense variety of plastic types
and grades, contamination, and waste inaccessibility. On the other hand,
also country specifics are responsible for the low Swiss recycling rate, such
as the lack of a nationwide collection system for post-consumer packaging
waste.

Besides increased waste collection, improved product design and waste
sorting can address recycling barriers and, therewith, contribute to expand-
ing mechanical plastic recycling. These measures partly target secondary
material quality, which appears to be a limiting factor for the increase of
mechanical recycling based on this work: Aligned product design and a
more specific sorting can avoid blending of different plastics at recycling,
design for recycling can reduce deterioration of the material during the
recycling process. These effects act on the quality of secondary plastics,
enabling secondary plastics utilization in a broader range of products in
higher shares. Nevertheless, the potential increase of plastic circularity via
mechanical recycling seems to be limited to a maximum achievable recy-
cling rate of about 30% across all main plastic types and products in the
mid-term future, for a European product portfolio and waste management
system.

As a complement to the environmentally favorable mechanical recycling,
39–55% of all plastic waste may be conveyed to chemical or solvent-based
recycling. This amount corresponds to waste streams unsuitable for being
mechanically recycled, but eligible for chemical or solvent-based recycling.
The resulting chemical recycling rate, calculated based on the share of
products utilized as materials, ranges from 0% for the case of energetic
utilization of the complete gasification or pyrolysis products, to 39–60%
for a maximum waste amount being conveyed to depolymerization with
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high target product yield, with the solvent-reactant becoming part of the
product. The overall plastic recycling rate achievable may, therewith, range
from 31–91%.

Mechanical as well as chemical and solvent-based recycling combined
may reduce the plastic carbon footprint by almost two thirds compared to
no recycling. This corresponds to greenhouse gas savings of 3.5 Mt CO2-eq
for Switzerland, whereby a maximum of 1.4 Mt CO2-eq can be achieved by
mechanical and a maximum of 2.1 Mt CO2-eq by chemical recycling. Per
kilogram secondary material, mechanical recycling achieves 4.3 kg CO2-eq
saving on a system level, while per kilogram chemically recycled plastic,
3.7 kg CO2-eq may be saved at most. The environmental performance
of chemical or solvent-based recycling, however, varies considerably de-
pending on process choice, as well as process configuration and product
composition. The extent of this variation is such that in the worst case the
climate benefits may amount to only 0.6 kg CO2-eq per kilogram plastic
input to chemical recycling as a system average compared to alternative
energy recovery via incineration in WTE plants. In the latter case, chemical
recycling only reduces the system impact of the case of almost complete
waste incineration by 6–8% (depending on waste amount conveyed to chem-
ical recycling) when applied in addition to mechanical recycling, instead of
almost 40% in the best case. As today only few chemical or solvent-based
recycling plants plants are in operation on an industrial scale, the potential
of these recycling technologies is very uncertain. In comparison, the poten-
tially achievable reduction of the system impact by mechanical recycling
of 18–26% is less uncertain based on this work. The product groups with
the largest potential for climate change impact reduction via mechanical
recycling are constituted by packaging items, mainly consumer packaging
such as bottles or pots, tubs, and trays, but also non-consumer non-food
films. This is related to these product groups being able to make the biggest
mass-wise contribution to the mechanical recycling rate. The non-packaging
product groups with the biggest impact reduction potential are information
and communication technology equipment and consumer electronics, fol-
lowed by toys, window profiles, and household items. Respective products,
despite smaller secondary material amounts producible, can contribute
more to an impact reduction than certain packaging product groups due to
the technical plastics they partly consist of, offering high recycling benefits.

The biggest share of remaining system impact at maximum mechanical
recycling is caused by production of polyurethanes and polypropylene,
which can partly be addressed with chemical or solvent-based recycling.
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Nevertheless, polypropylene and polyurethanes constitute the biggest share
of energetically utilized waste amounts in the maximum recycling scenario.
This waste remaining to be incinerated, amounting to 7–23% of total plas-
tic waste at maximum recycling, is estimated to be bound in composite
structures with other materials in a way that great pre-treatment efforts
would be required for enabling chemical recycling. A comparatively small
plastic waste share is likely to end up in the environment, for instance due
to littering, cutting of construction pipes, fibers coming off textiles, pieces
detached from agricultural films, or losses at transport or recycling (besides
rubber from tire abrasion). Besides, a share of plastic waste is reused already
today, mainly in the form of cars or textiles.

