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Abstract

Multifunctionality is a recurring issue in the life cycle assessment (LCA) of primary metals production, as one metal is often co-produced with other metals. In this context, this study aims at i) reviewing the approaches actually implemented in the literature for solving multifunctionality in the context of the LCA of primary metals co-production; ii) comparing the currently existing multifunctionalitysolving approaches as defined by the ISO hierarchy, considering the carbon footprint assessment (in a life-cycle perspective) of copper (Cu), zinc (Zn), lead (Pb) and silver (Ag) co-production through the implementation of on-site "mine-to-metal" technologies at pilot scale in a Spanish mine; iii) discussing the implications associated with the use of these different approaches in the context of primary metals co-production and the extent to which they may affect the assessment of the environmental performances of metals. Overall, the allocation approach stands for the first option for solving multifunctionality in the LCA of metals co-production based on the review of 27 studies; despite the ISO hierarchy recommends the use of allocation as last resort. Based on a representative set of primary data drawn from on-site trials at a pilot scale, the potential climate change impacts induced by the co-production of 1 ton Cu and 6 tons Zn cathodes along with 2.65 tons Pb and 0.045 ton Ag precipitates are calculated to amount to 90,324 kg CO2-eq in a life cycle perspective.

Depending on the multifunctionality-solving approach, the apportionment of these impacts to each co-product shows significant discrepancies. The implementation of partial subdivision combined with market prices allocation attributes most (80%) of the impacts to Zn and Ag. The use of allocation approaches attribute the largest share of impacts to Zn (62%) and Pb (27%) when considering a mass criterion; while the impacts are primarily attributed to Ag (respectively 48% and 45%) and Zn (respectively 30% and 33%) when considering economic criteria (respectively market prices and production costs). In terms of representativeness, the use of partial subdivision shall be considered as a more representative approach for solving multifunctionality than the mere application of allocation. Moreover, the results obtained through the application of economic allocation are considered more consistent than those obtained by mass allocation in this case study; while the use of production costs may be seen as an alternative for overcoming the limits associated with market prices. Finally, the use of system expansion shows that the recovery of Zn, Pb and Ag in addition to Cu potentially avoids 25% of the total climate change impacts. The approach implemented to solve multifunctionality largely influences the estimated impacts of each co-produced metal, subsequently with potential large implications for the footprints of products and sectors using these metals. The way multifunctionality is solved shall therefore be transparently reported in the scope of LCA studies, with privileging subdivision whenever possible.

Introduction

Essential to many everyday life applications, metals now play an important role within the modern society. For decades, these materials faced increasing consumption trends, in particular due to a growing worldwide population and rising technological standards. As example, the demand for metal ores in the last decades was estimated to grow by 2.7% per year from 1970 to 2017 (UNEP International Resource Panel, 2019). In the years to come, this demand for metals is expected to maintain its exponential increase to satisfy an ever-growing market for manufactured goods. The forecast from the OECD (2018), for instance, indicates a near three-fold rise of metals use over the 2011 -2060 period (8 to 20 Gt).

Consequence of this rising metals demand, rich deposits tend to be depleted therefore leading to a progressive ore grade decline, as e.g. in Australia where copper ore grade was shown to drop from 25% to 1-2% between 1840 and 2005 [START_REF] Mudd | The Environmental sustainability of mining in Australia: key mega-trends and looming constraints[END_REF]. Given the situation, the ore grades are expected to maintain their progressive decline in the future, e.g. in the case of copper whose ore grades are foreseen to drop down to 0.1-0.2% by 2100 [START_REF] Northey | Modelling future copper ore grade decline based on a detailed assessment of copper resources and mining[END_REF]. Ores processing and metals extraction are accordingly becoming more energy-intensive which, from an environmental perspective, may translate into increasing environmental impacts [START_REF] Norgate | Low grade ores -Smelt, leach or concentrate?[END_REF].

Moreover, ores are also becoming more complex in terms of mineralogy therefore requiring additional efforts for accessing the valuable parts.

