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Figure S1 illustrates the visual evolution observed during cobalt recovery from the DES leachate upon gradual addition of a 5 M KOH solution. Progressive pH increase induced distinct color changes in the solution and precipitate, culminating in the formation of a brown cobalt-containing solid at pH 12, which was subsequently collected and dried.
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Figure S1. Cobalt recovery using 5M potassium hydroxide solution, showing transition from dark green to purple (pH=1), purple (pH=9), and finally brown as pH increases to 12 and cobalt precipitates. After the first drops of KOH the colour of the DES solution starts changing to pinkish. A pink precipitated is formed at a pH of approximately 1. As the pH raises to 9, the precipitate turns to purple and, when the pH reached 12, a brown powder was formed. T The brown precipitate was collected and dried at 80 °C overnight.  

Figure S2 presents the process flow diagram for the separation of black mass from shredded lithium cobalt oxide (LCO) cathode scraps using triethyl phosphate (TEP), followed by a deep eutectic solvent (DES)–based hydrometallurgical route for cobalt recovery. The scheme outlines the main unit operations, including mechanical pre-treatment, TEP-assisted separation, DES leaching, solid–liquid separation, and downstream cobalt recovery steps, which define the system boundaries adopted in the life cycle assessment.

[image: ]
Figure S2. Flowchart of the cobalt recovery process from shredded LCO cathode.

Tables S2 to S16 report the LCI activities for the units involved in the recycling process, as well as for the chemicals for which it was not possible to find available datasets on software libraries. 
Note that, to achieve the main functional unit selected for the study, all flows were linearly scaled to match 1 g of cobalt hydroxide powder as the system output.
Table S2: LCI related to black mass separation with TEP (Step 1)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	LCO cathode
	1
	g
	burden-free

	Triethyl phosphate (made in China), Cut-off, U
	12.7
	g
	 

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.025
	kWh
	Electricity used for separating the black mass (heating plate)

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.0000103
	kWh
	Electricity used for drying aluminium (oven)

	Output

	Product

	Suspension (from black mass separation)
	12
	g
	 

	Waste to treatment

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	1.39
	g
	Losses recorded during lab operations

	Aluminium (waste treatment) {GLO}| recycling of aluminium | Cut-off, U
	0.165
	g
	Aluminium recovered from the black mass

	Emissions to air

	Triethyl phosphate
	0.146
	g
	Sub compartment: low-population. Assumption that all material losses derive from TEP evaporation



Table S3: LCI related to suspension centrifugation (Step 2)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Suspension (from black mass separation)
	12
	g
	input from the previous step

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.00752
	kWh
	Electricity used for centrifugation

	Output

	Product

	Black powder and residual TEP (from centrifugation)
	1.28
	g
	Value estimated by difference. No losses were assumed.

	Waste to treatment

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	10.8
	g
	Solution of TEP, carbon & binder



Table S4: LCI related to washing of the black mass and centrifugation (Step 3)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Black powder and residual TEP (from centrifugation)
	1.28
	g
	Input from previous step

	Water, ultrapure {RER}| water production, ultrapure | Cut-off, U
	35.6
	g
	 

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.023
	kWh
	Electricity used for centrifugation

	Output

	Product

	Black powder and residual water (from washing and centrifugation)
	1.73
	g
	 

	Waste to treatment

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	35.2
	g
	water and remaining TEP



Table S5: LCI related to black powder drying (Step 4)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Black powder and residual water (from washing and centrifugation)
	1.73
	g
	Input from previous step

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	5.45E-05
	kWh
	Electricity used for centrifugation

	Output

	Product

	Black powder (from drying)
	0.767
	g
	 

	Emission to air

	Water
	0.961
	g
	Sub compartment: low population




Table S6: LCI related to Deep Eutectic Solvent preparation (Step 5)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Oxalic acid {GLO}| market for oxalic acid | Cut-off, U
	12.1
	g
	Input from previous step

	_Choline chloride (from reaction yield 100%), Cut-off, U, CN
	18.6
	g
	Dataset adapted from Zaib et al.

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.0219
	kWh
	 

	Output

	Product

	DES (from DES preparation)
	30.7
	g
	 



Table S7: LCI related to dissolution of the black mass in the Deep Eutectic Solvent (Step 6)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Black powder (from drying)
	0.767
	g
	input from the previous step

	DES (from DES preparation)
	30.7
	g
	input from the previous step

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.587
	kWh
	 

	Output

	Product

	Dark green suspension (from dissolution in DES)
	29.8
	g
	 

	Waste to treatment

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	1.6
	g
	Material losses during lab operations, calculated as difference






Table S8: LCI related to centrifugation for separation of the viscous liquid (Step 7)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Dark green suspension (from dissolution in DES)
	29.8
	g
	input from the previous step

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.0146
	kWh
	Electricity used for centrifugation

