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1. Scope definition and data sources
This study is based on a bottom-up model from Meys et al.1, representing the life cycle of >90% of global plastics. In the first section, we introduce the intermediate flows considered in the bottom-up model and all datasets of the corresponding processes. The datasets are based on detailed life cycle inventories that comprise full energy and mass balances. Over 400, mostly industrially validated, technology datasets are used in the model. For all further details on process data, we refer to Meys et al., while for details on incorporating the planetary boundary framework into the model, we refer to Section 2 of this supplementary information.
a. Included intermediate flows
The bottom-up model covers chemicals, plastics, and plastic wastes. Chemicals required as intermediates for plastic production are included in the model. In summary, the model includes the following flows:
Chemicals: Acetic acid, acetone, acetonitrile, acrylic acid, acrylonitrile, adipic acid, allyl chloride, ammonia, aniline, benzene, butadiene, C4 fraction, calcium chloride, calcium oxide, ca-prolactam, carbon dioxide, carbon monoxide, caustic soda (50%), chlorine, cumene, cyclohexane, dichloropropylene, diethylene glycol, dimethyl terephthalate, dinitrotoluene, dipropylene glycol, epichlorohydrin, ethanol, ethylbenzene, ethylene, ethylene glycol, ethylene oxide, formaldehyde, glycerin, hexamethylenediamine, hydrogen, hydrogen cyanide, methanol, methyl acrylate, methylene diphenyl diisocyanate, monoethanolamine, naphtha, natural gas, nitric acid (60%), nitroben-zene, nitrogen, oleum (33%), oxygen, o-xylene, phenol, polybutadiene, polyol (polyester-based), polyol (polyether-based), propionitrile, propylene, propylene glycol, propylene oxide, p-xylene, pyrolysis gasoline, silicon carbide, sodium carbonate, sodium chloride, styrene, sulfur trioxide, sulfuric acid, synthesis gas (2:1), terephthalic acid, toluene, toluene diisocyanate, vinyl chloride, xylenes (mixed).
Plastics: Polyamide 6, polyamide 66, PET pellets (fiber-grade), PET pellets (bottle-grade), polyacrylonitrile fiber, polyethylene HD, polyethylene LD, polyethylene LLD, polypropylene, polystyrene GP, polystyrene HI, polyurethane flexible, polyurethane rigid, polyvinylchloride.

Plastic packaging wastes: Polyethylene, HD, polyethylene, LD, polyethylene, LLD, polypro-pylene, polystyrene, GP, polystyrene, HI, PET pellets (bottle-grade).

Non-packaging plastic wastes: Polyamide 6, polyamide 66, PET pellets (fiber-grade), polyacrylonitrile fiber, polyethylene, HD, polyethylene, LD, polyethylene, LLD, polypropylene, polystyrene, GP, polystyrene, HI, polyurethane, flexible, polyurethane, rigid, polyvinylchloride.
b. Datasets and Mitigation Pathways
The following table (Table S1) shows all flows, production technologies and literature sources of the original bottom-up model.1 Compared to the original model, we include additional datasets for the sensitivity analysis on biomass feedstocks (Table S2) and electricity generation (Table S3). The grid mix of the International Energy Agency’s Net-zero 2050 scenario is calculated according to Table S4. For the background system, we used aggregated datasets from ecoinvent if available. If available, we used datasets at the global level (GLO). Otherwise, we used Rest-of-the-World (RoW), Europe (RER), and German (DE) data.

Table S1: Summary of flows, production technologies, and literature sources of the chemical and plastic industry's bottom-up model adapted from Meys et al.1 Comments address the availability of technologies for each GHG mitigation pathway. The numbers in the comments represent the mitigation pathways in which the technology is available: 1: fossil-based plastics, 2: bio-based plastics, 3 CCU-based plastics, 4: A combination of all technologies, except for chemical recycling to monomers, and 5: An optimistic outlook including chemical recycling to monomers.
	Name of flow
	Production technologies
	Source
	Pathway

	acetic acid
	carbonylation of methanol
	2
	[1,2,3,4,5]

	acetone
	oxidation of cumene
	2
	[1,2,3,4,5]

	acetonitrile
	market for acetonitrile
	2
	[1,2,3,4,5]

	acrylic acid, ester grade
	from propylene by ammoxidation
	2
	[1,2,3,4,5]

	acrylonitrile
	propylene ammoxidation
	2
	[1,2,3,4,5]

	acrylonitrile
	monomer recovery from polyacrylonitrile wastes
	3
	[5]

	adipic acid
	benzene oxidation via cyclohexanol
	2
	[1,2,3,4,5]

	adipic acid
	monomer recovery from polyamide 66 wastes
	3
	[5]

	allyl chloride
	propylene chlorination
	2
	[1,2,3,4,5]

	ammonia
	Haber-Bosch process
	4
	[1,2,3,4,5]

	ammonium sulfate
	market for ammonium sulfate
	5
	[1,2,3,4,5]

	aniline
	reduction of nitrobenzene
	2
	[1,2,3,4,5]

	benzene
	solvent extraction from pyrolysis gasoline
	2
	[1,2,3,4,5]

	benzene
	solvent extraction from pyrolysis gasoline
	2
	[1,2,3,4,5]

	benzene
	separation of xylenes by adsorption
	2
	[1,2,3,4,5]

	benzene
	separation of xylenes by crystallization
	2
	[1,2,3,4,5]

	benzene
	methanol to aromatics
	2
	[1,2,3,4,5]

	butadiene
	market for butadiene
	5
	[1,2,3,4,5]

	butene-1
	market for butene, mixed
	5
	[1,2,3,4,5]

	calcium chloride
	market for calcium chloride
	5
	[1,2,3,4,5]

	calcium oxide
	market for lime
	5
	[1,2,3,4,5]

	caprolactam
	production from toluene
	2
	[1,2,3,4,5]

	caprolactam
	monomer recovery from polyamide 6 wastes
	3
	[5]

	carbon dioxide
	several industrial point sources, (ammonia/ and hydrogen via Rectisol, biomass gasification via Rectisol, ethylene oxide via potassium carbonate, waste incineration via monoethanolamine, fermentation of biomass)
	 2,6–13)
	[3,4,5]

	carbon dioxide
	direct air capture
	14
	[3,4,5]

	carbon monoxide
	partial condensation of synthesis gas
	2
	[1,2,3,4,5]

	chlorine
	electrolysis of hydrochloric acid
	2
	[1,2,3,4,5]

	chlorine
	electrolysis via oxygen-depolarized cathodes
	2
	[1,2,3,4,5]

	chlorine /  caustic soda (50%)
	electrolysis of NaCl in membrane cell
	2
	[1,2,3,4,5]

	chlorine /  caustic soda (50%)
	electrolysis of NaCl in diaphragm cell
	2
	[1,2,3,4,5]

	chlorine /  caustic soda (50%)
	electrolysis of NaCl in mercury cell
	2
	[1,2,3,4,5]

	cooling water
	market for water, decarbonised, at user
	15
	[1,2,3,4,5]