In this context, life cycle assessment (LCA) has widely been applied over the past few years for assessing the environmental impacts associated with metals production; e.g. copper (Hong et al., 2017a;[START_REF] Song | Comparative life cycle assessment of tailings management and energy scenarios for a copper ore mine: A case study in Northern Norway[END_REF][START_REF] Memary | Life cycle assessment: a time-series analysis of copper[END_REF], zinc [START_REF] Qi | Life cycle assessment of the hydrometallurgical zinc production chain in China[END_REF][START_REF] Van Genderen | A global life cycle assessment for primary zinc production[END_REF]), lead (Davidson et al., 2016), nickel [START_REF] Mistry | Life cycle assessment of nickel products[END_REF], gold [START_REF] Chen | Lead industry life cycle studies: environmental impact and life cycle assessment of lead battery and architectural sheet production[END_REF]), rare earths (Haque et al., 2014;[START_REF] Vahidi | Assessing the environmental footprint of the production of rare earth metals and alloys via molten salt electrolysis[END_REF][START_REF] Zaimes | Environmental Life Cycle Perspective on Rare Earth Oxide Production[END_REF]. The implementation of LCA enables assessing a product/process potential environmental burden, as functions of multiple impact categories, along its entire life cycle ("cradle-to-grave"), i.e. from the raw materials extraction to the end-of-life disposal. However, the application of LCA to the metals sector is not always straightforward, since metal production processes often yield different co-products, which accordingly raises so-called multifunctionality issues. From a methodological perspective, multifunctional systems represent an issue regarding the apportionment of the environmental burden to each co-function/co-product [START_REF] Ekvall | Allocation in ISO 14041-a critical review[END_REF]. To tackle this multifunctionality issue, the ISO standard 14044 (ISO, 2006) defines a three-step hierarchy (see Supporting Information document 1 for further details about each approach): 1) Wherever possible, allocation should be avoided by:

• Subdivision, i.e. the multifunctional processes are to be divided into two or more subprocesses for which data are individually collected;

• System expansion, i.e. the product system is to be expanded to include the additional functions related to the co-products.

2) If allocation cannot be avoided, it should be first performed based on the underlying physical relationships between the co-products/co-functions, i.e. the input and output flows relative to the system under study are to be partitioned in a way that reflects how they are quantitatively affected by quantitative changes in the products or functions provided by the system (e.g. mass).

3) If a clear physical relationship between the co-products cannot be established or used, the allocation should then be performed based on other relationships (e.g. economic value).

In this context, this study firstly aims at discussing which approaches are actually implemented in the literature to solve multifunctionality in the context of the LCA of primary metals co-production.

Secondly, considering as case study the co-production of copper, zinc, lead and silver in a Spanish mine through the implementation of on-site "mine-to-metal" technologies including a hydrometallurgical process, this study aims at comparing the different multifunctionality-solving approaches as defined by the ISO standard. This case study is based on a representative set of data, drawn from on-site trials at a pilot scale. Finally, the results are used to discuss the implications associated with the use of these approaches in the context of primary metals co-production and the extent to which they may affect the outcomes of the LCA.

Literature review: multifunctionality issues in the LCA of primary metals co-production

The literature review was performed using the Web of Science database (Clarivate, 2019), by applying a combination of keywords (screened in titles, abstracts and authors keywords) comprising, on the one hand, the terms "life cycle assessment" and "metals", and on the other hand, terms relative to the "multifunctionality" issue and the approaches defined by the ISO standard (e.g. "subdivision", "allocation"). Peer-reviewed research articles published after the year 2010 were privileged, with, however, the inclusion of three exceptions that were deemed relevant for this review: two articles published before 2010 respectively by [START_REF] Norgate | Assessing the environmental impact of metal production processes[END_REF]Fthenakis et al. (2009), and one technical report published by the International Copper Association (2017). Based on the search results, 27 LCA studies mentioning multifunctionality issues in the context of primary metals co-production were eventually selected (Table 1). Overall, the allocation approach stands for the first multifunctionality-solving approach in the 27 LCA studies reviewed, as opposed to the ISO hierarchy, which rather recommends the use of allocation as a last resort. Moreover, in most studies, the choice of the allocation approach does not appear to be justified, which accordingly does not enable capturing the rationale behind this methodological choice. In the case of primary metals co-production, the implementation of allocation primarily relies on three criteria (Figure 1): Mass: this criterion is used for dealing with base metals (e.g. zinc; Qi et al., 2007) Economic allocation; Mass allocation (Use of both approaches) [START_REF] Jiang | Environmental impacts of lithium production showing the importance of primary data of upstream process in life-cycle assessment[END_REF] Lithium (Li), sodium sulfate, solid wastes Economic allocation particular, the use of economic allocation primarily relies on market prices considering, in some cases, averages over several years (e.g. [START_REF] Song | Comparative life cycle assessment of tailings management and energy scenarios for a copper ore mine: A case study in Northern Norway[END_REF][START_REF] Mistry | Life cycle assessment of nickel products[END_REF].

Exergy: this thermodynamic criterion is applied in two studies respectively for dealing with base/precious metals (e.g. copper, silver; [START_REF] Valero | Exergy cost allocation of by-products in the mining and metallurgical industry[END_REF] and rare earths [START_REF] Zaimes | Environmental Life Cycle Perspective on Rare Earth Oxide Production[END_REF].

