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Global polymer demand and waste generation

Exponential growth of the global
polymer demand

Notably in the packaging sector (42%)
|_|_—> polymers with a short lifespan

ETH:zurich

Global demand per sector between 1950 and 2019 °

T[" Road marking
Marine coatings
“ || Personal care

products

| Industrial
machinery

Electronics

—— Textile sector
Consumer and
institutional

400 million t

300 million t

products
Transportation
Other

Building and
construction

— oy,

~
Y

\

200 million t

100 million t

Packaging :

1990 1995 2000 2005 2010 2015 2019

Our World in Data, Plastic Pollution - based on Geyer et al. Science 2017, 3 (7), 1700782 and OECD 2022, Global Plastics Outlook



Global polymer demand and waste generation ETHzurich

Exponential growth of the global Global plastic waste generation in 2010 2
polymer demand

Notably in the packaging sector (42%)
|_|_—> polymers with a short life span

273 million tonnes of waste polymers
generated in 2010 2

Polymer production is mostly linear

Nodata O 1 million 2.5 million 5 million 7.5 million 10 million

|_|_—> resource and carbon-intensive 3 == | i

tonnes per year

1. Our World in Data, Plastic Pollution - based on R. Geyer et al. Science 2017, 3 (7), e1700782 and OECD 2022, Global Plastics Outlook
2. Our World in Data, Plastic Pollution - based on J.R. Jambeck et al. Science 2015, 347 (6223), 768-771 3
3. Ellen Mc Arthur Foundation 2016, The New Plastics Economy - Rethinking the future of Plastics



Chemical recycling enables low-carbon circular plastics 2uric

Plastics have a toll on climate change’

Fig. Planetary footprint of the plastics economy for three
pathways (in 2030) 1
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1. M. Bachmann et al. 2021, Nature Sustainability, 6, 599-610 4



Chemical recycling enables low-carbon circular plastics “Hre

Plastics have a toll on climate change’
climate change

=~

Chemical recycling can contribute to
decarbonizing the plastics sector 2

Fig. Planetary footprint of the plastics economy for three
pathways (in 2030) 1

B Fossil-based mwm Climate-optimal mmmm Balanced = = Share of SOS

1. M. Bachmann et al. 2023, Nature Sustainability, 6, 599-610 5



The impact of chemical recycling technologies on the climate ETHzirich

Different polymers call for different cmate hange (8 v e
recycling technologies oo

Depolymerization/
hydrolysis polymers

Polyolefins Monomer forming polymers

PA (nylon 6)

Thermo-chemical recycling
promising for packaging polymers

Dissolution and depolymerization
have similar impacts to mechanical o
recyc li n g (Closed loop)

Dissolution

Low relative
CO;y-eq Depolymerizat|

Hydrolysis

Table. Climate change impact of different recycling technologies for
each polymer (kg CO, eq. kg1 polymer) '

1. A.Schwarz et al. 2021, Waste Management, 121, 331-342 6
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The current plastics economy Is mostly linear
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C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906 waste streams
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The current plastics economy Is mostly linear
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To what extent can chemical recycling complement
mechanical recycling in a circular economy of plastics?
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The role of chemical and solvent-based recycling within a

sustainable circular economy for plastics

Contents lists available at ScienceDirect

Climate change impacts of implementing

chemical recycling in Switzerland e} SC RS ST
ELSEVIER journal homepage: www.elsevier.com/locate/scitoteny
[ ] [ ] [ 1)
Ch em |Cal recyCll ng teCh nOIogleS: The role of chemical and solvent-based recycling within a sustainable wmx
o o circular economy for plastics
¢ GaSIﬁcatlon to syngas (HZ' CO’ COZ) Magdalena Klotz* , Christopher Oberschelp **, Cecilia Salah “, Luc Subal “, Stefanie Hellweg *
* Pyrolysis to monomers e e e T s
 Depolymerization to monomers
« Dissolution to polymers Gasier _I’_, N \I
Waste polymers |_|_) co |
Credits attributed to the obtained products - 1LLlsc, |
avoided production via conventional routes L > h0 :
Low Pressure Steam | -—e— -

1.5 mass ratio to polymers

10
M. Klotz, C. Oberschelp, C. Salah, L. Subal, S. Hellweg 2024, Science of the Total Environment, 906, 167586
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Increasing recyclmg rates with chemical recycling enables lower

climate change impacts

HDPE LDPE PET PP PS PVC ABS HIPS PA. PC PUR 2040

____________________________________________________________________________

Mechanical recycling should be used
whenever possible (max. 31% 2)

=
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Waste 4

Collection for Gasification,31%
Chemical or 8 Pyrolysis,

Solvent-Based Depolymenzanon
Recycling or dissolution
— \ Gasification, 2

or PyronS|s

~—-—

Energy Recovery
\ 7%]