	cumene
	alkylation of benzene with propylene
	2
	[1,2,3,4,5]

	cyclohexane
	hydrogenation of benzene
	2
	[1,2,3,4,5]

	deionized water
	market for water, decarbonised, at user
	5
	[1,2,3,4,5]

	dimethyl terephthalate
	esterification of terephthalic acid with methanol
	2
	[1,2,3,4,5]

	dimethyl terephthalate
	monomer recovery from PET wastes
	3
	[5]

	dinitrotoluene
	nitration of toluene
	2
	[1,2,3,4,5]

	epichlorohydrin
	chlorohydrination of allyl chloride
	2
	[1,2,3,4,5]

	ethanol
	hydrolysis and fermentation
	16
	[2,4,5]

	ethylbenzene
	alkylation of benzene with ethylene (zeolite catalyst)
	2
	[1,2,3,4,5]

	ethylene
	UOP/HYDRO methanol to olefins
	2
	[1,2,3,4,5]

	ethylene
	catalytic dehydration of ethylene  (adiabatic fixed-bed)
	2
	[1,2,3,4,5]

	ethylene
	catalytic dehydration of ethylene  (fluidized-bed)
	2
	[1,2,3,4,5]

	ethylene
	DMTO methanol to olefins (C2/C3 = 1.5)
	2
	[1,2,3,4,5]

	ethylene
	Steam cracking of naphtha
	2
	[1,2,3,4,5]

	ethylene
	DMTO methanol to olefins (C2/C3 = 2.5)
	2
	[1,2,3,4,5]

	ethylene
	monomer recovery from polyethylene wastes
	3
	[5]

	ethylene glycol, diethylene glycol
	thermal hydration of ethylene oxide
	2
	[1,2,3,4,5]

	ethylene glycol, diethylene glycol
	monomer recovery from PET wastes
	3
	[5]

	ethylene oxide
	ethylene oxidation
	2
	[1,2,3,4,5]

	formaldehyde
	oxidation of methanol (ferric-molybdate cat.)
	2
	[1,2,3,4,5]

	formaldehyde
	oxidation of methanol (silver cat.)
	2
	[1,2,3,4,5]

	gasoline
	market for petrol, unleaded
	5
	[1,2,3,4,5]

	glycerin
	oxidation of allyl chloride via epichlorohydrin
	2
	[1,2,3,4,5]

	hexamethylenediamine
	from acrylonitrile via diponitrile
	2
	[1,2,3,4,5]

	hexamethylenediamine
	from acrylonitrile via diponitrile (electrohydrodimerization)
	2
	[1,2,3,4,5]

	hexamethylenediamine
	monomer recovery from polyamide 66 wastes
	3
	[5]

	hydrochloric acid
	market for hydrochloric acid, without water
	5
	[1,2,3,4,5]

	hydrogen
	steam methane reforming and water-gas-shift
	2
	[1,2,3,4,5]

	hydrogen
	Water-gas shift and amine separation of CO2
	2
	[1,2,3,4,5]

	hydrogen
	low-temperature electrolysis
	17
	[1,2,3,4,5]

	hydrogen cyanide
	market for hydrogen cyanide
	5
	[1,2,3,4,5]

	methane
	from CO2
	18,19
	[3,4,5]

	methanol
	from synthesis gas
	2
	[1,2,3,4,5]

	methanol
	from CO2
	20
	[3,4,5]

	methanol
	monomer recovery from PET wastes
	3
	[5]

	methyl acrylate
	esterification of acrylic acid
	2
	[1,2,3,4,5]

	methylene diphenyl diisocyanate
	phosgenation of benzene
	2
	[1,2,3,4,5]

	methylene diphenyl diisocyanate
	monomer recovery from polyurethane, rigid wastes
	3
	[5]

	miscanthus
	market for miscanthus, chopped
	5
	[2,4,5]

	monoethanolamine
	market for monoethanolamine
	5
	[1,2,3,4,5]

	naphtha
	pyrolysis of all plastic waste fraction
	2
	[1,2,3,4,5]

	naphtha
	market for naphtha
	5
	[1,2,3,4,5]

	natural gas (raw material)
	market for natural gas, high pressure
	5
	[1,2,3,4,5]

	nitric acid (60%)
	from ammonia (dual pressure)
	2
	[1,2,3,4,5]

	nitric acid (60%)
	from ammonia (mono pressure)
	2
	[1,2,3,4,5]

	nitrobenzene
	nitration of benzene (adiabatic)
	2
	[1,2,3,4,5]

	nitrobenzene
	nitration of benzene (conventional)
	2
	[1,2,3,4,5]

	nitrogen
	air separation by pressure-swing adsorption
	2
	[1,2,3,4,5]

	n-pentane
	market for pentane
	5
	[1,2,3,4,5]

	oleum (33.3%)
	33.3% oleum from sulfur trioxide and sulfuric acid
	1
	[1,2,3,4,5]

	oxygen
	cryogenic air separation
	2
	[1,2,3,4,5]

	o-xylene
	Separation of xylenes by adsorption
	2
	[1,2,3,4,5]

	o-xylene
	Separation of xylenes by crystallization
	2
	[1,2,3,4,5]

	PET pellets (bottle-grade)
	upgrading of PET fiber-grade to bottle-grade
	2
	[1,2,3,4,5]

	PET pellets (fiber-grade)
	polycondensation from dimethyl terephthalate and ethylene glycol
	2
	[1,2,3,4,5]

	PET pellets (fiber-grade)
	polycondensation from dimethyl terephthalate and ethylene glycol
	2
	[1,2,3,4,5]

	PET pellets (fiber-grade)
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	phenol
	oxidation of cumene
	2
	[1,2,3,4,5]

	polyacrylonitrile fiber
	melt extrusion
	2
	[1,2,3,4,5]

	polyamide 6
	continous PA 6 production
	2
	[1,2,3,4,5]

	polyamide 66
	continous PA 66 production
	2
	[1,2,3,4,5]

	polybutadiene
	solution polymerization
	2
	[1,2,3,4,5]

	polyethylene, HD
	gas-phase polymerization
	2
	[1,2,3,4,5]

	polyethylene, HD
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	polyethylene, LD
	autoclave polymerization
	2
	[1,2,3,4,5]

	polyethylene, LD
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	polyethylene, LLD
	solution polymerization
	2
	[1,2,3,4,5]

	polyethylene, LLD
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	polypropylene
	gas-phase polymerization
	2
	[1,2,3,4,5]

	polypropylene
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	polystyrene, GP
	bulk polymerization
	2
	[1,2,3,4,5]

	polystyrene, GP
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	polystyrene, HI
	bulk polymerization (incl. Polybutadiene)
	2
	[1,2,3,4,5]

	polystyrene, HI
	mechanical recycling from plastic packaging waste
	3
	[1,2,3,4,5]

	polyol for PUR, rigid
	from adipic acid and diethylene glycol
	2
	[1,2,3,4,5]

	polyol for PUR, rigid
	monomer recovery from polyurethane, rigid wastes
	3
	[5]