It is noteworthy that some of the reviewed studies distinctly use several allocation criteria for information (Fthenakis et al., 2009;[START_REF] Islam | Integrating remote sensing and life cycle assessment to quantify the environmental impacts of copper-silver-gold mining: A case study from Laos[END_REF], sensitivity analysis [START_REF] Nuss | Life Cycle Assessment of Metals: A Scientific Synthesis[END_REF][START_REF] Zaimes | Environmental Life Cycle Perspective on Rare Earth Oxide Production[END_REF] or comparison and discussion purposes [START_REF] Stamp | Limitations of applying life cycle assessment to complex co-product systems: The case of an integrated precious metals smelter-refinery[END_REF][START_REF] Valero | Exergy cost allocation of by-products in the mining and metallurgical industry[END_REF].

Among these studies, [START_REF] Stamp | Limitations of applying life cycle assessment to complex co-product systems: The case of an integrated precious metals smelter-refinery[END_REF] and [START_REF] Valero | Exergy cost allocation of by-products in the mining and metallurgical industry[END_REF] in particular attempt to provide recommendations as to the use of allocation approaches. While [START_REF] Stamp | Limitations of applying life cycle assessment to complex co-product systems: The case of an integrated precious metals smelter-refinery[END_REF] compared the use of economic and mass allocations, eventually concluding that none of the approaches clearly stands out as the best option; [START_REF] Valero | Exergy cost allocation of by-products in the mining and metallurgical industry[END_REF] compared exergy, mass and economic criteria, eventually recommending the use of the exergy criterion, which may enable tackling some of the limits relative to mass and economic allocations.

In contrast, the subdivision approach, defined as the first option in the ISO hierarchy (ISO, 2006), is only applied in one of the 27 studies reviewed [START_REF] Stamp | Limitations of applying life cycle assessment to complex co-product systems: The case of an integrated precious metals smelter-refinery[END_REF]. However, in this study, a full subdivision of the system was not possible "for physical reasons", which eventually led the authors to combine subdivision with allocation for solving the multifunctionality issue. This overall limited use of the subdivision approach may therefore partly be explained by its unfeasibility in some cases (e.g.

the consumption of energy in the comminution step is common to several minerals and associated embodied metals, with no physical key that would enable dividing this consumption as functions of the processed metals). Additionally, the significant data requirements for dividing processes into subprocesses may represent another obstacle to the implementation of this approach (mining and processing operations are often described using generic, averaged values or "black box models";

Segura-Salazar et al., 2019). For example, Fthenakis et al. ( 2009) mentioned that their data were "reported in aggregated forms", which accordingly did not enable them to disaggregate the production stages under study into different sub-processes.

Finally, the use of system expansion also appears relatively limited. In particular, system expansion is primarily implemented for dealing with non-metallic co-products such as sulfuric acid, and in some cases for dealing with base metals [START_REF] Kulczycka | Environmental Impacts of Energy-Efficient Pyrometallurgical Copper Smelting Technologies: The Consequences of Technological Changes from 2010 to 2050[END_REF]International Copper Association, 2017).

Hybrid approaches are also implemented by some authors, combining system expansion with other approaches such as allocation. For example, [START_REF] Mistry | Life cycle assessment of nickel products[END_REF] and [START_REF] Van Genderen | A global life cycle assessment for primary zinc production[END_REF] combined system expansion for eliminating the not-required co-products (e.g. sulfuric acid) with allocation for dealing with the co-products of interest.

Although the ISO standard considers the use of allocation as a last resort, one may consider this approach appropriate in some situations. Indeed, besides the ISO hierarchy, the Joint Research Center (JRC) of the European Commission (EC) provides guidelines in its ILCD 1 handbook (EC -JRC, 2010) for solving multifunctionality depending on the decision-context. In particular, the use of allocation approaches may be justified in the case of attributional modelling (in a decision-context classified under situation C), when subdivision does not enable solving the multifunctionality issue.

On another note, Santero and Hendry (2016) provide recommendations for solving multifunctionality specifically in the context of the LCA of metals production. While the use of system expansion is recommended as their first option, they justify the necessity of implementing allocation in some cases, as system expansion may not enable dealing with co-products that do not present any alternative mono-output production routes. In terms of criteria, the mass criterion is recommended for dealing with base metals whose economic values are relatively similar, while the economic criterion is recommended for dealing with precious metals whose economic values and production volumes are generally disproportional to those of other metals. The ore deposit comprises Cu sulphides as well as zinc (Zn), lead (Pb) and silver (Ag) minerals. The mine site is equipped with "mine-to-metal" technologies enabling on-site ore mining/processing and subsequent metals recovery through the implementation of a hydrometallurgical process.

