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A B S T R A C T

Reliable life cycle inventory (LCI) data are key to consistent life cycle assessment (LCA) results. This study 
provides a comprehensive and up-to-date overview of existing public LCI data related to metals and minerals 
production. It aims to deliver LCI models representing current supply chains and markets. For that purpose, this 
study conducts an in-depth analysis (including data quality) of 285 LCI datasets drawn from 130 different LCA 
studies related to metals and minerals. Following a selection process and a harmonised data compilation, pro
cessing and modelling approach, 220 individual LCI datasets were developed, covering 53 metal and mineral 
elements and distinguishing 163 production routes differentiated from geographical, geological, technological or 
material perspectives. Finally, these LCI datasets were gathered into market datasets, depicting global supply 
mixes. Elements such as germanium or manganese showed a limited market coverage, contrary to others such as 
lithium or aluminium.
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Available in open access, the high-resolution LCI datasets here developed offer key perspectives for a better 
modelling of metal and mineral supply chains in LCA, in turn contributing to higher quality LCAs of downstream 
product systems utilising these materials. At the same time, this study reveals several data gaps, paving the way 
for further data improvement.

1. Introduction

Metals and minerals are indispensable components of modern soci
eties as key inputs to numerous applications. The demand for these 
materials has substantially increased over the past decades, with a more 
than three-fold increase in metal ores extraction between 1970 and 2020 
(UNEP, 2024). Forecasts project continuous growth in metals and min
erals demand, particularly driven by energy and digital transition 
pathways that rely on metals-intensive technologies (Carrara et al., 
2023). While important for mitigating climate change, these developing 
technologies may be accompanied by a shift of environmental burden, 
compared to conventional options, from the use (e.g. impacts associated 
with fuel combustion in thermal vehicles) to the fabrication phase (e.g. 
impacts associated with raw materials production in Li-ion batteries for 
electric vehicles; Xu et al., 2022; Šimaitis et al., 2023; Istrate et al., 
2024).

There is also growing concern about the local environmental impacts 
of the projected expansion in mining and refining capacity. Mining ac
tivities are notably viewed as a source of environmental threats due to 
potential adverse effects on e.g. biodiversity (Aska et al., 2023), land 
(Maus et al., 2022) or climate (Mervine et al., 2025). Life cycle assess
ment (LCA) is a highly relevant approach to comprehensively capture 
such local and global environmental impacts, and it has seen a growing 
implementation at industrial (Santero and Hendry, 2016) and policy 
levels (Sala et al., 2021) over the last decades. Specifically for metals and 
minerals, there have been hundreds of LCA studies published in the past 
years (Rachid et al., 2023; Segura-Salazar et al., 2019). Moreover, 
developing binding policies at European level have referenced LCA (e.g. 
Batteries Regulation, Critical Raw Materials Act; EC, 2023a; EC, 2024). 
Notably the European Union (EU) Batteries Regulation intends to set 
mandatory quantification and labelling of the carbon footprint perfor
mance of batteries put in the EU market, complemented by maximum 
life cycle carbon footprint thresholds.

These LCA studies indicate that environmental impacts of metals and 
minerals production may vary by several orders of magnitude from one 
element to another as well as for a given element, as observed in carbon 
footprint values of e.g. nickel (Ni), copper (Cu), manganese (Mn) or rare 
earths (RE) (Rachid et al., 2023; Fiorletta et al., 2020a). This variability 
may stem from differences in: 

• Geographical coverage, i.e. with different producing countries/areas 
(Liu et al., 2020);

• Geological and technological characteristics, i.e. with different de
posits, process chains, and output products (e.g. Li brines vs hard 
rock; Chordia et al., 2022; Kelly et al., 2021);

• Life cycle inventory (LCI) data sources, i.e. with different data 
acquisition methods that may result in varying data quality (and 
resulting uncertainty), and representativeness (e.g. industry-based vs 
process modelling data; Schenker et al., 2022; Kelly et al., 2021);

• Methodological approaches in the modelling (e.g. with application of 
different allocation approaches; Lai et al., 2021b).

There is thus a need to further i) differentiate the existing production 
routes of a given element, ii) investigate quality and representativeness 
of underlying LCI data (i.e. input and output flows related to e.g. ma
terial, energy, resource consumption, wastes or emissions to the envi
ronment), and iii) harmonise methodological approaches in the 
modelling to allow fair comparability of results. Massive efforts have 
been made by the scientific community, industrials in the raw materials 

sector, and LCI databases providers, on the development of LCI of global 
metals and minerals production (e.g. Nuss and Eckelman, 2014; ecoin
vent, 2025), including through reviewing published LCA studies (Rachid 
et al., 2023). Several studies have also pointed out gaps in some of these 
existing LCI data, e.g. Eltohamy et al. (2024), Fiorletta et al. (2020b), 
Guo et al. (2025).

Despite all these advances, a comprehensive and up-to-date overview 
of available LCI datasets for metal and mineral supply chains, taking 
benefit of the massive amount of data published in the scientific and 
grey literature in the last decades, is still missing. Filling this gap is 
critical for a more consistent and reliable modelling of these supply 
chains in LCA. To address this key challenge, this study provides a 
comprehensive review and compilation of publicly available LCI data 
related to existing supply chains of 63 metal and mineral elements, 
including assessment of LCI data quality and representativeness. This 
analysis then aims to result in a selection of the most relevant datasets 
for development of LCI models specific to the main production routes of 
each element under study. This process builds on a harmonised data 
processing and modelling approach. Finally, based on the production 
route-specific LCI datasets, global LCI models representative of the 
current global supply mix of each element are derived. The article 
concludes with discussing potential future use and perspectives for 
improving LCI datasets of metal and mineral supply chains.

2. Material and methods

This study follows a stepwise process (Fig. 3), starting from a liter
ature review where a broad screening to identify the most relevant 
existing LCA studies is performed (see sub-sections 2.1.1 and 2.1.2). The 
associated LCI data are then compiled under a harmonised format, for 
subsequent analysis of data quality and representativeness (see sup
porting information (SI) document n◦1 and sub-section 2.1.3), com
plemented by a set of additional criteria for final selection of the most 
relevant LCI datasets (see sub-sections 2.1.4 and 2.1.5). These datasets 
eventually enable the development of LCI models, at production routes 
level, based on a harmonised processing and modelling approach (see 
sub-section 2.2). Finally, global LCI models are derived to provide a 
representation of the market (see sub-section 2.3). Verification steps are 
implemented along this process to ensure robustness and consistency in 
the final LCI models (see SI document n◦1).

2.1. Literature review and LCI datasets analysis

2.1.1. Scope of the review
This review covers 63 mineral elements, including 29 considered key 

for the energy transition (e.g., as considered by Lèbre et al. (2024) and 
IEA (2024); Fig. 1), focusing on the main commodities associated with 
each element. Mineral commodities may either refer to minerals or 
materials derived from minerals (USGS, 2025), encompassing both raw 
and processed materials (Carrara et al., 2023).

