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[bookmark: _Ref199754975]Table S1. Bilateral expert interviews
	Organisation
	Date

	The World Steel Association (Worldsteel)
	22 February 2023

	Cobalt Institute
	24 February 2023

	Drielsma Resources Europe
	24 February 2023

	Sphera
	28 February 2023

	International Zinc Association
	01 March 2023

	International Copper Association
	01 March 2023

	Nickel Institute
	01 March 2023

	International Molybdenum Association
	01 March 2023

	International Aluminium Institute 
	02 March 2023





Example: multi-output allocation in a refinery
1.1 Level of detail in modelling
The refinery stages, which process concentrates into metals, are often associated with the co-production of other metals and non-metal coproducts. For example, the production of copper from copper concentrate can be combined with a co-production of (among other co-products) gold and sulfuric acid (Fig. S1)
[image: ]
Fig. S1:  Smelting and refining leading to the co-production of copper, gold, and sulfuric acid

Before providing direction on how the co-production of metal and non-metal co-products shall be handled, it is discussed at which point in the process chain the co-production shall be dealt with. Fig. S1 shows a black-box model of the smelter and refinery. If more detailed information wasn’t available, the total environmental impact would need to be allocated to the co-products copper, gold and sulfuric acid. However, when looking at the smelting and refinery processes in more detail (Fig. S1), it becomes obvious that some co-products are produced earlier in the process chain than others. So, it does not seem justified to allocate emissions from, for example, the precious metal plant to the co-products sulfuric acid and copper.

[image: A picture containing screenshot, black, text

Description automatically generated]
Fig. S2:  More detailed diagram of the smelting and refining process for copper concentrate leading to the co-production of copper, gold, and sulfuric acid

Recommendation: The product system shall be modelled in a detailed way so that the process at which co-production occurs in the process chain can be revealed and that it can be dealt with at this point directly. That is, in this example, the environmental burden of the flash smelter (and the upstream copper concentrate emissions) shall be distributed between the co-products copper matte and SO2 (if SO2 is considered a co-product, see below). In that way, the emissions of the subsequent process steps will contribute to the LCI of copper and gold but not to the LCI of sulfuric acid. Vice versa, the emissions of the acid plant only add to the LCI of sulfuric acid but do not contribute to the LCIs of the other co-products. As another example, the routes of copper and gold production divide in the electrolysis step. Hence, the emissions of the electrolysis (and the upstream emissions of the anode) shall be distributed between copper and the gold-‑containing slime. In this way the emissions of the precious metal plant will contribute to the LCI of gold production only and not to the LCI of copper.

1.2 Defining wastes and co-products
It shall be decided whether the output from a process is a co-product or a waste. This question has relevant consequences for dealing with co-production but is not always easy to answer in pyro- and hydrometallurgical refineries. In some cases, an output, such as SO2 or a metal containing dust, is legally required to be treated and thus considered a waste. However, its treatment can lead to a marketable co-product, such as sulfuric acid, which some member companies consider a co-product. 
To help differentiating wastes and co-products, the definitions of waste in ISO14044 (2006) as “substances or objects which the holder intends or is required to dispose of“ or in the GHG Protocol (2011) as “an output of a process that has no market value” shall be used. Combining these requirements, an output is considered as waste if the metal producers intend or are required to dispose it off and pay for disposing. In contrast, if the output is not intended or required to be disposed of and sold to another party, it shall be considered a co-product. There are cases in which the definition of the output as waste or co-product can change over time due to varying market prices. In this case, the most reasonable definition shall be selected based on the specific circumstance and reported transparently.
It should be noted that there are several definitions of waste developed in different parts of the world and in legislative context (Velis 2025). One example is the European Waste Framework Directive (European Commission 2008) whose currently updated waste and by-product definition is adopted in PACT and Catena-X. However, as this work intends to provide globally applicable recommendations and as some of the national/regional waste definitions are differing and even conflicting each other, this work implements the waste definition of the international standards mentioned above.
A second reason for this choice is that an implementation of the EU Waste Framework Directive definition can conflict with common LCA practice in the mining and metal industry and can lead to results which are challenging to communicate and to justify. For example, if base metals (like copper) are produced in an electrolysis process, precious metals (like gold) are co-produced (Fig. S2). However, the precious metals are not produced directly in the electrolysis but are recovered from a sludge in a precious metals plant. As this represents “processing other than normal industrial practice“, the gold would need to be considered as a waste and not a co-product. As a consequence, no environmental impact could be allocated to it and gold would leave the production almost burden-free.