	Output

	Product

	Dark green viscous liquid (from centrifugation)
	27.2
	g
	 

	Waste to treatment

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	2.48
	g
	Solid residue

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	6.91E-04
	g
	Losses during lab procedure, calculated as difference



Table S9: LCI related to preparation of the KOH solution (Step 8)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Potassium hydroxide {GLO}| market for potassium hydroxide | Cut-off, U
	14.8
	g
	 

	Water, ultrapure {RER}| water production, ultrapure | Cut-off, U
	52.8
	g
	 

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	7.92E-03
	kWh
	Electricity used for stirring and heating

	Output

	Product

	KOH solution 5M (from KOH solution preparation)
	67.6
	g
	 







Table S10: LCI related to pH adjustment of viscous liquid with KOH (Step 9)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	KOH solution 5M (from KOH solution preparation)
	67.6
	g
	Input from previous step

	Dark green viscous liquid (from centrifugation)
	27.2
	g
	Input from previous step

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.211
	kWh
	Electricity used for stirring and heating

	Output

	Product

	Suspension (from pH adjustment)
	94.8
	g
	 



Table S11: LCI related to centrifugation for separation of the precipitate (Step 10)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Suspension (from pH adjustment)
	94.8
	g
	Input from previous step

	Water, ultrapure {RER}| water production, ultrapure | Cut-off, U
	0.158
	g
	 

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.1
	kWh
	Electricity used for centrifugation

	Output

	Product

	Precipitate and residual solution (from centrifugation)
	31.3
	g
	 

	Waste to treatment

	Hazardous waste, for incineration {Europe without Switzerland}| market for hazardous waste, for incineration | Cut-off, U
	63.6
	g
	Solution containing lithium. Not yet recovered









Table S12: LCI related to precipitate washing (Step 11)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Precipitate and residual solution (from centrifugation)
	31.3
	g
	Input from previous step

	Water, ultrapure {RER}| water production, ultrapure | Cut-off, U
	422
	g
	 

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.127
	kWh
	Electricity used for heating

	Output

	Product

	Precipitate and residual water (from washing)
	454
	g
	 



Table S13: LCI related to centrifugation to remove potassium oxalate (Step 12)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Precipitate and residual water (from washing)
	454
	g
	Input from previous step

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	0.401
	kWh
	Electricity used for centrifugation

	Output

	Product

	Solid and residual water (from centrifugation)
	5.36
	g
	 

	Waste to treatment

	Wastewater, average {Europe without Switzerland}| market for wastewater, average | Cut-off, U
	448
	cm3
	Water containing potassium oxalate








Table S14: LCI related to brown powder drying (Step 13)
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Solid and residual water (from centrifugation)
	5.36
	g
	Input from previous step

	Water, ultrapure {RER}| water production, ultrapure | Cut-off, U
	13.2
	g
	 

	Electricity/heat

	Electricity, medium voltage {IT}| market for | Cut-off, U
	8.45E-04
	kWh
	Electricity used for heating (oven)

	Output

	Product

	Cobalt hydroxide
	0.459
	g
	 

	Emissions to air

	Water
	18.1
	g
	Sub compartment: low-population. 



Table S15: LCI related to the production of choline chloride
	Process
	Quantity
	Unit
	Notes

	Input

	Materials/fuels

	Hydrochloric acid, without water, in 30% solution state {RoW}| market for hydrochloric acid, without water, in 30% solution state | Cut-off, U
	0.6812
	kg
	 

	Trimethylamine {RoW}| market for trimethylamine | Cut-off, U
	0.4233
	kg
	 

	Water, deionized {RoW}| water production, deionised | Cut-off, U
	0.9878
	kg
	 

	Ethylene oxide {RoW}| market for ethylene oxide | Cut-off, U
	0.3155
	kg
	 

	Transport, freight, lorry, >32 metric ton, diesel, EURO 4 {RER}| market for transport, freight, lorry, >32 metric ton, diesel, EURO 4 | Cut-off, U
	1000
	kgkm
	 

	Transport, freight, sea, container ship, heavy fuel oil {GLO}| transport, freight, sea, container ship, heavy fuel oil | Cut-off, U
	15800
	kgkm
	 

	Electricity/heat

	Electricity, high voltage {CN}| market group for electricity, high voltage | Cut-off, U
	129600
	J
	Mixer

	Electricity, high voltage {CN}| market group for electricity, high voltage | Cut-off, U
	2.931
	MJ
	Reactor

	Heat, from steam, in chemical industry {RoW}| steam production, as energy carrier, in chemical industry | Cut-off, U
	16.569
	MJ
	Evaporator

	Output

	Product

	Choline chloride (from reaction yield 100%), Cut-off, U, CN
	1
	kg
	 

	Emission to air

	Water
	1.465
	kg
	 

	Heat, waste
	3.31
	kJ
	 



Table S16: LCI related to the production of triethyl phosphate
	Process
	Quantity
	Unit
	Notes