In this study, the focus is more particularly set on: 

• Materials resulting from processing stages (purification and 
refining), such as metal compounds (e.g. nickel sulphate – NiSO4) or 
refined metals (e.g. Ni class 1);

• Processed materials combining several materials, such as alloys (e.g. 
ferroniobium – FeNb).

The list of commodities, as defined in the Harmonised System (HS) 
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trading classification (World Customs Organization, 2025), associated 
with each element is provided in SI document n◦2.

This study applies a cradle-to-gate perspective, distinguishing pri
mary and secondary production routes (Fig. 2). Primary routes cover 
four main process steps, as defined by Nuss and Eckelman (2014): 

• Mining, which consists of extracting the raw material, generally an 
ore, from its deposit;

• Concentration, aiming at processing the raw material into a 
concentrate;

• Purification, which converts the concentrate into a mineral/metal 
compound or an intermediate product;

• Refining, resulting in a high-purity metal or an alloy.

Secondary routes (i.e. recycling) cover all unit operations from scrap 
collection to the production of processed material through concentra
tion, purification or refining steps. New scraps (also referred to as pre- 
consumer scraps) originating from fabrication or manufacturing pro
cesses, and old scraps (post-consumer scraps) from end-of-life products 
are both considered as possible feedstocks to secondary production 
routes (UNEP, 2011).

Production routes are defined as process chains implemented over a 
given geographical area (e.g. site, country, continent), potentially 
considering specific technologies, deposits and commodities. More 
particularly, this study focuses on current industrially established pro
duction routes contributing to the global production of each element 
under study.

2.1.2. Literature search and screening approach
The first step of the review consisted of generating a comprehensive 

overview of available LCA studies (until mid-2024) related to each of the 
63 elements under study (Fig. 3). LCA studies from scientific literature, 
industrial associations and technical literature were gathered using 
different search engines such as Google Scholar, Web of Science or 
Scopus. Various search strings were applied (within titles, abstracts or 
keywords), considering combinations of keywords related to the 
element name (e.g. niobium), commodity name (e.g. ferroniobium/ 

FeNb), life cycle assessment/LCA, or life cycle inventory/LCI.
Based on this literature search, criteria-based screening was per

formed to identify the most relevant references, i.e. those providing LCI 
data for industrial-scale production routes related to the commodities 
under study, with suitable geographical, technological, and temporal 
coverage (Table 1). Therefore, any LCA study only providing life cycle 
impact assessment (LCIA) results, without any LCI data, was excluded.

Each identified LCI dataset was then compiled and further scruti
nised to get an overview of its scope. Several aspects were investigated 
as complements to the initial screening criteria: underlying data source 
of the LCI (i.e. data acquisition method), associated co-/by-products, 
and allocation method (in case of allocated dataset).

2.1.3. Data quality and representativeness assessment
To evaluate the LCI datasets identified in the screening step, data 

quality and representativeness were assessed using the Pedigree 
approach (Muller et al., 2016; Fig. 3). As outlined in the Pedigree matrix 
(Table S1 in SI document 1), this approach provides ordinal rankings for 
each LCI data point (i.e. individual input and output flow) from 1 to 5 (5 
being the lowest score) according to five criteria: 

• Reliability of the data source, focusing on the quality of the source 
and the data acquisition method;

• Completeness, considering data representativeness from a statisti
cal perspective;

• Temporal/geographical/technological correlation, reflecting 
data representativeness with respect to the time period, area and 
technology under focus.

It is noteworthy that the applicability of the Pedigree approach to LCI 
datasets from literature depends on the level of information available in 
the LCA studies. In case of missing information, a default score of 5 was 
assigned.

2.1.4. LCI datasets selection
This data review and analysis ultimately aims to identify the most 

relevant LCI datasets for modelling the global supply of the commodities 

Fig. 1. Overview of the 63 mineral elements under study.
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under study. Accordingly, LCI datasets were selected based on quanti
tative and qualitative criteria, complemented with expert judgement, 
considering by order of priority: 

• LCI data quality and representativeness, as rated through the Pedi
gree approach;

• Market relevance of the modelled production route (i.e. contribution 
to the global production of the element), building on market infor
mation compiled for each element under study (see sub-section 
2.3.1);

• Level of aggregation of the dataset, in terms of unit operations or 
geographical coverage;

• Availability of other LCI datasets for the same production route, with 
better completeness and data quality/representativeness.

This multi-criteria selection approach potentially implies that LCI 
datasets with limited data quality and representativeness (i.e. Pedigree 
scores of 4 or 5) could still be selected if, from a market perspective, they 
cover a highly relevant production route.

In case several LCI datasets covering the same production route were 
deemed equally relevant according to the defined criteria and comple
mentary in terms of reported flows, distinct input and output flows from 
the different datasets were combined to result in a new dataset with 
improved completeness.

2.1.5. Co-/by-products mapping and selection
Many metal elements are accompanied by other co- or by-products 

(also referred to as companion elements, Nassar et al., 2015), which 
may be of metal, mineral or other nature. Some metal elements are 
exclusively produced as co- or by-products (e.g. Ge or Ga). It is note
worthy that the distinction between co- and by-products is not further 
explored in this study, as differences in their definitions primarily stem 
from economic dynamics, which are not necessarily captured in LCI data 
(Afflerbach et al., 2014).

Fig. 2. Production routes as defined in this study.

Fig. 3. Overall workflow from literature review to final LCI models developments.

Table 1 
List of criteria for screening (inclusion/exclusion) of LCA studies identified in the 
literature search.

Screening criteria Condition to be met by the LCA study

Availability and singularity 
of LCI data

Provides an original LCI dataset (i.e. that has not been 
previously published).

Commodity coverage Covers one of the main commodities available on the 
global market or an intermediate product within the 
supply chain of one of the main commodities (e.g. 
concentrates).

Geographical coverage Focuses on one or several of the main producing 
countries. A cut-off is set at 1 % of the global 
production, i.e. production routes related to countries 
accounting for <1 % of the global production are 
disregarded.

Technological coverage Covers a process chain that is implemented at an 
industrial scale, i.e. processes at lower technology 
readiness level – TRL (e.g. laboratory or pilot scale) 
are disregarded.

Temporal coverage If two or more LCI datasets are available for a given 
production route, those developed prior to 2010 are 
disregarded.

F. Lai et al.                                                                                                                                                                                                                                       Resources, Conservation & Recycling 226 (2026) 108709 

4 



To cover these companion elements in this study, a comprehensive 
mapping of all co-/by-products reported in each compiled LCI dataset 
was first performed. However, details about co-/by-products were not 
always provided, which hindered the identification of these companions 
in some datasets. Building on this mapping, a selection of the relevant 
co-/by-products to consider in each multi-output LCI dataset was per
formed by investigating their consistency with global co-/by-production 
patterns (see sub-section 2.3.1). That is, co-/by-products of one given 
LCI dataset were selected and specific LCI was generated (see sub-sec
tion 2.2.2) only if corresponding to the identified global patterns. 
Otherwise, the co-/by-products were still accounted for in the overall 
multifunctionality solving-approach, but no specific LCI datasets were 
generated for these companion elements.