1.3 Example for A2: SO2 converted to H2SO4
The processing of copper ore in a flash smelter leads to emissions of SO2, which is an emission “the holder intends or is required to dispose of“ (ISO14044) and which is “an output of a process that has no market value” (GHG Protocol). Thus, the SO2 is classified as a waste (option A of the decision tree) and no environmental burden of the flash smelter can be allocated to the SO2. Further, the treatment of the SO2 in the acid plant leads to the marketable co-product sulfuric acid (option A.2), which leads to two options.
Option A.2.1: The environmental burden of the acid plant is carried by the copper production route and sulfuric acid is a burden-free co-product. In this case, the copper-production route can (optionally) receive an environmental credit for the avoided production of sulfuric acid in a representative alternative production route. It should be noted that if a credit was given, the sulfuric acid is not burden-free anymore but carries the environmental burden of the credited alternative production route.
Option A.2.2: The emissions of the acid plant are not carried by the copper production route but by the sulfuric acid. So, while the SO2 is a burden-free output from the flash smelter (waste), the emissions of the acid plant determine the environmental burden of the sulfuric acid. In this way the acid plant is not only considered as the waste treatment for SO2, but as the production process for sulfuric acid.
Next to the two options presented above, some companies consider sulfuric acid as a co-product directly and use system expansion (option B.2) to avoid the allocation. This would lead to the same result as option A.2.1 with the optional credit.

1.4 Example for B: Precious metal co-production
During the production of a copper cathode in the electrolysis, a precious metals containing slime is produced (Fig. S2) which is considered a co-product (and not a waste) because it has a market value and is not intended to be disposed of. For that reason, the environmental burden of the electrolysis (and the upstream burden of the copper anode) needs to be distributed between the co-products copper cathode and precious metals containing slime (option B). Avoiding the allocation by means of process subdivision (option B.1) is not possible as both co-products are produced in the same process. Avoiding the allocation by means of system expansion (option B.2) is also not possible because there is no representative alternative production route for precious metals which doesn’t contain co-production with other metals (and thus allocation) itself. Given that the precious metals containing slime is co-produced with a base metal (and would have been disposed of without its economic value), the conditions for economic allocation are fulfilled.
Consistency of recommendations in the article with other PCF and LCA guidelines
1.5 Functional unit
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries. Please note that a green tick means that the recommendation of this guidance fulfils the requirements of the other guidelines/standards. Vice versa, this does not necessarily mean that the recommendation of the other guidelines fulfils the requirements of this guideline (if the requirements of this guideline are stricter).

Table S2: Comparison between the recommended approach on the definition of the functional unit to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Same

	Cobalt PCF guide
	✓
	Same

	Copper PCF guide
	✓
	Same

	Nickel PCF guide
	✓
	Same

	Zinc PCF guide
	✓
	Same

	Lithium PCF guide
	✓
	Same

	Worldsteel LCA guide
	✓
	Same

	Santero and Hendry (2016)
	✓
	Same

	ISO 14040/44 LCA
	✓
	Generic

	ISO 14067 PCF
	✓
	Generic

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Generic

	Product Environmental Footprint
	✓
	Generic

	WBCSD PACT
	✓
	Generic

	Catena-X
	✓
	Generic

	PEFCR Batteries
	✓
	Battery specific

	GBA Rulebook
	✓
	Battery specific



1.6 [bookmark: _heading=h.2bn6wsx][bookmark: _Toc185458162]System boundary
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S3: Comparison between the recommended approach on the definition of system boundaries to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Same