The maximum total greenhouse gas emission saving potential of plastic
recycling corresponds to 3% of the total current Swiss CO2-eq emissions
from a consumption perspective. This extent is considerable given our
numerous activities causing a release of greenhouse gas emissions, mean-
ing that plastic recycling can be one of many necessary contributions to
mitigating climate change. For achieving high emission savings, substan-
tial changes to the mechanical recycling system requiring collaboration
along the value chain are needed, and chemical recycling processes must
be carefully chosen and designed.

6 .1 .2 Relation to research context

Besides the present work, hardly any studies are available that modelled
concrete measures for increased mechanical recycling of plastics from dif-
ferent product segments and in some way considered secondary material
utilization (Section 1.2.2.2), exceptions being Eriksen et al.159 and Lase et
al.238. In comparison to these studies, the present work did a substantially
more refined assessment of secondary material usability, which seems cru-
cial for identifying limits of mechanical recycling. In addition, this work
is more holistic regarding plastic types and recycling measures, the latter
again finding expression in secondary material usability. Eriksen et al.159

did not allow for flexible secondary material distribution among suitable
uptaking products, only considering fixed utilization shares of secondary
material from a product segment in different uptaking products, allocating
excessive secondary material to the segment of other products. This restricts
the secondary material usability to a too high extent. At the same time,
the secondary material shares assumed to be utilizable in products seem
considerably to high based on the analysis of the present work, which was
more detailed. Lase et al.238 as well considered a fixed secondary material
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distribution among products, but without considering an upper limit for
secondary material utilizable in different products. This likely leads to too
high secondary material shares resulting to be utilized in product segments:
While secondary material utilization may work today in low shares within
a segment, for instance in products with low technical and aesthetic re-
quirements, increasing the secondary material share in a segment means
that secondary material also needs to be utilized in more demanding prod-
ucts. That seems not possible without a substantial change in recycling
technology, which, however, was not considered by the study. Especially,
in the model, transfer coefficients and therewith recycling amounts were
increased based on the assumption of an adoption of best practices for
sorting and recycling224, while no measures improving secondary material
quality such as aligned design or a more specific sorting were considered.
Alternatively, closed-loop recycling was regarded, which, however, without
major changes in recycling technology seems implausible as well for most
products based on the present work. The described model configurations in
Eriksen et al.159 and Lase et al.238 seem to lead to an overestimation of me-
chanically recyclable plastic waste amounts. The studies achieve recycling
rates of more than 50% for PE, PP, and PET from all applications within 50

years159, and more than 40% for similar plastic types and product segments
as in the present study (except for polycarbonates as well as plastics in
household goods, textiles and other products such as medical items not
being considered) in 2030

238. This compares to an overall plastic recycling
rate of only around 30% achievable in 2040 according to the present study,
with recycling rates of 45%, 44%, 35%, and 35% for PET, HDPE, PP, and
LDPE, respectively. Other studies that do not consider any concrete re-
cycling measures or disregard secondary material utilization completely
assume mechanical recycling rates of up to 80%160, which seem unrealistic
to achieve.

Lase et al.238 also modelled the integration of chemical and solvent-based
recycling with mechanical recycling. The waste amounts treated via chemi-
cal or solvent-based recycling are higher in the present study than in Lase
et al.238. This is because the waste share that has to be energetically utilized,
for the present study was based on Lase et al.238, while the remaining
waste amount was conveyed to mechanical and chemical or solvent-based
recycling. With a mechanical recycling rate lower than in Lase et al.238, the
resulting waste share undergoing chemical or solvent-based recycling is
higher. The application range of chemical or solvent-based recycling for
different plastic types in Lase et al.238 is smaller than for the present study.
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Solvent-based recycling can, for example, be applied for additional plastic
types than considered in Lase et al.238, such as polyamides418. The recycling
product yields of Lase et al.238, e.g. yield of liquid pyrolysis product and
styrene share therein, are in line with the present work, while the latter
considers a range of possible product compositions. What regards the uti-
lization of secondary materials from chemical recycling, Lase et al.238 model
constraints regarding product segments, which does not seem reasonable
due to the freely adjustable properties of chemical recycling products as for
virgin material. Besides, the study distinguishes between product utiliza-
tion as monomers or as base chemicals, which may not be suitable, as base
chemicals can be monomers (e.g. ethylene) or precursors for monomers (e.g.
styrene)447. It may rather make sense to jointly consider material utilization
in contrast to energetic utilization.