The objective of this study is to compare multifunctionality-solving approaches in the carbon footprint assessment of primary metals co-production (Cu, Zn, Pb and Ag) from a polymetallic ore.

Two different functional units are defined: on the one hand, a functional unit set as "the coproduction of 1 ton Cu cathode and 6 tons Zn cathode combined with the further recovery of 2.65 tons Pb and 0.045 ton Ag under precipitates forms" considering all co-products as targeted metals;

and on the other hand, a functional unit set as "the production of 1 ton Cu cathode" considering Cu as the main targeted metal (given that the mine is first and foremost a copper mine) while other metals are secondary.

The system boundaries cover all the unit operations from the run-of-mine ore to the metals recovered respectively under cathodes (Cu and Zn) and precipitates (Pb and Ag) forms, including i) the production and supply of reagents, ancillary materials, energy and water; ii) the direct emissions to the environment (Figure 2). The mining stage (encompassing drilling, blasting, loading/hauling operations) is excluded from the system boundaries, in the absence of data specific to the mine under study ("gate-to-gate" assessment). As stated in the ISO 14044 (2006), "the deletion of life cycle stages, processes, inputs or outputs is only permitted if it does not significantly change the overall conclusions of the study". Given the goal of the study, it is assumed that the exclusion of the mining stage from the system boundaries would not significantly affect the conclusions of this study, i.e. the results from the comparison of different multifunctionality-solving approaches. It is however noteworthy that the mining stage may have relatively large contributions to the environmental impacts of the "cradle-to-gate" production of metals (e.g. regarding Cu mining and processing; [START_REF] Song | Comparative life cycle assessment of tailings management and energy scenarios for a copper ore mine: A case study in Northern Norway[END_REF][START_REF] Islam | Integrating remote sensing and life cycle assessment to quantify the environmental impacts of copper-silver-gold mining: A case study from Laos[END_REF]. Similarly, the construction of the mine and its infrastructure are also disregarded in this study. The system boundaries thus encompass:

A mineral processing stage, through comminution, flotation and thickening, leading to the production of a bulk concentrate containing Cu, Zn, Pb and Ag;

The management of tailings (impoundment) generated in the mineral processing stage;

An atmospheric leaching stage, producing, on the one hand, a pregnant leaching solution (PLS) containing Cu and Zn; and on the other hand, a leaching residue containing Pb and Ag;

The recovery of Cu and Zn under cathodes forms, by solvent extraction and electrowinning;

The further recovery of Pb and Ag under precipitates forms from the leaching residue through leaching and cementation/precipitation operations.

In 

Data inventory

The modelling of the foreground system (i.e. the processes for which specific data are used; Figure 2) relies on on-site data at pilot scale provided by the mining company. For confidentiality reasons, the data inventory is provided as elementary flows only (see Supporting Information document 2) derived from the data provided by the mining company by use of the Simapro software and ecoinvent v3.4 as the background database. The primary data encompass:

• Reagents and ancillary materials Various reagents are consumed throughout this process chain, especially in the flotation (e.g. collectors, frothers, Cu sulphate), leaching (e.g. sulfuric acid, flocculants, sodium chloride) and Zn SX-EW (e.g. hydrochloric acid, sodium hydroxide, sodium sulfide) steps. The use of ancillary materials primarily includes chrome and forged steel consumption in the comminution step, due to the abrasion of the crushing/grinding equipment.

• Energy consumption

The energy consumption includes the use of electricity supplied by the Spanish grid throughout the entire process chain, and the use of heat (steam) in the Zn SX and leaching of Pb/Ag steps.

• Water consumption

Water is consumed in different steps of the process (e.g. comminution, flotation, leaching) and is supplied from the river (located near the mine site).

• Emissions to air

The emissions to air include direct emissions of dust due to comminution operations, of volatile organic compounds (VOC) in the flotation and Zn SX steps, and of carbon dioxide (CO2) in the Zn SX step.

• Emissions to water Contrarily to the other (above-presented) foreground data modelled by use of site-specific values, emissions of metals to groundwater from sulfidic tailings disposal are calculated from the ecoinvent model [START_REF] Doka | Assessing the future environmental impacts of copper production in China: Implications of the energy transition[END_REF] as a proxy, considering on the one hand, the tailings composition provided by the mining company and on the other hand, the transfer coefficients to groundwater as reported in the Doka model. It is however to be noted that the uncertainty of these data is relatively important.

The background system, i.e. all the processes upstream and downstream the process chain under study (for example, electricity generation or reagents production), is modelled by use of the ecoinvent v3.4 database [START_REF] Weidema | Overview and methodology. Data quality guideline for the ecoinvent database version 3[END_REF].