	Cobalt PCF guide
	✓
	Same

	Copper PCF guide
	✓
	Same

	Nickel PCF guide
	✓
	Same

	Zinc PCF guide
	✓
	Same

	Lithium PCF guide
	✓
	Same

	Worldsteel LCA guide
	✓
	Cradle to grave for product life cycle,
cradle to gate for production

	Santero and Hendry (2016)
	✓
	Cradle to grave for product life cycle,
cradle to gate for production

	ISO 14040/44 LCA
	✓
	Requires justification if not life cycle based, which is possible in this case

	ISO 14067 PCF
	✓
	Cradle to grave for product life cycle,
cradle to gate for production

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Cradle to grave for product life cycle,
cradle to gate for production

	Product Environmental Footprint
	✓
	Cradle to grave for product life cycle,
cradle to gate for production

	WBCSD PACT
	✓
	Same

	Catena-X
	✓
	Same

	PEFCR Batteries
	✓
	Requires cradle-to-grave because focus on battery life cycle – but no relevant inconsistency

	GBA Rulebook
	✓
	Requires cradle-to-gate + EoL because focus on battery life cycle – but no relevant inconsistency


[bookmark: _heading=h.qsh70q]


1.7 [bookmark: _Toc185458163]Cut-off criteria
The table below shows full or partial consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries. However, the recommendation is not consistent with the requirements of Catena-X (which allows a total cut-off of 1% only) and PEF (which allows no intentional cut-offs). The only way to achieve full consistency is to also not allow any cut-off criteria – which is not considered feasible from an operational perspective.

Table S4: Comparison between the recommended approach on the definition of cut-off criteria to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	So far not addressed

	Cobalt PCF guide
	✓
	Individual criteria at 3% as well

	Copper PCF guide
	✓
	So far not addressed

	Nickel PCF guide
	✓
	1% of total GHG emissions, not >3%
can be excluded

	Zinc PCF guide
	✓
	1% of total GHG emissions, not >3%
can be excluded

	Lithium PCF guide
	✓
	Total 3%, no individual criteria, additionally not more than 3% of mass and energy

	Worldsteel LCA guide
	✓
	In total 5% allowed, but based on mass, energy

	Santero and Hendry (2016)
	X
	Avoid and use proxy data

	ISO 14040/44 LCA
	✓
	Generic

	ISO 14067 PCF
	✓
	Generic

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Generic

	Product Environmental Footprint
	✓
	up to 3.0% (cumulatively) based on material and energy flows and the level of environmental significance

	WBCSD PACT
	✓
	In aggregate, exclusions shall represent less than 3% of the total cradle-to-gate PCF emissions

	Catena-X
	✓
	Total 3%, no individual criteria, 

	PEFCR Batteries
	✓
	1% per mass individually, not more than 3% of LICA result in total

	GBA Rulebook
	✓
	Total 3%, no individual criteria, additionally not more than 3% of mass and energy



1.8 [bookmark: _heading=h.3as4poj]Data quality requirements
The table below shows full or partial consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S5: Comparison between the recommended approach on data quality requirements to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	So far not addressed

	Cobalt PCF guide
	✓
	So far not addressed

	Copper PCF guide
	✓
	Does not include completeness, reliability, primary data share

	Nickel PCF guide
	✓
	Does not include primary data share

	Zinc PCF guide
	✓
	

	Lithium PCF guide
	✓
	So far not addressed

	Worldsteel LCA guide
	✓
	Does not include completeness, primary data share

	Santero and Hendry (2016)
	✓
	So far not addressed

	ISO 14040/44 LCA
	✓
	Generic

	ISO 14067 PCF
	✓
	Generic

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	DQR requested

	Product Environmental Footprint
	✓
	Data needs matrix defines data requirements depending on control of the company