6.2 scientific relevance

The present work contributes to an adequate assessment method for plastic
recycling systems in several ways. For one thing, it proposes a way to
consider secondary material utilization from mechanical recycling. Unlike
previous studies, which usually only quantified produced amounts of sec-
ondary plastics, this work went one step further by determining secondary
material fate on a high level of detail. The possible recycling pathways
identified were considered, along with a detailed assessment of secondary
material shares utilizable in different product groups, for taking the de-
mand for secondary plastics into consideration in circularity assessments.
This is relevant to avoid overestimating the recycling potential for cases
when the properties of secondary materials are considerably different from
primary materials. Because of this difference, secondary materials can often
only be used in other products than the original or in lower shares. This
is likely to constitute a relevant barrier for mechanical plastic recycling, as
found by this work. For this recycling constraint to become apparent, a
high data resolution is needed, which the present work features. Because
secondary material usability may limit recycling, it must be considered
when recycling systems meant to substitute primary resources are to be
assessed and designed. The consideration of secondary material utiliza-
tion also allows for assessing to which extent novel approaches such as
marker-based sorting or aligned product design—which aim at improved
secondary material quality—can contribute to increasing recycling. As a
circularity indicator, this study proposes a recycling rate calculated based
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on the amount of secondary material that is not only producible, but also
utilizable in a system.

The assessment method developed, distinguishing between a high num-
ber of compositions of a material and considering secondary material
utilization on an exceptionally detailed level, seems, similarly as for plastics,
also suitable for other materials. Steel, for instance, comes in a huge number
of alloy specifications, targeted to certain products, and blending of dif-
ferent steel waste at recycling limits the utilization potential for produced
secondary steel385.

This thesis also considerably advances the assessment of environmental
impacts of chemical and solvent-based plastic recycling processes. This
is achieved by considering possible variability of process parameters and
product composition and demonstrating the effect on climate change im-
pacts.

The high-resolution material flow and environmental impact data on
plastics consumption or recycling provided by this work can be used and
built upon in future scientific studies. These could, for instance, adapt se-
lected parameters for depicting additional recycling situations or assessing
other geographical contexts.

Besides enhancing environmental assessment methods, this work is
deemed to give a realistic estimate of the environmental benefits achievable
by plastic recycling. Important system aspects were considered in the model
and parameters were chosen to design realistically implementable scenarios.
This was assured by consulting industrial stakeholders in all stages of the
work. Usable amounts of secondary plastics from mechanical recycling were
assessed under consideration of the interdependent utilization of secondary
plastics from different applications in various products. A possible imple-
mentation of new recycling technologies such as marker-based sorting or
chemical recycling are included in the assessment. Thereby, the suitability of
mechanical and chemical or solvent-based recycling processes is integrally
assessed based on environmental performance of the different recycling
methods and waste stream properties. Potential variations in the climate
change impacts depending on process configuration, waste stream compo-
sition, and utilizable shares of mechanically recycled plastics in products
are depicted. Thereby, this work conveys a comprehensive idea of possible
benefits from plastic recycling in dependence of the circumstances.
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6.3 relevance for society

The question of how to mitigate climate change is directly relevant to
human societies, as they are already adversely affected by consequences
such as health-impacts related to heat, malnutrition, forced migration,
or infrastructure damage82. High-income countries such as Switzerland
have exorbitantly high greenhouse gas emissions per capita, therewith
exhibiting big levers for impact reduction448. Such countries also have the
financial means to implement measures such as increased plastic recycling.
When allocating resources to a mitigation strategy, it seems reasonable
to compare its achievable benefits to those of possible alternatives. This
thesis can be useful for policy makers when prioritizing among different
measures available to mitigate climate change, as it provides data on the
emission reduction potential of plastic recycling. Because this work has
been conducted in the course of a project founded by public authorities,
there has been a continuous exchange with policy makers. In this context,
results of the work were directly provided to the project commissioners
so that they can serve as a basis for informed policy and science-based
political targets regarding plastic waste treatment. For example, the results
significantly contributed to two reports by the Swiss Federal Council in
answer to five parliamentary procedural requests from 2018 and 2019

449,450.
In the context of the European Union’s Plastics Strategy that is part of the