	polyurethane, flexible
	Continous production of flexible polyurethane
	21
	[1,2,3,4,5]

	polyol for PUR, flexible
	from propylene/ethylene oxide and glycerol
	2
	[1,2,3,4,5]

	polyol for PUR, flexible
	monomer recovery from polyurethane, flexible wastes
	3
	[5]

	polyurethane, rigid
	Continous production of flexible polyurethane foam
	21
	[1,2,3,4,5]

	polyvinyl chloride
	suspension polymerization
	2
	[1,2,3,4,5]

	process water
	market for water, decarbonised, at user
	5
	[1,2,3,4,5]

	propylene
	Lurgi methanol to propylene
	2
	[1,2,3,4,5]

	propylene
	dimerization of ethylene
	2
	[1,2,3,4,5]

	propylene
	ethylene disproportionation
	2
	[1,2,3,4,5]

	propylene
	Steam cracking of naphtha
	2
	[1,2,3,4,5]

	propylene
	UOP/HYDRO methanol to olefins
	2
	[1,2,3,4,5]

	propylene
	DMTO methanol to olefins (C2/C3 = 1.5)
	2
	[1,2,3,4,5]

	propylene
	DMTO methanol to olefins (C2/C3 = 2.5)
	2
	[1,2,3,4,5]

	propylene
	monomer recovery from polypropylene wastes
	3
	[5]

	propylene glycol, dipropylene glycol
	propylene oxide oxidation
	2
	[1,2,3,4,5]

	propylene oxide
	chlorohydrine process
	2
	[1,2,3,4,5]

	p-xylene
	Separation of xylenes by adsorption
	2
	[1,2,3,4,5]

	p-xylene
	Separation of xylenes by crystallization
	2
	[1,2,3,4,5]

	p-xylene
	methanol to aromatics
	2
	[1,2,3,4,5]

	pyrolysis gasoline
	Steam cracking of naphtha
	2
	[1,2,3,4,5]

	silicon carbide
	market for silicon carbide
	5
	[1,2,3,4,5]

	sodium carbonate
	market for sodium bicarbonate
	5
	[1,2,3,4,5]

	sodium chloride
	sodium chloride production, powder
	5
	[1,2,3,4,5]

	steam
	natural gas boiler
	2
	[1,2,3,4,5]

	steam
	electric boiler
	2
	[3,4,5]

	steam
	from biomass
	22
	[2,4,5]

	styrene
	alkylation of benzene with ethylene (liquid-phase)
	2
	[1,2,3,4,5]

	styrene
	alkylation of benzene with ethylene (gas-phase)
	2
	[1,2,3,4,5]

	styrene
	monomer recovery from polystyrene wastes
	3
	[5]

	sulfur trioxide
	market for sulfur trioxide
	5
	[1,2,3,4,5]

	sulfuric acid
	market for sulfuric acid
	5
	[1,2,3,4,5]

	synthesis gas (2:1)
	natural gas steam reforming
	2
	[1,2,3,4,5]

	synthesis gas (2:1)
	mixing of hydrogen and CO (2:1)
	1
	[1,2,3,4,5]

	synthesis gas (2:1)
	gasification of biomass 
	7–11,13 
	[2,4,5]

	thermal energy
	various hydrocarbons
	1
	[1,2,3,4,5]

	thermal energy
	resistance heater
	1
	[3,4,5]

	terephthalic acid
	oxidation of p-xylene
	2
	[1,2,3,4,5]

	terephthalic acid
	monomer recovery from PET wastes
	3
	[5]

	toluene
	solvent extraction from reformate
	2
	[1,2,3,4,5]

	toluene
	solvent extraction from pyrolysis gasoline
	2
	[1,2,3,4,5]

	toluene
	separation of xylenes by adsorption
	2
	[1,2,3,4,5]

	toluene
	separation of xylenes by crystallization
	2
	[1,2,3,4,5]

	toluene
	methanol to aromatics
	2
	[1,2,3,4,5]

	toluene diisocyanate
	phosgenation of toluene
	2
	[1,2,3,4,5]

	toluene diisocyanate
	monomer recovery from polyurethane, flexible wastes
	3
	[5]

	vegetable oil
	market for vegetable oil methyl ester
	5
	[1,2,3,4,5]

	vinyl chloride
	ethylene chlorination and ethylene dichloride pyrolysis 
	2
	[1,2,3,4,5]

	vinyl chloride
	monomer recovery from polyvinylchloride wastes
	3
	[5]

	xylenes, mixed
	solvent extraction from reformate
	2
	[1,2,3,4,5]

	xylenes, mixed
	solvent extraction from pyrolysis gasoline
	2
	[1,2,3,4,5]

	xylenes, mixed
	methanol to aromatics
	2
	[1,2,3,4,5]

	all plastic wastes
	energy recovery 
	23,24
	[1,2,3,4,5]

	all plastic wastes
	landfilling
	5
	[1,2,3,4,5]

	all plastic packaging waste
	sorting of plastic packaging waste
	3
	[1,2,3,4,5]





Table S2: Biomass feedstocks for the sensitivity analysis.
	biomass feedstock
	dataset
	source

	bagasse, from sweet sorghum
	market for bagasse, from sweet sorghum
	5

	bagasse, from sugarcane 
	market for bagasse, from sugarcane 
	5

	bark chips
	market for bark chips, wet, measured as dry mass
	5

	wood chips
	market for wood chips, wet, measured as dry mass
	5

	wood pellets
	wood pellet production
	5



Table S3: Electricity generation technologies for the sensitivity analysis. Photovoltaic with high full load hours (high FLH) is represented by photovoltaic in the Middle East approximated by the dataset for Saudi Arabia.
	generation technologies
	dataset
	source

	wind power, onshore
	electricity production, wind, 1-3MW turbine, onshore 
	5

	geothermal power
	electricity production, deep geothermal
	5

	hydro power
	electricity production, hydro, run-of-river
	5

	nuclear power
	electricity production, nuclear, pressure water reactor
	5

	photovoltaic
	electricity production, photovoltaic, 3kWp slanted-roof installation, multi-Si panel, mounted
	5

	photovoltaic, high FLH
	electricity production, photovoltaic, 3kWp slanted-roof installation, multi-Si panel, mounted (SA)
	5



[bookmark: _Hlk105678779]Table S4: Technology shares of the 2030’s grid mix according to the International Energy Agency’s Net-zero 2050 scenario.25 The carbon capture and storage (CCS) technologies were modeled according to Galán-Martín et al.26 For the grid mix, we omit marine power, and hydrogen and ammonia based power due to lack of data. The neglected technologies account for 2.5 % of the grid mix. Consequentially, we scaled the sum of share of the considered technologies to 100 %.
	generation technologies
	dataset
	share in %
	source

	coal without CCS
	electricity production, hard coal
	8.1
	5

	coal with CCS
	electricity production, hard coal
	0.8
	5,26

	natural gas without CCS
	electricity production, natural gas, combined cycle power plant
	17.1
	5

	natural gas with CCS
	electricity production, natural gas, combined cycle power plant 
	0.5
	5,26

	oil
	electricity production, oil
	0.5
	5

	nuclear
	electricity production, nuclear, pressure water reactor
	10.4
	5

	hydro power
	electricity production, hydro, reservoir, non-alpine region 
	16.1
	5

	bioenergy
	heat and power co-generation, wood chips, 6667 kW, state-of-the-art 2014
	3.9
	5

	wind
	electricity production, wind, >3MW turbine, onshore
	22.0
	5

	solar photovoltaic
	electricity production, photovoltaic, 570kWp open ground installation, multi-Si
	19.2
	5

	geothermal
	electricity production, deep geothermal
	0.9
	5

	concentrated solar power
	electricity production, solar thermal parabolic trough, 50 MW
	0.6
	5