	WBCSD PACT
	✓
	same

	Catena-X
	✓
	same

	PEFCR Batteries
	✓
	Data needs matrix defines data requirements depending on control of the company

	GBA Rulebook
	✓
	same



1.9 [bookmark: _heading=h.46r0co2][bookmark: _Toc185458165]Data sources
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S6: Comparison between the recommended approach on data sources to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Hierarchy favouring primary data does not differente scopes 1 and 2/3

	Cobalt PCF guide
	✓
	Hierarchy favouring primary data does not differentiate scopes 1 and 2/3

	Copper PCF guide
	✓
	Hierarchy favouring primary data does not differentiate scopes 1 and 2/3

	Nickel PCF guide
	✓
	Primary data for foreground system and secondary data for background system

	Zinc PCF guide
	✓
	Hierarchy favouring primary data does not differentiate scopes 1 and 2/3

	Lithium PCF guide
	✓
	Same

	Worldsteel LCA guide
	✓
	Not addressed

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Not addressed

	ISO 14067 PCF
	✓
	Same

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Same

	Product Environmental Footprint
	✓
	Not addressed

	WBCSD PACT
	✓
	Same

	Catena-X
	✓
	Same

	PEFCR Batteries
	✓
	Hierarchy not differentiating scopes 1 and 2/3

	GBA Rulebook
	✓
	Hierarchy not differentiating scopes 1 and 2/3



1.10 [bookmark: _heading=h.2lwamvv][bookmark: _Toc185458166]GHGs considered
The table below shows strong consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries. The only difference is that some metal PCF guidelines require to include all GHGs – so the current recommendation can make the calculation easier.

Table S7: Comparison between the recommended approach on GHGs to be considered to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Would require all top 9 GHGs, meaningful simplification

	Cobalt PCF guide
	✓
	According to IPCC

	Copper PCF guide
	✓
	Would require all top 9 GHGs, meaningful simplification

	Nickel PCF guide
	✓
	Would require all top 9 GHGs, meaningful simplification

	Zinc PCF guide
	✓
	Would require all top 9 GHGs, meaningful simplification

	Lithium PCF guide
	✓
	According to IPCC

	Worldsteel LCA guide
	✓
	CO2 as a minimum

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Not addressed

	ISO 14067 PCF
	✓
	Would require all top 9 GHGs, meaningful simplification

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	CO2, CH4, N2O, SF6, PFCs, HFC (additional ones shall be listed))

	Product Environmental Footprint
	✓
	Would require all top 9 GHGs, meaningful simplification

	WBCSD PACT
	✓
	Would require all top 9 GHGs, meaningful simplification

	Catena-X
	✓
	Would require all top 9 GHGs, meaningful simplification

	PEFCR Batteries
	✓
	Would require all top 9 GHGs, meaningful simplification

	GBA Rulebook
	✓
	Carbon dioxide (fossil), Carbon dioxide (biogenic), Methane (fossil), Methane (biogenic), Nitrous oxide, GHG Relevant refrigerants, e.g., R134a




1.11 [bookmark: _heading=h.111kx3o][bookmark: _Toc185458167]Electricity
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S8: Comparison between the recommended approach on modelling electricity to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Focus on location-based modelling but also containing market-based modelling elements

	Cobalt PCF guide
	✓
	Requires market-based approach (included in the dual reporting)

	Copper PCF guide
	✓
	Focus on location-based modelling but also containing market-based modelling elements

	Nickel PCF guide
	✓
	Requires market-based approach (included in the dual reporting)

	Zinc PCF guide
	✓
	Requires market-based approach (included in the dual reporting)

	Lithium PCF guide
	✓
	Requires market-based approach (included in the dual reporting)

