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Summary

This deliverable (D3.8) contributes to the MaDiTraCe project's objective to enhance the
traceability and transparency of critical raw material (CRM) supply chains. It focuses on four
key commodities used in electric vehicle batteries and motors: cobalt, lithium, natural

graphite , and neodymium. The report maps the supply chains of these materials, proposes
criteria and an analysis for identifying leverage points in the supply chains, and identifies

requirements, elicitation, and classification for digital product passports.

The report presents a comprehensive mapping of the supply chains, including extraction,
processing, trade, recycling, secondary flows , and identifies key companies extracting and
refining the case -study materials. Additionally, key intervention points, referred to as
'leverage points', are identified at which traceability technologies could have the greatest
impact. These include changes in material composition, ownership , and geographic
location. The analysis covers European stakeholders and high -risk regions, incorporating
risk classifications from sources such as the Conflict -Affected and High -Risk Areas(CAHRAS)
and the Financial Action Task Force (FATF) The report also defines the requirements for
developing digital product passports (DPPs), including the needs of stakeholders, data
structures, and alignment with existing standards such as CERA 4inl. A review of current
traceability and control practices and technologies is also presented, providing insight into

their implementation across the CRM secto r.

Together, these data and insights contribute to the methodological basis for enabling the
digital traceability and responsible sourcing of critical raw materials within complex global

supply chains that are critical for the energy transition .

Keywords

EV batteries, cobalt, lithium, natural graphite, neodymium, rare earths, supply chain

mapping, requirements elicitation
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Abbreviations and acronyms

OO0

BGR German Federal Institute for Geosciences and Natural Resources
CAHRAs Conflict -affected and high -risk areas

CCz Pacific Ocean's Clarion -Clipperton Zone

CoC Chain of Custody

CRM Critical Raw Material

DMP Digital Material Passport

DPP Digital Product Passport

EBR European Business Register

ESG Environmental, Social, and Governance (ESG) impacts
EU European Union

EVs Electric Vehicles

FATF Financial Action Task Force

HHI Herfindahl -Hirschman Index

IEA International Energy Agency

IP Identity preservation

LCA Life Cycle Assessment

Li-ion Lithium -ion

MFP Material fingerprinting

REs Rare earths
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1 Introduction

In the context of sustainable resource management and supply chain resilience, the
sourcing and traceability of critical raw materials (CRMs) have gained attention, with a
particular spotlight on materials crucial to electric vehicle (EV) batteries and mot ors. The
responsible sourcing of materials, namely lithium, cobalt, and natural graphite for EV
batteries, as well as neodymium for EV motors, has become a central concern for
stakeholders across the supply chain (European Commission 2023a) .

?hN-sPar+ki« {"s]|] gq~"z s« ®~ k|]z~r2gk "N s, ®k g2 "G
reinforcing the reliability of CRM tracking and the transparency of complex supply chains.

The main objective of WP3 is to develop a methodological framework and key  commaodities

that support the integration of existing identification, assessment, and tracing methods and

tools, to enable digital material passport functionality.

This deliverable (D3.8) is focused on decentralized traceability of raw materials and
comprises four main commodities . Firstly, it presents a comprehensive supply chain
mapping - from extraction and primary production to encompassing trade flows and key
stakeholders - for the selected CRMs: cobalt, lithium, natural graphite , and neodymium .
Secondly, it provides an overview of leverage points, which are specific junctures in the
supply chain where even small interventions using traceability technologies can lead to
significant improvements. Thirdly, it defines the requirements, elicitation, and classification
for the digital material passport . And finally, it outlines the state of practices of control
methods and tracing solutions , see Figure 1. The deliverable builds on the findings and
criteria proposed for determining the leverage point in  Deliverable 3.1, incorporat ing
insights from selected case studies and the collective expertise of the MaDiTraCe
consortium.
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Chapter 2 will focus on the supply chain mapping of raw materials for the selected CRMs:
cobalt, lithium, natural graphite, and neodymium. The objective of the mapping is the
identification of leverage points for traceability technologies. = As mentioned, | everage
points correspond to strategic intervention spots for traceability technology (Fischer and
Riechers 2019; Gupta et al. 2025) . A set of three criteria was proposed in Deliverable 3.1
to identify these strategic points of the supply chain. The supply chain mapping of each
material will be structured following these three criteria: transformations in material state
and chemical modifications ; changes in ownership (including a network analysis for the
materials for which the required data was available) ; and changes in location (trade flows) .
In addition, the secondary sources and flows of each material are studied.

Chapter 3 provides an overview of the identified leverage points for traceability

technologies. The first part of the chapter lists all the identified leverage points in the

European Union (EU). This includes all countries that are mining and processing the four

materials, EU-based companies, and the countries that are importing materials into the EU .

The second part of the chapter integrates the collected supply chain data and leverage

points (on mining, processing and trade) with information on so-called 1high -risk countries i

with regards to responsible sourcing , including g ~ | ®2 s k « z s « ® kAffected ®r k i
and High-Ms «y "2 k"«i Y+"6M"«b "« pkzz "« ®~ g~ | ®2sk
the Financial Action Task Force (FATF) (Bellasio et al. 2023; Force 2019).

Chapter 4 outlines the requirements, elicitation , and classification necessary for developing
a DPP, building on the groundwork laid in the previous chapters . In addition to outlining
the theoretical foundations of the DPP, this chapter also presents an operationally feasible
framework. From a data perspective, it first introduces the core data attributes , followed by
a shared vocabulary that ensures consistency, accessibility, and supports data integration
across stakeholders. The chapter then evaluates how the DPP framework aligns with the
CERA 4inlstandard and the EU regulations . Finally, it presents a practical methodology for
implementing the D PPs.

Finally, chapter 5 presents a state of practices of control methods and tracing solutions in
relation to existing DPP initiatives and related data models. The chapter includes a
description of the different chain of custody mod els (comprising both mixing and no -mixing
approaches) that help traceability by tracking the journey of materials, using physical or
electronic evidence.
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2 Supply chain mapping for leverage point
identification

This chapter offers a comprehensive supply chain mapping for the selected CRMs: cobalt,
lithium, natural graphite, and neodymium. The objective of the mapping is the identification

of leverage points for traceability technologies. A set of three criteria  was selected in
Deliverable 3.1, to identify these strategic points of the supply chain. The supply chain
mapping of each material will be structured following these three criteria: changes in
location, transformations in material state , chemical modificati ons, and changes in
ownership. In addition, the secondary sources and flows of each material are studied.

Each material case study will include :

1 Market information, including :
o The main applications, the total consumption , and the projected demand .
1 Transformations in material state and chemical modifications , including :

o Deposits and reserves: types of deposits and global reserves by country.

o Extraction: mines, their locations, information on artisanal and small -scale
mining , and forecasted production .

0 Processing (refining and smelting) : the main processing steps , processing by
country, overview of processing facilities (including production and /or
capacity where available) , global locations of refineries/smelters.

1 Changes in ownership : an overview is provided of the companies that operate and
own mines and processing facilities .

Changes in location : the trade flows of the materials are mapped.

In the section on secondary sources and flow s, data is provided on the secondary
supply, the main recycling companies (of Li-ion batteries primarily) and the waste
flows are mapped.

= =9

The year 2022 is used as the base year to ensure consistency with Deliverable 3.1. In some
of the case studies, there is additional information relevant to the leverage points
depending on the availability of information . For example, there is a network analysis in the
cobalt and lithium case study that illustrates the links between mines, countries, owner
companies, and operator companies. This information was not available for the other two
materials.

2.1 Cobalt

This case study provides a comprehensive mapping of the global cobalt supply chain, with
a specific focus on identifying leverage points for the application of traceability
technologies (Tan and Keiding 2024) .