Approaches implemented for solving multifunctionality

The system under study is a four-output system co-producing three base metals (1 ton Cu, 6 tons Zn, 2.65 tons Pb) and one precious metal (0.045 ton Ag). In accordance with the goal of the study, five multifunctionality-solving approaches are considered: i) partial subdivision combined with economic allocation based on market prices; ii) system expansion including substitution; iii) mass allocation; iv) economic allocation based on market prices; v) economic allocation based on production costs.

Approaches i), iii), iv) and v) are implemented with respect to the first defined functional unit (the coproduction of the four metals) as they aim at apportioning the environmental burden to each co-product, while approach ii) is implemented with respect to the second functional unit (focused on Cu production) as it aims at assessing the avoided burden potentially resulting from the co-products. It is to be noted that, while Cu and Zn are produced under refined metal forms (i.e. final products), Pb and Ag are produced under precipitate forms, which are in contrast intermediary products. In the absence of data regarding the downstream processing stages of Pb and Ag (i.e. from precipitates to refined metals), the different multifunctionality-solving approaches are here applied to these intermediary products.

Approach 1: partial subdivision and economic allocation based on market prices

In this case study, subdivision can be applied to the process chain by dividing the whole system into six different sub-systems as represented in Figure 2: mineral processing, tailings disposal, atmospheric leaching, Cu recovery, Zn recovery and Pb/Ag recovery. Cu recovery and Zn recovery are mono-functional sub-systems respectively recovering Cu and Zn. The other sub-systems, however, remain multifunctional as they process different metals simultaneously; therefore, the mere application of system subdivision in this case is not sufficient to solve the multifunctionality issue, which accordingly requires the implementation of another approach. In this respect, economic allocation based on market prices is combined with subdivision in order to deal with the multifunctional sub-systems, i.e. mineral processing, leaching and Pb/Ag recovery (Table 2). The implementation of the system expansion including substitution approach implies that some functions provided by the system are considered secondary. In this case, Cu production is set as the main function (as defined in the second functional unit). Accordingly, Zn, Ag and Pb productions are considered as the co-functions to substitute. Metals co-products may be substituted, on the one hand, by the same metal produced from an alternative mono-output route (Santero and Hendry, 2016); or on the other hand, by a different material providing a similar service [START_REF] Weidema | Avoiding co-product allocation in the metals sector[END_REF].

In this respect, two alternative mono-output production routes were considered respectively for Zn and Pb, based on LCA case studies:

• The production of primary Zn through electrolysis, considering the whole process chain from ore mining to refined primary metal [START_REF] Werder | Life cycle assessment of the conventional and solar thermal production of zinc and synthesis gas[END_REF].

• The production of primary Pb in China, considering the whole process chain from ore mining to refined primary metal (Hong et al., 2017b).

As for Ag, no alternative mono-output production routes were found, therefore as a second approach, the substitution was applied considering the service provided by the co-product. For this purpose, the main applications relative to Ag were first identified: electronics (23%), jewelry (20%) and coins/ingots (20%; BRGM, 2017). Based on these three applications, potential substitutions for Ag were identified considering alternative materials providing similar services than those provided by Ag. As example, Ag used in electronics may be substituted with Cu, aluminum (Al) or other precious metals; silver-made jewelry may be replaced with gold-made jewelry (U.S. Geological [START_REF] Survey | Mineral commodity summaries 2018[END_REF]EC, 2017). Among these different substitution possibilities, only data regarding Al production were found to result from a mono-output production route. Accordingly, it is assumed in this study that Ag is substituted with Al, considering an end use in electronics and a hypothetical one for one substitution ratio (i.e. one ton Ag substituted with one ton Al). It is however to be noted that such an assumption is not fully representative of the reality, and therefore implies some uncertainty in the results. Data relative to Al production are drawn from the ecoinvent v3.4 database.

Allocation approaches

Three allocation approaches are considered in this case study, relying on three different criteria:

• The mass of each produced metal, as defined in the first functional unit;

• Worldwide market prices averaged over three years (2016 -2018) drawn from the S&P Global Market Intelligence database (2018);

• Worldwide metals production costs averaged over three years (2016 -2018) drawn from the S&P Global Market Intelligence database (2018). The description and rationale for the use of these production costs can be found in the Supporting Information document 1.

From these criteria, different allocation factors (A.F) are calculated based on the following equations (M.P = Market Prices; P.C = Production Costs), and subsequently used for partitioning the input and output flows relative to the process chain to each output metal:

. = ÷ (1) . . = ( . × ) ÷ ( . × ) (2) . . = ( . × ) ÷ ( . × ) (3) 
In the absence of economic data relative to Pb and Ag under precipitate forms, the allocation is here applied considering information about Pb and Ag under refined metal forms as proxy.