	Worldsteel LCA guide
	✓
	Not addressed

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Not addressed

	ISO 14067 PCF
	✓
	Requires market-based approach (included in the dual reporting)

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Requires market-based approach (included in the dual reporting)

	Product Environmental Footprint
	✓
	Requires market-based approach for production and location-based approach for use phase

	WBCSD PACT
	✓
	Requires market-based approach (included in the dual reporting)

	Catena-X
	✓
	Requires market-based approach (included in the dual reporting)

	PEFCR Batteries
	✓
	Requires market-based approach (included in the dual reporting)

	GBA Rulebook
	X
	Compliance with rule set 1 but rule set 2 missing: Physically Modelled Approach (PMA)




1.12 [bookmark: _heading=h.3l18frh][bookmark: _Toc185458168]Fuel combustion
The table below shows strong consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries. The only difference to some guidelines is that the specific carbon content would be the first choice before default IPCC emission factors can be used.

Table S9: Comparison between the recommended approach on modelling fuel combustion to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Default factors would be first choice

	Cobalt PCF guide
	✓
	Same

	Copper PCF guide
	✓
	Default factors would be first choice

	Nickel PCF guide
	✓
	Default factors would be first choice

	Zinc PCF guide
	✓
	Default factors would be first choice

	Lithium PCF guide
	✓
	Same

	Worldsteel LCA guide
	✓
	Not addressed

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Not addressed

	ISO 14067 PCF
	✓
	Not addressed

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Not addressed

	Product Environmental Footprint
	✓
	Not addressed

	WBCSD PACT
	✓
	Not addressed

	Catena-X
	✓
	Not addressed

	PEFCR Batteries
	✓
	Not addressed

	GBA Rulebook
	✓
	Same



1.13 [bookmark: _heading=h.206ipza][bookmark: _Toc185458169]Offsetting
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S10: Comparison between the recommended approach on offsetting to the recommendations provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Same

	Cobalt PCF guide
	✓
	Not addressed

	Copper PCF guide
	✓
	Same

	Nickel PCF guide
	✓
	Not addressed

	Zinc PCF guide
	✓
	Same

	Lithium PCF guide
	✓
	Same

	Worldsteel LCA guide
	✓
	Not addressed

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Not addressed

	ISO 14067 PCF
	✓
	Same

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Same

	Product Environmental Footprint
	✓
	Not addressed

	WBCSD PACT
	✓
	Same

	Catena-X
	✓
	Same

	PEFCR Batteries
	✓
	Same

	GBA Rulebook
	✓
	Same



1.14 Multi-output allocation 
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S11: Comparison between the recommended approach on allocation of environmental impacts to refinery co-products to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Mass and energy recommended but no precious metals involved

	Cobalt PCF guide
	✓
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 4), leading to same results.

	Copper PCF guide
	✓
	Hierarchy to avoid allocation applied. Economic allocation recommended (conditions specified in this document fulfilled).

	Nickel PCF guide
	✓
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 4), leading to same results.

	Zinc PCF guide
	X
	Mass allocation required as default (regardless of co-production with precious metals)

	Lithium PCF guide
	✓
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 4), leading to same results.

	Worldsteel LCA guide
	X
	Allocation to be avoided by system expansion and substitution for all co-products (questionable if possible without allocation is substituted products)

	Santero and Hendry (2016)
	X
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 4).

	ISO 14040/44 LCA
	✓
	Hierarchy to avoid allocation applied, economic allocation can be justified

	ISO 14067 PCF
	✓
	Hierarchy to avoid allocation applied, economic allocation can be justified

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Hierarchy to avoid allocation applied, economic allocation can be justified

	Product Environmental Footprint
	✓
	Hierarchy to avoid allocation applied, economic allocation can be justified, but system expansion with indirect substitution on 3rd level (conflict to ISO and GHG)

	WBCSD PACT
	✓
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 5).