2.1.1 Introduction and cobalt market

Cobalt is in high demand due to its diverse applications, primarily in chemical and
metallurgical uses. In 2022, approximately 80% of cobalt demand stemmed from chemical
uses, such as batteries and pigments, while metallurgical applications accounted for
around 20%. Within the chemical sector, the predominant use of cobalt was in batteries,
which represent ed almost 70% of total consumption. This includes electric vehicle batteries
(34%), batteries for electronics (27%), and other types of batteries (7%), se e Figure 2 (S&P
Capital 1Q (2024a)).
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Figure 2: Cobalt consumption 2022 by product.
Chemical demand is illustrated in green and metallurgical demand in blue  (S&P Capital IQ 2024a).

The International Energy Agency (IEA) projects that global cobalt demand will increase by
190%, rising from 181kt in 2021 to 344kt by 2030. The expected mine supply from
announced projects will exceed 300 kt by 2030 (IEA 2024a).

2.1.2 Transformations in material state and chemical

modifications

2.1.2.1 Deposits and reserves
Cobalt is extracted as one of several by -products in the following types of deposits :

9 Stratiform Sediment -Hosted Copper -Cobalt (SSHC) Deposits: SSHC deposits are
considered the leading global source of cobalt, contributing to 63% of worldwide
cobalt mine production in 2017 (Petavratzi, Gunn, and Kresse 2019). These deposits
are typically formed through sedimentary processes and are known for their rich
cobalt content.

91 Nickel-Cobalt Laterite Deposits: Laterite deposits are primarily mined for their nickel
content but may also contain significant cobalt concentrations, often up to 0.22%
cobalt (Berger et al. 2011; Schulz et al. 2017).

1 Insome cases, cobalt is extracted as a by-product during the mining of other metals
such as silver, lead, or zinc.

While these are the most significant sources, other deposit types also contain notable
cobalt concentrations, some of which currently produce cobalt or have done so historically.

RN Funded by
LN the European Union

21



D3.8 Final report supply chain mapping, requirements elicitation, classification (/\0

The distribution and concentration of cobalt are influenced by factors like the mineralogy
of the host rocks, climate conditions, and the metal extraction processes (Horn et al. 2021).

Global cobalt reserves were estimated at 11 million tonnes. Most of these reserves are in
the Democratic Republic of the Congo (DRC') (6 million tonnes) and Australia (1.7 million
tonnes). Estimates of reserves in other individual countries are at 0.5 million tonnes or lower,
as shown in Figure 3 (USGS 2024)
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USA -69.0
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Figure 3: Cobalt reserves per country in 2022 in kilotonnes (kt) (USGS 2024)

2.1.2.2 Extraction

Cobalt mines

In 2022, 60 operational cobalt mine projects produced an estimated 164  kt of cobalt, out
of a total global production of approximately 200 kt  (Mining Technology 2024; S&P Capital
IQ 2024c). The majority ab9%amf this production came from the DRC, while other countries,
such as Australia, contributed 5% or less, see Figure 4 and Figure 5.

1 COD is used in the figures that use 1ISO 3166 -3 nomenclature for countries.
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Figure 4. Cobalt mined per country in 2022 in kilotonnes (kt).
Based on S&P Global mining projects data (van den Brink et al. 2020; S&P Capital 1Q 2024c).
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Figure 5: Cobalt mines 2022 (S&P Capital 1Q 2024c).
There are 29 cobalt mines that also contain copper and nickel, 17 that contain cobalt and copper, and 14 that contain cobalt and nickel. There are also
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By-products

All of the 60 cobalt projects included in the S&P Intelligence IQ database also contain
copper and/or nickel, of which 29 mines contain both copper and nickel, 17 are reported

to contain cobalt and copper , and 14 to contain cobalt and nickel. In total , 73% (120 kt) of
cobalt is mined at mines with copper, 13% (22 kt) at nickel mines, and 13% at mines with
nickel and copper. At these mines (reported for 19 mines), a total nickel production is
reported of 985 kt and a total copper production of 600 kt (reported for 22 mines). Other
commodities at cobalt mines include platinum, palladium , rhodium, gold, silver, chromite,
iron ore, U308, zinc, iridium, vanadium, titanium, graphite, diamonds, manganese,
magnesium, molybdenum, osmium, ruthenium, selenium, tellurium, tellurium, osmium,
arsenic, and limestone (S&P Capital IQ 2025). The cobalt deposits in the Bou Azzer district
in Morocco are among the few primary cobalt mines in the world (accounting for around
1% of production in 2022) (ONHYM 2025).

Artisanal , small -scale, and illegal mining

Artisanal cobalt mining is predominantly concentrated in the  DRC, causing not only severe
environmental pollution in the regi on but also toxic harm to vulnerable communities that
depend on artisanal mining (Banza Lubaba Nkulu et al. 2018; Gulley 2023) . While Gulley
(2023) has found that the share of cobalt from artisanal mines in the world has been
generally decreasing since 2008 , when it was 18-23% of the global supply , to 6-8% of the
global supply in 2020 . The study also found that artisanal production was either exported
to China or processed in the DRC by Chinese companies. The Annual Survey Report of the
Fair Cobalt Alliance , which reports on findings from 2023 and 2024, reported the share  of
artisanal and small-scale mining to 5 -10% of the total cobalt extracted in the DRC (Fair
Cobalt Alliance 2024) Glencore PLC, the world's largest cobalt producer, is collaborating
with the DRC government to formalize existing artisanal mining operations  (S&P 2024).

2.1.2.3 Forecast production
According to the |EA, cobalt production from existing and announced projects is estimated
to reach between 256 to 300 kt in 2035 from the base and high production case ,
respectively (IEA 2024a, 2025).

2.1.2.4 Processing
Processing steps

Cobalt is primarily extracted as a by -product of copper and nickel mining, with two  -thirds
of global production originating from sediment -hosted copper -cobalt deposits. Cobalt

processing involves various methods tailored to the ore type and desired end pro  duct.
Cobalt processing can be describe d in detailed steps for three types of ore (Petavratzi et
al. 2019) - copper -cobalt sulfide ore, nickel -cobalt sulfide ore, and nickel-cobalt laterite ore.

The different steps and material transformations are illustrated in  Figure 6.

The two principal processing routes involve hydrometallurgy and pyrometallurgy.
Hydrometallurgy begins with leaching , and following leaching, copper is recovered, and
impurities are removed before the recovery of cobalt and nickel, if present. In
pyrometallurgy, ores are subjected to high temperatures along with a reducing agent,
promoting chemical reactions that isolate metals from other compounds. During this
process, certain impurities are expelled as gases, while others form a b yproduct known as
slag. Following smelting, cobalt is typically found in combination with nickel, and the two
metals are later separated through electrolytic techniques, such as solvent extraction and
electrowinning (Petavratzi et al. 2019).
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Refining

In cobalt refineries, cobalt metal, oxides, hydroxides , and salts are produced. Cobalt metal
is available in powders, granules, briquettes, cathodes, rounds, pellets , and ingots. Cobalt
salts include a large range of products, such as chlorides, sulfates, nitrates, carbonates,
acetates, and many more. Refining involves different processes such as electrowinning,
hydrogen reduction, evaporation , and crystallization (Petavratzi et al. 2019). See Figure 7
for the production of refined cobalt by form (2020) (Cobalt Institute 2025a) .

arbonate 1%
Other;, 2%

Round 20t,C

Chloride 2%
Oxidg 3%
Briquette 5%

Coarse powde

5% \—_ Tetroxide 35%

Fine powder
%

Cathode 15%_/

"\ Sulfate 23%

Figure 7: Production of refined cobalt by form (2020) (Cobalt Institute 2025a) .

Processing plants

According to data from the British Geological Survey (2024), the total refined cobalt supply
was 161 kt in 2022. Figure 8 presents the supply of refined cobalt in 2022 for the main
producing countries. Most cobalt was refined in China (78%), followed by Finland (8%) and
Canada (3%), other countries each refined 2% or less of total production .
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Figure 8: Refined cobalt supply 2022 by production share by country (British Geological
Survey 2024).

