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Cepeda-Kato, J., Zhengyang, Z. & Matsubae, K. Article title: Environmental Trade-offs from Renewable Energy Adoption in Chile’s Copper Production: A Life Cycle Assessment. Journal of Industrial Ecology.


Supporting Information S1: This document provides a detailed description of the scenario configurations used in this study. It includes the assumptions and parameters applied to model electricity, fuel, and water supply systems under both the business-as-usual and renewables-led scenarios, as well as the integration of ore grade decline into the analysis. The document outlines the methodological choices, boundary conditions, and system design considerations that underpin the life cycle assessment, thereby ensuring transparency and reproducibility of the results presented in the main text.[image: ]

The objective of this study was to assess and quantify the environmental trade-offs associated with integrating energy transition strategies into copper production in Chile, using 1 ton of copper cathode as the functional unit for both pyrometallurgical ([P]Cu) and hydrometallurgical ([H]Cu) production routes. Two scenarios were evaluated: a business-as-usual (BAU) scenario, reflecting production conditions in 2023, and a renewables-led scenario, representing a projected future in 2050 in which copper production relies predominantly on renewable energy sources and is fully supplied with desalinated seawater. Within the renewables-led scenario, variations in green hydrogen production technologies and delivery pathways were also examined. A complete description of the scenarios and their variations is provided in Table S1-1.

In addition to modeling electricity, fuel, and water supply in the future scenario, the analysis incorporated the effect of declining ore grades to better represent current trends in mineral production. Information on ore grade projections and changes in energy inputs is provided in Section 1.

Details on system design and core datasets for Stages 1 through 4 are presented in Sections 2–5, respectively, while comprehensive datasets and life cycle inventories are included in Supporting Information S4.

The LCIA was performed by using SimaPro v9.5 software (PRé Sustainability, 2023) and applied the ReCiPe 2016-Hierarchist impact assessment method (Jolliet, Saadé-Sbeih, Shaked, & Crettaz, 2020). The 17 indicators included in the analysis were:
· Global warming (GWP)
· Stratospheric ozone depletion (ODP)
· Ionizing radiation (IRP)
· Tropospheric ozone formation (human health) (HOFP)
· Fine particulate matter formation (FPMF)
· Tropospheric ozone formation (ecosystems) (EOFP)
· Terrestrial acidification (TAP)
· Freshwater eutrophication (FEP)
· Terrestrial ecotoxicity (TETP)
· Freshwater ecotoxicity (FETP)
· Marine ecotoxicity (METP)
· Human carcinogenic toxicity (HTPc)
· Human non-carcinogenic toxicity (HTPnc)
· Land use (LOP)
· Mineral resource scarcity (MRS)
· Fossil resource scarcity (FFS)
· Water consumption (WCP)
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S1-1

Table S1-1 Scenarios settings
	Scenario
	Metallurgical route
	Year
	Stage 1: Electricity supply
	Stage 2: Open pit haul trucks fuel supply
	Stage 3: Water supply
	Ore grade

	
	
	
	Matrix
	Energy sources
	Type of Fuel
	Hydrogen electrolyzer technology
	Hydrogen transportation
	
	

	BAU
	BAU [P]Cu
	Pyrometallurgy
	2023
	Hybrid
	Wind 12.20%, Solar 22.2%, Concentration Solar Plant (CSP) 0.0%, Run-of-River (ROR) Hydropower 15.3%, Storage Hydropower 7.6%, Biofuel 3.9%, Geothermal 0.7%, Coal 25.4%, Liquid Natural Gas (LNG) 6.6%, Diesel 6.1%.
	Diesel
	-
	-
	61% Freshwater and 39% desalinated seawater
	0.58%

	
	BAU [H]Cu
	Hydrometallurgy
	
	
	
	Diesel
	-
	-
	83% Freshwater and 17% desalinated seawater
	

	Renewables-led
	Renewables-led [P]Cu (AEL, Road)
	Pyrometallurgy
	2050
	Full renewable
	Wind 41.0%, Solar 31.7%, Concentration Solar Plant (CSP) 17.00%, Run-of-River (ROR) Hydropower 6.0%, Storage Hydropower 2.9%, Biofuel 1.0%, Geothermal 0%, Coal 0%, Liquid Natural Gas (LNG) 0%, Diesel 0%.
	Hydrogen
	Alkaline electrolyzer
	Road tankers with gaseous tanks
	100% desalinated seawater
	0.50%

	
	Renewables-led [P]Cu (AEL, Pipeline)
	
	
	
	
	
	
	Pipeline
	
	

	
	Renewables-led [P]Cu (PEMEL, Road)
	