Environment 1%

Switzerland / : ; Switzerland /
i Switzerland Switzerland wabin

Fig. Prospective plastics life cycle in Switzerland (2040) *

1. M. Klotz, C. Oberschelp, C. Salah, L. Subal, S. Hellweg 2024, Science of the Total Environment, 906, 167586 1
2. M. Klotz et al. 2023, Journal of Industrial Ecology, 27, 1043-1059
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Increasing recycling rates with chemical recycling enables lower

climate change impacts

Significant climate change impact reduction

Climate Change Impact
[Mt CO2-eq]

2 -1 0 1 2 3 = 5 6

no rec + WTE 1

No
Recyc-
ling

max mech rec + gasif + WTE
max mech rec + pyro + WTE

max mech rec + max depoly + dissol/pyro/gasif + WTE LN |

Mechanical &
Chemical
Recycling

max mech rec + max dissol + depoly/pyro/gasif + WTE 1

BN Total System Impact - Primary Production and Mechanical Recycling

Intermediate Value Assumptions “Incineration in WTE Plants (Net)
m Chemical Recycling (Net)
® Incineration in Cement Kilns (Net)

Fig. System impacts of a no-recycling scenario compared to the maximum recycling scenario

1. M. Klotz, C. Oberschelp, C. Salah, L. Subal, S. Hellweg 2024, Science of the Total Environment, 906, 167586 12
2. M. Klotz et al. 2023, Journal of Industrial Ecology, 27, 1043-1059
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Impacts of chemical recycling technologies on climate change ETHzric

Impacts linked to operation € . i'é?ﬁiﬁ?

Net
Credits attributed to the obtained products - &——
avoided production via conventional routes

All chemical recycling technologies
outperform energy recovery

CO,-e8,/ kg plastic input

* Dissolution and depolymerization have
more overall credits than impacts

- Gasification has the highest net impact ~—-=----7
. o e R R asification  Pyrolysis Depolymeri-  Dissolution Energy
* Pyrolysis performs similarly to gasification zation Recovery

without CC

Fig. Climate change impacts of different chemical
recycling processes, per amount of plastic waste treated *

13
M. Klotz, C. Oberschelp, C. Salah, L. Subal, S. Hellweg 2024, Science of the Total Environment, 906, 167586




Impacts of chemical recycling technologies on climate change ETHzrich
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M. Klotz, C. Oberschelp, C. Salah, L. Subal, S. Hellweg 2024, Science of the Total Environment, 906, 167586
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How can we justify the appeal of gasification at an industrial scale?

And what is its true potential in the circular economy of plastics?

15
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Environmental benefits of circular ethylene production from
polymer waste

Sustalnable

ChemIStry Englneerlng This article is li d under CC-BY-NC-ND 4.0 @
pubs.acs.org/journal/ascecg
Circular polymers achieved with high-TRL Environmental Benefits of Circular Ethylene Production from

technologies for chemical recycling Polymer Waste

Cecilia Salah, Robert Istrate, Anders Bjorn, Victor Tulus, Javier Pérez-Ramirez,
and Gonzalo Guillén-Gosilbez*

» gasification to methanol
Cite This: ACS Sustainable Chem. Eng. 2024, 12, 13897-13906 Read Online

 methanol-to-olefins

Climate change impacts and techno-
economic feasibility

linear
_or
circular?

C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906



We compare the current mostly linear economy ...
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To a circular production route (CPR) via gasification 2ure
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C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906



Circular production route (CPR) via gasification

« Waste-to-methanol:

ETH:zurich

« Detailed process modeled in Aspen Plus v12
« Waste PE gasification to syngas’ + methanol synthesis?
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e
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emissions
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1. C.Salah et al. 2023, ACS Sustainable Chemistry & Engineering, 11, 8, 3238-3247
2. Gonzalez-Garay et al. 2019, Energy & Environmental Science, 12, 3425-3436
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Waste-to-methanol process modeling

Process modeled in Aspen Plus v12

Heat integration performed with Aspen Energy Analyzng V12

Oxy-fuel combustion

ETH:zurich
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C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906



Circular production route (CPR) via gasification

« Waste-to-methanol:

ETH:zurich

« Detailed process modeled in Aspen Plus v12
« Waste PE gasification to syngas’ + methanol synthesis?
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1. C.Salah et al. 2023, ACS Sustainable Chemistry & Engineering, 11, 8, 3238-3247
2. Gonzalez-Garay et al. 2019, Energy & Environmental Science, 12, 3425-3436
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Circular production route (CPR) via gasification

« Waste-to-methanol:

« Detailed process modeled in Aspen Plus v12
« Waste PE gasification to syngas’ + methanol synthesis?