Results and discussion

Description of the results

In a life-cycle perspective, the co-production of 1 ton Cu cathode and 6 tons Zn cathode, combined with the further recovery of 2.65 tons Pb and 0.045 ton Ag under precipitates forms generates a total of 90,324 kg CO2-eq, considering the climate change impact category. In particular, these impacts are primarily driven by i) the consumption of sodium hypochlorite as reagent in the Pb/Ag leaching step;

ii) the direct air emissions of carbon dioxide in the zinc solvent extraction step; and iii) the consumption of electricity in different unit operations, especially in the zinc electrowinning step. The detailed contributions analysis can be found in the Supporting Information document 1.

Depending on the multifunctionality-solving approach considered, the apportionment of these impacts to each co-product shows relatively important discrepancies (Figure 3). It is noteworthy that each multifunctionality approach does not affect the overall impacts induced by the process chain, but only affects the share of impacts attributed to each co-product.

Firstly, the implementation of partial subdivision combined with market prices allocation leads to Zn and Ag productions carrying the largest shares of the carbon footprint, respectively 42.2 and 37.9%

of the total impacts. In comparison, Pb and Cu productions carry relatively modest amounts of impacts (respectively 12.7 and 7.1% of the impacts).

Secondly, the use of allocation approaches lead to different results depending on the considered criterion. On the one hand, mass allocation attributes most of the carbon footprint to Zn production (61.9% of the impacts) and, to a lower extent, Pb production (27.3% of the impacts) while Cu receives a relatively limited share of the impacts (10.3%). In this approach, Ag production nearly receives no impacts as its allocation factor only amounts to 0.5%. On the other hand, market prices-based and production costs-based economic allocations both lead to relatively similar results, as they both attribute most of the impacts to Ag production (respectively 48.2 and 44.9% of the impacts) and Zn production (respectively 29.6 and 32.5% of the impacts). In this case, Cu and Pb productions carry more limited impacts than Ag and Zn (10-11% of the impacts).

Finally, the use of system expansion including substitution first attributes the entirety of the impacts to Cu according to the second functional unit (production of 1 ton Cu cathode). To these impacts are then subtracted those of the substitutes, i.e. the impacts relative to the alternative primary production routes of Zn and Pb as well as the primary production of Al. In this approach, the total avoided impacts represent 25% of the total impacts attributed to Cu. In other words, the recovery of Zn, Pb and Ag in addition to Cu allows avoiding 25% of climate change impacts in comparison with alternative production routes of Zn and Pb as well as Al production. In particular, Zn is responsible for the largest amount of avoided impacts as it contributes to 21 of the 25% avoided impacts. The results obtained through this case study highlight that the different approaches provided by the ISO standard for tackling multifunctionality issues may yield relatively different results that may accordingly lead to different interpretations (Figure 3).

If the functional unit includes different co-products, the system subdivision approach shall be seen as the most representative way to apportion the environmental impacts to each co-product. Indeed, subdivision enables breaking down the multifunctional system into different mono-functional subsystems, therefore allowing a direct association of the environmental impacts induced by the subsystem with its respective co-product(s). Results obtained through subdivision are more robust from those obtained through other approaches, as they reflect the impacts actually induced by the system under study without any potential distortion caused by external parameters (e.g. economic data). In this case study, the use of subdivision enabled separating the unit operations relative to Cu and Zn recovery from the overall process chain into two mono-functional sub-systems (Figure 2), whose impacts were accordingly directly attributed respectively to Cu and Zn (accounting for 40% of the total climate change impacts). However, in the context of the LCA of primary metals co-production, system subdivision sometimes only allows a partial solving of the multifunctionality issue given that some unit operations of metal production processes cannot be further separated into mono- functional sub-systems. For example, the ore mining and processing operations (comminution, flotation, thickening and leaching in this case study; Figure 2) deal with the ore as a whole (i.e. encompassing all metals contained in the ore); therefore, they do not offer disaggregation possibilities with respect to the metals that are eventually recovered. In this case, other methods (e.g. allocation) are to be combined with subdivision in order to solve the multifunctionality issue.

Although partial subdivision does not enable solving multifunctionality, it may render the issue smaller and potentially easier to solve. Moreover, it may lead to relatively more accurate results, different from those obtained through the mere use of allocation.

Regarding the allocation approach, the results showed significant discrepancies between mass and economic allocations. While allocation by mass attributed most of the impacts to Zn as well as Pb and almost none to Ag, allocation by market prices and production costs conversely attributed most of the impacts to Ag, which captures the major part of the economic value. On the one hand, one possible interpretation resulting from the use of mass allocation implies that no effort is implemented to recover Ag, as it appears to induce no impacts. This could be consistent with a case where Pb and Zn drive the production while Ag is only a secondary product without any economic interest. On the other hand, the application of market prices allocation implies that the impacts are attributed according to the revenue that will eventually be generated from the produced metals.