	
	
	
	
	Proton exchange membrane electrolyzer
	Road tankers with gaseous tanks
	
	

	
	Renewables-led [P]Cu (PEMEL, Pipeline)
	
	
	
	
	
	
	Pipeline
	
	

	
	Renewables-led [H]Cu (AEL, Road)
	Hydrometallurgy
	
	
	
	
	Alkaline electrolyzer
	Road tankers with gaseous tanks
	
	

	
	Renewables-led [H]Cu (AEL, Pipeline)
	
	
	
	
	
	
	Pipeline
	
	

	
	Renewables-led [H]Cu (PEMEL, Road)
	
	
	
	
	
	Proton exchange membrane electrolyzer
	Road tankers with gaseous tanks
	
	

	
	Renewables-led [H]Cu (PEMEL, Pipeline)
	
	
	
	
	
	
	Pipeline
	
	




Copper Ore Grade

The Chilean Copper Commission (2024b) and the Mining Council of Chile (2024) have historically documented ore grades. The recorded values represent the average ore grade throughout various stages of the copper cathode production process for the pyrometallurgical and hydrometallurgical methods. Figure S1-1 illustrates the trend of ore grades over time, clearly showing a consistent decline over the past 24 years.
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Figure S1-1: Copper ore grade trend in the temporal line, from 2002 to 2023.

The decline in ore grade cannot be attributed solely to the depletion of high-grade mineral deposits. Other key factors include the development of larger economies of scale, which allow for the profitable extraction of lower-grade ores, and technological advancements in extraction processes that enhance efficiency and feasibility (Northey, Mohr, Mudd, Weng, & Giurco, 2014). Based on this information, the relationship between ore grade and cumulative production was established using the work of (Lagos, Peters, Videla, & Jara, 2018) to forecast the copper ore grade by the year 2050.

The cumulative copper production in Chile from 2004 to 2023 was sourced from the Chilean Copper Commission, (2024b) while the projection for copper production from 2024 to 2033 was obtained from the Chilean Copper Commission (2022). From 2033 to 2050, a steady increase was assumed to align with the government’s production target of 9,000 Mtons by 2050 (Ministry of Mining Chile, 2021) (Table S1-2). Based on this data, a power function was developed (Figure S1-2), enabling the forecast that the ore grade will decline to 0.50% by 2050. This projection aligns with the findings of Northey et al. (2014) for individual countries in the year 2050.

Table S1-2 Cumulated copper production 2006-2023, and projection from 2024-2050.
	Year
	Cumulated production (kton)
	Reference

	2004
	5,413
	(Cochilco, 2024c)
	2005
	10,733
	

	2006
	16,094
	

	2007
	21,651
	

	2008
	26,978
	

	2009
	32,373
	

	2010
	37,792
	

	2011
	43,055
	

	2012
	48,488
	

	2013
	54,264
	

	2014
	60,026
	

	2015
	65,798
	

	2016
	71,350
	

	2017
	76,854
	

	2018
	82,685
	

	2019
	88,473
	

	2020
	94,206
	

	2021
	99,831
	

	2022
	105,161
	

	2023
	110,412
	

	2024
	116,303
	(Cochilco, 2022)
	2025
	122,693
	

	2026
	129,424
	

	2027
	136,380
	

	2028
	143,469
	

	2029
	150,580
	

	2030
	157,715
	

	2031
	164,588
	

	2032
	171,229
	

	2033
	177,810
	

	2034
	184,522
	A steady increase reaching 9,000 Mtons by 2050 (Ministry of Mines Chile, 2021)

	2035
	191,369
	

	2036
	198,353
	

	2037
	205,476
	

	2038
	212,742
	

	2039
	220,154
	

	2040
	227,713
	

	2041
	235,424
	

	2042
	243,289
	

	2043
	251,311
	

	2044
	259,494
	

	2045
	267,840
	

	2046
	276,353
	

	2047
	285,037
	

	2048
	293,894
	

	2049
	302,928
	

	2050
	312,143
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Figure S1-2: Copper ore grade trend by cumulative production, from 2002 to 2023.