2. Methods
a. Life cycle assessment – normalization and weighting
In current practice, life cycle assessment (LCA) is mainly used to compare environmental impacts between production pathways. Thus, burden shifting can be identified. Thereby, LCA offers two options to analyze the relevance of burden shifting by setting the burden shift into perspective: weighting and normalization.
Weighting aggregates environmental impacts across impact categories to determine an environmentally beneficial ranking of mitigation strategies. However, weighting requires value choices and, thus, is highly subjective.27 Furthermore, weighting does not help to identify mitigation strategies that yield absolute environmentally sustainable plastics since the magnitude of environmental impacts is not set in relation to a regional or planetary threshold.
Normalization compares LCA results to a reference system to understand the relative magnitude of environmental impacts. Most reference systems rely on environmental assessments of larger anthropogenic systems and regions.28 Thereby, normalization helps to grasp the magnitude of an environmental impact but so far lacks to interpret this magnitude in terms of absolute environmental sustainability. In particular, LCA lacks thresholds whose exceedance would make a system unsustainable. Thus, LCA is key for comparing alternatives but provides little insight into absolute environmental sustainability. In this study, we apply the planetary boundary framework, which normalizes impacts to planetary thresholds. Thereby, we can determine the impacts’ relevance with regard to absolute environmental sustainability.
b. Adapting the planetary boundary framework
The elementary flows of the bottom-up model are defined according to ecoinvent v3.5, which includes 2080 elementary flows to the compartments air, water, soil, and from natural resources. We consider all 2080 elementary flows and determine their characterization factors for each Earth-system process by using the characterization models from Galán-Martín et al.26 for change in biosphere integrity, from D’Angelo et al.29 for the N-cycle and from Ryberg et al.30 for all further Earth-system processes. In the following, we describe the elementary flows that we additionally characterized based on the original characterization models, modifications to the already existing characterization factors, and further changes.
Climate Change:
We include all characterization factors for GHG emission from Ryberg et al.30 For CO2, they define the characterization factor by dividing the change of atmospheric CO2 concentration between the pre-industrial value (from the year 1765) and the value estimated by an RCP2.6 scenario in 2300 by the total anthropogenic CO2 emissions from the year 2000 to 2300 (based on an RCP2.6 scenario).30,31 However, the compared time horizons do not match. Therefore, we set the time horizons consistently from 1765 to 2300. The characterization factor for a change in atmospheric CO2 concentration due to a continuous CO2 emission is 1.79 ·10-11 ppm/(yr kg) and, thereby, 33% smaller compared to Ryberg et al.30 To convert the change in atmospheric CO2 concentration to radiative forcing, we adopt the characterization model from Ryberg et al. Additionally, we include all elementary flows emitted to air that follow the EU definition for NMVOC, i.e., organic compounds with a boiling point lower than or equal to 250°C.32 We conservatively consider these flows as potential CO2 precursors and calculate their characterization factors based on their carbon content.
Furthermore, we include elementary flows that represent unspecified groups of compounds from ecoinvent that do not have a specific carbon content:
· VOC, volatile organic compounds, unspecified origin 
· Aldehydes, unspecified 
· Hydrocarbons, aliphatic, alkanes, cyclic
· Hydrocarbons, aliphatic, alkanes, unspecified
· Hydrocarbons, aliphatic, unsaturated
· Hydrocarbons, aromatic
· Hydrocarbons, chlorinated
· Hydrocarbons, unspecified
· NMVOC, non-methane volatile organic compounds, unspecified origin
For these elementary flows, we use the characterization factor of NMVOC given by Ryberg et al.33 Moreover, we do not characterize non-fossil emissions, including CO2, CH4, and CO, which was not explicitly stated in previous literature but is in accordance with the ILCD recommendations.34
Ocean acidification 
For ocean acidification, we adopt the same changes as for climate change: We match the time horizons for characterizing CO2, include CO2 precursors, approximate groups of CO2 precursors by NMVOC, and exclude non-fossil emissions. Ocean acidification is measured as the global mean saturation state of aragonite in surface seawater (Ωarag).
Change in biosphere integrity 
We calculate the characterization factors for change in biosphere integrity following Galán-Martín et al.26 The first stressor of change in biosphere integrity is climate change. The calculation of climate change as a stressor is tailored to the change in biosphere integrity and thereby differs from the calculation of the planetary footprint of climate change from Ryberg et al.30 However, we consider the same elementary flows as mentioned above. For further details, the reader is referred to Galán-Martín et al.26 
The second stressor is land use, represented by land occupation in ecoinvent. We adopt the method from Galán-Martín et al. to quantify the impact of land occupation based on mean species abundance loss following Hanafiah et al.35 However, Hanafiah et al. do not provide data for all land types in the ecoinvent database.5 Hence, we match the types of land occupation from Hanafiah et al. and ecoinvent v3.5 according to Table S5. We use the maximum values of each type of land occupation as a conservative approximation.
Table S5: Matching of land types between Hanafiah et al.35 and ecoinvent v3.5.5
	Classification in ecoinvent v3.5
	Classification in Hanafiah et al.
	Loss in mean species abundance

	Occupation, annual crop, extensive 
	Permanent crop, extensive
	0.70

	Occupation, annual crop, intensive
	Permanent crop, intenstive
	0.90

	Occupation, arable land, unspecified use
	Arable
	0.90

	Occupation, arable
	Arable
	0.90

	Occupation, bare area (non-use)
	Primary vegetation
	0

	Occupation, cropland fallow (non-use)
	Arable, non-irrigated, fallow
	0.70

	Occupation, dump site
	Dump site
	0.95

	Occupation, field margin/hedgerow
	Primary vegetation
	0 

	Occupation, forest, intensive
	Forest, intensive, short-cycle
	0.80

	Occupation, forest, primary (non-use)
	Forest, extensive
	0.30

	Occupation, forest, secondary (non-use)
	Forest
	0.50

	Occupation, forest, unspecified
	Forest
	0.50

	Occupation, grassland, natural (non-use)
	Primary vegetation
	0

	Occupation, grassland, natural, for livestock grazing
	Pasture and meadow, extensive
	0.30