2.2. Ensuring consistency across datasets: LCI processing and modelling 
framework

Once selected, the LCI datasets went through different processing 
and modelling steps to result in “production route-specific” LCI models 
(Fig. 3). This included particular attention to the harmonisation of all 
LCI datasets (see sub-section 2.2.1), especially regarding key modelling 
aspects (see sub-sections 2.2.2, 2.2.3, 2.2.4) that may influence subse
quent impact assessment results (out of the scope of this paper).

2.2.1. Datasets harmonisation
LCI datasets originating from different literature sources exhibit 

methodological heterogeneity. In generating the final LCI datasets from 
this study, efforts were made to harmonise the following key method
ological aspects: 

• System boundaries: regarding incomplete LCI datasets only 
covering part of the production routes as considered in this study 
(Fig. 2), e.g. solely focusing on mining or refining processes, LCI data 
relative to omitted upstream or downstream unit operations were 
integrated to ensure equivalent boundaries in all datasets of a given 
commodity. Data drawn from other LCI datasets compiled in this 
study or from the ecoinvent database were used to fill these data 
gaps. Notably, country/region-specific activities were used when 
information about the full production route was available, while 
market activities were considered otherwise;

• Reference flows: LCI datasets may be expressed with respect to 
different reference flows from one dataset to another. For consis
tency, harmonisation of reference flows was performed at the unit 
process level, when allowed by available data (i.e. mass balance 
data) in the original LCA studies to express LCI data of each unit 
operation with respect to 1 kg of output product;

• Unit processes nomenclature: to develop a harmonised nomen
clature of unit processes across all datasets, each unit operation as 
modelled in each LCI dataset was associated with one of the four 
process steps of the classification as defined in this study (Fig. 2). It 
may, however, be noted that some datasets were provided consid
ering aggregated unit processes (e.g. from mining to refining);

• LCI modelling approach: common rules were set and applied to all 
datasets regarding allocation approaches (in case of multi-outputs 
LCI datasets; see sub-section 2.2.2), end-of-life modelling 
(regarding secondary production routes; see sub-section 2.2.3) and 
background system modelling (see sub-section 2.2.4);

• Datasets format: all LCI datasets are ultimately provided in two 
different formats, respectively Brightway- and SimaPro-based. These 
formats allow direct import of the inventories within both LCA 
softwares. Moreover, each LCI dataset is presented in a granular and 
transparent way, with details of all intermediate and elementary 
flows of each unit operation thus affording flexibility for future ad
justments, e.g. regarding background modelling rules. Finally, 
though all inventories are provided in an allocated format (see sub- 

section 2.2.2), allocation factors are provided as metadata in each 
dataset, allowing retracing all unallocated flows.

2.2.2. Co- and by-products modelling
Multifunctionality is a common issue in the case of metal and mineral 

production systems. From an LCA perspective, this calls for specific data 
processing at the inventory level to generate mono-output LCI datasets. 
To this end, several approaches are possible with varying hierarchy 
depending on the situation.

In this study, subdivision was prioritised wherever fully or partially 
applicable. Economic allocation was then used as a second option to 
account for metal co-products, and applied considering market prices of 
metal commodities averaged over 10 years (primarily drawn from Argus 
Media (2024)), to limit the effect of price volatility over time as rec
ommended by Santero and Hendry (2016), provided that such averages 
are available (which may not be the case for all commodities). Finally, 
regarding non-metal co-products (e.g. sulfuric acid), substitution was 
used if alternative production routes were available. If not, mass allo
cation was used (see full rationale in SI document n◦1).

Importantly, the approach here defined only applies to unallocated 
LCI datasets. Regarding already-allocated LCI datasets, two situations 
were encountered: 

• Studies for which the applied allocation keys were provided. In these 
cases, the unallocated LCI dataset was recovered by recalculating the 
unallocated flows;

• Studies for which, instead, information regarding allocation keys was 
not available, preventing the application of the multifunctionality- 
solving approach as defined in this study.

LCI datasets for which allocation could be reversed were prioritised. 
However, exceptions were made for LCI datasets whose allocation de
tails could not be found, when other selection criteria such as data 
quality and market relevance were satisfied, in order not to miss any 
highly relevant production route.

2.2.3. End-of-Life modelling
Recycling processes are inherently multifunctional systems as they 

encompass at least two functions: firstly, the production of a material/ 
product; and secondly, waste management.

Among the existing approaches for modelling end-of-life (EoL) 
multifunctionality, “the cut-off approach […] is applied when the sec
ond function of the recycled product is not included in the analysis and 
only the products and processes directly related to the functional unit 
are responsible for environmental burdens” (Schrijvers et al., 2016).

Given the scope of this study, which focuses on the production of 
mineral commodities, the cut-off approach is relevant for application to 
secondary (i.e. recycling) production routes. This approach implies that 
no environmental impacts are considered for waste management. The 
material enters the recycling system free of any burden from its first life 
cycle, i.e. the recycled material only carries the environmental burden of 
recycling activity.

This cut-off approach similarly applies to any individual recycled 
input flow that may enter any unit process of a primary or secondary 
production route.

2.2.4. Background system modelling
The modelling of the background system was based on ecoinvent 

v3.10, considering the cut-off system model, in line with the defined EoL 
modelling approach (see sub-section 2.2.3).

To harmonise the LCI modelling as far as possible, a set of common 
modelling rules was defined and applied to all selected datasets for 
developing production route-specific LCI models (Fig. 3).

Specific rules were notably defined for mapping i) key intermediate 
exchanges, modelled considering ecoinvent activities (e.g. regarding 
energy, chemicals, raw materials, and waste disposal), and ii) 
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elementary exchanges, associated with elementary flows (e.g. water, 
mineral resource, land use, and emissions to air/water/soil). For several 
of these exchanges, specific and default options were defined to cover 
various possibilities depending on the varying level of information 
provided in each LCI dataset (see details in SI document n◦1).

For example, regarding electricity, the specific source was to be 
modelled if details were available in the LCI dataset (e.g. electricity from 
diesel generators or from renewable sources). If no specific details were 
available, the country medium voltage mix was applied. Regarding 
water, any flow was to be associated with an elementary flow corre
sponding to the source indicated in the LCI dataset or from unspecified 
natural origin if no indication was provided in the inventory. If the LCI 
dataset indicated a water supply from a production/treatment activity, 
then the corresponding ecoinvent activity was to be used (e.g. tap 
water).

2.3. Market modelling: from production route-specific to global LCI 
models

The final step of this work consisted of developing global LCI models 
based on the production route-specific LCI models generated for each 
element under study (Fig. 3). These global LCI models intend to depict 
the global market of each element by representing global supply mixes.

2.3.1. Market data compilation
In parallel to LCI data, market data were gathered for two main 

purposes: i) to support the LCI datasets selection by providing infor
mation as to the market relevance of each production route (which is 
considered as one of the key selection criteria; see sub-section 2.1.4); 
and ii) to provide quantitative information that enables deriving market- 
representative global LCI models based on production route-specific LCI 
models.