Copper ore grade is closely linked to greenhouse gas (GHG) emissions due to its significant impact on energy consumption. Declining ore grades greatly influence environmental impacts, particularly when they fall below 1%. Norgate & Jahanshahi (2006, 2010) developed a power function that correlates copper ore grade with embodied energy, specifically for the stages of concentrating, smelting, and leaching (Figure S1-3). However, the effect of ore grade on energy requirements is mainly confined to the initial stages of the mining process, such as mining and beneficiation (Harmsen, Roes, & Patel, 2013). Using the projected ore grade of 0.50% and the power function, it was estimated that energy requirements for mining and beneficiation activities in the Renewables-led scenario would rise by 22%.
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Figure S1-3: Effect of ore grade and grind size on the embodied energy of copper production (Redraw fromNorgate & Jahanshahi (2010))

Stage 1: Electricity Mix

The electricity matrices for BAU and renewables-led scenarios were derived from Chile’s Long-Term Energy Planning (Ministry of Energy, 2021). In the BAU system, approximately 39% of the energy is generated from fossil fuels, while 61% comes from renewable sources. In contrast, the renewables-led scenario features a fully renewable electricity mix, primarily dominated by wind power (41%) and solar PV (31.7%). The primary data for this analysis were obtained from Ecoinvent 3.8 (Table S1-3). The sole exception was solar PV generation, as representative data specific to the Chilean context were unavailable.

In Chile, the performance of solar technologies is primarily driven by large-scale solar plants rather than urban rooftop installations. Data for such large-scale solar infrastructure were obtained from Smith, Sekar, Mirletz, Heath, and Margolis (2024). Solar PV systems are assumed to be imported from China by direct shipping. Finally, regarding solar energy potential, the average annual solar irradiation is estimated at 2,400 [kWh/m2] (Molina, Falvey, & Rondanelli, 2017).

Table S1-3 Electricity Mix BAU and Renewables-led scenario.
	Energy source
	BAU Scenario(2023)
	Renewables-led Scenario (2050)
	Ecoivent data source

	Wind
	12.20%
	41.00%
	Electricity, high voltage {CL}| electricity production, wind, 1-3MW turbine, onshore | Cut-off, U

	Solar
	22.20%
	31.70%
	(Smith et al., 2024)
	Concentration Solar Plant (CSP)
	0%
	17.00%
	S.1 Electricity, high voltage {RoW}| electricity production, solar tower power plant, 20 MW | Cut-off, U

	Run-of-River (ROR) Hydropower
	15.30%
	6.00%
	Electricity, high voltage {CL}| electricity production, hydro, run-of-river | Cut-off, U

	Storage Hydropower
	7.60%
	2.90%
	Electricity, high voltage {CL}| electricity production, hydro, reservoir, alpine region | Cut-off, U

	Biofuel
	3.90%
	1.00%
	Electricity, high voltage {CL}| heat and power co-generation, biogas, gas engine | Cut-off, U

	Geothermal
	0.70%
	0%
	Electricity, high voltage {CL}| electricity production, deep geothermal | Cut-off, U
Electricity, high voltage {CL}| heat and power co-generation, wood chips, 6667 kW | Cut-off, U

	Coal
	25.40%
	0%
	Electricity, high voltage {CL}| electricity production, hard coal | Cut-off, U

	Liquid Natural Gas (LNG)
	6.60%
	0%
	Electricity, high voltage {CL}| electricity production, natural gas, combined cycle power plant | Cut-off, U

	Diesel
	6.10%
	0%
	Electricity, high voltage {CL}| electricity production, oil | Cut-off, U



Stage 2: Green Hydrogen Production

Alkaline (AEL) and Proton exchange membrane (PEMEL) electrolyzer technologies were selected for this study due to their advanced technological development and maturity in market production (Lotrič, Sekavčnik, Kuštrin, & Mori, 2021). The inventory was developed for a 50 MW hydrogen plant. The electrolyzers are assumed to be imported from China. Hydrogen production is based on current projects in Chile, with an operational capacity of 7,300 hrs/yr (Evaluation Commission Antofagasta Region, 2022). Details on the design and production parameters are presented in Table S1-4. 

Table S1-4 Hydrogen plant operation design.
	Parameter
	Unit
	AEL Plant
	PEMEL Plant
	Reference

	Capacity
	MW
	50
	50
	-

	Efficiency
	kWh/kgH2
	50
	60
	(Khan et al., 2024)

	Electrolyzer lifetime
	hrs
	100,000
	80,000
	(Khan et al., 2024)
	Annual working hours
	Hrs/yr
	7,300
	7,300
	(Evaluation Commission Antofagasta Region, 2022)
	BOP Lifetime
	yrs
	30
	30
	(Delpierre, Quist, Mertens, Prieur-Vernat, & Cucurachi, 2021)