	Occupation, inland waterbody, unspecified
	Water bodies, artificial
	1

	Occupation, lake, natural (non-use)
	Sea and ocean
	0

	Occupation, pasture, man made
	Pasture and meadow
	0.90

	Occupation, pasture, man made, extensive
	Pasture and meadow, extensive
	0.30

	Occupation, pasture, man made, intensive
	Pasture and meadow, intensive
	0.90

	Occupation, permanent crop, extensive
	Permanent crop, extensive
	0.70

	Occupation, permanent crop, intensive
	Permanent crop, intensive
	0.90

	Occupation, seabed
	Benthos
	0

	Occupation, unspecified
	Permanent crop, intenstive
	0.90

	Occupation, unspecified (non-use)
	Primary vegetation
	0

	Occupation, wetland
	Primary vegetation
	0

	Occupation, river, artificial
	Water courses, artificial
	1

	Occupation, river, natural (non-use)
	Sea and ocean
	0

	Occupation, seabed, natural (non-use)
	Sea and ocean
	0

	Occupation, snow and ice (non-use)
	Pasture and meadow, extensive
	0.30



Nitrogen cycle (N-cycle)
[bookmark: _Hlk104401472]To quantify the N-cycle footprint, we use the characterization model from D’Angelo et al.29
[bookmark: _GoBack]

Phosphorus cycle (P-cycle)
Ryberg et al. provide a characterization factor for phosphorus emitted to the ocean via freshwater systems.30 However, we conservatively add all phosphorus-containing substances emitted to other compartments to the assessment. To account for these compounds, we multiply the characterization factor for pure phosphorus emitted to the ocean with the mass fraction of phosphorus in the phosphorus-containing elementary flows. Furthermore, we include the transport of the phosphorus-containing compound from the compartment it was initially emitted to the ocean.

For phosphorus-containing compounds emitted to the air, we conservatively assume that 100% of the phosphorus-containing compound ultimately end up in the ocean. Thus kair-to-ocean equals 1. For the compartment of water, we further distinguish between the sub-compartments ocean and all further water bodies. The k-factor for emissions of phosphorus-containing compounds to the sub-compartment ocean is 1 by definition. In contrast, emissions to all other water bodies have a k-factor of 0.86, accounting for sedimentation based on Ryberg et al.30 Phosphorus-containing compounds emitted to soil are assumed to partially end up in freshwater due to run-off from rainfall. Thus, we multiply the characterization factors for phosphorus-containing compounds to the compartment soil with a k-factor of 0.42, which is the most conservative estimate for the run-off factors from Hart et al.36 For subsequent transport from freshwater to the ocean, we again use the k-factor of 0.86, giving a total k-factor of 0.3612.
Aerosol loading
For aerosol loading, we use all characterization factors for the elementary flows considered by Ryberg et al.30 We additionally characterize the following elementary flows to the compartment air that have not yet been characterized using the characterization factor for generic carbon from Ryberg et al. as a proxy:
· Carbon-14 
· Elemental carbon
· Organic carbon
Furthermore, we include all elementary flows defined as NMVOC and the same elementary flows representing unspecified groups of compounds as for climate change (see above). Ryberg et al. define an average characterization factor for NMVOC emitted to an urban environment and one for NMVOC emitted to a rural environment. Accordingly, we use the characterization factor of NMVOC, urban, for all elementary flows emitted to the sub-compartment urban air, close to ground. In contrast, we use the characterization factor of NMVOC, rural for all other sub-compartments, i.e., lower stratosphere + upper troposphere; non-urban air or from high stacks; unspecified; and low population density, long-term.
Freshwater use
For freshwater use, we consider all elementary flows from ecoinvent v3.5, which are associated with bluewater according to the definition of Falkenmark et al.37
· Water; water; ground-
· Water; water; unspecified
· Water, cooling, unspecified natural origin; natural resource; in water
· Water, lake; natural resource; in water
· Water, river; natural resource; in water
· Water, turbine use, unspecified natural origin; natural resource; in water
· Water, unspecified natural origin; natural resource; in water
· Water, unspecified natural origin; natural resource; in ground
· Water, well, in ground; natural resource; in water
In accordance with the ecoinvent nomenclature, elementary flows sourced from the compartment of natural resources keep a positive algebraic sign, thereby indicating water consumption. In contrast, elementary flows to the compartment water get a negative algebraic sign, indicating bluewater recovery. We conservatively assess freshwater use for evaporated water, as we assume that all evaporated water is lost and does not return to freshwater reservoirs. However, Gerten et al. highlight the need to reassess the boundary value for freshwater use and human freshwater consumption.38 Furthermore, human freshwater use may not reflect all types of human interference with the global water cycle, which should be incorporated in a future reassessment.39 Thus, the results for freshwater use shown in this study should be interpreted with caution. 
Stratospheric ozone depletion
We extended the model from Ryberg et al. with the following elementary flows of ozone-depleting substances emitted to the compartment air following the Montreal Protocol40:
· HCFC-124 
· HCFC-21 
· R10 
We additionally include N2O as proposed by Algunaibet et al.41 For the compound HCFC-21, we could not find a value for the fraction release ratio and assumed it to be 100 % as a conservative assumption.
Land-system change
We considered all elementary flows from ecoinvent v3.5 for the compartment of natural resources that describe a transformation from or to forest:
· Transformation, from/to forest, extensive
· Transformation, from/to forest, intensive
· Transformation, from forest, primary (non-use)
· Transformation, from/to forest, secondary (non-use)
· Transformation, from/to forest, unspecified
In accordance with the ecoinvent nomenclature, transformation processes from forest keep a positive algebraic sign, indicating forest depletion. In contrast, transformation processes to forest get a negative algebraic sign, indicating forest recovery.
Novel entities
The process of novel entities considers the release of substances and modified life forms with unwanted geophysical or biological effects on the environment. As mentioned in the main article, neither control variables nor a SOS have yet been defined. However, to be of concern at global level, novel entities need to exhibit persistence, a widespread distribution, and potential impacts threatening the integrity of other vital Earth-system processes.42 Plastics certainly possess these characteristics, and recent literature indicated that plastic pollution has already exceeded the planetary boundary of novel entities.43 However, the indication is solely based on the fact that the annual production of plastics exceeds the capacity for safety assessments and monitoring. To enable the quantification, Persson et al. evaluate options to define control variables at several steps in the impact pathways of novel entities, from production-based to release and effect-focused variables.43 However, none of the proposed control variables comply with all defined criteria to assess novel entities, i.e., feasibility, relevance, and comprehensiveness. Furthermore, Kosnik et al. proposed a framework for determining levels of chemical pollution and the corresponding SOS for novel entities. Determining such levels, however, remains challenging due to limited data availability.44 Accordingly, despite the ongoing efforts, quantifying plastics' planetary footprint in novel entities is not yet possible.
Increasing plastic recycling, as suggested in the main article, would reduce the amount of plastics that enter the environment. Thus, plastic recycling reduces plastic pollution and the pressure on novel entities. In contrast, the pressure on novel entities due to plastic pollution is not reduced when switching from fossil to renewable feedstocks while producing the same plastics with the same use phase and end-of-life treatment. However, producing plastics that provide the same function but possess other end-of-life characteristics, such as biodegradable plastics, may be a viable option.  