	Input

	Resources

	Water, cooling, unspecified natural origin, CN
	0.031
	m3
	 

	Materials/fuels

	Ammonia, anhydrous, liquid {CN}| market for ammonia, anhydrous, liquid | Cut-off, U
	0.32
	kg
	 

	Chemical factory, organics {RoW}| chemical factory construction, organics | Cut-off, U
	4E-10
	p
	 

	Ethanol, without water, in 99.7% solution state, from ethylene {RoW}| ethanol production, ethylene hydration | Cut-off, U
	0.87
	kg
	 

	Oxygen, liquid {RoW}| market for oxygen, liquid | Cut-off, U
	0.093
	kg
	 

	Phosphorous chloride {RoW}| phosphorous chloride production | Cut-off, U
	0.8
	kg
	 

	Steam, in chemical industry {RoW}| market for steam, in chemical industry | Cut-off, U
	1.8
	kg
	 

	Transport, freight, lorry, >32 metric ton, diesel, EURO 4 {RER}| market for transport, freight, lorry, >32 metric ton, diesel, EURO 4 | Cut-off, U
	1000
	kgkm
	 

	Transport, freight, sea, container ship, heavy fuel oil {GLO}| transport, freight, sea, container ship, heavy fuel oil | Cut-off, U
	15800
	kgkm
	 

	Electricity/heat

	Electricity, medium voltage {CN}| market group for electricity, medium voltage | Cut-off, U
	0.92
	kWh
	 

	Output

	Product

	Triethyl phosphate (made in China), Cut-off, U
	1
	kg
	 

	Ammonium chloride [co-product of Triethylphosphate production CN]
	0.93
	kg
	Co-product

	Waste to treatment

	Spent solvent mixture {RoW}| market for spent solvent mixture | Cut-off, U
	0.16
	kg
	 

	Wastewater, average {RoW}| market for wastewater, average | Cut-off, U
	0.031
	m3
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Table S 17: LCI related to production of oxalic acid via CO coupling method. This dataset was adapted from IDEA database and used for sensitivity analysis
	Process
	Quantity
	Unit
	Notes

	Input

	Resources

	Resources, building site, land use, land occupation
	0.0017648
	m2a
	 

	Resources, forest to building site, land use, land transformation
	3.53E-05
	m2
	 

	Materials/fuels

	Chemical factory, organics {RoW}| chemical factory construction, organics | Cut-off, U
	1.059E-09
	p
	This piece of data was obtained by calculating the sum (in m2) of three inputs of the IDEA dataset, referring to the construction of the factory, and by transforming m2 in p (10500 m2 : 1 p)

	Nitric acid, without water, in 50% solution state {RoW}| market for nitric acid, without water, in 50% solution state | Cut-off, U
	0.0042
	kg
	Amount of pure nitric acid (100%)

	Water, deionised {RoW}| market for water, deionised | Cut-off, U
	0.0000857
	kg
	Water contained in HNO3 solution

	Oxygen, liquid {RoW}| market for oxygen, liquid | Cut-off, U
	90.79
	g
	Values reported in the original IDEA dataset are in Nm3, so they were converted in unit of mass

	Hydrogen, gaseous, low pressure {RoW}| market for hydrogen, gaseous, low pressure | Cut-off, U
	2.085
	g
	Values reported in the original IDEA dataset are in Nm3, so they were converted in unit of mass

	Carbon monoxide {RoW}| market for carbon monoxide | Cut-off, U
	369.98
	g
	Values reported in the original IDEA dataset are in Nm3, so they were converted in unit of mass

	N-butanol {GLO}| market for n-butanol | Cut-off, U
	0.842
	kg
	 

	Tap water {RoW}| tap water production, underground water with chemical treatment | Cut-off, U
	0.00455
	ton
	Both water supply and its treatment are included (in the original IDEA dataset inputs are separated)

	Water, deionised {RoW}| market for water, deionised | Cut-off, U
	0.178
	kg
	Stoichiometric amount of water used to hydrolyze dibutyl oxalate

	Electricity/heat

	Steam, in chemical industry {RoW}| market for steam, in chemical industry | Cut-off, U
	1.26
	kg
	 

	Electricity, high voltage {JP}| market for electricity, high voltage | Cut-off, U
	0.227
	kWh
	 

	Output

	Product

	Oxalic acid
	0.445
	kg
	dataset adapted from IDEA database

	Avoided Products

	N-butanol {GLO}| market for n-butanol | Cut-off, U
	0.8
	kg
	We assume that 95% of butanol is recovered after hydrolysis of dibutyl oxalate (percentage was chosen following methodology of Hischier et al.)