	Capacity Factor (solar)
	%
	40
	40
	(Khan et al., 2024)
	Deionised water
	l/kgH2
	10
	10
	(Ellersdorfer, Omar, Taylor, Daiyan, & Leslie, 2023)
	Water, Cooling system
	l/kgH2
	40
	40
	(Ellersdorfer et al., 2023)
	Nitrogen
	g/kgH2
	0.3
	-
	(Koj, Wulf, Schreiber, & Zapp, 2017)
	Potassium Hidroxide
	Kg/kgH2
	0.0025
	-
	(Delpierre et al., 2021)
	Stack and BOP component transportation from Factory to port in China
	tkm
	1,873,497
	969,050
	-

	Stack and BOP component transportation from Port in China to port in Chile
	tkm
	9,667
	5,000
	-

	Stack and BOP component transportation from port in Chile to Plant location
	tkm
	9,667
	5,000
	-



The Life Cycle Inventory of stack components was scaled to match the plant’s projected capacity, while the Balance of Plant (BOP) materials were adjusted proportionately. Stack and BOP components were replaced based on their respective lifespan. Data for the LCI of AEL systems were sourced from (Koj et al., 2017; Krishnan, Corona, Kramer, Junginger, & Koning, 2024). For PEMEL systems, data were drawn from Bareiß, de la Rua, Möckl, and Hamacher (2019), Delpierre, Quist, Mertens, Prieur-Vernat, and Cucurachi (2021) and Krishnan et al. (2024) (Tables S1-5 and S1-6).

Table S1-5 Construction materials AEL hydrogen plant.
	Structure
	Material
	Unit
	Value
	Reference

	Balance of Plant (1MWp)
	Low alloyes steel
	t
	4.8
	(Krishnan et al., 2024)
	
	High alloyed steel
	t
	1.9
	

	
	Aluminum
	t
	0.1
	

	
	Copper
	t
	0.1
	

	
	Plastic
	t
	0.3
	

	
	Electronic material
	t
	1.1
	

	
	Process material
	t
	0.2
	

	
	Concrete
	t
	5.6
	

	Cell stack Framework (6MWp)
	Copper
	t
	2
	(Koj et al., 2017)
	
	Unalloyed steel
	t
	200
	

	Cells (6MWp)
	Nickel
	t
	19
	

	
	Aluminum
	kg
	450
	

	
	Calendered rigid plastic
	kg
	780
	

	
	Polytetrafluoroethylene
	kg
	78
	

	
	Acrylonitrile butadiene styrene
	kg
	160
	

	
	Polyphenylene sulfide
	kg
	340
	

	
	Polysulfones
	kg
	260
	

	
	N-Methyl-2-pyrrolidone
	t
	1.3
	

	
	Aniline
	kg
	49
	

	
	Acetic anhydride
	kg
	54
	

	
	Terephthalic acid
	kg
	88
	

	
	Nitric acid
	kg
	33
	

	
	Hydrochloric acid
	kg
	130
	

	
	Graphite
	kg
	430
	

	
	Lubricating oil
	kg
	0.48
	

	
	Zirconium oxide
	t
	1.1
	

	
	Carbon monoxide
	kg
	150
	

	
	Decarbonized water
	t
	11
	

	
	Deionized water
	t
	86
	

	
	Industrial machine production
	kg
	0.16
	

	
	Plaster mixing
	kg
	780
	

	Energy (6MWp)
	Electricity
	GJ
	36
	

	
	Heat
	GJ
	88
	

	
	Steam
	MJ
	700
	



Table S1-6 Construction materials PEMEL hydrogen plant.
	Structure
	Material
	Unit
	Value
	Reference

	Balance of Plant (1MWp)
	Low alloyes steel
	t
	4.8
	(Bareiß et al., 2019; Delpierre et al., 2021; Khan et al., 2024; Krishnan et al., 2024)