Accordingly, a large set of market-related data was compiled for each 
metal and mineral element under study (see data in SI document n◦2), 
from various data sources: 

• List of end uses, considering data from the European Commission 
(EC, 2023b) complemented with SCRREEN raw materials factsheets 
(SCRREEN, 2023);

• Main commodities associated with each element, considering com
modities as defined in the HS nomenclature (World Customs Orga
nization, 2025). Correlations between commodities and end uses 
were established based on SCRREEN factsheets (SCRREEN, 2023) as 
well as expert-based assumptions;

• Global annual production per country, at mine stage, considering 
World Mining Data (WMD, 2023);

• Global annual production per country, at processing stage (i.e. pu
rification and refining), considering global processing data from the 
European Commission (EC, 2023b) and WMD (WMD, 2023);

• Global EoL recycling input rate (RIR), expressing the share of sec
ondary production from old scraps within the global production of a 
given element. Data were essentially drawn from Talens Peiro et al. 
(2018), which mainly builds on UNEP (2011) data, complemented 
with material system analysis (MSA) data at the European level 
(Passarini et al., 2018);

• Global co-/by-production patterns, consisting of associations of 
host/companion elements, e.g. Al/Ga or Zn/Ge. These patterns are 
based on data from Nassar et al. (2015) complemented with infor
mation from BRGM criticality factsheets (Minéralinfo, 2025);

• Market prices of commodities averaged over 10 years (2013–2023). 
Data were primarily drawn from Argus Media (2024), complemented 
with other sources when necessary (e.g. as described in Miranda 
Xicotencatl (2025) for RE). Shorter averages or proxies based on 
other commodities were used in case of data gaps for a given 
commodity.

For the sake of consistency, data were drawn from the same sources 
as far as possible, although additional sources were also used to fill data 
gaps or correct inconsistencies when identified. This variety of sources 
from one type of data to another, however, necessarily implies a certain 
heterogeneity in data regarding aspects such as geographical resolution 
(i.e. country-level vs global data) and temporal coverage. While this 
study aims to provide a realistic view of the global market in 2023, the 
reference years of underlying data may sometimes date back to prior 
years in the absence of more recent data (e.g. EoL RIR data date back to 
2011, production data at processing stage to 2020).

2.3.2. Market shares estimation approach
The development of a global LCI model (also referred to as market 

dataset) for a given element i requires attributing a weight, consisting of 
an estimated “market share”, to each of the n individual production 
route-specific LCI datasets (as shown by Eq. 1). 

LCIMarketi =
∑n

x=1

⎛

⎜
⎜
⎝LCIPRx,i,j ×

%PRx,i,j

∑n

x=1
%PRx,i,j

⎞

⎟
⎟
⎠ (1) 

Where: 

• LCIMarketi denotes the market LCI dataset of element i;
• LCIPRx,i,j the LCI dataset of production route x associated with element 

i in country/area j;
• %PRx,i,j the market share of production route x associated with 

element i in country/area j.

The production routes, as covered in this study, potentially imply 
different types of geological deposits, processes, countries/areas of 
production, and feedstock (i.e. primary or secondary sources), with 
varying levels of granularity from one LCI dataset to another. Moreover, 
data availability may also vary from one element to another. In this 
regard, several cases, as functions of LCI data availability and granu
larity, were distinguished, which may accordingly translate into 
different approaches for estimating market shares (see equations below 
and details in SI document n◦1). However, this “estimation approach”, 
along with the associated existing LCI and market data, may not fully 
capture the complexity in global supply chains of metal and mineral 
elements.

Case 1: one country-level LCI dataset is available for a given country 
and element

If a given producing country of a given element is covered by a single 
LCI dataset representing a widely established process chain for a com
mon type of deposit/secondary feedstock and produced commodity 
(according to expert-based judgement), the market share associated 
with this production route may be accounted for by directly considering 
the total country-level production share, corrected by accounting for the 
share of global secondary supply (Eq. 2.1 and 2.2). Given that all global 
LCI models are developed for final purified or refined commodities, 
country-level production shares are derived based on global production 
data at processing stage.

Share of primary (p) or secondary (s) production routes, at country- 
level (j) for a given element i 

%PRx,i,j,p = %PCi,j ∗
(

1 − %RIRi,j

)
(2.1) 

%PRx,i,j,s = %PCi,j ∗ %RIRi,j (2.2) 

Where: 

• %PCi,j denotes the processing country share, reflecting the contri
bution from the processing country j to the global production of the 
element i. In the absence of more detailed data, it is assumed that this 
share applies to both primary and secondary routes. In case a 
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production route is developed beyond country-level, i.e. at the scale 
of an area covering multiple countries, then a processing area share 
may be calculated as a sum of the processing country shares;

• %RIRi,j the EoL RIR share, reflecting the contribution from secondary 
supply to the global production of the element i. In the absence of 
country-specific data (j), the global EoL RIR value of element i is 
assumed to apply similarly to all producing countries, as a proxy.

Regarding single country-level LCI datasets that represent a marginal 
process chain at global scale (according to expert-based judgement), the 
market share is estimated based on the set of equations as described in 
the following (Eq. 3).

Case 2: several country-level LCI datasets are available for a given 
country and element

If a given producing country of a given element is covered by several 
LCI datasets associated with multiple production routes offering a dif
ferentiation from material, geological or technological perspectives, the 
associated market shares may be accounted for by considering the 
country-level production share along with additional parameters related 
to material, geology and/or technology. Moreover, some production 
routes may also offer a finer geographical resolution at sub-national 
levels, e.g. down to provincial or site-level. The following set of equa
tions (Eq. 3) intends to provide a generic framework for the estimation 
of market shares in case of multi-dimensional differentiation in pro
duction routes associated with a given country and element. This set of 
equations is defined to be tailored on a case-by-case basis depending on 
the granularity of each LCI dataset. 

• Share of primary (p) production routes, at country-level (j) for a 
given element i, with differentiation at provincial or site-levels 

%PRx,i,j,p = %PCi,j ∗ %Provi,j ∗
(

1 − %RIRi,j

)
(3.1.1) 

%PRx,i,j,p = %PCi,j ∗ %Sitei,j ∗
(

1 − %RIRi,j

)
(3.1.2) 

• Share of primary (p) production routes, at country-level (j) for a 
given element i, with differentiation of geology and/or commodities 

%PRx,i,j,p = %PCi,j ∗ %Geoli,j ∗ %Commi,j ∗
(

1 − %RIRi,j

)
(3.2) 

• Share of primary (p) production routes, at country-level (j) for a 
given element i, with differentiation of process and/or commodities 

%PRx,i,j,p = %PCi,j ∗ %Proci,j ∗ %Commi,j ∗
(

1 − %RIRi,j

)
(3.3) 

• Share of secondary (s) production routes, at country-level (j) for a 
given element i, with differentiation of waste streams 

%PRx,i,j,s = %PCi,j ∗ %Wi,j ∗ %RIRi,j (3.4) 

Where: 

• %Provi,j and %Sitei,j respectively denote the provincial and site-spe
cific share, reflecting the contribution from the specific province/ 
site to the national production (country j) of the element i (e.g. Salar 
de Atacama in Chile regarding Li).