	Catena-X
	✓
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 5).

	PEFCR Batteries
	✓
	Hierarchy to avoid allocation applied, economic allocation can be justified, but system expansion not mentioned (conflict to ISO and GHG)

	GBA Rulebook
	✓
	Hierarchy to avoid allocation applied. Mass allocation unless conditions fulfilled (factor 4).



1.15 Recycling allocation – pre-consumer scrap
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S12: Comparison between recommended approach on recycling allocation of pre-consumer recycling to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	More specific guidelines differentiating open and closed loop recycling of pre-consumer waste exist.

	Cobalt PCF guide
	✓
	Pre-consumer waste not addressed explicitly

	Copper PCF guide
	✓
	Pre-consumer waste not addressed explicitly

	Nickel PCF guide
	✓
	Pre-consumer waste not addressed explicitly

	Zinc PCF guide
	✓
	Pre-consumer waste not addressed explicitly

	Lithium PCF guide
	✓
	Pre-consumer waste not addressed explicitly

	Worldsteel LCA guide
	✓
	Same

	Santero and Hendry (2016)
	✓
	Pre-consumer waste not addressed explicitly

	ISO 14040/44 LCA
	✓
	Pre-consumer waste not addressed explicitly but closed loop recycling described

	ISO 14067 PCF
	✓
	Pre-consumer waste not addressed explicitly but closed loop recycling described

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Pre-consumer waste not addressed explicitly but closed loop recycling described (but actually requires separate reporting of avoided emissions)

	Product Environmental Footprint
	✓
	Pre-consumer waste not addressed explicitly

	WBCSD PACT
	✓
	Pre-consumer waste not addressed explicitly

	Catena-X
	✓
	Pre-consumer waste not addressed explicitly

	PEFCR Batteries
	✓
	Pre-consumer waste not addressed explicitly

	GBA Rulebook
	✓
	Closed loop mentioned implicitly in calculation procedure for recycled content share



1.16 [bookmark: _heading=h.3ygebqi][bookmark: _Toc185458172]End-of-life allocation – post-consumer scrap inputs
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S13: Comparison between the recommended approach on EoL allocation of post-consumer recycling to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Not explicitly named, but cut-off approach

	Cobalt PCF guide
	✓
	Cut-off approach recommended

	Copper PCF guide
	✓
	Not addressed

	Nickel PCF guide
	✓
	Not addressed

	Zinc PCF guide
	✓
	Cut-off approach recommended (with open scrap input)

	Lithium PCF guide
	✓
	Cut-off approach recommended

	Worldsteel LCA guide
	✓
	Datasets are provided in cut-off approach with open scrap inputs, net-scrap approach is recommended for product LCAs

	Santero and Hendry (2016)
	✓
	The net-scrap approach is recommended for product LCAs which take a life cycle perspective according to the metal industry’s 2006 Declaration on Recycling Principles (Atherton 2007)

	ISO 14040/44 LCA
	✓
	No specific EoL allocation method recommended, but requires differentiation between closed and open loop recycling and consideration of inherent properties

	ISO 14067 PCF
	✓
	No specific EoL allocation method recommended, but requires differentiation between closed and open loop recycling and consideration of inherent properties

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Cut-off approach for open loop recycling
(avoided burden for closed loop recycling)

	Product Environmental Footprint
	X
	For cradle to gate studies, PEF requires a double reporting according to the circular footprint formula with A=1 (cut-off) and A equals to the specific material value (A=0.2 for metals)

	WBCSD PACT
	✓
	Cut-off approach recommended

	Catena-X
	✓
	Cut-off approach recommended (others can be justified in the future if they provide incentives for environmental improvement)

	PEFCR Batteries
	X
	Requests circular footprint formula (but focus is on cradle-to-grave studies)

	GBA Rulebook
	✓
	Cut-off approach recommended (others can be justified in the future if they provide incentives for environmental improvement)



1.17 [bookmark: _heading=h.2dlolyb][bookmark: _Toc185458173]Impact categories/characterization models
The table below shows that the recommendation for PCF (GWP100 with IPCC characterization factors) is in line with all metal PCF guidelines and PCF standards. Only the LCA standards and PEF require additional impact categories.
The proposed LCIA impact categories are consistent with all PCF guidelines and standards and with ISO 14040/44. However, PEF and the PEFCR on batteries required additional impact categories (16 PEF categories).