	
	High alloyed steel
	t
	1.9
	

	
	Aluminum
	t
	0.1
	

	
	Copper
	t
	0.1
	

	
	Plastic
	t
	0.3
	

	
	Electronic material
	t
	1.1
	

	
	Process material
	t
	0.2
	

	
	Concrete
	t
	5.6
	

	Stack (1MWp)
	Titanium
	kg
	13.85
	

	
	Aluminium
	kg
	54
	

	
	Stainless steel
	kg
	40
	

	
	Copper
	kg
	0.9
	

	
	Nafion
	kg
	2
	

	
	Activated carbon
	kg
	4.5
	

	
	Iridium
	kg
	0.037
	

	Platinum (1MWp)
	Platinum
	kg
	0.01
	

	
	Cast iron
	kg
	12
	

	
	Silicon, metallurgical grade
	kg
	1.05
	

	
	Graphite
	kg
	1.7
	

	Energy (1MWp)
	Electricity
	kWh
	9,969.9
	

	Nafion (1kg)
	Tetrafluoroethylene
	kg
	0.85
	

	
	sulfuric acid
	kg
	0.15
	



Two transportation options—road tankers and pipelines—were designed to transport hydrogen over 200 km to the mining site. The hydrogen production plant is assumed to be near the coast, which is considered the most conservative scenario. The transportation route spans an elevation gain from sea level to 2,500 meters above sea level, terminating in the foothills where copper mines are typically located in Chile. The pipeline design is based on natural gas pipeline standards, with modifications to accommodate hydrogen transport. It features a Galvalume coating to prevent hydrogen diffusion (Wulf et al., 2018). The hydrogen operates at a pressure of 100 bar with a diameter of 200 mm.

For road transportation, EUROVI trucks with a capacity of 40 tons were considered. Each truck can transport 1,100 kg of hydrogen distributed in 100 kg gaseous hydrogen tanks. The tanks are constructed from fiber-reinforced composites with a polymer liner and transport hydrogen at a pressure of 500 bar (Wulf et al., 2018). The design specifications and construction materials for both transportation methods are detailed in Tables S1-7, S1-8, and S1-9.

A fuel station was considered in the Mining Site to deliver the hydrogen to the mining haul trucks in the Open Pit at a pressure of 700 bar. The design and materials are referenced from the studies of Burkhardt, Patyk, Tanguy, and Retzke (2016) and Wulf et al. (2018) (Table S1-10).

Table S1-7 Transportation infrastructure operation design.
	Structure
	Parameter
	Unit
	Value
	Reference

	Pipeline
	Design capacity
	kg/day
	850
	(Reuß et al., 2017; Tsiklios, Hermesmann, & Müller, 2022; Wulf et al., 2018)

	
	Diameter
	mm
	200
	

	
	Distance
	km
	200
	

	
	Adicional material for maintenance
	km
	10
	

	
	Lifetime
	year
	40
	

	
	Flow velocity
	m/s
	10-20
	

	
	Pressure level in
	bar
	100
	

	
	Pressure level out
	bar
	70
	

	
	Losses
	%
	0.013
	

	
	Electricity for compression (from 30bar to 100 bar)
	kWh
	0.6
	

	Gaseous Hydrogen tank, truck transportation
	Storage capacity per tank
	kgH2
	100
	(Wulf et al., 2018)
	
	Storage capacity per truck
	kgH2
	1,100
	

	
	Pressure level
	bar
	500
	

	
	Losses
	%
	0
	

	
	Electricity for compression (from 30bar to 500 bar)
	kWh/kgH2
	2.1
	

	Hydrogen Fuel Station
	Pressure level max
	bar
	880
	(Akhtar, Dickson, & Liu, 2021; Burkhardt et al., 2016; Wulf et al., 2018)

	
	Pressure level out
	bar
	700
	

	
	Losses
	%
	0.005
	

	
	Electricity for compression (from 100 bar to 700 bar)
	kWh/kgH2
	1.6
	

	
	Electricity for compression (from 500 bar to 700 bar)
	kWh/kgH2
	0.5
	

	
	Electricity precooling
	kWh/kgH2
	4
	



Table S1-8 Construction materials pipeline.
	Structure
	Material
	Unit
	Value
	Reference

	Pipeline (1km)
	Primary aluminum
	kg
	64.8
	(Wulf et al., 2018)
	
	Pipeline decommissioning
	kg
	10,900
	

	
	Silica sand
	t
	225
	

	
	Steel, low alloyed
	kg
	21,800
	

	
	Silicon
	g
	1,900
	

	
	Zinc
	kg
	51.1
	

	
	Drawing of pipe steel
	kg
	21,800
	

	
	Excavation, hydraulic digger
	m3
	1,200
	

	
	Excavation, skid-steer loader
	m3
	9,000
	

	
	Zinc coating
	kg
	21,800
	

	
	Transport train
	tkm
	4,390
	

	
	Transport lorry
	tkm
	13,600
	

	Galvalume Coat (1ton)
	Inputs
	Waste dust from unalloyed electric steel production, landfill
	kg
	14.7
	

	
	
	Waste sludge from steel rolling, landfill
	g
	90.6
	

	
	
	Waste mineral oil, hazardous waste incineration
	g
	160
	

	
	
	Deionized water
	kg
	200
	

	
	
	Inorganic chemicals
	kg
	1.5
	

	
	
	Aluminum sulphate powder
	mg
	906
	

	
	
	Ammonia
	g
	30.6
	

	
	
	Heat from mineral oil
	MJ
	768
	

	
	