• %Geoli,j the geological share, reflecting the share of production 
(potentially at site, national or global scale) from the specific 
geological deposit (e.g. lateritic or sulfidic Ni ores).

• %Commi,j the commodity share, reflecting the share of production 
(potentially at site, national or global scale) under the form of the 
considered commodity (e.g. NiSO4, Ni class 1).

• %Proci,j the process share, reflecting the share of production 
(potentially at national or global scale) from the specific process 
chain or technology (e.g. pyrometallurgy, hydrometallurgy).

• %Wi,j the waste stream share, reflecting the share of secondary 
production from old scraps originating from the specific waste 
stream (e.g. construction and demolition wastes).

3. Results

3.1. Overview of final selection of LCI datasets

The literature search identified a total of 308 different LCA studies 
related to the 63 metal and mineral elements covered in this study. 130 
LCA studies were then selected based on the screening criteria and 
investigated in detail. 285 LCI datasets were compiled from these studies 
and analysed, including data quality and representativeness assessment 
(see details in SI document n◦1 and n◦3). It is noteworthy that several 
LCA studies were found to provide several separate LCI datasets 
covering different elements and production routes. 157 unallocated LCI 
datasets were eventually considered suitable according to the selection 
criteria (Fig. 4), including several multi-outputs datasets from which 
additional datasets specific to co-/by-products were subsequently 
generated (see sub-section 3.2). Moreover, several of these LCI datasets 
were found to cover similar production routes, which were ultimately 
combined to develop original LCI datasets with improved completeness 
(see sub-section 3.3).

Among the different elements covered in this study, the LCI datasets 
selection was found to be the largest for Fe, Cu, Au, Li and Al, for which 
>10 datasets covering various production routes were eventually 
selected (see SI document n◦3). Elements such as B, Co, Ni, Zn and Pb 
also benefited from a relatively large availability of LCI datasets (from 
six to 10). Overall, the available data cover 53 of the 63 elements 
initially targeted, including 27 of the 29 key energy transition elements. 
Conversely, no suitable LCI datasets were found for elements such as Sn, 
Ta or Ga (Fig. 6). Moreover, data availability appears scarce for 11 other 
elements (e.g. Be, Ge or Sb) that were only covered by a single LCI 
dataset.

Regarding platinum group metals (PGM), two LCI datasets were 
compiled and selected, covering each PGM excepting Os for which no 
available data were found. As for RE, 10 LCI datasets were selected, 
covering 15 RE elements, with exceptions for Sc and Pm that were not 
reported in any LCI dataset.

3.2. LCI datasets of co-/by-products

Several of the 157 selected LCI datasets reported different co-/by- 
products among which a total of 25 metal elements was identified 
(Fig. 5). From these, LCI datasets were specifically developed for 17 
metal elements (through implementation of the multifunctionality- 
solving approach), in line with global co-/by-production patterns, rep
resenting a total of 26 additional LCI datasets that were not provided in 
the initial LCA studies (Fig. 4). These 26 LCI datasets do not account for 
PGM and RE datasets, which constitute specific joint production pat
terns for which other datasets per individual PGM and RE elements were 
subsequently generated (see sub-section 3.3). This selection also in
cludes eight already-allocated datasets for which the unallocated data 
could not be recovered due to missing information (see SI document 
n◦3).

Co, Se, Ag, In and Pb benefit from the largest coverage as co-/by- 
products identified in several LCI datasets associated with Ni, Cu or Zn 
production routes (Fig. 5 and SI document n◦3). Notably, some of these 
17 elements were exclusively found as companion elements (e.g. Co, Ge, 
In), while others were found both as host and companion elements (e.g. 
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Au, Pb, Zn). Regarding multi-output LCI datasets associated with recy
cling routes, the reference products, as defined in the original LCA study, 
were assumed as hosts, while other recovered products were set as 
companions. Following this assumption, Fe was considered as com
panion element of Cu recycling and Co as companion of W recycling. 
Eight elements (e.g. Ni, Cu, Al) were eventually disregarded as com
panions due to inconsistency with global co-/by-production patterns or 
other selection criteria (e.g. market relevance).

On the other hand, 11 metal elements were found as host elements in 
all compiled LCI datasets. Cu and Zn were the two host elements 
responsible for the most companion metal elements with respectively 13 
and nine co-/by-products, e.g. Se and Te that are exclusively compan
ions of Cu, or Ge and In exclusive companions of Zn. Regarding Cr and 
Nb, identified as host elements in several LCI datasets, no companion 
elements were eventually considered, given the limited relevance of 
these co-/by-production patterns at a global level. Similarly, the pro
duction of Fe as companion of RE was not further considered, as it only 
accounts for a limited contribution to the global Fe production.

3.3. Final LCI datasets and production routes coverage

After data processing (including combination of datasets related to 
identical production routes), 163 final LCI datasets, covering distinct 
production routes, were ultimately developed. Considering the disag
gregation through allocation of RE and PGM datasets to each of their 
individual elements, 57 additional LCI datasets were generated, thus 
representing a total of 220 individually allocated LCI datasets (Fig. 4 and 
Figure 6; datasets available in an open access Zenodo repository, see Lai 
et al., 2025).

Overall, LCI datasets associated with Cu, Au, Fe, Al, and Ni provide 
the largest coverage in terms of production routes (at least 10 produc
tion routes; Fig. 6 and SI document n◦4). Regarding Fe, Cu and Al, the 
production routes are accompanied by a large geographical differenti
ation with more than nine producing countries (considering both mining 
and processing stages) covered in the final LCI datasets. As for other 
elements, the final LCI datasets overall distinguish fewer than six indi
vidual producing countries (e.g. six for Au; five for Ni and Co).

As main producer of many metal and mineral elements, China stands 
out for being specifically considered in datasets associated with 25 

Fig. 4. Overview of the literature review and LCI datasets analysis, selection and generation.

Fig. 5. Overview of co-/by-products identified in LCI datasets, including those selected for LCI generation. Individual PGM and RE are not represented here, as they 
represent specific joint production patterns.
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different elements, including e.g. Li, Ni, Co (Fig. 7 and SI document n◦4). 
Australia, the United States and Sweden are also covered in datasets of 
many elements (from six to nine elements). Conversely, 14 countries are 
found in LCI datasets of a single element, e.g. Germany or Italy in LCI 
datasets of Fe, Poland or Zambia in those of Cu. It is also noteworthy that 
some LCI datasets were developed beyond country-level, covering areas 
of several countries (e.g. Europe, North America).

Several elements include multiple LCI datasets covering the same 
producing country, e.g. Cu, Au, Li. These datasets were selected as they 

provide a finer granularity from geographical, material, geological or 
technological perspectives (Table 2 and SI document n◦4). Further 
geographical differentiation down to sub-national (e.g. provincial or 
production site) level is offered for some elements, particularly with 
respect to Chinese provinces that are specifically covered in LCI datasets 
of e.g. Cu, Zn or Pb (distinguishing provinces such as Jiangxi, Anhui, and 
Guangdong). Regarding material coverage, Ni and Co show the largest 
differentiation as they respectively distinguish five (e.g. Ni class 1, FeNi 
or NiSO4) and four (CoSO4, Co3O4, Co metal, Co(OH)2) different 

Fig. 6. Overview of final LCI datasets generated for each element under study. *RE and PGM LCI datasets respectively cover 15 and 5 elements jointly produced from 
the same production routes.