	Emissions to air

	Emissions, nitrous oxide, air, unspecified
	0.00307
	kg
	Sub compartment: low-population. Calculated by assuming that all nitric acid is oxidized to nitrous oxide

	Emissions, carbon dioxide (fossil), air, unspecified
	0.246
	kg
	Sub compartment: low-population.  Calculated by assuming that carbon contained in input material and not contained in the final product is emitted as carbon dioxide




Figure S3 reports the contribution analysis of the main process phases and the sensitivity analysis performed on Phase 6 (dissolution of the black mass in the DES). The baseline scenario uses the Italian electricity mix from ecoinvent 3, while the alternative scenario is based on IEA 2023 data assuming a 20% increase in renewable energy sources. The modified electricity mix results in a 37.7% reduction in the total environmental impact of Phase 6, with reductions in global warming, fine particulate matter formation, and fossil resource scarcity, accompanied by increases in selected impact categories (e.g., terrestrial ecotoxicity).
[image: ]
Figure S3. Comparison between the baseline scenario (Italian energy mix from ecoinvent 3) and the renewable scenario (Italian energy mix based on IEA 2023 data with a 20% increase in renewable sources) for step 6.





Table S17: LCIA results presented at the Midpoint-level results (Recipe2016, H), for 1 g of recovered cobalt hydroxide 
	Impact Category
	Unit
	Step 1
	Step 2
	Step 3
	Step 4
	Step 5
	Step 6
	Step 7
	Step 8
	Step 9
	Step 10
	Step 11
	Step 12
	Step 13
	Total

	GW
	kg CO2 eq
	2.66E-01
	6.39E-02
	2.07E-01
	4.50E-05
	7.62E-01
	4.93E-01
	2.53E-02
	1.55E-01
	1.74E-01
	4.23E-01
	1.07E-01
	3.31E-01
	7.70E-04
	3.01E+00

	SOD
	kg CFC11 eq
	6.61E-08
	1.41E-08
	4.57E-08
	2.02E-11
	3.66E-06
	2.19E-07
	8.02E-09
	5.00E-08
	7.83E-08
	1.04E-07
	4.98E-08
	1.50E-07
	3.97E-10
	4.45E-06

	IR
	kBq Co-60 eq
	1.57E-02
	2.18E-03
	7.04E-03
	6.02E-06
	1.65E-02
	6.51E-02
	1.92E-03
	1.31E-02
	2.33E-02
	1.90E-02
	1.52E-02
	4.44E-02
	1.30E-04
	2.24E-01

	OFHH
	kg NOx eq
	6.34E-04
	5.05E-05
	1.63E-04
	6.93E-08
	1.14E-02
	7.53E-04
	2.80E-05
	3.97E-04
	2.68E-04
	3.69E-04
	1.66E-04
	5.11E-04
	1.20E-06
	1.47E-02

	FPMF
	kg PM2.5 eq
	3.90E-04
	2.22E-05
	7.16E-05
	3.79E-08
	2.42E-03
	4.11E-04
	1.41E-05
	2.98E-04
	1.47E-04
	1.69E-04
	9.14E-05
	2.79E-04
	6.83E-07
	4.32E-03

	OFTE
	kg NOx eq
	6.67E-04
	5.42E-05
	1.75E-04
	7.42E-08
	1.15E-02
	8.06E-04
	3.00E-05
	4.09E-04
	2.87E-04
	3.95E-04
	1.77E-04
	5.47E-04
	1.28E-06
	1.50E-02

	TA
	kg SO2 eq
	8.11E-04
	5.74E-05
	1.85E-04
	9.69E-08
	7.29E-03
	1.05E-03
	3.61E-05
	5.48E-04
	3.75E-04
	4.37E-04
	2.33E-04
	7.14E-04
	1.73E-06
	1.17E-02

	FE
	kg P eq
	1.18E-04
	1.99E-05
	6.81E-05
	1.07E-08
	2.09E-04
	1.18E-04
	7.10E-06
	9.14E-05
	4.15E-05
	1.28E-04
	6.80E-05
	8.12E-05
	1.51E-06
	9.52E-04

	ME
	kg N eq
	9.23E-06
	1.17E-06
	4.27E-06
	8.68E-10
	4.18E-05
	9.51E-06
	4.73E-07
	6.45E-06
	3.36E-06
	7.75E-06
	7.90E-06
	1.09E-05
	1.97E-07
	1.03E-04

	TE
	kg 1,4-DCB
	4.71E-01
	5.16E-02
	1.68E-01
	2.86E-05
	1.31E+00
	3.15E-01
	1.86E-02
	4.20E-01
	1.11E-01
	3.33E-01
	6.99E-02
	2.12E-01
	5.45E-04
	3.48E+00

	FET
	kg 1,4-DCB
	9.16E-03
	1.35E-03
	4.39E-03
	1.17E-06
	2.45E-02
	1.28E-02
	5.87E-04
	9.86E-03
	4.53E-03
	9.16E-03
	2.85E-03
	8.66E-03
	2.21E-05
	8.78E-02

	MET
	kg 1,4-DCB
	1.22E-02
	1.82E-03
	5.92E-03
	1.51E-06
	3.25E-02
	1.65E-02
	7.76E-04
	1.29E-02
	5.86E-03
	1.23E-02
	3.69E-03
	1.12E-02
	2.88E-05
	1.16E-01