	Heat in chemical industry
	MJ
	20.1
	

	
	
	Hydrochloric acid , 30 %
	kg
	22.2
	

	
	
	Heat from CHP
	kg
	768
	

	
	
	Rolling mill production
	pcs
	1.63E-10
	

	
	
	Soda ash, light, crystalline, heptahydrate
	kg
	1,000
	

	
	
	Sodium hydroxide, without water, in 50% solution state
	g
	380
	

	
	
	Transport lorry
	tkm
	8.04
	

	
	
	Electricity
	MJ
	73.2
	

	
	Outputs
	Ammonia
	g
	43.6
	

	
	
	Arsenic
	μg
	190
	

	
	
	Biological oxygen demand (BOD), fresh water
	g
	13.2
	

	
	
	Cadmium
	mg
	1.31
	

	
	
	Chemical oxygen demand (COD), fresh water
	g
	132
	

	
	
	Chloride, fresh water
	g
	1.88
	

	
	
	Chromium (+VI), fresh water
	mg
	7.6
	

	
	
	Dust (>PM10)
	g
	157
	

	
	
	Dust (PM2,5-10)
	kg
	7.62
	

	
	
	Hydrocarbons fresh water
	mg
	119
	

	
	
	Hydrogen chloride air
	g
	18.3
	

	
	
	Iron, air
	g
	1.4
	

	
	
	Iron, fresh water
	g
	5.65
	

	
	
	Lead, air
	mg
	3.4
	

	
	
	Lead, fresh water
	mg
	1.51
	

	
	
	Nickel, fresh water
	mg
	1
	

	
	
	Oil ,fresh water
	mg
	104
	

	
	
	Phosphorus, fresh water
	mg
	90
	

	
	
	Solids (suspended) fresh water
	mg
	224
	

	
	
	Total dissolved organic bound carbon (TOC) DOC, fresh water
	mg
	297
	

	
	
	Total organic bound carbon (TOC) fresh water
	mg
	297
	

	
	
	Waste heat air
	MJ
	7.56
	

	
	
	Zinc, air
	g
	27.5
	

	
	
	Zinc, fresh water
	g
	1.9
	



Table S1-9 Construction materials gaseous hydrogen tank.
	Structure
	Material
	Unit
	Value
	Reference

	High pressure tank (1 tank, capacity 10kgH2)
	Rolling aluminum sheets
	kg
	6
	(Wulf et al., 2018)
	
	Aluminum
	kg
	6
	

	
	Rolling of chromium steel sheets
	kg
	9
	

	
	Chromium steel
	kg
	9
	

	
	Carbon fiber
	kg
	71.4
	

	
	Epoxy resin
	kg
	30.6
	

	
	Electricity
	kWh
	4.5
	

	
	Rolling steel sheets
	kg
	9
	

	
	Steel, low alloyed
	kg
	9
	

	Carbon Fiber (1kg)
	Acrylonitrile
	kg
	2.25
	

	
	Vinyl acetate
	kg
	0.2
	

	
	Resin
	kg
	1.07
	

	
	Heat
	kWh
	175
	

	
	Electricity
	kWh
	26.2
	

	Resin (1kg)
	Epoxy resin
	g
	420
	(Akhtar et al., 2021)
	
	Styrene
	g
	400
	

	
	Acrylic acid
	g
	180
	



Table S1-10 Construction materials fuel station.
	Structure
	Material
	Unit
	Value
	Reference

	Fuel Station (850kg/d)
	Low alloy steel
	t
	26.60
	(Wulf et al., 2018)
	
	High alloy steel
	t
	5.21
	

	
	Cast iron
	t
	2.94
	

	
	Copper
	t
	1.18
	

	
	Aluminum
	kg
	499
	

	
	Polymer
	kg
	372
	

	
	electronics
	kg
	64
	

	
	Concrete
	t
	210
	

	
	Recycling Concrete
	t
	210
	



Stage 3: Reverse Osmosis Seawater Desalination

Seawater desalination was modeled by assuming the use of reverse osmosis technology to produce potable water quality for mining operations and deionized water for hydrogen production. This process involves seawater intake and subsequent brine discharge into the ocean. Under the BAU scenario, 39% of the total water consumption was assumed to be sourced from desalinated seawater in [P]Cu and 17% in [H]Cu line (Cochilco, 2024c), while under the renewables-led scenario, 100% of water demand was assumed to be met through desalination. The model also accounted for the transportation of water to the mine site, ensuring a comprehensive assessment of water-related impacts.