« Methanol-to-olefins:

e Simulation from loannou et al.3

methanol-

waste-to-

circular ) /[ to-olefins methanol

ethylene
o, e

emissions electricity
waste streams | utilities
1. C.Salah et al. 2023, ACS Sustainable Chemistry & Engineering, 11, 8, 3238-3247

2. Gonzalez-Garay et al. 2019, Energy & Environmental Science, 12, 3425-3436
3. loannou et al. 2023, ACS Sustainable Chemistry & Engineering, 11, 5, 1949-1961
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Global warming impact (GWI) of LDPE consumption
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C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906

GWI of CPR 25% lower than LPR in 2020

Trade-offs in CPR process emissions:
- No incineration emissions
- Lower fossil feedstock consumption
- More electricity requirements

23
LPR: linear production route ; CPR: circular production route
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CPR has a higher decarbonization potential than LPR £uric

2050 prospective scenario:

2020 2050
- REMIND model 1
3.5
- 1.5°C climate target
I 3.0 1 @ Total
5 - o N o - Decarbonized electricity
o [ Electricity
~ | 3 Cooling water . .
3 20 — ﬁgggﬁ:ﬁjﬁ:“ng GWI of CPR Is 71% lower than LPR In
8 1.5 A I Direct emissions 2050
g = Others
E 1.0 A 1 Larlldfill o.fWPE
5 s Incerafion oW1 CPR decarbonization potential (74%)
higher than LPR (35%)

o
o
|

T. Aboumahboub et al. REMIND—REgional Model of INvestments and Development, 2024 https://rse.pik-potsdam.de/doc/remind/2.1.0/ 2%

1.
2. C.Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906 . . . .
LPR: linear production route; CPR: circular production route
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CPR has a higher decarbonization potential than LPR

Electricity mix 2020

Others (6.1%)
Coal (36.4%) '

Nuclear (10.7%)
Natural gas (20.7%)

Solar PV (3.4%)

Hydropower (17.5%)

0.64 kg CO, eq. kWh"

L Wind (onshore) (5.5%)

Electricity mix 2050

Solar PV (52.7%)

Nuclear (4.8%)
Others (2.1%) mmm—

A
|

Wind (onshore) (25.2%)

Hydropower (9.1%)

Wind (offshore) (6.2%)

5.1x103 kg CO, eq. kWh"

T. Aboumahboub et al. REMIND—REgional Model of INvestments and Development, 2024 https://rse.pik-potsdam.de/doc/remind/2.1.0/

R. Sacchi et al. 2022 Renewable and Sustainable Energy Reviews, 160, 112311

LPR: linear production route ; CPR: circular production route

25
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Circular ethylene is economically appealing

1.1
BAU market price
= +239
p \ 23%
1§
Circular ethylene
]
I -I L T T T T T T T
0 1 2 3 4 5 6 7 8

Production cost [USD 2022 kg~! ethylene]

Total cost of Circular ethylene only 23% higher than the market price

Circular ethylene cost is CAPEX-driven

JONRECENNRNON.

ETH:zurich

Total

BAU ethylene

WPE feedstock

H, feedstock

CO; feedstock

Fossil methanol (coal)
Other process feedstock
Heating utilities
Electricity

Cooling water
Cryogenic cooling
Wastewater

Fixed operating cost
CAPEX

|_|_—> Can become competitive in an economy of scale for chemical recycling

C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906
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Circular ethylene is economically appealing

Total

BAU ethylene

WPE feedstock

H, feedstock

CO; feedstock

Fossil methanol (coal)
Other process feedstock
Heating utilities
Electricity

Cooling water
Cryogenic cooling
Wastewater

Fixed operating cost
CAPEX

BAU market price

Circular ethylene

Coal-to-MTO

H2, wind+ COz, DAc-tO-MTO

JONRECENNRNON.

H2, solart+CO2, pac-to-MTO

0 1 2 3 4 5 6 7 8
Production cost [USD 2022 kg~! ethylene]

Circular ethylene is much cheaper than green ethylene

—> A more economically appealing alternative to decarbonizing the plastics
sector while other chemical recycling technologies reach maturity

C. Salah et al. 2024, ACS Sustainable Chemistry & Engineering, 12, 37, 13897-13906
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Key take-aways

Incorporating chemical recycling significantly lowers overall plastics impacts on climate change
—> Dissolution and depolymerization promising technologies, not deployed at scale
— Thermo-chemical recycling has a higher maturity

Deploying high-TRL technologies for chemical recycling helps decarbonize the plastics sector
= CPRoutperforms LPR in 2020
= The gap is far bigger in 2050

Circular ethylene via waste-to-methanol-to-ethylene is economically appealing
— CAPEX-driven - can become competitive for larger plants
= Cheaper than green hydrogen

| : : : : : : : '
I High-TRL chemical recycling comprises a short-term solution to impact plastic |
I |

circularity until other chemical recycling approaches reach maturity -
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