European Green Deal’s Circular Economy Action Plan388,451,452, recycling
rate targets for plastic packaging waste were set275. To achieve such political
goals, relevant indicators must be measured for being able to follow up
progress. In EU statistics, recycling rates were in the past partly determined
based on material inputs into sorting, after which considerable losses arise
until secondary material is available to be used in another production
loop224,453. These recycling rates were, therefore, not indicative for the
overall recycling performance and gave a misleading picture. The variation
in recycling rate calculation methods over different geographical contexts
additionally inhibits comparability. Currently, the EU considers plastic
recycling rates determined based on waste amount entering the recycling
operation275, which are close to the end-of-life recycling rates based on
produced amounts of secondary material as suggested by a report of the
European Commission’s Joint Research Centre454. Based on the findings
of the present thesis, this focus on the production quantity of secondary
material poses the risk that merely the latter is maximized without the aim
of achieving a secondary material quality allowing for broad utilization.
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This may have the consequence that part of the secondary material produced
is not able to substitute for primary resources. Instead, overproduction of
secondary material may lead to a manufacturing of additional products
that would not have been produced elsewise, potentially resulting in a
consumption increase. The true recycling rate suggested by this thesis
allows to consider the whole recycling cycle, including secondary material
utilization. Using this recycling rate as a metric would allow to capture and
therewith steer all environmentally relevant aspects of recycling, and give a
realistic picture of the recycling situation.

Increased circularity for plastics is a declared goal of the United Nations’
Plastics Treaty291 or the EU Packaging Directive275. Regarding concrete
realization, at this point in time the course is being set as to whether
chemical plastic recycling will be politically incentivized or discouraged. In
this context, it is crucial for decision makers to be aware of the potential
environmental performance of chemical recycling processes compared to
alternatives. This work quantifies environmental benefits potentially achiev-
able by chemical recycling in dependence of its implementation. It also
provides quantitative information regarding the applicability of different
chemical recycling processes for waste streams in an integrated plastic
waste management system. This allows for an informed political attitude
towards the topic. Specifically, the present work suggests to only encourage
chemical recycling as a complement to mechanical recycling if it is able to
achieve large-scale efficiency and product composition such that significant
environmental benefits can be achieved.

For individual society members aiming at an environmentally-conscious
life or companies having the goal of reducing their environmental im-
pact, this thesis may help evade naive choices. Such may include avoiding
plastic carrier bags which are only responsible for a minor part of plastic
production and are generally not disposed of in the environment in coun-
tries like Switzerland (Chapter 2). Therewith, a consumption reduction in
this case has only limited potential for lowering environmental impacts
and may not be worth the effort. Avoiding plastic packaging with the
consequence of wasting food or substituting it with glass packaging for
products with long hauls can even increase impacts instead of reducing
them (cf. Section 1.1.4). If a person is only willing to make limited efforts
for reducing environmental impacts overall, information on plastics-related
impacts from this work may aid in taking informed decisions regarding
their environmentally-relevant behavior. Such a decision may be to reduce
flying instead of collecting plastic waste separately—whereby we should
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probably do both to mitigate climate change. Results of this work that are
relevant to consumers or companies were communicated at various occa-
sions to media as an input for magazine articles and video reports455–458.
Besides, they were directly made publicly available for a lay audience via
an ETH Zukunftsblog contribution459, which elicited feedback from several
stakeholders, and a Reach Nanotalk on sustainability460. The insights gained
in this work were also employed in the context of the moderation of one
episode of the Trash Talk discussion round series organized by the Vienna
Institute for Resources and Waste461 and of one episode of a webinar series
on sustainability organized by the Swiss Chambers of Commerce in the
APAC region462. Finally, the findings also served as a basis for giving input
as a mentor to a project aiming at increasing plastic recycling in Lebanon,
which was a contribution for the Swiss - Middle East Circular Economy for
Youth Initiative by the Swiss Federal Department of Foreign Affairs in the
context of the Swiss Pavilion at the Expo 2020 in Dubai.

6.4 critical appraisal and outlook

6 .4 .1 Assessment of plastic recycling potential

Confidence in the results of this work is provided by the high level of
detail in representing the plastic material flow system. The granularity
of distinguished plastic types and product groups could even be further
increased. As an example, food pots from polypropylene constituted one
assessment entity in this study, while products covered by this group require
different material properties depending on whether they are used for deep-
freeze applications such as ice cream containers or for example as yoghurt
cups. When deciding the level of detail, an optimum needs to be sought
between, on the one hand, sufficiently depicting relevant system properties
and allowing for an accurate estimate of average characteristics of products
within a group, and, on the other hand, modelling efforts. The grouping
of products in this work is based on similarity regarding utilization, form,
and production method, but necessarily involved some subjective choices,
which, if made differently, may have led to somewhat different results.