Seawater desalination employs reverse osmosis (RO) technology to produce tap-quality water for mining operations and deionized water for hydrogen production. This process involves seawater intake and the disposal back into the sea. The desalinated water is transported through a 200 km length of high-density polyethylene (HDPE) pipeline, elevating it from sea level to an altitude of 2,500 meters above sea level to supply the mining site.

Seawater is desalinated using a polyamide membrane. The RO module lasts 5 years. The system requires 2.5 liters of seawater to produce 1 liter of tap water, generating 1.5 liters of brine as a byproduct, which is discharged into the sea. The data for this process were sourced from Ecoinvent, and the electricity sources were modified to the Chilean electricity mix. The plant generates tap water quality for mine activities and deionized water for green hydrogen production.

The pipeline's design and materials were based on a representative project in Chile approved by the government in 2019 (Evaluation Commission Republic of Chile, 2021). Additionally, the pumping system's capacity and electricity consumption were calculated using assumptions provided by the Chilean Copper Commission (2024). The information is presented in Tables S1-11 and S1-12.

Table S1-11 Seawater desalination plant data source.
	Structure
	BAU Scenario(2023)
	Renewables-led Scenario (2050
	Comments
	References

	Reverse Osmosis Seawater Desalination Plant
	Electricity, high voltage {CL}| electricity production, wind, 1-3MW turbine, onshore | Cut-off, U
	Electricity, high voltage {CL}| electricity production, wind, 1-3MW turbine, onshore | Cut-off, U
	Each data source was configurate to the respective electricity matrix of each scenario.
	(Wernet et al., 2016)


Table S1-12 Desalinated water pipe design.
	Parameter
	Unit
	Pipeline
	Reference

	Lenght
	km
	200
	(Evaluation Commission Republic of Chile, 2021)
	Hight difference
	m
	2,500
	

	Diameter
	mm
	2,000
	

	Wall thickness
	mm
	10
	

	Lifetime
	yrs
	30
	

	Material
	-
	HDPE
	

	Density
	Kg/m3
	955
	

	Volume of Water
	l/s
	1,000
	

	Pump capacity
	MWp
	85
	(Cochilco, 2024b)
	Electricity consumption
	kWh/l
	0.028
	(White, 1998)


Stage 4 Copper production

Chile’s copper production system comprises two primary processing pathways: pyrometallurgy ([P]Cu) and hydrometallurgy ([H]Cu). Sulfide ores extracted from underground and open-pit operations are processed through the [P]Cu line, while oxide ores and low-grade sulfide ores are processed through the [H]Cu line. The two production lines differ markedly in their process design, material and energy inputs, and water requirements. According to (Castro-Molinare, Korre, & Durucan, 2014), both production lines begin with shared upstream operations, including blasting, excavation, and ore transportation. In the [P]Cu line, the extracted ore proceeds to the beneficiation stage, undergoing grinding, flotation, thickening, and filtering. This yields copper concentrate and valuable byproducts such as molybdenum, gold, and silver. Tailings—a byproduct of this stage—are stored in dedicated dams near the mine site. The concentrate then undergoes smelting—comprising melting, converting, and pyro-refining—to produce copper anodes. This stage is thermally intensive and generates both gaseous emissions and solid slag. In Chile, sulfur-rich gases from the smelting process are partially captured and converted into sulfuric acid, a commercial byproduct. The anodes are subsequently refined electrochemically by using sulfuric acid and an electrical current to produce 99.99% pure copper cathodes. Anodic slime, rich in precious metals such as gold and silver, is also recovered during this step. The life cycle inventory for the [P]Cu line includes the following stages: open-pit mining, underground mining, concentration, smelting, electrolytic refining, and services.

In contrast, the [H]Cu process begins with heap leaching, where crushed ore is irrigated with a solution of water and sulfuric acid. This leaches copper from oxide minerals into the pregnant leach solution, which is collected and transferred to the solvent extraction stage. Here, copper is separated by using an organic phase comprising paraffin and resin, followed by stripping with a weak acid solution. The resulting electrolyte is sent to the electrowinning stage, where copper is recovered as 99.99% pure cathodes. The life cycle inventory for the [H]Cu line is structured around open-pit mining, heap leaching/solvent extraction/electrowinning, and services.

Electricity, fuel, and water consumption data for the business-as-usual (BAU) scenario in 2023 were sourced from (Cochilco, 2024c). Input allocation was performed using a combination of mass allocation—based on production line and deposit type (Cochilco, 2024c; Mining Council of Chile, 2024)— and economic allocation (Ardente & Cellura, 2012), particularly for by-products of the [P]Cu route. onomic allocation factors were derived from 2023 market prices (Cochilco, 2024a, 2024d; London Metal Exchange, 2024). The increase in energy input associated with ore grade decline was incorporated according to the information provided in Section 1.