Fig. 7. Individual producing countries identified in the final LCI datasets of each element (regions aggregating different countries, e.g. Europe, are not represented).
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commodities (Table 2). From a geological perspective, various deposits 
are differentiated for several elements such as RE (four types of deposits, 
e.g. bastnaesite ore or ion-adsorption clays), Ni (sulfidic and lateritic 
ores) and Li (brines and spodumene ore). This geological differentiation 
may also be found in co-/by-products, with different host elements 
considered for some companions (e.g. Co from Cu or Ni, Ag from Zn, Au 
or Cu; Fig. 5). Finally, process-level differentiation is offered for several 
elements, either through broad distinction of processes, i.e. hydro and 
pyrometallurgy (e.g. as distinguished for Co, Cu or Zn), or finer 
distinction at a technological level. This technological granularity may 
notably be found in LCI datasets associated with Ni (six different tech
nologies, e.g. HPAL or RKEF), Cu (four technologies) or Ti (three 
technologies).

As for secondary production routes, the coverage in the LCI datasets 
appears relatively limited as recycling is only covered for 11 elements (e. 

g. Cu, Al or Fe; Fig. 6), while 25 elements show non-negligible EoL RIR 
(> 2 %; Fig. 8 and SI document n◦2). In particular, Cu offers the largest 
coverage of recycling routes (five), differentiating several types of waste 
streams in China and Europe: construction and demolition (C&D) 
wastes, end-of-life vehicles (ELV) and waste from electrical and elec
tronic equipment (WEEE). This differentiation of waste streams is also 
considered for Fe, which distinguishes recycling from C&D wastes and 
ELV in China (see SI document n◦4). Regarding Al recycling, waste 
streams are not specified (only referring to Al scraps), but a relatively 
large geographical coverage is offered (China, North America and 
Europe are respectively considered). About PGM, global recycling is 
covered for three elements: Pt, Pd and Rh (one single LCI dataset for 
each of these three elements).

3.4. Global market coverage of LCI models

Based on the 220 individual datasets, a global LCI model (depicting a 
proxy for the global supply mix) was developed for each of the 53 ele
ments covered by the available data (Fig. 4), applying the approach 
described in sub-section 2.3.2. Building on country-level global pro
duction data for each element (at processing stage) and other market- 
related information (e.g. the EoL RIR described in sub-section 2.3.1), 
the market coverage of each global LCI model was estimated. Overall, 
the results show large variability between all elements, ranging from 1 
% to 99 % (Fig. 8 and SI document n◦4). The latter value is reached for Li 
whose nine LCI datasets cover all main production sites (e.g. Salar de 
Atacama, Greenbushes mine), which are assumed to be representative of 
the country-level productions (e.g. Chile, Australia or China). Al, PGM 
and RE are similarly covered with LCI datasets considered representa
tive for a relatively large share of the global market, respectively esti
mated to 95 %, 92 % and 86 %. Regarding Al, the 12 LCI datasets cover 
production routes in nearly all producing areas worldwide (in America, 
Asia, Europe, etc.), including recycling routes as well. As for RE, the five 
site-level LCI datasets cover all major RE production sites in China, the 
US and Australia/Malaysia. Moreover, several elements, such as Mg, Si, 
Te or Nb, benefit from a substantial estimated global market coverage (>
70 %) despite a limited number of available LCI datasets (fewer than five 

Table 2 
Examples of material, geological and technological differentiation in LCI data
sets (see full table in SI document n◦4). *GFEM = Grind and Flotation Electro
lytic Method; LEM = Leaching Electrowinning Method; RKEF = Rotary-Kiln 
Electric Furnace; HPAL = High-Pressure Acid Leaching.

Element Commodities 
distinguished

Geological deposits 
considered

Process technology 
covered

Li Li2CO3; LiOH. 
H2O

Salar; Spodumene ore /

Ti Ti sponge; TiO2 Ilmenite ore; Rutile ore; 
Magnetite ore

Kroll process; Sulfate 
process; Chloride 
process

Co CoSO4; Co3O4; Co 
(OH)2; Co metal

Cu ore; Ni lateritic ore; 
Ni sulfidic ore; 
Hardmetal scraps

/

Ni Ni class 1; NiO; 
FeNi; NPI; NiSO4

Lateritic ore; Sulfidic 
ore; Ni scraps

GFEM*; LEM*; Flash 
smelting; RKEF; Blast 
furnace smelting; 
HPAL

RE RE oxides Bastnaesite ore; 
Bastnaesite-monazite 
ore; Ion-adsorption 
clays; Monazite ore

/

Fig. 8. Estimated market coverage of global LCI models developed for each element under study. Data points representing EoL RIR values < 2 % are not displayed.
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datasets). This large coverage may be explained by relatively concen
trated markets dominated by a few countries (e.g. China for Mg or Brazil 
for Nb), as well as relatively limited diversity in process chains (i.e. 
limited geological, technological or material differentiation).

Conversely, very limited market coverage can be observed for Bi and 
Ge (1 %), whose unique LCI dataset fails to cover the main producing 
countries (i.e. China or Vietnam). Mn (3 %) and Mo (12 %) also show 
limited market coverage as the respective LCI datasets cover the main 
producing countries (i.e. China) but not all main associated commodities 
(e.g. data regarding Mn alloys or Mo oxides are missing).

Notably, a large availability of LCI datasets does not necessarily 
translate into a large market coverage. This is particularly the case for 
Au, for which the 14 LCI datasets only account for 21 % of the global 
market, given that Au production is scattered across >30 producing 
countries, with China as the largest producer accounting for 10 % of the 
global production (WMD, 2023). Regarding Ni, despite 11 LCI datasets 
covering several of the main producing countries (e.g. Indonesia or 
China), the global market coverage is only estimated to 30 %, as the 
available datasets do not comprehensively capture the diversity in 
global Ni supply chains, which entail various process chains (depending 
on the Ni deposit types) that lead to various commodities (e.g. Ni Class 1, 
FeNi, NiSO4). This diversity in process chains and commodities also 
applies to Co (37 % of market coverage), which may be co-produced 
along with Cu or Ni in numerous forms (e.g. Co metal, CoSO4, Co3O4; 
see SI document n◦4).

Finally, for several elements, the global market coverage is affected 
by the limited coverage of secondary production routes, as e.g. for Cr, 
Mn, Mo, Ag whose EoL RIR exceeds 10 % (Talens Peiro et al., 2018; 
UNEP, 2011; Fig. 8). Regarding elements whose LCI datasets cover 
secondary production routes, PGM and Al account for the largest 
coverage of global secondary production (respectively 70 % and 68 % of 
total secondary production); while this coverage ranges from 26 to 43 % 
for Ni, Fe, Cu and Pb. Other secondary production routes in LCI datasets 
of Co, W and Au only account for very limited market shares (< 3 %; 
Fig. 8 and SI document n◦4).