According to S&P Capital 1Q data (S&P Capital 1Q 2024a), the total primary refined supply
of cobalt in 2022 was 180.5 kt . That is about 19kt higher than the value reported by the
British Geological Survey. Furthermore, S&P Capital 1Q indicates that there are 83
processing plants globally that handle cobalt, including concentrators, refineries, and
smelters, as shown in Figure 9. Among these facilities, only 13 process cobalt as the primary
commodity, while others focus on different primary commodities: nickel (44), copper (12),
ferronickel (7), zinc (5), platinum (1), and silver (1). In the data , no information is included on
whether these plants were active cobalt producers in 2022.
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Figure 9: Global distribution of cobalt-producing refineries and smelters , categorized by primary commodity . Cobalt production data for 2022 is
unavailable . (S&P Capital 1Q 2025).
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2.1.2.5 Battery manufacturing countries

As described in section 1.1.1 , most cobalt is used in chemical uses, of which 70% is

consumed in batteries. Following cobalt processing, refined cobalt is combined with other

materials, such as nickel, manganese, or aluminum, to create cathode materials. China has

AwC ~p ®rk p~2zii« 8§2~i g®s~| g~"8§72gs® p~2 gro@r
Japan 14% (IEA 2022). The remaining 1% is production in the United States (there are also

two small cathode facilities (Blois 2023), and in other countries. Demand for cathode

material was 520 kt in 2021. In 2023, Umicore in Belgium also opened a facility to produce

battery cathode materials (Electrive 2023).

China is by far the largest producer of Li-ion batteries, with almost 80% of global
production. Countries that manufacture lithium -ion batteries in the European Union and

their share of global production in 2021 were: Hungary (4%), Poland (3%), Germany (2%),

Sweden (0.6%), and the Czech Republic (0.1%) (Llamas-Orozco et al. 2023). Other
European countries are scaling up battery cell manufacturing. Spain is set to increase

production to 50 GWh by 2025 and double its capacity by 2026  (Europe Battery Cell
Production 2025) . France, Norway, and the UK are also projected to produce batteries by

2030. (IEA 2022) .

2.1.3 Changes in ownership

2.1.3.1 Cobalt operator and owner companies

In the S&P Capital IQ data (S&P Capital IQ 2025) 46 companies are listed that operate one
or more cobalt mines. The largest operator producer is Glencore plc with 29% of
production, followed by the Eurasian Natural Resources Corporation Limited (16%) and
CMOC Group Limited (12%).

There are 59 mine owner companies with a percentage ownership of the projects and
attributable production. The three largest owner companies are the same companies as the
operators, but their ownership percentage over production is slightly lower (Glencore, with
25%, Eurasian Group, with 16 %, and CMOC Group Limited , with 10%).

In addition, there are 59 companies that are listed as the first owner of a refinery that
processes cobalt (among other metals), but the cobalt production of each company is
unknown (S&P Capital IQ 2025). Some own multiple refineries.

2.1.3.2 Foreign Direct Investment

Based on the headquarters location of the mine operator companies and their attributable
production, the three countries with the highest foreign direct investment in cobalt are
Switzerland with 29%, China with 24% and the United Kingdom with 17%. Of the mine
operator companies, s ix have headquarters in the European Union and four in the United
Kingdom.

Based on the headquarters location of the mine owner companies and their attributable
production, the three countries with the highest foreign direct investment in cobalt are
Switzerland with 25%, China with 25% and Kazakhstan with 16%. Of the owner companies ,
eight have headquarters in the European Union and three in the United Kingdom  (S&P
Capital 1Q 2025) .
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2.1.3.3 Network Analysis

Figure 10 presents a network graph of the cobalt supply chain with cobalt mines and
refineries, their operators and owners , and the countries that they are located in. For mines
all owners are included, for refineries , only the owner company with the largest share.

The size of cobalt mines, countries , and cobalt company owners are ranked by cobalt mine
production. For mine operators, refineries , and refinery owners, production is notincluded ;
these nodes all have the same size.

There are two types of links illustrated:

1 Geographic links: mines/refineries with the location (country ).
I Ownership links: mines/plants with the operator/owner companies
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Figure 10: Cobalt company network: Abbreviations can be found in Table 14 in Appendix 8.2 (S&P Capital IQ 2025).

Sizes of the nodes with mine production are gradually increasing in size with the smallest nodes with production under 1000 t
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The network analysis shows that 22 companies are vertically integrated and own both mines
and smelters or refineries. Of these, 10 companies own mines in the same countries as
refineries, and 12 companies own mines and refineries in different countries.

Degree centrality indicates the number of connections each node has. Companies with the
highest degree of centrality in the main network include Glencore PLC (11), Gécamines SA
(8), Vale S.A. (6) and Sumitomo Corporation and Metal Mining (5). These are in the centre
of the graph (Fig. 8). The companies with the highest betweenness centrality are Glencore,
Zhejiang Huayou Cobalt Co., Ltd , and Jinchuan Group International Resources Co. Ltd.,
akpzkg®s| q ®rks? a~zk s| g~| | kg®d|-q fiksp mk 28k 2@ |-
shortest paths that pass through them. This highlights their influence in linking other
companies and in this network, geographic locations. The companies with the highest
closeness centrality in the main network are Jervois Global L imited, Public Joint Stock
Company Mining and Metallurgical Company Norilsk Nickel, and Umicore S.A.  This metric
shows how near a node is to other nodes in the network, calculated as the average shortest
path length from the node to all other nodes (Golbeck 2015).

2.1.4 Changes in location -trade

Cobalt trade flows in 2022 are analysed based on data from BACI, HS 92 for cobalt products
and HS 22 for cobalt waste and scrap (Gaulier and Zignago 2010) .

Prk g~f*"z® ®27"ik pz~p« "2k is’  siki s| ®~ p~ & g’
ig~fr"z® {"®®Kk« M| ~®rk? s| ®k?2{kis”*"®k 8§25i g®«
A ig~fr"z® p"«®k Athat thetegcamafsd be cabalt waste @nd scsap

included in the category of cobalt mattes and other intermediate products, so there is some

overlap between these flows.

Cobalt ores and concentrates

The global trade of cobalt ores and concentrates (HS260500) amounted to 33 kt in 2022.
Almost 90% of the exports were from the Democratic Republic of Congo, followed by
Austria with 4% and Italy with 3%, see Figure 11 and Figure 12.
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AUT -I1.31 MAR - 2.33
ITA IO.93 FIN- 1.35
ZMB - 0.51 FRA - 0.93
KOR - 0.42 MYS - 0.86
Usa -0.17 ZMB -0.30
CAN -0.14 GBR -0.17
DEU -0.11 ESP -0.08
TUR -0.09 BEL -0.07
z ZAF -0.08 5 GNQ -0.04
= other -0.06 = ZAF -0.04
NzL -0.05 ARE -0.04
GBR -0.05 other -0.03
LvA -0.04 SGP -0.02
TZA -0.03 ITA -0.02
BEL -0.03 usA -0.02
THA -0.03 CHL -0.01
ESP -0.02 KOR -0.01
NLD -0.02 NLD -0.01
SGP -0.02 IND -0.01
a) exporters b) importers

Figure 11: Cobalt trade flow 2022: cobalt ores and concentrates (HS260500) (BACI HS 92) (Gaulier
and Zignago 2010) .

As Austria and Italy have no cobalt mines, they are likely re -exporting the or e that they may
have imported and stocked in previous years. The leading importing country was China ,
with 80% of the imports, followed by Morocco with 6% and Finland with 4%. China and
Finland have cobalt refineries, Morocco only has cobalt mines , but aims to refine cobalt in
the future (Benchmark Minerals 2023).
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[t]
Figure 12: Cobalt trade chord 2022: cobalt ores and concentrates (HS260500) (BACI HS 92)
(Gaulier and Zignago 2010) .