The allocation factors are reported in Table S1-13. Electricity, fuel, and water consumption data for both the BAU and renewables-led scenarios, after applying allocation procedures and accounting for the effect of ore grade decline, are presented in Tables S1-14 and S1-15.

Table S1-13 Allocation procedures Copper production process.
	Stage
	Type Allocation
	Product
	Weight

	Production Line
	Mass
	[P]Cu Copper Cathodes
	75%

	
	
	[H]Cu Copper Cathodes
	15%

	Deposit ([P]Cu)
	Mass
	Open pit
	84%

	
	
	Underground
	16%

	Concentration
	Economic
	Copper
	88.5%

	
	
	Molybdenum
	6.2%

	
	
	Gold
	3.7%

	
	
	Silver
	1.6%

	Smelting
	Economic
	Copper
	96.3%

	
	
	Sulfuric Acid
	3.7%

	Electro-refining
	Economic
	Copper
	94.4%

	
	
	Gold
	2.5%

	
	
	Silver
	3.1%


Note: [P]Cu = Pyrometallurgy line, [H]Cu = Hydrometallurgy line.

Table S1-14 Energy consumption copper production.
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Line
	Process
	Unit
	Electricity
	Fuel
	References

	
	
	
	BAU
	Renewables-led
	BAU
	Renewables-led
	

	[P]Cu
	Open Pit
	MJ/t Cu
	487
	555
	7,866
	8,967
	(Cochilco, 2024c)
	
	Underground Mine
	MJ/t Cu
	422
	481
	249
	284
	

	
	Concentrating Plant
	MJ/t Cu
	11,565
	13,184
	465
	530
	

	
	Smelter
	MJ/t Cu
	4,770
	4,770
	4,974
	4,974
	

	
	Electrolytic Refining
	MJ/t Cu
	1,284
	1,284
	2,033
	2,033
	

	
	Services
	MJ/t Cu
	2,774
	2,774
	456
	456
	

	[H]Cu
	Open pit
	MJ/t Cu
	189
	216
	3,056
	3,484
	

	
	Lx/Sx/Ew
	MJ/t Cu
	12,956
	12,956
	3,342
	3,342
	

	
	Services
	MJ/t Cu
	2,774
	2,774
	456
	456
	


Note: BAU = Business-as-usual, [P]Cu = Pyrometallurgy line, [H]Cu = Hydrometallurgy line, Lx/Sx/Ew = Leaching/ Solvent Extraction/ Electro-winning.

Table S1-15 Water consumption in copper production.
	Line
	Process
	Unit
	Fresh Water
	Desalinated Seawater
	References

	
	
	
	BAU
	Renewables-led
	BAU
	Renewables-led
	

	[P]Cu
	Mine
	m3/t Cu
	2.72
	0.00
	9.34
	12.06
	(Cochilco, 2024c)
	
	Concentrating Plant
	m3/t Cu
	46.20
	0.00
	28.39
	74.59
	

	
	Smelter& Refinery
	m3/t Cu
	2.10
	0.00
	0.00
	2.10
	

	
	Other & Services
	m3/t Cu
	5.72
	0.00
	0.00
	5.72
	

	[H]Cu
	Mine
	m3/t Cu
	0.93
	0.00
	3.18
	4.11
	

	
	Lx/Sx/Ew
	m3/t Cu
	8.40
	0.00
	0.00
	8.40
	

	
	Other & Services
	m3/t Cu
	5.72
	0.00
	0.00
	5.72
	


Note: BAU = Business-as-usual, [P]Cu = Pyrometallurgy line, [H]Cu = Hydrometallurgy line, Lx/Sx/Ew = Leaching/ Solvent Extraction/ Electro-winning.

For copper production, material datasets from Ecoinvent were adapted to reflect Chile’s context. For example, the hydrometallurgical line was modified to consider sulfuric acid heap leaching and was configured to share the same mining infrastructure as the pyrometallurgical line. These adaptations ensured a consistent representation of site-level operations across both production pathways.

· Copper concentrate, sulfide ore {CL}| copper mine operation and beneficiation, sulfide ore | Cut-off, U
· Copper, anode {CL}| smelting of copper concentrate, sulfide ore | Cut-off, U
· Copper, cathode {GLO}| electrorefining of copper, anode | Cut-off, U
· Copper, cathode {GLO}| copper production, cathode, solvent extraction and electrowinning process | Cut-off, U

Detailed information on the datasets and life cycle inventories is provided in Supporting Information S4.
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