4. Discussion

4.1. Towards more consistent data for modelling metal and mineral 
supply chains in LCA

The LCI datasets developed in this study are intended to offer a high- 
resolution modelling of metal and mineral supply chains in LCA. On the 
one hand, metals and minerals production may account for a relatively 
important share of direct environmental impacts in the first life cycle 
stages of some systems (e.g. in the case of Li-ion batteries; Xu et al., 
2022; Šimaitis et al., 2023). But at the same time, these materials may 
also be responsible for important indirect impacts potentially arising in 
other life cycle stages, e.g. due to energy production that may rely on 
metals-intensive technologies (Carrara et al., 2023). It is, therefore, key 
to further improve the modelling of metal and mineral supply chains not 
only at the foreground but also background LCI level.

While background data are usually drawn from LCI databases, the 
coverage of metal and mineral commodities may reveal gaps in these 
databases. For example, the Environmental Footprint (EF) database (in 
its 3.1 version), as developed by the European Commission, offers a 
relatively limited choice of LCI datasets related to metals and minerals as 
highlighted by BRGM/CEA (2023). Regarding the ecoinvent database 
(in its 3.10 version), a large coverage of metals and minerals is offered, 
but with a relatively limited granularity for some elements, i.e. with 
limited differentiation of production routes. For instance, regarding 
several elements, the LCI datasets as available in the database may fail to 
distinguish some of the main producing countries (e.g. Indonesia for Ni, 
Congo for Co, Argentina for Li) as well as the main commodities (e.g. 
NPI for Ni, V2O5 for V).

In this regard, the LCI datasets developed in this study may offer 

perspectives for supporting the development and improvement of 
existing LCI databases. These LCI datasets were notably developed to 
ensure transparency and flexibility, which ultimately offers adaptability 
to comply with methodological and formatting requirements of any LCI 
database (or any LCA practitioner). This adaptability is also particularly 
essential in a context where different methodological guidelines for 
calculating the carbon/environmental footprint have been developed at 
sectoral level over the past years, specific to metals (e.g. for Li or Co; 
International Lithium Association, 2024; Cobalt Institute, 2023) or 
downstream sectors (e.g. for the automotive sector; Catena-X, 2024; EC, 
2023a). These guidelines call for modelling raw materials supply with 
either primary or secondary LCI data such as those developed in this 
study, provided that the latter comply with the defined methodological 
requirements.

4.2. A need for additional LCI data development and improvement

4.2.1. Main data gaps to address
Several of the 63 elements considered in this study showed a total 

absence (e.g. Sn, Ta, Ga) or limited availability (e.g. a single dataset for 
Ge, Sb, Bi) of LCI data in the literature. Moreover, for several other el
ements, the global market coverage offered by LCI datasets was esti
mated to be relatively low (e.g. Mn, Ni, Mo). Finally, at the level of 
individual production route-specific LCI dataset, the quality and repre
sentativeness of specific input or output flows may also raise issues. 
Further data development, therefore, remains necessary to improve data 
availability (especially regarding elements showing absolute data gaps, 
with no data currently available), quality/representativeness, as well as 
to extend the global market coverage.

Efforts in data development should first focus on covering the main 
producing countries associated with each element. China, as a major 
producer of most metal and mineral elements, remains the key country 
to focus on, regarding elements such as Sn, Ga or Ge, for which LCI 
datasets of Chinese production routes are indispensable. However, while 
China is already quite represented in many datasets, other major pro
ducing countries suffer from a limited coverage. This is notably the case 
for countries such as Russia (e.g. important producer of Ti, Co, Ni, Se), 
India (e.g. Mn, Zn), Indonesia (e.g. Sn), Vietnam (Sb, Bi), for which the 
few available LCI datasets do not reflect their relatively large role in the 
global mining and metal industry (EC, 2023b; WMD, 2023).

Regarding multi-output production routes, a key issue resides in the 
tracking of all metal co-/by-products resulting from the process chains, 
for which information may not always be available due to already- 
allocated LCI datasets as well as limited transparency in the allocation 
approach. This may consequently hinder the coverage of some elements 
that are produced as companions (e.g. Ga from Al, Ge from Zn). 
Transparency and consistency in reporting all information associated 
with co-/by-products, especially regarding mass balance and allocation 
keys, are crucial for future developments of LCI datasets for these 
companion elements.

Finally, another key area of improvement for LCI datasets of metals 
and minerals relates to secondary production routes (i.e. recycling), 
where data availability remains limited. While the share of secondary 
supply is projected to increase in the future, e.g. regarding raw materials 
for Li-ion batteries such as Li, Ni or Co (Husmann et al., 2025), further 
development of LCI data for these routes is crucial to fully capture global 
supply chains of metal and mineral commodities.

4.2.2. Incompleteness and inconsistencies in LCI datasets
LCI datasets developed in this study may show different levels of 

completeness in terms of input and output flows. While key input flows 
related to energy, chemical, material or water are generally considered, 
other types of input and output flows may not be systematically reported 
in the datasets. Most common missing flows notably include inputs 
related to land use (occupation and transformation), resource (extrac
tion from the ecosphere) or infrastructure. For example, land use is only 
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considered in 41 of the 163 LCI datasets (considering the aggregated RE 
and PGM datasets) developed in this study. Regarding output flows, 
completeness may sometimes be even more limited than for input flows, 
as emissions to the environment (e.g. emissions of metal elements to air, 
water or soil) and waste flows (e.g. tailings disposal) are often partly or 
completely lacking in the inventories.

Due to this incompleteness, inconsistencies in the LCI datasets may 
arise. Firstly, the discrepancy in coverage of input and output flows 
implies that, from a material perspective, mass balance cannot be 
respected as total outputs do not match inputs. Secondly, inconsistencies 
may also be observed with respect to water balance. While input flows 
representing water withdrawal from a given source are generally indi
cated, output flows may not necessarily be reported in LCI datasets, 
which may hinder the accounting of actual water consumption (i.e. 
water loss) e.g. as wastewater or evaporation (Northey et al., 2014).

Incompleteness and inconsistencies at LCI level may ultimately 
translate into inaccurate impact assessment, e.g. regarding impact cat
egories related to land use, resource use, water scarcity or toxicity. Ef
forts for addressing these completeness and consistency issues therefore 
remain crucial for consolidating the LCA of minerals and metals, e.g. 
through mass balance reconciliation in LCI (Beylot et al., 2021a; Lai and 
Beylot, 2023), better accounting of water (Northey et al., 2014) and 
waste flows (Beylot et al., 2022; Rachid et al., 2023) as well as direct 
emissions from mining and metallurgical activities (Lai et al., 2021a).