The present assessment involved approximations that were made based
on data referring to other geographical or temporal scopes and of diverse
reliability. While all data and sources are transparently documented, no
explicit data quality assessment was done. The latter could be used as
a basis for quantifying the uncertainty of the results determined463. For
parameters with high relevance for the outcome of the study and scarce
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data availability, the effect of their variation on the results was quantified
via sensitivity analyses. These parameters include, for instance, the share of
secondary plastics utilizable in different product groups or the composition
of products from chemical recycling processes.

The future scenarios modelled in this thesis represent static situations
of one point in time, implying a calculation with fixed average lifetimes.
Such a calculation, for consumption amounts without strong variations
over time, results in similar waste amounts as would a dynamic calculation
that considers lifetime distributions with the same average. However, the
static model is not capable of assessing factors that come into play when
several recycling loops are regarded. Considering the possibility of repeated
recycling becomes relevant when the material properties deteriorate over
several cycles, which is the case for mechanical, but not for chemical recy-
cling of plastics. When only considering one plastic type and product, for
mechanical recycling rates below 50%, repeated recycling is theoretically
not needed. This is because in such case, the amount of primary material
needed in production, at constant or increasing demand, is bigger than the
recycled waste amount, which means that all material that has already been
recycled once can be replaced by primary material in the next loop (also
see Geyer et al.283). Repeated recycling, therewith, is only needed—and can
bring additional environmental benefits—when recycling rates above 50%
are to be achieved, in case of constant or increasing demand. In cases with
such high recycling rates, the amount of primary material needed depends
on the number of possible recycling cycles. Regarding the scenarios mod-
elled in this work, however, despite the overall recycling rate only amounts
to a maximum of 31%, partly secondary material shares are above 50% in
product groups of which in turn more than 50% is recycled. This means
that the possibility of repeated recycling is a prerequisite for implementing
the scenarios modelled and was implicitly assumed to prevail. Note that
the argumentation presented is of theoretical nature. In practice, secondary
material is usually blended with primary material, making it impossible
to specifically sort out waste that has already been recycled once. Thus,
the suitability for repeated recycling is required at any recycling rate if
secondary material is used in products that are later on themselves recycled.

An aspect that was only to some extent taken into account in the present
work is the effect that plastic additives may have on recycling. Additives are
one factor determining the utilization options for secondary plastics that
were considered in this study, which means they were indirectly regarded.
When identifying products mechanically recyclable, some products (such
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as insulation materials) were explicitly excluded because of the known use
of hazardous substances. However, additives may restrict recycling even
further than considered in this work. Substances that may be present in
plastics remain largely unassessed, while some of them are known to be
hazardous33,464. These substances or products of their potential decompo-
sition at production or recycling may have adverse health effects or pose
environmental risks that we are not yet aware of. If new findings suggest
to restrict additional plastic products from recycling in future, this would
further limit mechanical, and chemical or solvent-based recycling if the lat-
ter do not allow for the removal of concerned substances. Plastic additives
may also limit chemical recycling by affecting its feasibility and efficiency,
for instance as they may lead to fouling and coke formation when pyrolysis
oil is used in steam crackers445, which should be investigated in future
studies. To take additional recycling limitations related to potential expo-
sure to hazardous additives into account, the results from this thesis are
meant to be combined with those from a partner project within the same
research framework. The focus of this partner project was on assessing the
presence and properties of additives in plastics33,464,465. The results of that
assessment will, along with material flow and environmental impact data
from this work, serve as a basis for a substance flow analysis with coupled
exposure assessment in future research.

6 .4 .2 Plastic waste handling beyond recycling

The focus of the present work was on recycling. Besides, other plastic
waste treatment—or avoidance—options may be environmentally beneficial
compared to incineration in waste-to-energy plants, which is currently
predominantly applied in Switzerland. An option to avoid CO2 emissions
related to plastic incineration while sticking to the latter is to implement
carbon capture161, what was only marginally assessed in this work. Its
potential to reduce climate change impacts, however, may be bigger than
the one of recycling, not per amount of plastic treated, but on a system
level (Chapter 4). Capturing CO2 from incineration emissions and utilizing
it as a feedstock for plastics production161,447,466 could represent a circular
carbon use. However, considering the process steps necessary to transform
CO2 feedstock back into plastics makes it unlikely that this would be an
environmentally competitive option compared to mechanical or chemical
recycling.