Table S14: Comparison between the recommended approach on impact categories and characterization models to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
GWP100
	Consistency
LCIA categories

	Aluminium PCF guide
	✓
	✓

	Cobalt PCF guide
	✓
	✓

	Copper PCF guide
	✓
	✓

	Nickel PCF guide
	✓
	✓

	Zinc PCF guide
	✓
	✓

	Lithium PCF guide
	✓
	✓

	Worldsteel LCA guide
	✓
	✓

	Santero and Hendry (2016)
	✓
	✓

	ISO 14040/44 LCA
	
	✓

	ISO 14067 PCF
	✓
	✓

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	✓

	Product Environmental Footprint
	
	X

	WBCSD PACT
	✓
	✓

	Catena-X
	✓
	✓

	PEFCR Batteries
	X
	X

	GBA Rulebook
	✓
	✓



1.18 [bookmark: _heading=h.sqyw64][bookmark: _Toc185458174]Normalization, grouping, weighting
The table below shows that the recommendation in the article would be in line with the requirements of all guidelines and standards except for PEF, which prescribes normalization and weighting.

Table S15: Comparison between recommendation on normalization, grouping, weighting to the recommendations provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
LCIA option
	Comments

	Aluminium PCF guide
	✓
	Not addressed

	Cobalt PCF guide
	✓
	Not addressed

	Copper PCF guide
	✓
	Not addressed

	Nickel PCF guide
	✓
	Not addressed

	Zinc PCF guide
	✓
	Not addressed

	Lithium PCF guide
	✓
	Not addressed

	Worldsteel LCA guide
	✓
	Not addressed

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Optional, weighting forbidden if comparative assertions disclosed to public

	ISO 14067 PCF
	✓
	Not addressed

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Not addressed

	Product Environmental Footprint
	X
	Normalization based on global impacts and weighting according to PEF weighting factors

	WBCSD PACT
	✓
	Not addressed

	Catena-X
	✓
	Not addressed

	PEFCR Batteries
	X
	Normalization based on global impacts and weighting according to PEF weighting factors

	GBA Rulebook
	✓
	Not addressed



1.19 [bookmark: _heading=h.3cqmetx][bookmark: _Toc185458175]Reporting
The table below shows consistency of this recommendation to most of the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries. Only PEF and the PEFCR Batteries require a different structure, the reporting of a weighted result, and an EF compliant dataset.

Table S16: Comparison between the recommended approach on reporting to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Similar

	Cobalt PCF guide
	✓
	Similar

	Copper PCF guide
	✓
	Similar

	Nickel PCF guide
	✓
	Similar

	Zinc PCF guide
	✓
	Similar

	Lithium PCF guide
	✓
	Similar

	Worldsteel LCA guide
	✓
	Not addressed

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Similar

	ISO 14067 PCF
	✓
	Similar

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Similar

	Product Environmental Footprint
	✓
	Summary, main report, annex weighted result

	WBCSD PACT
	✓
	Not addressed

	Catena-X
	✓
	Not addressed

	PEFCR Batteries
	✓
	Weighted results and EF compliant dataset

	GBA Rulebook
	✓
	Similar



1.20 [bookmark: _heading=h.1rvwp1q][bookmark: _Toc185458176]Verification
The table below shows full consistency of this recommendation to the recommendations provided by other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries. Only PEF and the PEFCR batteries additionally require a minimum qualification score of the reviewers.