Cobalt mattes and intermediate products of metallurgy

The global trade of cobalt mattes and intermediate products of metallurgy (HS 810510 and
HS 810590) amounted to 484 kt in 2022. Around 80% of the exports were from the
Democratic Republic of Congo, followed by Canada with 2% and Mozambique with 2%,
see Figure 13 and Figure 14. The main importing country was China with 75%, followed by
Singapore (5%) and Malaysia (3%).
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other - 13.44 SGP - 24.89
CAN - 9.48 MYS - 16.19
MOZ - 8.14 KOR - 9.55
USA - 7.82 USA - 8.81
ZAF - 6.99 JPN - 8.47
BEL =16.55 other - 7.66

FIN {263 NLD - 7.64
AUS -4.41 BEL - 5.69

— NOR -4.18 — OtherAsianes - 4.84
% CHN -4.14 = CAN -4.21
DEU -3.74 GBR -3.99
JPN -3.56 ARE -3.78
MDG -3.45 DEU -3.12
NLD -3.34 NOR -2.47
GBR -2.96 FRA -2.42
RUS -2.88 FIN 42.29
IND -2.69 BRA -1.42
MYS -2.44 IND -1.31
KOR -2.24 TUR -1.14

a) exporters b) impaorters

Figure 13: Cobalt trade flow 2022: Cobalt: mattes and other intermediate products of cobalt
metallurgy, unwrought cobalt, waste and scrap, powders (HS 810510) and Cobalt: articles n.e.s. in
heading no. 8105 (HS 810590) (BACI HS 92) (Gaulier and Zignago 2010) .

The flows traded between the countries, illustrated in  Figure 14, show that the largest flows
of these cobalt products were those of the exports from the DRC to China . There is also a
flow from Singapore to China. Singapore had only very small import flows in 2022. Malaysia
also imported some of these cobalt products from Mozambique.  All the other traded flows
are comparatively very small. As for European-related flows, the figure shows that Belgium
has the most significant European trade flows of these products, with even small exports to
China. The Netherlands, Finland, Norway, the United Kingdom, and Germany, among
others, are all European countries trading these cobalt products.
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Figure 14: Cobalt trade chord 2022: Cobalt mattes and intermediate products of metallurgy. HS
810510 Cobalt: mattes and other intermediate products of cobalt metallurgy, unwrought cobalt,
waste and scrap, powders and HS 810590 Cobalt: articles n.e.s. in heading no. 8105 (BACI HS 92)
(Gaulier and Zignago 2010) .

Cobalt chemicals

Prk qz~f~rz ®27ik ~p g~f"*z® ¢rakdHS@91523) anvoanked A FAAAAT
to 87 kt in 2022, see Figure 15 and Figure 16. Around 43% of the exports were from the

DRC, followed by South Africa (19%) and China (11%). The leading importing country was

Finland with 14% of the imports, followed by China (11%) and Singapore 8%).
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12.11

cobD FIN
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FIN -8.20 HKG
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— OtherAsianes -0.59 = BEL- 3.77
= KOR - 0.53 = 17U - 3.69
other -0.37 PCN - 3.25
VNM -0.36 USA - 2.41
A 4023 DEU - 2.10
SGP -0.15 CAN -  1.52
ESP -0.13 ESP- 149
usaA -0.10 ZMB - 1.39
DNK {0.09 BRA- 129
MYS -0.08 NLD 4120
HKG -0.08 JPN- 113
a) exporters b) importers
Figure 150 +~f 2"z ® ®2"i k pz~p A%AAD g~f~rz® grk{sgrz«bD 1 +r
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The traded flows of these cobalt intermediate products, illustrated  Figure 16 shows a larger
number of significant traders than the previous cobalt products aa more diversified market .
The DRC is still the main exporter, followed by South Africa. Both Finland and China import
and export significant amounts, with most of Finland's imports coming from non  -European
sources (South Africa and Vietnam) and being exported to mostly European countries.  Most
of the flows imported by Vietnam , which are then exported to Finland and Europe,

originated from the DRC.
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2.1.5 Secondary sources and flows

2.1.5.1 Cobalt recycling

According to S&P Capital IQ data (S&P Capital 1Q 2024a), the total secondary supply of
cobalt was 9.3 kt in 2022. Supply from secondary sources is expected to increase to 50 kt
in 2028 (next to 276 kt of primary supply). An estimated 65% of recycled cobalt originates
from battery recycling, where the value of recoverable cobalt makes lithium -ion battery
recycling economically appealing to recyclers. Hard metal scrap recycling follows as the
second-largest secondary source, accounting for 24% (Cobalt Institute 2025b) . See Table
13 in Appendix 8.1 for an overview of the largest companies that recycle lithium -ion
batteries.
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2.1.5.2 Secondary flows

The global trade of cobalt waste and scrap (HS 810530) amounted to 10 kt in 2022, see
Figure 17 and Figure 18. Around 28% of the exports were from the United States of
America, followed by Japan (13%) and Great Britain (9%). The main importing country was
Canada with 25% of the imports, followed by the United States of America (18%) and Great
Britain (15%).

other - 0.55 SGP - 0.69

DEU - 0.46 Fra 0 27
NLD - 0.44 BEL - 0.24
— IND - 0.35 — JPN - 0.22
v} £
= CAN - 0.26 = MYs- 021
CHN - 0.18 BRA - 0.17
BEL - 0.18 other - 0.16
ma Jo-14 THA- 0.14
SGP - 0.10 AUS - 0.13
ROU - 0.10 AUT - 0.05
BRA - 0.09 ESP - 0.05
TUN - 0.08 HKG - 0.05
CHE - 0.08 CHE - 0.04
ESP - 0.07 IND - 0.04
a) exporters b) importers

Figure 17: Cobalt trade flow 2022: cobalt waste and scrap (HS 810530) (Gaulier and Zignago
2010).

The largest trade flows were exchanged between the USA, Canada, and the United
Kingdom. There are also significant flows being imported from Japan to South Korea and
from South Korea to Singapore. Germany trades with multiple countries, primarily
European. France has relatively significant exports to the USA, as well as to Ireland. Finally,
it should be noted that the main importers/exporters of  cobalt waste and scrap are not the
main importers/exporters of the other cobalt intermediate products and ore (Ch ina and the
DRC).
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Figure 18: Cobalt trade chord 2022: cobalt waste and scrap HS 810530 (BACI HS 22) (Gaulier and
Zignago 2010) .
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2.2 Lithium

2.2.1 Introduction and lithium market

This case study provides a comprehensive mapping of the global lithium supply chain, with
a specific focus on identifying leverage points for the application of traceability
technologies.

Given the diverse forms of lithium products, which contain varying amounts of lithium, this
deliverable standardizes quantities using the industry benchmark "lithium carbonate
equivalent" (LCE) as the unit of measurement (see Appendix 8.4, Table 16 for conversion
factors).

The primary use of lithium is in battery production, which includes electric vehicle batteries,
electronics, energy storage systems, electric bikes, and other battery types. These
applications collectively accounted for 82% of lithium consumption in 2022  (S&P 2024), see
Figure 19). Additionally, lithium is used in various industrial applications such as ceramics,
glass, lubricants, grease, and catalysts, which together represented approximately 18% of
lithium consumption in 2022. In  Appendix 8.4, Figure 77 the different lithium production
routes are illustrated in (Sun et al. 2017).

P~ g~{8zk{k|® ®rs«l 2akgk|® ~"|"z:-«s« rsqrzsqr ®«
market: while China remains a dominant global refiner, Europe lacks comparable refining

capacity and is heavily reliant on supply chains centered in China (BRGM (for Ecomine /
Minerallnfo) 2025) .

Electric bikes and Other batteries Lubricants and

motorbikes batteries 6% Glass and ceramics
1% —\ 7% grease
3%
Energy storage /

batteries

6%
Electronics batteries /

9%

Catalysts
1%

Other industrial
7%

Passenger PEV,
MHEV, HEV and fuel
cell vehicles
batteries
60%

Figure 19: Lithium consumption 2022 by product . Adapted from S&P Global Market Intelligence
(S&P 2024).
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The demand for lithium is projected to grow rapidly, driven primarily by the expansion of
battery applications. Current projections indicate that demand will nearly double from
approximately 700 kt LCE in 2022 to around 1370 kt LCE by 2025 (S&P 2024). Despite this
sharp increase, S&P Global Market Intelligence forecasts that lithium supply will continue
to outpace demand over the next five years. In 2022, total chemical supply was estimated
at approximately 730 kt LCEand is expected to rise to 1440 kt LCEby 2025.