Planetary Boundaries
In this study, we apply the planetary boundaries proposed by Röckström et al., which define a safe operating space for all activities on Earth.45 From this safe operating space, we subtract the natural background level, i.e., the natural state of the Earth system processes. Thereby, we yield a safe operating space for human activities (SOS), according to Table S6. In this study, the SOS will exclusively refer to the safe operating space for human activities. The SOS can be allocated to the plastics industry based on downscaling principles.46 This corresponding share of the SOS will define the thresholds for absolute environmental sustainability of the plastics industry.
In contrast to the planetary boundary for the N-cycle defined by Steffen et al.42, we only assess the chemical fixation of nitrogen. Accordingly, the original value of 62 Tg is reduced to 39.7 Tg representing the share of chemical fixation according to Algunaibet et al.47
[bookmark: _Hlk105678719]Table S6: Planetary boundaries: Planetary Boundaries define a safe operating space for all activities on Earth. Substracting the natural background level yields the safe operating space for human activities, to only which is referred to as SOS in this study. If the natural background level is higher than the planetary boundary, subtracting the planetary boundary from the natural background level yields the SOS for humanity.
	Earth-system process
	Unit
	Planetary boundary
	Natural background level
	Safe operating space for humanity

	Climate change – energy imbalance
	W/m2
	1
	0
	1

	Ocean acidification
	Ωarag
	2.752
	3.44
	0.688

	Change in biosphere integrity
	%
	90
	100
	10

	Nitrogen cycle
	Tg
	39.7
	0
	39.7

	Phosphorus cycle
	Tg
	11
	1
	10

	Atmospheric aerosol loading
	Aerosol optical depth
	0.25
	~0.15
	0.11

	Freshwater use
	km3
	4000
	0
	4000

	Stratospheric ozone depletion
	Dobson units
	275.5
	290
	14.5

	Land-system change
	%
	75
	100
	25



c. Inventory modeling
For the life cycle inventory, we adapted the model from Meys et al., which was originally designed to assess GHG emissions only, to consistently assess planetary footprints.1 To assess the impacts of plastic production on the N-cycle footprint, we follow the procedure from D'Angelo et al. and calculate the total amount of fixed nitrogen by fertilizer production and application in the supply chain of the plastics industry.29 The method allows for a direct calculation of the N-cycle footprint compared to the originally proposed characterization factors from Ryberg et al., which are considered to have higher uncertainty.29,30
The planetary boundary for freshwater use is based on the global consumption of blue water.45 In our model, blue water consumption consists of process water and cooling water consumption in the foreground system and other additional consumptions such as irrigation in the background system. We conservatively assume that process water consumption corresponds to a one-to-one use of blue water. To estimate the blue water consumption from cooling water applications, we use the average values for cooling water evaporation from BASF, a large manufacturer of chemicals and plastics.48 We assumed all evaporation as blue water loss as a conservative assumption for freshwater use.


d. Downscaling
Downscaling principles
Previous research commonly applies downscaling principles based on four ethical concepts: Egalitarian, inegalitarian, prioritarian, and utilitarian.46,49 However, there is still no scientific consensus on which principle to choose for downscaling to an industrial sector level. In the main article, we applied utilitarian downscaling by using the economic indicator of consumption expenditure. We found utilitarian downscaling to best suit the goal of this study, which requires downscaling to a global industrial sector. The other downscaling principles were not considered due to the following reasons:
Egalitarian principles aim for an equal distribution of resources between all humans.50 Accordingly, egalitarian principles are particularly important for regionalized assessments.46 For instance, egalitarian principles could assign a share of the SOS to all human activities in a region according to the ratio between the region’s population and the global population. By assessing global plastic production, we consider the demand for plastics by all humans and thus implicitly apply an egalitarian principle. However, egalitarian principles must be combined with other downscaling principles to allocate the share of SOS to industrial sectors. 
The egalitarian principle could be combined with an inegalitarian principle such as grandfathering. Grandfathering could be applied to allocate the SOS by the proportion of an industry's current contribution to the overall environmental impact.49 Thereby, grandfathering favors industrial sectors with high environmental impacts and disfavors industries that have already reduced their environmental impacts, which could be considered unjust. Moreover, grandfathering does incorporate any moral criteria, such as attention to human rights and an industry’s commitment to sustainable development.51 Therefore, we do not consider grandfathering as a downscaling principle in this study. 
In contrast, downscaling by prioritarian principles such as historical debt favors historically disadvantaged entities, e.g., regions or industries, by allowing them to overcome their historical disadvantages.49 However, in addition to the data of the status quo, prioritarian downscaling requires historical data, which is not available in the case of the plastics industry. Thus, we do not consider a prioritarian principle.
Indicators for utilitarianism
Utilitarian downscaling aims to maximize welfare in society. In the main article, we approximate society’s welfare by the economic indicator of consumption expenditure. The calculation based on consumption expenditure yields a share of safe operating space (SOS) of 1.1 %.
To assess the accuracy of allocating the share of SOS by consumption expenditure, we applied gross value added as an additional economic indicator. The gross value added measures the value of goods and services and can be estimated by the total product output at basic product price minus the total intermediate consumption at purchasers' price.52 We use the gross value added of the plastics industry for the year 2020 from EXIOBASE.53 However, the gross value from EXIOBASE represents only the directly added value of the plastics industry and omits the indirectly added value generated by the supply chain of the plastics industry, e.g., the crude oil refinery. Thereby, the gross value corresponds to a gate-to-gate system boundary. In contrast, we apply a cradle-to-grave system boundary by assessing the environmental impacts of plastics' supply chain and disposal. To align both system boundaries, we derive the indirect gross value added from the plastic supply chain by using the ratio between the direct and indirect gross value added of the chemical industry from Oxford Economics.54 Furthermore, we use EXIOBASE to add the gross value added from plastic disposal. To determine the share of SOS of the plastics industry, we divide plastics’ total gross value added by the global gross value added of all industries.
The gross value added yields a share of SOS of 1.3 %. Being similar to the calculations based on consumption expenditure strengthens the reliability of the economic indicators. Actually, the gross value added is the more common economic indicator for welfare,55 and thus, is frequently used for calculating the share of SOS.51 However, we favor the consumption expenditure in the main article as it yields the lower and thus more conservative threshold for environmentally sustainable plastics.