Therefore, this approach implies that Ag production is one driver of the mining activity, due to its significant economic value, which may be considered as a more consistent scenario than that of mass allocation. In this case study, the mere application of allocation however does not appear relevant, as a system subdivision is possible (e.g. the mere use of allocation also attributes the impacts relative to the Cu recovery sub-system to Zn, Pb and Ag). Accordingly, the allocation approach should be considered as a complement to subdivision when the latter approach is possible but not sufficient to solve the multifunctionality issue. The sole application of allocation should rather be considered as a last resort option when unavoidable (i.e. any subdivision of the system is impossible).

In comparison with market prices, production costs allocation yield relatively similar results. However, in terms of reliability, one may consider the latter approach is more reliable than market prices allocation. Indeed, while market prices are subject to a certain volatility that can affect the allocation results, production costs are more stable (see Supporting Information document 1). Moreover, the use of these costs as a basis for allocation may be considered more correlated to the actual environmental impacts in the sense that they primarily depend on the actual amounts of inputs necessary to the production of metals, which may be considered to reflect in a more representative way the actual efforts implemented to produce the metal. Production costs may therefore represent a relevant alternative to market prices depending on the context of the study (market prices may remain more relevant in some contexts, e.g. temporarily explicit LCAs considering market changes).

If the functional unit solely includes one product, the system expansion including substitution approach may be seen as a relevant option that enables eliminating from the product system the coproducts assumed secondary. In practice, this substitution approach aims at accounting for the avoided burden resulting from the multifunctional system under study. In other terms, according to this approach, the production of co-products in addition to the main metal potentially avoids the need for alternative productions, hence the avoided burden. In this study, Zn, Pb and Ag coproductions (in addition to Cu) were considered to avoid the need respectively for alternative productions of Zn through electrolysis, of Pb through refining and of Al, assumed to substitute Ag within electronics. However, one issue relative to this approach is its complexity in terms of implementation, given that it sometimes requires many efforts for identifying consistent alternatives to the co-products assumed secondary. In particular, one difficulty is to access realistic substitution rates when replacing a metal with another material. In this study, it has been assumed a hypothetical one for one ratio for Ag substitution, however in practice the use of a metal in a given application can generally be substituted only up to a certain rate. Moreover, system expansion also requires the collection of supplementary inventory data relative to the considered alternatives. In particular, these data have to result from mono-functional systems; otherwise, one potential risk that could be encountered with this approach could be to solve a multifunctionality issue with another one.

Conclusions

This study enabled addressing the issue of multifunctionality in the LCA of primary metals coproduction, in particular through a case study focusing on the carbon footprint of primary Cu, Zn, Pb and Ag co-production.

While the ISO standard defines a hierarchy of approaches to solve this issue, the literature review highlighted that this hierarchy is generally not followed in LCA studies related to primary metals coproduction, as the allocation approach overall stands for the preferred option, as opposed to the ISO hierarchy (but partly in line with some of the recommendations from the ILCD Handbook in the case of attributional modelling). In comparison, the implementation of the subdivision and system expansion approaches appears very limited in the reviewed studies.

Based on primary on-site data at pilot scale provided by the mining company, the climate change impacts induced by the co-production of 1 ton Cu cathode and 6 tons Zn cathode along with the further recovery of 2.65 tons Pb and 0.045 ton of Ag under precipitate forms were calculated to amount to 90,324 kg CO2-eq in a life-cycle perspective. Five multifunctionality-solving approaches were applied to this case study so as to apportion these impacts to the different co-products, based on the currently existing approaches defined by the ISO standard. The results highlighted significant discrepancies depending on the considered approach. The implementation of partial subdivision combined with market prices allocation leads to the apportionment of most impacts to Zn as well as

Ag. The mere application of allocation attributes most of the impacts to Zn as well as Pb and none to Ag when applying a mass criterion; while the impacts are primarily attributed to Ag and Zn when applying economic criteria (market prices or production costs). In terms of representativeness, the use of partial subdivision enables a more representative apportionment of the impacts to the different co-products as compared to the mere application of allocation. Moreover, in this case, the use of economic allocation appears to lead to more consistent results than those obtained by use of mass allocation; while the use of production costs for the economic allocation may be considered more reliable given the limits associated with market prices. On the other hand, the use of system expansion shows that the recovery of Zn, Pb and Ag in addition to Cu potentially avoids 25% of the total climate change impacts in comparison with alternative production routes of Zn and Pb as well as Al production (assumed to substitute Ag within electronics).