An alternative waste management option that was not investigated, as it
is legally not allowed in Switzerland369, is disposing of plastics in landfills.
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While this has commonly been considered as least favorable waste manage-
ment option (cf. waste hierarchy of the EU Waste Framework Directive467),
potential benefits regarding climate change of landfilling plastics are cur-
rently being brought up in the scientific debate160,468,469. The underlying
idea is to avoid incineration emissions by storing the carbon contained in
plastics in the ground, or even shift carbon from air to ground by utilizing
either captured CO2 or plants that have captured CO2 as a plastic feedstock
and landfilling its waste468. However, any captured CO2 may as well be
stored directly, which means that various ways of storing carbon should be
assessed and the best one identified. Attention needs to be paid to potential
negative consequences of landfilling plastics, such as leaching of additives
used in plastics into the environment or land use.

Plastics that are degradable at their end of life in industrial composting
or anaerobic digestion facilities, home composting, or the natural envi-
ronment within short timeframes compared to conventional plastics have
been gaining much attention45,470,471. For plastic waste that can be collected,
composting may not bring benefits over incineration, because—similar to
the latter—it converts plastics to CO2, and no nutrients may be recoverable
from plastic waste184. However, the utilization of rapidly degradable plas-
tic types can be beneficial for products that are difficult to prevent from
(partly) reaching into the environment, such as mulch films or frequently
littered products. Environmental contamination might arise from poten-
tially contained hazardous additives472, though, to which attention should
be given. In addition, sufficiently fast degradation must be ensured473. The
degradation of conventional plastics with target enzymes has so far only
been achieved for few plastic types474.

Besides optimizing waste treatment, waste prevention may be targeted311.
Several options that can reduce plastic waste exist or are conceivable within
the context of the circular economy framework134. One way to prevent
plastic waste is the use of reusable packaging (which is partly already
implemented, e.g. for non-consumer small load carriers). Reuse of building
parts is currently a very present topic in the architectural field475–480. Plastic
consumption can also be partly reduced when substituted with other ma-
terials because of changing consumer demands481–483. However, for some
applications this bears the risk of worsening the environmental impact (Sec-
tion 1.1.4). Avoiding consumption at all has become a present topic in the
context of the post-growth debate484,485, but may cause rebound effects397.
Attention needs to be paid to potential implications of waste-prevention
measures on the use phase of products. For example, remanufacturing of
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cars or repair of boilers for achieving a longer lifetime may not contribute
to a sustainable circular economy if inefficient technologies are kept in
use360,486. The reason is that the main share of the impact of these products
is caused by fuel consumption during their use phase, not by their produc-
tion. The lower use-phase impacts of new products, because of lower weight
or fuel consumption, can thus be able to overcompensate the additional
production efforts. Therefore, while waste prevention measures can have
the potential of providing bigger benefits than recycling in some cases346,
this is not a given. There are still large gaps in the assessment of waste
prevention options for the very diverse plastic applications.

6 .4 .3 Potential developments in plastic material composit ion

The efforts of waste management to increase plastics circularity are sup-
ported by research in material science: One approach is to design plastics
in a way that they can easily be depolymerized into their monomers54,487.
Therefore, not only end-of-life handling of plastics, but also plastics them-
selves are likely to change in future. This has to be considered when
modelling scenarios with a long-term perspective.

Another trend likely affecting future plastic material composition are bio-
based plastics. While the very first plastic types were made from renewable
resources, plant-based feedstocks have recently been regaining attention
as an alternative to the predominant fossil raw materials (Section 1.1.3).
Some biogenic plastics can directly be harvested from nature, such as
shellac derived from the secretions of the lac insect. This thermoplastic
has been used in India for more than 3,000 years and is still applied
today for polishing waxes, cake glazes, or varnishes—being responsible
for our word lacquer488,489. However, usually natural materials such as
cellulose or starch are modified to obtain bio-based plastics. As these
natural base materials have a different chemical structure than fossils,
new platform chemicals and plastic structures may become convenient,
possibly being more similar to the material structure of these new raw
materials than conventional chemicals45,490,491. Whether producing plastics
from renewable instead of fossil resources is environmentally beneficial
depends on different factors and results of studies investigating this matter
diverge45,244. One aspect substantively affecting the results is the assessment
of climate change benefits in the context of carbon uptake by biogenic raw
materials for plastics. The overall CO2 balance depends on plant growth
rate and alternative land use. In addition to climate change, also other
impact categories, including land-use-related biodiversity loss, and, in case
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of agricultural feedstocks, water stress, eutrophication and toxicity can be
relevant.