3. Results
a. Sensitivity analysis for recycling technologies
[image: ]
[bookmark: _Ref105601792]Figure S1: Sensitivity analysis of the planetary footprint of the plastic industry for recycling technologies. The planetary footprints are calculated by minimizing the environmental impact of climate change (details in methods). The pathways include fossil-based (grey), bio-based (green), and CCU-based (blue) plastics with the current (upper value) and the maximum (lower value) recycling rates. Freshwater use for the pathway “bio-based, MR + PY” is the only exception, where the lower value represents the current recycling rate. Arrows indicate increasing recycling rates. For each of the three pathways, there are two scenarios, one with mechanical recycling and chemical recycling via pyrolysis (MR + PY) and one with mechanical recycling and chemical recycling to monomers (MR + CR).
Since we identify recycling as a key enabler towards absolute environmentally sustainable plastics, we conduct a sensitivity analysis on recycling technologies. In all cases, recycling is limited to maximum recycling rates of 94 % due to 6 % unavoidable landfilling, which is in line with the literature.56 In this study, recycling rates are defined as the ratio between all waste plastics sorted for mechanical recycling or recycled chemically divided by the total amount of plastic waste. In contrast, effective recycling rates additionally account for losses during the sorting and recycling processes. Accordingly, effective recycling rates of 70 %, which Meys et al. found to be required for net-zero GHG emission plastics, correspond to recycling rates of 94 %. 
The reference case from the main article is mechanical recycling of packaging waste and pyrolysis to refinery feedstock of non-packaging wastes (MR+PY). Mechanical recycling and pyrolysis improve the sustainability of plastics with increasing recycling rates, thereby confirming the LCA results from recent literature for mechanical recycling.57 For chemical recycling via pyrolysis, however, the LCA literature indicates burden shifting from climate change to photochemical ozone formation due to NOx, SOx, and other direct emissions.57,58 These emissions also directly impact aerosol loading. In contrast, our results show higher direct emissions from plastic incineration than from pyrolysis, such that both mechanical and chemical recycling reduce impacts on aerosol loading. Future studies should therefore investigate the impact on aerosol loading for pyrolysis to avoid potential burden shifts. 
Chemical recycling to monomers could boost circularity compared to current practice, albeit being not market-ready. Therefore, we apply the optimistic assumption of a 95 % waste plastic conversion to monomers to assess the potential of chemical monomer recycling. 
Already at current recycling rates, chemical monomer recycling (MR+CR) would replace pyrolysis and reduce all planetary footprints compared to the reference case (MR+PY, see upper values in Figure S1). Chemical monomer recycling reduces virgin resource consumption, i.e., naphtha, biomass, and electricity, which are the main contributor to the planetary footprints (Figure 4 from the main article). The consumption is reduced due to the higher efficiency of chemical monomer recycling compared to pyrolysis. For pyrolysis, the overall efficiency from waste polymer to naphtha is set to 63 %1, which is already less efficient than the assumed efficiency of chemical monomer recycling (95 %). Moreover, pyrolysis requires reproducing monomers from naphtha, leading to additional losses. In contrast, chemical recycling directly yields monomers, which additionally enhances the efficiency of chemical monomer recycling. Thereby, increasing recycling efficiencies is most beneficial at maximum recycling rates, where planetary footprints decrease between 21 and 97 % compared to the reference case with pyrolysis (MR+PY).
In summary, chemical monomer recycling could enable absolute environmental sustainability for CCU-based plastics at maximum recycling rates and significantly improve the sustainability of bio-based plastics. Therefore, getting chemical monomer recycling market-ready is the key towards absolute environmentally sustainable plastics. In the meantime, increasing recycling rates and pyrolysis efficiency improve plastics' sustainability.
b. Sensitivity analysis of biomass sources
Energy crops are the default biomass used in the main article. Using energy crops transgresses the plastic industry’s share of SOS in biosphere integrity and the N-cycle footprint by about four times even at maximum recycling rates (see Figure S2). Therefore, we analyze the planetary footprints of energy crops in the following. Furthermore, biomass cultivation, which is the main contributor to the planetary footprints of bio-based plastics, differs by biomass type. Thus, we conduct a sensitivity analysis for lignocellulosic biomass, including woody biomasses and two types of bagasse as industrial by-products. Bagasse is a by-product of sugar production from sugarcane and ethanol production from sweet sorghum. We exclude edible biomass from the sensitivity analysis to avoid competition with the food industry and compare the types of biomasses based on a dry mass basis. The following analysis focuses on bio-based plastics at maximum recycling rates (see Figure S2).
In this study, energy crops are represented by miscanthus. We found that miscanthus has a higher N-cycle footprint than other lignocellulosic biomasses resulting from higher nitrogen-containing fertilizer use (see Figure S2). In contrast, previous literature predicts lower nutrient requirements for energy crops when compared to other crops and little to no need for additional fertilizer when cultivated on arable land.59,60 Thus, the fertilizer demand for cultivating energy crops assumed in ecoinvent might be too conservative. The lower nutrient requirements of energy crops from literature align with the assumptions for sweet sorghum and sugarcane production from ecoinvent, where more nitrogen-containing fertilizer is used compared to miscanthus production. However, ecoinvent applies economic allocation between ethanol, bagasse, and other co-products for ethanol production from sweet sorghum and between sugar, sugarcane, and other co-products for sugar production from sugarcane. Since bagasse has a significantly lower price than the main products, the environmental impacts are mainly allocated to the main product. Thus, the N-cycle footprint of bagasse is lower than for miscanthus. However, using bagasse as a feedstock for plastics may increase the price of bagasse, resulting in higher environmental impacts. Furthermore, production volumes are limited by the demand for the bagasse’s main products. In contrast, woody biomass significantly reduces the N-cycle footprint compared to miscanthus since forestry demands less fertilizer than cultivating energy crops.5 By using woody biomass, the plastic industry could operate within the share of SOS for the N-cycle footprint. 
In ecoinvent, miscanthus is assumed to grow mainly on arable land. However, Roncucci et al. found similar yields for energy crops on low-fertility land if about the same amount of nitrogen fertilizer (50 kg per hectare per year) is used as assumed in ecoinvent.61 Accordingly, the high impacts in biosphere integrity resulting from the occupation of arable land can be reduced if energy crops are cultivated on marginal land with lower fertility. In addition, using marginal land for biomass cultivation may increase its availability.
Considering the other biomass types, bagasse has the lowest impact on biosphere integrity due to the high yields of their corresponding crops (see Figure S2). Again, economic allocation favors the low environmental impact of bagasse. In contrast, except for bark chips, woody biomass worsens biosphere integrity compared to energy crops due to the lower yield of woody biomass per hectare resulting in higher land occupation.5 In addition, even plastics produced from bark chips transgress their share of SOS. 
For GHG-related planetary footprints, bagasse and woody biomasses perform similar to energy crops, except for wood pellets. Wood pellets have higher impacts on climate change and ocean acidification due to additional efforts for pelletizing and drying. The additional efforts also cause higher impacts in aerosol loading compared to other biomass feedstocks. For the other biomass feedstocks, the largest share of aerosol loadings results from biomass cultivation, which originates from the construction of agricultural machinery. The machinery construction requires steel, which is currently predominantly produced by blast furnace processes using coal as a reduction agent. Thus, a switch to steel production based on alternative reducing agents may improve aerosol loading of coal-related processes.   