The discrepancy observed in these results emphasizes the need for carefully selecting the multifunctionality-solving approach as it may significantly affect the outcomes of the LCA of primary metals production. One may consider, despite the ISO hierarchy, that the choice of the appropriate multifunctionality-solving approach, in practice, depends on multiple factors: the type of study (attributional or consequential LCA), the availability of data (e.g. subdivision requires more detailed data), the type of co-products, the methodological feasibility (e.g. subdivision is not applicable to all operations of the metal production chain), etc. It is therefore necessary to justify the selected approach and perform sensitivity analysis when solving multifunctionality (especially in decisionsupport contexts), as it may subsequently result in important implications on the environmental performance of products or sectors requiring metals.

In addition to the different multifunctionality-solving approaches compared in this study, other approaches such as exergy-based allocation were recently developed but not included in this study.

In this regard, future works should focus on integrating these approaches to the comparison performed in this study, so as to develop a comprehensive overview of the implications associated with each existing multifunctionality-solving approach in the context of the LCA of primary metals coproduction.
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 1 Figure 1: Multifunctionality-solving approaches implemented in LCAs of primary metals production based on the review of 27 studies, as functions of the types of co-products included in the product system 2

  line with the objective of this study, only one impact category is considered, namely climate change based on the IPCC 2007 (100 years timeframe) characterization model (IPCC, 2007). The life cycle impact assessment (LCIA) calculations are performed by use of the SimaPro v9 software.
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 2 Figure 2: Process chain implemented on the mine site and considered system boundaries

Figure 3 :

 3 Figure 3: Apportionment of the climate change impacts to the different output metals as functions of the different defined approaches (left)/Impacts and avoided burden resulting from the different co-products (right) (P.S. = Partial Subdivision; M.P. = Market Prices; P.C. = Production Costs; Alloc. = Allocation; S.E. = System Expansion; Subs = Substitution)

Table 1 :

 1 Multifunctionality-solving approaches implemented in the literature, considering 27 LCA studies addressing primary metals co-production, sorted by year

of publication Reference Co-products considered in the product system Multifunctionality-solving approaches implemented

  

	Norgate et al., 2007	Lead (Pb), zinc (Zn), cadmium (Cd)	Mass allocation
	Fthenakis et al., 2009	Zinc (Zn), indium (In), cadmium (Cd), germanium (Ge), gallium (Ga) Copper (Cu), molybdenum (Mo), selenium (Se), tellurium (Te)	Mass allocation; Economic allocation (Use of both approaches)
	Northey et al., 2013	Copper (Cu), metallic by-products (not specified)	Economic allocation
			Subdivision + economic
		Platinum (Pt), rhodium (Rh), palladium (Pd),	allocation; Subdivision +
	Stamp et al., 2013	gold (Au), silver (Ag), indium (In), tellurium	mass allocation
		(Te), selenium (Se), copper (Cu)	(Comparison of both
			allocation approaches)
	Haque et al., 2014	Rare earths (RE)	Economic allocation
	Molinare, 2014	Copper (Cu), molybdenum (Mo)	Full allocation to main metal (copper)
	Nuss and Eckelman, 2014	63 metals	Economic allocation (Mass allocation as sensitivity analysis)
			System expansion
	Kulczycka et al., 2015	Copper (Cu), lead (Pb), sulfuric acid	(substitution of lead and
			sulfuric acid)
		Copper (Cu), molybdenum (Mo), silver (Ag),	Exergy allocation; Mass
		tellurium (Te)	allocation; Economic
	Valero et al., 2015		allocation
		Nickel (Ni), copper (Cu), cobalt (Co)	(Comparison of the three
			approaches)
	Zaimes et al., 2015	Rare earths (RE)	Mass allocation (Economic and exergy

Table 2 :

 2 Description of the different sub-systems and of the economic allocation factors considered in each multifunctional

	sub-system

Sub-systems Unit operations Associated metals Economic allocation factors (based on market prices 3 ) Mineral processing

  

	3.2.2. Approach 2: system expansion including substitution	
		Comminution		
		Flotation		Cu: 11.6 %
	Tailings disposal	Thickening Tailings impoundment	Cu, Zn, Ag, Pb	Zn: 29.6 % Ag: 48.2 %
	Atmospheric leaching	Atmospheric leaching		Pb: 10.6 %
	Cu recovery	Cu solvent extraction Cu electrowinning	Cu	/
	Zn recovery	Zn solvent extraction Zn electrowinning	Zn	/
		Pb/Ag leaching	Ag, Pb	Ag: 81.9 % Pb: 18.1 %
	Pb/Ag recovery	Ag cementation	Ag	/
		Pb precipitation	Pb	/

Explained in sub-section 3.2.3
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