Table S17 Comparison between the recommended approach on verification to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	Not addressed

	Cobalt PCF guide
	✓
	Same

	Copper PCF guide
	✓
	Same

	Nickel PCF guide
	✓
	Same

	Zinc PCF guide
	✓
	Same

	Lithium PCF guide
	✓
	Same

	Worldsteel LCA guide
	✓
	Same

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Same

	ISO 14067 PCF
	✓
	Same

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Same

	Product Environmental Footprint
	✓
	Minimum quality score of reviewers

	WBCSD PACT
	✓
	According to verification roadmap

	Catena-X
	✓
	According to CX and TfS PCF Verification Framework

	PEFCR Batteries
	✓
	Minimum quality score of reviewers and detailed criteria that should be verified

	GBA Rulebook
	✓
	Same



1.21 [bookmark: _heading=h.4bvk7pj][bookmark: _Toc185458177]Update cycle
As this recommendation exceeds the requirements of most guidelines and standards, it provides full consistency to other metal PCF guidelines, relevant standards, and harmonization activities of downstream industries.

Table S18: Comparison between the recommended approach  on an update cycle to those provided by existing metal PCF guidelines, relevant standards, and harmonization activities of downstream industries
	Guideline/standard
	Consistency
	Comments

	Aluminium PCF guide
	✓
	5 years or when significant change

	Cobalt PCF guide
	✓
	5 years or when significant change

	Copper PCF guide
	✓
	Not addressed

	Nickel PCF guide
	✓
	3 years or when significant change

	Zinc PCF guide
	✓
	5 years or when significant change

	Lithium PCF guide
	✓
	5 years or when significant change

	Worldsteel LCA guide
	✓
	5 years or when significant change

	Santero and Hendry (2016)
	✓
	Not addressed

	ISO 14040/44 LCA
	✓
	Not addressed

	ISO 14067 PCF
	✓
	Not addressed

	GHG Protocol - Product Life Cycle Accounting and Reporting Standard
	✓
	Not addressed, but track changes in pursuing reduction targets"

	Product Environmental Footprint
	✓
	Not addressed explicitly but in data quality rating: 1-3 years

	WBCSD PACT
	✓
	3 years or when change > 10%

	Catena-X
	X
	Data for most recent year and annual check required

	PEFCR Batteries
	✓
	Not addressed explicitly but in data quality rating: 1-3 years

	GBA Rulebook
	X
	Annual data collection for primary data required



References
Atherton J (2007) Declaration by the metals industry on recycling principles. Int J Life Cycle Assess 12:59–60. https://doi.org/10.1065/LCA2006.11.283/METRICS
European Commission (2008) DIRECTIVE 2008/98/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 19 November 2008 on waste and repealing certain Directives
GHG Protocol (2011) The Greenhouse Gas Protocol Product Life Cycle Accounting and Reporting Standard. ISBN 978-1-56973-773-6.
ISO 14044 (2006) Environmental management - Life cycle assessment - Requirements and guidelines. International Organization for Standardization, Geneva, Switzerland
Schneider L, Berger M, Finkbeiner M (2013) Measuring resources scarcity - limited availability despite sufficient reserves. In: Mancini L, de Camillis C, Pennington D (eds) JRC scientific and policy reports: Security of supply and scarcity or raw materials. Publications Office of the European Union, Luxembourg, pp 32–34
Velis C (2025) Is ‘waste’ an obsolete concept for circular economy, innovation and engineering? Waste Manag Res 43:981–983

image2.svg
          Copper  Smelter & Refinery Copper  concentrate CO 2 Gold SO 2 H 2 SO 4    Allocation  


image3.png
Copper

; Flash matte
—p

' smelter

| 1 50,

! | Acid plant

Converter

copper
—_—

Anode
furnace

Smelter & Refinery

Electro-
lysis

e |

Precious
metal
plant





image1.png
Copper
concentrate