	HCT
	kg 1,4-DCB
	3.84E-02
	1.09E-02
	3.54E-02
	3.97E-06
	8.35E-02
	4.42E-02
	3.43E-03
	3.41E-02
	1.54E-02
	6.81E-02
	1.09E-02
	2.94E-02
	1.13E-04
	3.74E-01

	HNCT
	kg 1,4-DCB
	2.53E-01
	3.30E-02
	1.07E-01
	2.27E-05
	6.87E-01
	2.49E-01
	1.30E-02
	2.46E-01
	8.80E-02
	2.18E-01
	5.61E-02
	1.71E-01
	4.51E-04
	2.12E+00

	LU
	m2a crop eq
	9.14E-03
	4.98E-04
	1.60E-03
	1.08E-06
	1.17E-02
	1.16E-02
	3.69E-04
	4.75E-03
	4.17E-03
	4.03E-03
	2.58E-03
	7.93E-03
	1.89E-05
	5.85E-02

	MRS
	kg Cu eq
	3.93E-03
	6.00E-05
	1.95E-04
	6.17E-08
	1.45E-03
	6.72E-04
	2.83E-05
	6.01E-04
	2.39E-04
	4.16E-04
	1.53E-04
	4.57E-04
	1.26E-06
	8.20E-03

	FRS
	kg oil eq
	8.24E-02
	8.04E-03
	2.59E-02
	1.51E-05
	2.13E-01
	1.63E-01
	5.41E-03
	4.16E-02
	5.83E-02
	6.28E-02
	3.57E-02
	1.11E-01
	2.52E-04
	8.07E-01

	WC
	m3
	2.04E-03
	1.75E-04
	6.38E-04
	6.06E-07
	4.18E-03
	6.54E-03
	1.83E-04
	1.43E-03
	2.35E-03
	1.65E-03
	2.43E-03
	3.49E-03
	4.12E-05
	2.51E-02


GW=Global warming, SOD=Stratospheric ozone depletion, IR=Ionizing radiation, OFHH =Ozone formation, Human health, FPMF=Fine particulate matter formation, OFTE=Ozone formation, Terrestrial ecosystems, TA=Terrestrial acidification, FA=Freshwater eutrophication, ME=Marine eutrophication, HCT=Human carcinogenic toxicity, HNCT=Human non-carcinogenic toxicity, LU=Land use, MRS=Mineral resource scarcity, FRS=Fossil resource scarcity, WC=Water consumption.


Table S18: LCIA results presented at the Endpoint-level results (Recipe2016, H), for 1 g of recovered cobalt hydroxide
	Damage category
	Human health
	Ecosystems
	Resources

	Unit
	DALY
	species. yr
	USD2013

	Step 1
	6.80E-07
	1.18E-09
	2.37E-02

	Step 2
	1.17E-07
	2.19E-10
	3.03E-03

	Step 3
	3.81E-07
	7.13E-10
	9.74E-03

	Step 4
	8.50E-11
	1.77E-13
	4.85E-06

	Step 5
	2.68E-06
	5.47E-09
	6.04E-02

	Step 6
	9.32E-07
	1.93E-09
	5.26E-02

	Step 7
	4.70E-08
	9.21E-11
	1.84E-03

	Step 8
	5.03E-07
	7.32E-10
	1.00E-02

	Step 9
	3.29E-07
	6.85E-10
	1.88E-02

	Step 10
	7.77E-07
	1.47E-09
	2.28E-02

	Step 11
	2.12E-07
	4.69E-10
	1.14E-02

	Step 12
	6.26E-07
	1.29E-09
	3.57E-02

	Step 13
	1.74E-09
	4.51E-12
	7.92E-05

	Total
	7.29E-06
	1.43E-08
	2.50E-01


DALY=Disability Adjusted Life Years; USD=United States Dollars


[image: ]
Figure S4: Heat maps of the process: on the left the original (base scenario) and on the right the scenario without the allocations related to the energy consumed by the oven in steps 1, 4, and 13 (alternative scenario). The two maps should be interpreted separately.



Table S18: Results of the Monte Carlo uncertainty analysis for the entire process at the midpoint level
	Impact category
	Unit
	Mean
	Median
	SD
	CV
	2.5%
	97.5%
	SEM

	Fine particulate matter formation
	kg PM2.5 eq
	0.00432
	0.00431
	0.00024
	5.57 %
	0.0039
	0.00479
	0.000024

	Fossil resource scarcity
	kg oil eq
	0.819
	0.81
	0.0803
	9.8 %
	0.682
	1.04
	0.00803

	Freshwater ecotoxicity
	kg 1,4-DCB
	0.0879
	0.0837
	0.0349
	39.7 %
	0.0113
	0.192
	0.00349

	Freshwater eutrophication
	kg P eq
	0.000983
	0.000915
	0.000343
	34.9 %
	0.000493
	0.00185
	3.43E-05