In summary, energy crops may offer the highest additional availability and thus be the primary prospect for the large-scale production of bio-based plastics. The planetary footprint of energy crops can be reduced by deploying alternative biomass feedstocks. However, each feedstock comes with a trade-off, either by high biosphere integrity loss or limited availability. A balanced mix of feedstocks may exploit the advantages of each feedstock while keeping the trade-offs at a minimum. Thereby, building on various biomass feedstocks may enable sufficient availability and absolute environmental sustainability for the plastic industry if bio-based production is combined with high recycling rates.
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[bookmark: _Ref105602751]Figure S2: Sensitivity analysis of the planetary footprint of the plastic industry for biomass feedstocks. Energy crops are used for bio-based plastics in the main article. The bio-based supply chain is calculated by minimizing the environmental impact of climate change (details in methods) when using energy crops. For all other biomass feedstocks the supply chain is the same and the energy crops are replaced on dry basis. All pathways show bio-based plastics with the current (upper value) and the maximum (lower value) recycling rates. Exception, where the lower value represents the current recycling rate, are the P-cycle footprint for bagasse from sugarcane and wood chips, and the freshwater use for all feedstocks except for both types of bagasse. Arrows indicate increasing recycling rates.
c. Sensitivity analysis of renewable energy
CCU-based plastics strongly rely on renewable electricity generation. Even the most ambitious forecasts for the 2030’s grid mix25 would compromise the environmental sustainability of CCU-based plastics. Therefore, we further assess which electricity generation technologies could be promising for producing sustainable CCU-based plastics. For this purpose, we assess the planetary footprints of CCU-based plastics when entirely relying upon either geothermal, nuclear, water, solar, or wind power. The planetary footprints most sensitive to electricity generation are the P-cycle footprint, aerosol loading, and all GHG-related planetary footprints, namely climate change, ocean acidification, and biosphere integrity. In this analysis, we focus on CCU-based plastics at maximum recycling rates (Figure S3).
Currently, CCU-based plastics based on electricity from photovoltaic (PV) and geothermal power do not achieve absolute environmental sustainability due to the remaining GHG emissions from plant construction. Furthermore, PV and geothermal power exceed the planetary boundary for the P-cycle footprint and aerosol loading. However, the P-cycle footprint is reduced to 4.0 % of the SOS for PV with high full load hours and 3.0 % of the SOS for geothermal energy compared to 5.8 % of the SOS for the 2030’s grid mix (see Fig. 3 in main article). Aerosol loading increases to 6.0 % by PV and 7.8 % by geothermal power compared to 5.9 % of the SOS for the 2030’s grid mix. The P-cycle footprint results from construction, which for geothermal power plants and photovoltaic panels is linked to coal-based energy. Additionally, the construction of geothermal power plants is linked to coal-based steel production, while photovoltaic panels require copper for wiring. Along with direct emissions from steel production, the mining of copper and coal causes the P-cycle footprint. Aerosol loading is mostly linked to coal-based energy for the construction of the geothermal power plant and photovoltaic panels. 
Reducing footprints from construction could make both technologies viable options for sustainable plastic production. For instance, decarbonizing the electricity supply used for construction decreases the construction’s climate change impact of PV and geothermal energy by 40 and 65 %, respectively.62 Increasing full load hours would further reduce the specific impact of the construction phase. In particular, for PV full load hours could double in regions with high solar intensity, such as the Middle East, when compared to regions with lower solar intensity like Germany. With higher full load hours (photovoltaic, high FLH in Figure S3), the electricity output per PV panel increases. The impacts from the construction phase remain unchanged and, thus, relatively decrease per energy output. However, even in solar-intense regions, current PV construction needs to be further decarbonized to comply with the planetary boundaries.
Considerably more sustainable are CCU-based plastics using either nuclear, wind, or hydro power. Hydro power even enables absolute environmental sustainability for CCU-based plastics with maximum recycling rates. However, hydro power is limited to regional topography.
In contrast, nuclear power is not limited to regional topography but exceeds the share of safe operating space for aerosol loading and freshwater use. Moreover, using nuclear power for CCU-based plastics increases the impact of ionizing radiation, which is strongly linked to human health impacts. Using nuclear power increases ionizing radiation by about 20-times compared to fossil-based and about 216-times compared to CCU-based plastics with wind power. Furthermore, the disposal of nuclear fuel rods is controversially discussed and could jeopardize absolute environmental sustainability. 
[bookmark: _Hlk102395659]For wind power, the construction is the main contributor to the remaining planetary footprints. In particular, for the P-cycle footprint and aerosol loading, improving steel and copper production will further reduce planetary footprints. Similar to PV, wind-intense regions enable high full load hours for wind power and, thereby, grant low planetary footprints. Full load hours would also tackle non-renewable resource depletion, which is often discussed for wind turbines and may be considered unsustainable from a general perspective. In the context of environmental sustainability, however, resource depletion does not directly threaten the stability of the Earth system.63 Thus, wind power may be the best choice for environmentally sustainable plastics. 
In summary, wind, nuclear, and hydro power are the most promising prospects towards sustainable production of CCU-based plastics. However, including any of the assessed renewable electricity technologies in the grid mix will bring plastics industry closer towards absolute environmental sustainability. Maximizing full load hours and decreasing footprints from construction could go alongside with increasing recycling efficiency to enable absolute environmental sustainability.
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[bookmark: _Ref105666616]Figure S3: Sensitivity analysis on the planetary footprint of CCU-based plastics for electricity generation technologies. Onshore wind power is used for CCU-based plastics in the main article. The CCU-based supply chain is calculated by minimizing the environmental impact of climate change (details in methods) when onshore wind power. For all other electricity generation technologies, the supply chain is the same, and wind-powered electricity is replaced on an energy basis. All pathways show CCU-based plastics with the current (upper value) and the maximum (lower value) recycling rates. Arrows indicate increasing recycling rates. For photovoltaic, we include two datasets: One from Germany and one representing solar-intense regions with higher full hours (high FLH), which we approximate by photovoltaic from Saudi Arabia.
d. Planetary footprints of plastics in 2050
In the main article, we show that the plastics industry can achieve absolute environmental sustainability for production volumes of 2030 when applying optimistic assumptions of 95 % efficiency for chemical recycling to monomers and wind power as the source of electricity. From 2030 to 2050, production increases by 27-163 %, depending on the type of plastic (see Table 1 of the main article). The increasing production compromises absolute environmental sustainability in 2050 for any technology combination when applying best case assumptions (see Figure S4). 
For bio-based plastics with maximum recycling rates, biosphere integrity and the N-cycle footprint are transgressed by 337 % and 353 % compared to the plastics industry’s share of SOS, while for CCU-based plastics with maximum recycling rates, aerosol loading is transgressed by 64 %. In addition, even a linear combination of both mitigation strategies does not allow for absolute environmentally sustainable plastics when applying a share of SOS of 1.1 %. 
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[bookmark: _Ref105675286][bookmark: _Hlk105677277][bookmark: _Hlk104404988][bookmark: _Hlk105677750][bookmark: _Hlk105677305]Figure S4: The planetary footprint of the plastic industry for three pathways in 2050. The planetary footprints are calculated by minimizing the environmental impact of climate change (details in methods in main article). The pathways include fossil-based (grey), bio-based (green), and CCU-based (light and dark blue) plastics with the current (upper value) and the maximum (lower value) recycling rates. The only exception is freshwater use of bio-based plastics, where the lower value represents the current recycling rate. Arrows indicate increasing recycling rates.
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