Future raw materials may, however, not only include plant-based feed-
stock, but in principle all chemical elements30. This perspective evokes the
imagination of immense possibilities when considering that plastics, despite
commonly being conceived as the epitome of artificiality51, are astonish-
ingly similar to natural materials. The carbohydrates cellulose and starch are
chains consisting of identical ring-shaped units of C, H, and O atoms with
different orientation in space, without side chains492. Proteins, on which
almost all processes in living organisms depend, are linear, unbranched
chains, all constituted of the same 20 amino acids492. Even information stor-
age is achieved by macromolecules, namely nucleic acids492. With lengths
of several thousands of building blocks492–495, all of these natural structures
are similar to artificial polymers (Section 1.1.2). A crucial difference is that
the natural polymers can consist of several different, specifically arranged
building blocks, while man-made polymers so far usually only consist of
few different monomers, arranged in comparatively simple ways30,31,492.
This is because the artificial production and arrangement of building blocks
is not nearly as precisely controlled as nature has achieved to do31. Any the
less, the imagination of synthesising plastics using novel building blocks
arranged in specific ways (cf. Pasparakis et al.31) and therewith potentially
creating completely new entities, independently from the seeming random-
ness of nature, is thrilling. The example of plastics shows that the borders
between natural and artificial are being blurred not only on a cognitive
level with artificial intelligence21, but also on a material level. The transition
between the two seems fluent, which is one reason why the philosopher
Bruno Latour suggests to overcome their harsh separation496. The role of
plastics in-between artificial and natural is typified in the use of plastic skin
for robots21 as well as plastic prostheses to replace of human body parts.

6 .4 .4 Integrated assessments of scenarios for plastic futures

Plastic production may use biological raw materials, or renewable electricity,
having the potential to largely reduce environmental impacts of plastics84.
The latter was partly regarded in this work (Sections 4.2.4, 5.2.2.2). When
demand from several sectors exists for the same resources (cf. Kätelhön
et al.466), as is the case for renewable materials or energy, integrated assess-
ment models may be useful. As integrated assessments jointly consider
energy or resource consumption of multiple sectors, they allow to assess
which share of energy or resource is available for each sector, such as the
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plastics sector289. At the same time, due to their wide scope, integrated
assessments are often not able to depict all necessary details, such as plastic
consumption on a product-type level, which may result in unrealistic as-
sumptions, e.g. about the recyclability of plastics. Therefore, an integration
of the high-resolution bottom-up approach of this study with a comprehen-
sive top-down perspective may have synergies and allow for more realistic
assessments.

Plastics do not only have environmental impacts, but they can also pro-
vide us with benefits that may be of socio-economic nature (see Sections
1.1.1, 1.1.3, 1.1.4). Therefore, a combination of the environmental assessment
from this thesis with evaluations of other dimensions seems necessary. Dis-
ease avoidance by sterile single-use products made of plastics in the medical
sector and aesthetic virtue—or detriments—related to plastic products have
to be captured somehow in the assessment when supporting the decision
whether plastics should be utilized. Including economic considerations in
assessments seems relevant, as a financially unfavorable situation today
limits recycling to a significant extent. Therefore, finding the least effortful
recycling option, which may be measured in terms of human work and
energy demand, seems important for fostering recycling. Aspects such as
time savings due to easier part assembly at manufacturing enabled by
plastics may be depicted with the same indicators.

Both impacts and benefits of different nature related to plastics are
extensive, which has lead to our "toxic love story"497 with this material.
The discrepancy between the indispensability of plastics for our present
lifestyle and the predominant mood of their repudiation is huge. The fact
of the matter is that plastics have become part of our world, to the extent
that our time period is being referred to as "plastic age"52 and plastics have
been proposed as a geological indicator for the Anthropocene99. With this
situation as a starting point, becoming more conscious of effects that plastics
can have in different regards may help us using them more purposefully
in times ahead. From an environmental point of view, a transition to more
circular value chains has the potential to make our plastic consumption
more compatible with nature.
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