Looking ahead to 2030, the IEA projects that under current stated policies, global lithium
demand will reach approximately 2,500 kt LCE by 2030. In the more ambitious Net Zero
Emissions (NZE) scenario, demand could increase to around 3,700 kt LCE by the sa me year
(International Energy Agency, 2024). However, supply is expected to fall short of meeting
this projected demand. According to the |IEA (IEA 2024a), the supply of lithium in chemical
form is estimated to reach 1,985 kt LCE by 2030, resulting in a potential shortfall of around
700 kt under the NZE scenario. S&P Capital 1Q (2024) offers a slightly more optimistic
outlook, estimating a 15% higher supply at 2,285 kt LCE of "saleable lithium" in 2030 (see
also Section 1.3.2). In the alternative NZE scenario, if sodium -ion batteries gain wider
acceptance in the electric vehicle market, total lithium demand in 2030 could be reduced
by 10%. Additionally, the early adoption of vanadium redox flow technologies could
decrease lithium demand in stationary applications by 6% (IEA 2024a).

Lithium prices have experienced considerable volatility in recent years. Between 2020 and
2022, the global average price of lithium carbonate surged from $6,700 per tonne to
$68,000 per tonne. However, since 2022, prices have sharply declined to $10,600 pe r
tonne. This price drop is largely attributed to a slowdown in the uptake of passenger electric
vehicles (PEVs), leading to an oversupply. The reduced demand has caused the
cancellation of several battery projects in both the US and Europe (S&P Capital IQ 2024a).

2.2.2 Transformations in material state and chemical
modifications

2.2.2.1 Deposits and reserves

Lithium resources can be sourced from several primary categories of deposits: hard-rock
deposits (pegmatites and granites) , surface and near-surface brines (continental),
unconventional resources (seawater or deep geothermal brines ), or clay (less explored)
(Choubey et al. 2017; Sanjuan et al. 2022; Zhao, Wang, and Cheng 2023) . Historically,
pegmatites have been the predominant source of lithium. The three largest lithium  -bearing
pegmatite deposits are located in North Carolina (USA), Manono (Democratic Republic of
Congo), and Greenbushes (Australia). Active extraction is current ly occurring only at
Greenbushes in Australia, but is planned at the other deposits (see 1.3.2). Although over
100 minerals are known to contain lithium, only a few are economically viable to extract,
including spodumene, lepidolite, petalite, eucryptite,  amblygonite, hectorite, and jadarite
(British Geological Survey 2016) . Among these, spodumene is the most abundant and
widely mined lithium -bearing mineral. However, due to increasing market demand and
prices, other minerals such as hectorite and zinnwaldite are becoming more attractive and
potentially feasible for extracti on (Khakmardan et al. 2023).

Lithium can also be sourced from brines, which are fluids containing high levels of dissolved
salts. Although lithium is present in many brines or waters, it typically occurs at low
concentrations. High -temperature geothermal water can increase lithium con centrations,
and economic deposits usually form in regions with high solar evaporation, which further
concentrates lithium (British Geological Survey 2016) . One of the most important regions
for lithium -bearing continental brine deposits is the salt lakes and salt pans of the central
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Andres in South America, known as the salars. One of the most notable deposits in this
region is the Salar de Atacama in Chile . This playa lake is one of the largest in the world
(British Geological Survey 2016) . In addition to continental brine, other sources include
geothermal and oilfield brines, as well as volcano -sedimentary deposits (Shaw 2021).
However, conventional evaporitic technology is not applicable for extracting lithium from
these more dilute brines, and economically viable technologies are still being explored
(Vera et al. 2023). Figure 78 in Appendix 8.4 illustrates the types and locations of global
lithium deposits (Shaw 2021).

Currently, 20 countries worldwide have lithium reserves, totaling approximately 28,000
kilotonnes (kt) (USGS 2024) Figure 20 shows the lithium reserves per country. The top five
countries with the largest reserves are Chile (33%), Australia (22%), Argentina (13%), China
(11%), and the United States (4%). Figure 2 depicts the current lithium reserves per country,
with countries identified by their ISO 3166 Alpha -3 codes. Table 17 in Appendix 8.4
presents the resources and reserves by country, based on USGS data.

USA PRT “

BRA ZWE “
|
’ v

USA - 1100.0

[kt]

CAN -  930.0
BRA - 390.0
ZWE - 310.0

PRT -60.0

Figure 20: Lithium reserves per country (lithium content) (USGS 2024)

2.2.2.2 Extraction
Lithium mines

In 2022, there were 30 operational lithium mines (S&P Capital IQ 2024a and see Appendix
8.4, Table 18). The total production from these lithium projects was 783 kt LCE, out of an
estimated 789 kt LCE (S&P Capital 1Q 2024a). The primary suppliers of mined lithium were
Australia (49%), Chile (26%), and China (13%), see Figure 21. Of the total production, 343
kt LCE originated from continental brine deposits, while 440 kt LCE came from pegmatite
and granite ore deposits, see their geographic locations in  Figure 22.
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Figure 21: Lithium mined per country in 2022, in kilotonnes (kt) of LCE. Based on S&P Global
mining projects data (2024) .

By-products

At the 30 lithium projects included in the S&P Intelligence IQ database (2022), there are
also some other commodities reported to be present at the mines, including : potash (13
mines), spodumene (11 mines), tantalum (10 mines), niobium (5 mines) and at three mines
or less: tin, iron ore, caesium, magnesium, gold, potassium sulfate, silica, zinc, lead and
manganese.
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@ Continental brine (15) @® Pegmatite and granite (14)

Figure 22: Lithium mines in 2022 (S&P Capital IQ 2024a), there are 15 mines at continental brine deposits and 14 mines at pegmatite and granite
deposits. The locations are based on open -source data (see Appendix 8.4, Table 18).

Funded by
the European Union

46



D3.8 Final report supply chain mapping, requirements elicitation, classification (/\\_)

Artisanal and illegal lithium mining

While usually lithium mining is carried out by large-scale operations, there are some reports
of artisanal and small-scale mining and illegal lithium mining. For example , in Nigeria (AP
News 2024) and Zimbabwe (Business & Human Rights Resource Centre 2023). Though
there are some reports, quantities are probably small compared to artisanal mining of other
minerals like gold, tin , and cobalt. In China, the mining of lithium has been linked to forced
labour practices with the Uyghur population in the Xinjiang Uyghur Autonomous Region
(U.S. Department of Homeland Security 2024) .

Forecast production

The global production of lithium will increase by around 450 kt in 2035 (IEA 2025) Among
these, the largest new lithium mines will be the Kathleen Valley mine in Australia and the
Manono mine in the DRC, each expected to produce over 100 kt LCE in 2030. In Europe,
saleable production is expected at the Keliber mine in Finland (13 kt) and is expected to
continue at the Alvarroes mine in Portugal (0.7 kt) (Detailed references for each project are
in Appendix 8.4).

As of 2024, the S&P Capital IQ screener lists 649 lithium projects in total. Of these, the
{r"x~2s®- YAEA 8§82 ~xkg®«b "2k s| ®r k k™2 zZd. ~@®"qkc«
g2 Mcwd ~~®«il "ii s®s~| "z 7 sthges ©fAdev8ldpments igclicing * @ ks |
feasibility completion or the commencement of construction.  As of 2024, 27 projects are
operational, and 8 are expansions of existing projects. One notable project is the Kings
Mountain mine in North Carolina, USA, which is in the scoping pha se. This mine is situated
at one of the world's three largest lithium -bearing pegmatite deposits (CNBC 2024).