	Global warming
	kg CO2 eq
	3.01
	2.99
	0.172
	5.71 %
	2.64
	3.47
	0.0172

	Human carcinogenic toxicity
	kg 1,4-DCB
	0.359
	0.343
	0.124
	34.5 %
	0.181
	0.757
	0.0124

	Human non-carcinogenic toxicity
	kg 1,4-DCB
	5.29
	3.54
	17.4
	329 %
	-25.3
	43.4
	1.74

	Ionizing radiation
	kBq Co-60 eq
	0.181
	0.107
	0.222
	123 %
	0.0286
	0.82
	0.0222

	Land use
	m2a crop eq
	0.057
	0.0548
	0.0151
	26.4 %
	0.0241
	0.0867
	0.00151

	Marine ecotoxicity
	kg 1,4-DCB
	0.116
	0.111
	0.0444
	38.3 %
	0.0206
	0.244
	0.00444

	Marine eutrophication
	kg N eq
	0.000104
	0.000102
	1.47E-05
	14.2 %
	7.58E-05
	0.000141
	1.47E-06

	Mineral resource scarcity
	kg Cu eq
	0.00834
	0.00782
	0.00227
	27.2 %
	0.00499
	0.0141
	0.000227

	Ozone formation, Human health
	kg NOx eq
	0.0147
	0.0145
	0.00167
	11.4 %
	0.0118
	0.0188
	0.000167

	Ozone formation, Terrestrial ecosystems
	kg NOx eq
	0.015
	0.0148
	0.00169
	11.3 %
	0.012
	0.0191
	0.000169

	Stratospheric ozone depletion
	kg CFC11 eq
	4.56E-06
	4.46E-06
	7.32E-07
	16 %
	3.26E-06
	6.14E-06
	7.32E-08

	Terrestrial acidification
	kg SO2 eq
	0.0117
	0.0116
	0.000679
	5.8 %
	0.0106
	0.0132
	6.79E-05

	Terrestrial ecotoxicity
	kg 1,4-DCB
	3.52
	3.4
	0.634
	18 %
	2.5
	5.26
	0.0634

	Water consumption
	m3
	-0.351
	-0.00917
	4.87
	-1.39E3 %
	-13.8
	6.48
	0.487



Table S19: Comparison of the results of three impact categories within the ReCiPe 2016 and Environmental Footprint 3.1 impact assessment methods.
	ReCiPe 2016
	EF 3.1
	Unit
	Variation (%)

	Global warming
	Climate change
	kg CO2 eq
	1.94

	1.38
	1.35
	
	

	Water consumption
	Water use
	m3
	189

	0.0115
	0.424
	
	

	Fossil resource scarcity
	Resource use, fossils
	MJ
	11.8

	15.5
	17.5
	
	







Table S20: Variation of the impacts (expressed as a percentage) compared to the baseline scenario, by modifying efficiency recovery values for TEP and number of reuses for DES.
	
	GW
	SOD
	IR
	OFHH
	FPMF
	OFTE
	TA
	FE
	ME
	TE
	FET
	MET
	HCT
	HNCT
	LU
	MR
	FRS
	WC

	
	kg CO2 eq
	kg CFC11 eq
	kBq Co-60 eq
	kg NOx eq
	kg PM2.5 eq
	kg NOx eq
	kg SO2 eq
	kg P eq
	kg N eq
	kg 1,4-DCB
	kg 1,4-DCB
	kg 1,4-DCB
	kg 1,4-DCB
	kg 1,4-DCB
	m2a crop eq
	kg Cu eq
	kg oil eq
	m3

	Scenario: 0% recycled TEP, DES reused 1 time
	-7.1%
	-15.8%
	-1.9%
	-14.7%
	-10.6%
	-14.6%
	-11.6%
	-6.1%
	-9.5%
	-9.2%
	-7.0%
	-7.1%
	-9.2%
	-7.7%
	-4.5%
	-4.3%
	-5.9%
	-4.1%

	0% recycled TEP, DES reused 2 times
	-9.7%
	-22.1%
	-2.6%
	-20.5%
	-14.7%
	-20.4%
	-16.2%
	-8.3%
	-12.8%
	-12.6%
	-9.6%
	-9.7%
	-12.4%
	-10.6%
	-6.2%
	-5.9%
	-8.1%
	-5.6%

	0% recycled TEP, DES reused 3 times
	-11.0%
	-25.3%
	-2.9%
	-23.5%
	-16.8%
	-23.2%
	-18.5%
	-9.5%
	-14.4%
	-14.3%
	-10.9%
	-11.0%
	-14.0%
	-12.0%
	-7.0%
	-6.7%
	-9.2%
	-6.4%

	0% recycled TEP, DES reused 4 times
	-11.8%
	-27.2%
	-3.1%
	-25.2%
	-18.0%
	-25.0%
	-19.9%
	-10.1%
	-15.4%
	-15.3%
	-11.6%
	-11.8%
	-15.0%
	-12.9%
	-7.5%
	-7.2%
	-9.8%
	-6.9%