4.2.3. Limits in market modelling
The market modelling, as performed in this study, is built on an 

estimation approach developed to adapt to different levels of granularity 
in both LCI and market-related data, complemented with several as
sumptions necessary to fill data gaps in market data. Notably, while the 
calculation of market shares for each production route was performed 
considering country-level production shares as a starting point, country- 
level production statistics were only found at element-level (e.g. Ni), 
without any breakdown at commodity-level (e.g. Ni class 1, NiSO4, 
FeNi). Similarly, no specific statistics were found regarding geological 
and technological breakdown or EoL RIR at country-level. Moreover, 
some of the data used in this study date back to prior to 2015 (e.g. <
2011 data for EoL RIR or < 2015 data for global co-/by-production 
patterns), which may not be fully representative of 2023 supply chains 
as considered in this study. Consequently, uncertainty in market shares, 
as calculated in this study, may be relatively important for some LCI 
datasets, especially regarding elements for which global supply chains 
entail a large complexity and diversity in commodities, deposits and 
technologies (e.g. regarding Ni or Co). Developing more detailed and up- 
to-date primary and secondary production statistics (with improved 
commodity-level, geological or technological details), which would 
enable more robust estimation of market shares, is, therefore, key for 
future improvement of all global LCI models.

Moreover, another area of improvement of market models resides in 
the integration of LCI data representativeness in the estimation of 
market shares. Indeed, the Pedigree approach, as implemented in this 
study, revealed potential discrepancies in LCI data quality and repre
sentativeness (from temporal, geographical and technological perspec
tives) from one input/output flow to another within the same LCI 
dataset. In the absence of rating at LCI dataset level, data representa
tiveness was not accounted for in the calculation of market shares, which 
may potentially result in an additional uncertainty in market shares 
stemming from limited LCI data representativeness.

Finally, some site-level LCI datasets, assumed to be representative of 
country-level productions (assuming that the process chains are rela
tively widespread), may show overestimated market shares, thus 
resulting in a large total market coverage at the element level (e.g. as for 
Li or graphite; see SI document n◦4). Further improvement of the market 
coverage also calls for additional LCI development, ideally building on a 
bottom-up approach starting from individual site-level data to derive 
representative country- and global-level LCI models, with priority on the 

main producing sites and countries (e.g. Russia, Indonesia, Vietnam, 
which currently suffer from a limited data availability).

4.2.4. Potential data sources for future LCI developments
Future improvement and development of LCI datasets for metal and 

mineral supply chains requires generating new LCI data. While the 
generation of representative LCI data should ideally be directly based on 
plant-level industrial data, access to such primary data may sometimes 
be limited. As other options, different public sources and tools may be 
considered as relevant alternatives for generating relatively represen
tative LCI data: 

• Company-specific reporting, which includes different types of re
ports that may be source of relevant data for LCI. Sustainability/ 
environmental reports at company-level and technical reports of 
mining projects/sites (e.g. NI43–101 reports) constitute potential 
LCI data sources, as these reports may provide data related to the 
consumption of energy, chemicals, water or generation of waste and 
emissions to the environment (see e.g. Northey et al. (2013) and 
Chordia et al. (2022) for examples of LCI datasets development from 
company reporting);

• Process modelling and simulation may also show potential for sup
porting the development of LCI data, as it enables deriving data 
related to e.g. energy, chemicals or water consumption, by modelling 
realistic operating conditions of a given process chain (as highlighted 
by Rachid et al. (2023) and exemplified by Mas-Fons et al. (2024)
and Beylot et al. (2021b);

• Remote sensing imagery, using satellites, may constitute a relevant 
option to accurately account for land use of mining activities (as 
exemplified by Islam et al. (2020) in the case of Cu-Au-Ag mining or 
Sun et al. (2025) for Li production), in a context of poor land use 
accounting in current LCI datasets (as highlighted in sub-section 
4.2.2).

5. Conclusions

This study offered a comprehensive overview of available LCI data 
for metal and mineral elements, through a thorough review, compilation 
and analysis of LCI datasets originating from public LCA sources. 
Building on this, a total of 220 individual LCI datasets was eventually 
developed based on a harmonised LCI data processing and modelling 
approach. These datasets cover various production routes associated 
with 53 metal and mineral elements (including key energy transition 
elements), offering a large differentiation from geographical, material (i. 
e. commodities), geological and technological perspectives. Notably, Cu, 
Fe, Au, Al and Ni are the elements benefiting from the largest LCI 
datasets availability and differentiation in covered production routes. 
The market models developed from these LCI datasets ultimately reveal 
a varying global market coverage depending on the element, with e.g. Li, 
Al, PGM or RE showing a large coverage contrary to elements such as Ge 
or Bi.

These LCI datasets, available in open access (Lai et al., 2025), are 
intended to offer a high-resolution modelling of metal and mineral 
supply chains in LCA, which could support more robust impact assess
ments for these materials (which was out of the scope of this study) but 
also for downstream systems using them (e.g. energy transition sys
tems). In particular, the level of granularity offered in the datasets en
ables capturing the key influence of geographical, geological or 
technological parameters on the environmental impacts of metals and 
minerals production. A better understanding of these environmental 
impacts either at production routes or global (supply mix) level is 
particularly crucial to support sound decision-making as to potential 
future implementation of decarbonisation and eco-design strategies at 
product, company, sectoral or policy levels (e.g. Battery Regulation at 
the EU level), towards mitigation of the environmental footprint.

Developed following a harmonised approach and in transparent, 
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disaggregated and flexible formats that can be directly imported in some 
LCA softwares, these LCI datasets are intended to further use in future 
LCA studies by any LCA practitioner. Their adaptability enables 
compliance with methodological requirements different from those 
considered in this study (e.g. regarding multifunctionality). At a larger 
scale, these datasets may as well support the development and 
improvement of standard LCI databases, with potential for further 
complementing the currently available secondary data, which may 
benefit from the large resolution in the data resulting from this study.

Future LCI data improvement and development remains necessary, 
as several gaps were identified in this study. Several elements showed an 
absence or limited availability of LCI data (e.g. Sn, Ga), and limited 
global market coverage (e.g. Ge, Mn, Mo or Ni). This may imply a 
limited representativeness in the quantification of their global envi
ronmental impacts, which may induce uncertainty in the outcomes of 
LCA of products and systems that would build on these secondary 
datasets. This may induce consequences in some regulatory contexts, e. 
g. in the EU Batteries Regulation that intends to set carbon footprint 
thresholds for EV batteries. Further development of representative LCI 
data calls for i) better covering the major countries producing metals 
and minerals (e.g. China, Russia, Indonesia), ii) comprehensively 
tracking co-/by-products all along process chains (e.g. Ga, Ge), with 
improved transparency in the applied multifunctionality-solving ap
proaches, iii) modelling secondary production (recycling) routes, with 
distinction of possible waste streams and up-to-date recycling statistics. 
To this end, diverse data sources such as company-specific reporting, 
process modelling and simulation, as well as remote sensing imagery 
stand as possible options offering perspectives for future development of 
representative and up-to-date LCI data. Finally, another key area of 
improvement resides in improving the overall completeness and con
sistency of LCI datasets, e.g. regarding direct emissions from mining and 
metallurgical activities, market modelling, land use, or mass and water 
balance, so as to avoid any bias in impact assessment (e.g. regarding 
resource-, land- or water-related impact categories).
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