There are 43 projects in Europe, of which three are almost finalised or finalised (Keliber in
Finland, Alvarroes in Portugal , and Vulcan in Germany). Also, projects in Spain (Alberta I1),
Czechia (Cinovec), France (EMILI), Serbia (Jadar), ltaly (Lazio), Bosnia and Herzegovina
(Lopare), Portugal (Mina do Barroso), Spain (San Jose), Austria (Wolsberg) and Germany
(Zinnwald) are in an active late development st age (feasibility started, completed , or in
reserves development) (Jamasmie 2024; MDO Data Online Inc. 2025; Rustici 2022) . Some
of these project s were also selected as the EUis strategy projects in March 2025 (European
Commission. 2025) . Theseinclude the EMILIprojectin France, an integrated extraction and
processing project operated by IMERYS Ceramics France , the Barroso Lithium Project in
Portugal, an extraction project operated by Savannah Lithium Unipessoal, Lda; the Cinovec
Lithium Project in Czechia, developed by Geomet s.r.0. as an integrated extraction and
processing facility; and the Keliber Lithium Project in Finland, led by Keliber Technology
Oy.

2.2.2.3 Processing

Processing steps

The Production and Conversion to Lithium Concentrates

The initial step in lithium production involves generating a lithium concentrate or run  -of-
mine ore, which varies based on the type of lithium ore. Hard rock ores, such as
spodumene, are processed into lithium concentrate through a series of steps, includi ng
digging, drilling, and screening. Conversely, sedimentary ores like jaderite undergo a
different process to produce run -of-mine ore, and lithium -rich brines are processed to
produce a lithium brine concentrate. Detailed lithium processing methods atloc  ations like
the Mount Cattlin mine in Australia and the Zhangjiagang plant in China are described by
(Khakmardan et al. 2023). Figure 23 presents an overview of the various lithium processing
steps (based on (International Lithium Association 2024) and (British Geological Survey
2016)).
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Conversion to Technical Grade Lithium Carbonate

There are several methods to produce technical-grade lithium carbonate. For lithium ore
concentrate, the process involves acid roasting and carbonation, as detailed by
(Khakmardan et al. 2023) for the Zhangjiagang plant in China. For run -of-mine ore, methods
include calcination, water leaching, and either causticisation or electrolysis. Alternatively,
the ore can undergo acid leaching or roasting followed by purification and carbonation to
prod uce lithium carbonate. Processing lithium brine concentrate involves drilling,
pumping, solar evaporation, solvent extraction, precipitation, filtration, drying, screening,
and milling. Additional purification processes, such as carbonation, centrifuge sep  aration,
magnetic separation, and solvent extraction, can also be applied to create technical -grade
lithium carbonate (International Lithium Association 2024) . Lithium-rich brine can further be
concentrated to lithium chloride, from which lithium metal and other chemicals are
produced (Sun et al. 2017).
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Conversion to Technical Grade Lithium Hydroxide Monohydrate

Technical grade lithium hydroxide monohydrate can be produced through various routes.
Using lithium ore concentrate as input, pressure leaching and alkaline leaching generate a
lithium -rich liquor, which is then subjected to causticisation or electrolysis. For run-of-mine
ore, acid roasting or leaching creates crude lithium sulfate, which is similarly processed by
causticisation or electrolysis. Purification processes can further refine lithium hydroxide
monohydrate into battery -grade material (International Lithium Association 2024) .

Conversion to Lithium Metal, Chloride, and Other Chemicals

Lithium carbonate, which accounts for 90 percent of lithium consumption, is the most
widely used form of lithium. Other forms, such as lithium hydroxide, butyl  -lithium, lithium
metal, and lithium chloride, are derived through further processing of lithium carbonate,
except for lithium metal, which is produced by electrolysis of a mixture of molten lithium
chloride and potassium chlorid (British Geological Survey 2016) .

Processing plants

The total chemical supply of lithium is estimated at 729 kt (S&P Capital 1Q 2024a), a little
lower than the total estimated mine production of 789 kt LCE  (S&P Capital 1Q 20244a). Figure
24 presents the processing capacity of different countries of lithium chemicals.

CHN

CHL

AUS A{ 98.0
USA - 75.0
DEU
JPN
UsA R —_
w T ARG+ 55.738
BRA iy KOR - 21.5
J. =
e e DEU - 20.0
JPN - 10.0
BRA -1.5

Figure 24: Lithium processing capacity, in kilotonnes (kt) of different lithium chemicals (carbonate
prod. based on mine production, capacity of other chemicals: see references in Appendix
8.5, Table 16).

Based on open -source data, 44 lithium processing plants have been identified in Figure 25
(see Table 24Table 24 in Appendix 8.11). Most plants produce lithium carbonate (31 plants)
and/or lithium hydroxide (17 plants). Other products include lithium metal (5 plants), lithium
chloride (6 plants), butyllithium (4 plants), lithium fluoride (2 plants), and lithium bromide (1
plant). It was assumed that lithium produced at continental brine mines is processed at the
same site, with production quantities matching those of the mines. For other processing
plants (hard rock), only their capacity is known, not their actual production ; thus, only
capacity data is included. Some of the producers at continental brine mines produce lithium
carbonate, others also convert the lithium carbonate to lithium hydroxide monohydrate
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(Grant, Deak, and Pell 2020). As illustrated in Figure 23As illustrated in Figure 23, lithium
carbonate, produced from brine, can also be further processed into lithium hydroxide
monohydrate (LHM). In one example, the carbonate produced at the Salar in Chile is
processed to LHM at the same processing plant, while in another example, in Ar gentina,
the Carbonate is transported to the United States and is converted to LHM there (Grant et
al. 2020)The total processing capacity and production of these lithium plants is estimated
to be 903 kiloton nes of lithium carbonate equivalent (LCE). Nearly half of the lithium
processing occurs in China (46%), followed by Chile (22%) and Australia (11%) .

Historically, all chemical processing of spodumene mined in Australia was likely conducted
in China (British Geological Survey 2016) . However, Australia has recently developed its
processing capacity, exemplified by the Kemerton refinery of Albemarle  (Albemarle 2024c)
and the Kwinana refinery of Covalent Lithium (Covalent Lithium 2024) .

There are some known production links between mines and processing plants (see  Table
25Table 25, in Appendix 8.11), although the specific quantities processed from certain
mines remain unknown. Lithium from a single mine can be processed at two different
plants, initially to produce lithium carbonate and subsequently to produce battery  -grade
lithium hydroxide.
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A Lithium processing plant

Figure 25: Lithium processing plants based on open-source data, see references in Appendix 8.11,Table 24.
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While not identified in the sources of Figure 25, Russia also has production capacity, as
shown in Figure 26. This could be attributed to possible changes based on the reference
years or inconsistencies in different databases. However, CMP Lithium, for example, is the
leading Russian manufacturer and supplier of lithium products (hydroxides and metal) and
has been operating since 1956 (JSC ChemicalaVetallurgical Plant (CMP) 2025).
Discrepancies such as these underscore the need for greater transparency in the lithium
supply chain.

Future production

Global lithium production expected to reach Next to these plants, in France, the Viridian
Lithium plant is expected to begin production in 2028, with a planned capacity of 28.5 kt
(Viridian Lithium 2025) . Another French project, EMILI, led by Imerys, includes both a
lithium mine and a conversion plant for lithium hydroxide, with production also set to begin

in 2028 (EMILI.Imerys 2025). Sibanye-Stillwater's Keliber project encompasses a lithium
mine, a concentrator, and a lithium hydroxide refinery in Kokkola, Finland. Production is
scheduled to start in 2025, with an expected annual output of 15 kt  (Sibanye-Stillwater
2025). Finally, Vulcan Energy Resources Limited starts lithium hydroxide production in 2024
at its Central Lithium Electrolysis Optimisation Plant (CLEOP) in Industriepark Hdchst,
Frankfurt-Hochst, Germany. First-year production is estimated at 24 kt (Think Geo Energy
2024).
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Sites de raffinage de lithium en 2024 *

*Représentation des parts des actionnariats des entreprises
chinoises dans les diverses raffineries de lithium

A orremi Oy
T Sources de données : BRGM - S&P - Project Blue

Figure 26: Lithium refining sites in 2024 (BRGM (for Ecomine / Mineralinfo) 2025) .
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2.2.2.4 Lithium battery manufacturing

Production countries of battery cell components: cathode materials

Lithium hydroxide and lithium carbonate are used to produce lithium  -ion battery cathode
materials, of which lithium -s ~| f " ®®k2a sk« ~2k {"~ikl +rs|* r~r« A¥
capacity for cathodes, South Korea accounts for 15% and Japan 14% (IEA 2022) The

remaining 1% is production in the United States (there are also two small cathode facilities

(Blois 2023) and in other countries. Demand for cathode material was 520 kt in 2021. In

2023, Umicore in Belgium also opened a facility to produce battery cathode materials

(Electrive, 2023).