	Scenario: 30% recycled TEP, DES reused 1 time
	-6.3%
	-15.3%
	0.9%
	-14.5%
	-10.3%
	-14.4%
	-11.2%
	-6.0%
	-9.4%
	-10.0%
	-6.6%
	-6.8%
	-9.8%
	-7.8%
	-4.1%
	-10.0%
	-4.7%
	-2.2%

	30% recycled TEP, DES reused 2 times
	-8.9%
	-21.7%
	0.2%
	-20.4%
	-14.5%
	-20.2%
	-15.7%
	-8.2%
	-12.6%
	-13.3%
	-9.2%
	-9.4%
	-13.0%
	-10.7%
	-5.8%
	-11.6%
	-6.8%
	-3.8%

	30% recycled TEP, DES reused 3 times
	-10.2%
	-24.8%
	-0.1%
	-23.3%
	-16.5%
	-23.1%
	-18.0%
	-9.3%
	-14.2%
	-15.0%
	-10.5%
	-10.7%
	-14.6%
	-12.1%
	-6.6%
	-12.4%
	-7.9%
	-4.5%

	30% recycled TEP, DES reused 4 times
	-11.0%
	-26.7%
	-0.3%
	-25.1%
	-17.8%
	-24.8%
	-19.4%
	-10.0%
	-15.2%
	-16.0%
	-11.3%
	-11.5%
	-15.6%
	-13.0%
	-7.1%
	-12.9%
	-8.6%
	-5.0%

	Scenario: 50% recycled TEP, DES reused 1 time
	-7.1%
	-15.4%
	0.4%
	-14.9%
	-11.0%
	-14.8%
	-11.6%
	-7.0%
	-10.1%
	-11.0%
	-7.5%
	-7.6%
	-10.8%
	-8.8%
	-5.3%
	-13.8%
	-5.4%
	-2.9%

	50% recycled TEP, DES reused 2 times
	-9.6%
	-21.8%
	-0.3%
	-20.7%
	-15.1%
	-20.5%
	-16.2%
	-9.2%
	-13.3%
	-14.4%
	-10.1%
	-10.2%
	-14.0%
	-11.7%
	-6.9%
	-15.3%
	-7.6%
	-4.4%

	50% recycled TEP, DES reused 3 times
	-10.9%
	-24.9%
	-0.6%
	-23.7%
	-17.2%
	-23.4%
	-18.5%
	-10.3%
	-14.9%
	-16.0%
	-11.4%
	-11.5%
	-15.6%
	-13.1%
	-7.8%
	-16.1%
	-8.7%
	-5.2%

	50% recycled TEP, DES reused 4 times
	-11.7%
	-26.8%
	-0.8%
	-25.4%
	-18.4%
	-25.2%
	-19.9%
	-11.0%
	-15.9%
	-17.0%
	-12.1%
	-12.3%
	-16.6%
	-13.9%
	-8.3%
	-16.6%
	-9.3%
	-5.6%

	Scenario: 70% recycled TEP, DES reused 1 time
	-7.8%
	-15.6%
	-0.1%
	-15.2%
	-11.6%
	-15.1%
	-12.1%
	-8.0%
	-10.8%
	-12.1%
	-8.3%
	-8.5%
	-11.8%
	-9.7%
	-6.4%
	-17.5%
	-6.2%
	-3.5%

	70% recycled TEP, DES reused 2 times
	-10.4%
	-21.9%
	-0.8%
	-21.1%
	-15.8%
	-20.9%
	-16.7%
	-10.2%
	-14.0%
	-15.4%
	-10.9%
	-11.1%
	-15.0%
	-12.6%
	-8.1%
	-19.1%
	-8.3%
	-5.1%

	70% recycled TEP, DES reused 3 times
	-11.7%
	-25.1%
	-1.1%
	-24.0%
	-17.8%
	-23.8%
	-19.0%
	-11.3%
	-15.6%
	-17.1%
	-12.2%
	-12.4%
	-16.6%
	-14.0%
	-8.9%
	-19.9%
	-9.4%
	-5.8%

	70% recycled TEP, DES reused 4 times
	-12.5%
	-26.9%
	-1.3%
	-25.7%
	-19.1%
	-25.5%
	-20.4%
	-12.0%
	-16.6%
	-18.1%
	-13.0%
	-13.2%
	-17.6%
	-14.9%
	-9.4%
	-20.3%
	-10.1%
	-6.3%

	Scenario: 90% recycled TEP, DES reused 1 time
	-8.6%
	-15.7%
	-0.6%
	-15.5%
	-12.3%
	-15.4%
	-12.6%
	-9.0%
	-11.5%
	-13.2%
	-9.2%
	-9.3%
	-12.8%
	-10.7%
	-7.6%
	-21.2%
	-6.9%
	-4.2%