Production countries of Lithium  -ion batteries

China is by far the largest producer of Li-ion batteries, accounting for almost 80% of global
production. Countries that manufacture lithium -ion batteries in the European Union and
their share of global production in 2021 were: Hungary (4%), Poland (3%), Germany (2%),
Sweden (0.6%), and the Czech Republic (0.1%) (Llamas-Orozco et al. 2023). Other
European countries that are projected to produce batteries in 2030 are Norway, Italy,
France, and Slovakia (IEA 2022).

2.2.3 Changes in ownership

2.2.3.1 Lithium producer and owner companies

In total, 43 companies were found in open -source data that were either operators and/or
owners of lithium mining companies or processing plants (see Figure 20 in Appendix 8.4).
The leading lithium mining companies in 2024 are listed in Figure 27, Talison Lithium and
Autres together contribute half of the global lithium. Followed by ~ SQM, which contributed
15% of the mining capacity (BRGM (for Ecomine / Minerallnfo) 2025) . It was assumed that
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the companies that operate and own the continental brine mines are the same companies
as those that are operating and owning the processing plants at the site.

Les entreprises qui exploitent le lithium en 2024

Talison Lithium
= SQM
= Albemarle
Pilbara Minerals
= Mineral Resources
Rio Tinto
= Sigma Lithium
= Europe compagnies
= Zijin Mining Group
= Ganfeng
= Tiangi Lithium

Autres

/‘ FREMi @ Géesciences pour une Terre durable
Sources : BRGM - Project Blue A& O hrgm

Figure 27: Leading lithium mining companies worldwide in 2024 . (BRGM (for Ecomine /
Minerallnfo) 2025) .

Foreign Direct Investment

The headquarters of the countries that own mines (or shares in mines) are located in
Australia, Brazil, Canada, Chile, China, Ireland, Portugal, the Netherlands, the United States
and Zimbabwe .

2.2.3.2 Network analysis

Figure 28 presents a network graph of the lithium supply chain , featuring various actors:
lithium mining countries, mines, processing plants, operator companies , and owner
companies.

The network graph illustrates the total production sizes of each node. The countries' nodes
reflect both lithium mining and processing, the company nodes reflect the production
based on the amount of their shares in operations , and the mines and processing plants
reflect their lithium production.

There are three types of links illustrated:

1 Geographic links: mines/plants and the location (country);
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1 Ownership links: mines/plants and their operator/owner companies;
9 Production links: between mines and processing plants.
o Continental brine: It is assumed that lithium produced from continental

brine is processed by plants on site; therefore, the lithium mines and plants

are linked.

o Ownership links between mines and processing plants that are connected
through the same owner company.

0 Production links (supplier -buyer) most buyer -supplier relations are
confidential, but some companies provide information on this (see

Appendix 8.11, Table 25):

1 Altura mine in Australia, owned by Pilbara minerals (100%), to Guangxi
Tinyuan in China, owned by Albemarle (ASX, 2019)

9 Finniss mine in Australia, owned by Core Lithium (100%) to Sichuan
Yahua and Ganfeng Lithium (CORE Lithium, 2024).

1 Mount Cattlin mine in Australia, owned by Arcadium Lithium (100%) , to
Zhangjiagang Jiangsu, China , owned by Tiangi Lithium (Khakmardan et
al. 2023)

9 Pilgangoora, Australia , owned by Pilbara Minerals (100%), first to Pilgan
plant and Ngungaju Plant, then to Ganfeng (owner of the following
plants: basic lithium plant, Fengxin Ganfeng, Hebei Ganfeng, Ningdu,
Xinyu Ganfeng, and Yichun Ganfeng) (Mining, 2024).

Network metrics can help analyze the position and influence of nodes ; in this analysis,
degree centrality, betweenness centrality, and closeness centrality are included. This
analysis does not include actual buyer -supplier relationships, so the actual market position
of these companies remains unknown.
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Figure 28: Lithium company network: abbreviations can be found in  Table 18, Table 19, and Table 24 of the Appendix . Sizes of the nodes are gradually
increasing in size with the smallest node with production under 10000 tonnes to the largest node with production over 200 000 tonnes.
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Degree centrality indicates the number of connections each node has. Among countries,

China has the most mines and plants, thus the most links, followed by Argentina and

Australia. Companies with the highest degree of centrality include Albemarle (14), Ganfeng

Lithium (12), and Arcadium Lithium (8), indicating their ownership in the highest number of

mines and plants. These companies also exhibit the highest betweenness centrality,

reflecting their role in connectingdi ppk2 k| ® | ~i k« s ®rphrt of thek ®u ~2 y i
shortest paths that pass through them. This highlights their significant influence in linking

mines, plants, other companies , and in this network, geographic locations.

Albemarle and Arcadium Lithium are connected to operations in five different countries,
while Ganfeng Lithium operates in three countries. These companies, along with Tianqi
Lithium Corp, also have the highest closeness centrality. This metric shows how ne ar a node
is to other nodes in the network, calculated as the average shortest path length from the
node to all other nodes (Golbeck 2015).

The network analysis also shows that a large number of multinational companies are
vertically integrated, with 22 companies owning both lithium mines and processing plants.

2.2.4 Changes in location -trade

Lithium trade flows are analysed based on data from BACI (Gaulier and Zignago 2010) . In
section 1.8.1, flows of lithium carbonates (HS code 283691) and of lithium oxides and
hydroxides (HS code 282520) are analysed, and in 1.8.2, waste flows of lithium batteries (HS
code 854810).

There are some limitations in this trade flow analysis. Lithium ores and concentrates are not
included in the analysis because in the trade data , they are merged with other ores, and the
percentage of lithium ores is unknown. They are included in HS code 253090 (Arsenic
sulfides, alunite, pozzuolana, earth colours and other mineral substances, n.e.s.. ). The waste
flows that are described in 1.8.2 with HS code 854810 are waste and scrap of primary cells,
primary batteries , and electric accumulators; spent pr imary cells, spent primary batteries,
and spent electric accumulators. This includes spent lithium -ion or nickel metal-hydride
electric accumulators. The quantity of lithium waste batteries within the flows is unknown.

Lithium carbonates, oxides , and hydroxides

The global trade of lithium products amounted to 404 kt in 2022 (263 kt of lithium and 141

kt of lithium oxides and hydroxides, see Figure 29, Figure 30, and Figure 79 in appendix
8.6. The top five exporters of lithium carbonate, oxides, and hydroxides in 2022 include
Chile, China, Argentina, the Netherlands , and the United States. Except for the Netherlands,
these countries all possess processing plants. As there are no processing facilities identified
in the Netherlands, they are possibly only trading it , supporting the role of the Netherlands
as a trading hub, making it a relevant leverage point for traceability technology in Europe
The primary importers of these chemicals are China, South Korea, Japan, the United States
and, Belgium, except for Belgium, these are all producers of battery cathode materials
(Electrive 2023).
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a) exporters b) importers

Figure 29: Lithium trade flows 2022: HS 282520: lithium oxides and hydroxides and HS 283691
lithium carbonates (Gaulier and Zignago 2010) .