	90% recycled TEP, DES reused 2 times
	-11.1%
	-22.0%
	-1.2%
	-21.4%
	-16.4%
	-21.2%
	-17.2%
	-11.2%
	-14.7%
	-16.5%
	-11.8%
	-11.9%
	-16.0%
	-13.6%
	-9.2%
	-22.8%
	-9.1%
	-5.7%

	90% recycled TEP, DES reused 3 times
	-12.4%
	-25.2%
	-1.6%
	-24.3%
	-18.5%
	-24.1%
	-19.5%
	-12.3%
	-16.3%
	-18.2%
	-13.0%
	-13.2%
	-17.6%
	-15.0%
	-10.1%
	-23.6%
	-10.2%
	-6.5%

	90% recycled TEP, DES reused 4 times
	-13.2%
	-27.1%
	-1.8%
	-26.1%
	-19.7%
	-25.9%
	-20.8%
	-12.9%
	-17.3%
	-19.2%
	-13.8%
	-14.0%
	-18.6%
	-15.9%
	-10.6%
	-24.0%
	-10.8%
	-6.9%

	Scenario: 30% recycled TEP, DES reused 0 times
	0.8%
	0.4%
	2.8%
	0.1%
	0.2%
	0.2%
	0.5%
	0.1%
	0.2%
	-0.7%
	0.4%
	0.3%
	-0.6%
	-0.1%
	0.4%
	-5.7%
	1.3%
	1.9%

	50% recycled TEP, DES reused 0 times
	0.1%
	0.3%
	2.3%
	-0.2%
	-0.4%
	-0.2%
	0.0%
	-0.9%
	-0.5%
	-1.8%
	-0.5%
	-0.5%
	-1.6%
	-1.0%
	-0.7%
	-9.5%
	0.5%
	1.2%

	70% recycled TEP, DES reused 0 times
	-0.7%
	0.2%
	1.8%
	-0.5%
	-1.0%
	-0.5%
	-0.5%
	-1.9%
	-1.3%
	-2.9%
	-1.3%
	-1.4%
	-2.6%
	-2.0%
	-1.9%
	-13.2%
	-0.2%
	0.6%

	90% recycled TEP, DES reused 0 times
	-1.4%
	0.1%
	1.3%
	-0.8%
	-1.7%
	-0.9%
	-1.0%
	-2.8%
	-2.0%
	-3.9%
	-2.2%
	-2.2%
	-3.6%
	-2.9%
	-3.0%
	-16.9%
	-1.0%
	-0.1%



image1.png




image2.emf
1. Black mass 

separation and sieving

4. Drying

3. Washing and 

centrifugation, 3 times

5. DES preparation

2. Centrifugation

6. Dissolution of black 

powder in DES

7. Centrifugation

13. Drying

10. Centrifugation

9. pH adjustment

LCO electrode pieces

TEP solution

Electricity

Al foils and residual

TEP

Suspension

Electricity:

Heating and stirring

TEP including

carbon and 

binder

Black powder

and residual TEP 

Water

Electricity

Water and TEP

Black powder and 

residual water

Water

Electricity:

Heating

Black powder

Oxalic acid

Choline chloride

Electricity:

Heating

DES solution

Dark green 

suspension

Electricity

Residue

Electricity:

Heating and stirring

Dark green viscous

liquid

KOH 5M 

Suspension

Electricity:

Heating and stirring

Electricity

Precipitate

Solution (further

extraction of lithium)

Electricity:

Heating

Water

1.2 Al drying

Al foils

8. KOH solution

preparation

Water 

KOH powder

Electricity:

Stirring

11. Washing

Electricity:

Heating and stirring

12. Centrifugation

Electricity

Precipitate and 

washing water

Precipitate

Water

Water and potassium

oxalate

3 more times

Al foils

cutted

out

Water

Water

TEP

Brown powder


image3.png
250

@

masescenario @ Renewable scemario




image4.emf
Global warming

Fine particulate matter formation

Fossil resource scarcity

Terrestrial ecotoxicity

Freshwater ecotoxicity

Marine ecotoxicity

Human carcinogenic toxicity

Human non-carcinogenic toxicity

Ionizing radiation

Mineral resource scarcity

Water consumption

Global warming

Fine particulate matter formation

Fossil resource scarcity

Terrestrial ecotoxicity

Freshwater ecotoxicity

Marine ecotoxicity

Human carcinogenic toxicity

Human non-carcinogenic toxicity

Ionizing radiation

Mineral resource scarcity

Water consumption

1. Black mass separation with TEP

2. Centrifugation

3. Washing and centrifugation

4. Black powder drying

5. DES preparation

6. Dissolution of black powder in DES

7. Centrifugation

8. KOH solution preparation

9. pH adjustment

10. Centrifugation

11. Washing

12. Centrifugation

13. Brown powder drying

Process phases

Scenario base

Scenario alternativo

Impact category

For each impact category:

Lowest impact

Highest impact

Impact category