Most of the exports from Chile, are imported by China, that also imports from Argentina. As
mentioned, China is also a top exporter and exports mostly to South Korea and Japan. Both
South Korea and Japan also import from Chile. After Argentina, the USA also trades
significant flows, importing mostly from Chile and Argentina, and exporting to Japan and
other countries. As for European countries, Belgium imports mostl y from Chile and exports
to Russia, France and the Netherlands. The Netherlands and Germany are also significant

European traders.
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[kt]

Figure 30: Lithium trade flows 2022. HS 282520 (lithium oxides and hydroxides) and HS 283691
(lithium carbonates) (Gaulier and Zignago 2010) .

2.2.5 Secondary sources and flows

2.2.5.1 Lithium recycling

Various technical approaches for lithium extraction from various waste sources have been
studied, mostly focused on the recycling process for Li-ion batteries. There are two main
methods for recycling Li-ion batteries: the hydrometallurgical and pyrometallurgical
processes. Umicore, a Belgian recycling process , has operated the first industrial Li -ion
battery recycling process with the pyrometallurgical method . However, the recycling of Li-
ion batteries poses explosion hazards and requires appropriate handling as they contain
heavy metals and toxic inorganics. Besides, in March 2025, five projects related to lithium
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recycling (battery grade) were selected as strategy projects, which shows the effort from the
policy side of the EU to engage the circular economy of the union. Examples include
BM" @B *"®®kask«i 6-i23a~{k®"zz 2 q.Forthésergakogpspless | i
than 10% of Li-ion batteries were recycled globally in 2018, and it is estimated that the cost

of recycling lithium is five times that of lithium extracted using the brining process (Kim et

al. 2021).

According to the (IEA 2024a), recycling practices are not well established yet for lithium.
Secondary supply and reuse of lithium is estimated at 5 kt in 2023 , and forecasted
production is 28 kt in 2030 and 154 kt in 2040 (IEA 2024a).

The European Union parliament recently approved new rules for the management of all
types of batteries. The minimum levels of lithium materials that should be recovered will be
50% by 2027. The minimum levels of recycled content from manufacturing and cons umer
waste for use in new batteries, eight years after the entry into force of the regulation, will be
6% for lithium (European Commission 2023b) .

Table 13 in Appendix 8.1 provides an overview of 39 lithium -ion battery recyclers. Their
current capacity is almost 375 kt of input of lithium -ion batteries and scrap. Some of these
facilities are planned to expand, and the forecasted capacity is estimated at 740 kt.

2.2.5.2 Secondary flows

There is limited data available on lithium waste flows, as there are no HS codes specifically
for lithium waste products. The HS code that is included in this report is HS 854810: waste
and scrap of primary cells, primary batteries , and electric accumulators; spent primary cells,
spent primary batteries , and spent electric accumulators. This code contains spent lithium -
ion or nickel metal hydride electric accumulators (8548102910), but also other waste,
therefore the exact quantity of lithium -ion electric a ccumulator waste is unknown.

The global trade of lithium products amounted to 1549 kt in 2022 (s ee Figure 31 and [kt]

Figure 32). The main exporting countries of waste and scrap of primary cells are the United

States, France, the Netherlands, Canada and Germany (and other Asia, not elsewhere
specified). The top five main importers are Mexico, South Korea, India, Germany and Spain.

South Korea and Germany have lithium battery recycling facilities (see 1.6), the other
countries could have other battery recycling facilities included in this HS category

RN Funded by 62
the European Union



D3.8 Final report supply chain mapping, requirements elicitation, classification

other - 243.40
FRA -90.52
NLD -~ 80.06
CAN - 53.01
DEU - 40.18
YEM - 29.51
GBR - 29.23
ARE - 26.99
— CHE - 25.97 _
£ sgp- 2435 4
ITA -|23.49
DOM - 22.53
AUS - 22.25
NOR - 21.71
DNK -|19.28
ROU - 15.79
AN 251
NZL -11.02
HuN {2 67

a) exporters

OO0

IND - 155.88
DEU - 109.97

ESP - 74.06
other - 61.63

BEL - 51.79

BGR - 329.06

SWE - 35.93

POL - 22.26

CZE - 21.26

CAN - 18.89

GBR - 17.81

AUT - 16.05

FRA -IlB.87

EST - 11.91

USA - 11.81

SVN - 11.27

CRI - 8.32

SRB - 8.19

b) importers

Figure 31: Lithium trade flows 2022: HS 854810: waste and scrap of primary cells, primary batteries
and electric accumulators; spent primary cells, spent primary batteries and spent electric
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Zignago 2010) .

Most of the exports from the USA, were to Mexico followed by South Korea, two countries that
mostly import this waste and scrap whose flows between countries are illustrated in  [kt]

Figure 32. Germany imports and export this waste and scrap, and in 2022 it mostly imported
from France and The Netherlands. As in the case of cobalt waste and scrap, here tha main

traders of these waste flows are also not the
intermediate lithium product.
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Figure 32: Flows of waste batteries including spent lithium -ion electric accumulators in 2022, HS
code 854810: waste and scrap of primary cells, primary batteries and electric accumulators; spent
primary cells, spent primary batteries and spent electric accumulator s) (Gaulier and Zignago 2010) .
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2.3 Natural Graphite

2.3.1 Introduction and graphite market

This case study provides a comprehensive mapping of the global natural graphite supply
chain, with a specific focus on identifying leverage points for the application of traceability
technologies.

Graphite, due to its excellent conductivity, has a wide range of industrial applications
(Natural Resources Canada 2024). Some of the key applications include:

d Batteries: Graphite is widely used as an electrode material in lithium -ion and lead -acid
batteries. Its excellent conductivity and stability help improve battery efficiency and
extend lifespan.

d Metallurgical Industry: Graphite is essential in high -temperature furnaces used for
smelting, enhancing production efficiency , and protecting equipment.

d Industrial electrodes: Graphite serves as a crucial electrode material, particularly in
processes like aluminum electrolysis and other electrolytic applications, due to its
durability and conductivity.

d Other Applications: Graphite is also extensively used in the chemical industry,
electronics, and as a solid lubricant. In the chemical industry, it supports various
processes beyond electrolysis. In electronics, graphite is applied in conductive materials,
electrical contacts, and semiconductor devices. As a lubricant, it is valuable for reducing
friction and extending the lifespan of mechanical parts operating under high
temperature or high pressure.

In 2022, global graphite consumption totaled approximately 3,132 kt. Around half of this
amount was used for industrial electrodes, followed by metallurgy, which accounted for
roughly 21%. Notably, battery applications aéncluding electric vehicle batteries, portable
electronics, and energy storage systems axonstituted about 10% of total graphite
consumption, equivalent to app roximately 317 kt (S&P 2024), as shown in Figure 33.

Metallurgy . .
21% Other Batteries Electric

21% vehicles Batteries Energy
\ o

7% storage systems
1%

__Batteries
10%

Batteries Portable

Electrodes / electronics

48% 2%

Figure 33: Graphite uses for different applications in 2022. Data based on: (S&P 2024)
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Graphite is a key mineral for energy transition, together with lithium and cobalt, it plays a
pivotal role in battery production. Itis a key component in lithium  -ion, sodium -ion, and other
energy storage devices, serving as a fundamental material for virt ually every type of battery.
Graphite consumption is expected to continue to increase, owing  mainly to growth from the
EV market. According to the IEA (2021), a single electric vehicle (EV) typically contains 66.3
kg of graphite (IEA 2021). By 2030, global annual graphite demand is projected to exceed
10 Mt, with approximately 60% of this demand driven by energy -related technologies,
including applications in electric vehicle batteries and energy storage systems  (IEA 2024a).

Unlike other critical materials, graphite can be sourced either from natural deposits in the
lithosphere (natural graphite) or manufactured through industrial processes (synthetic
graphite). For use in battery anodes, three types of graphite are available, as detailed in
Table 1.

While synthetic graphite offers performance advantages in some applications , like cycle life
and stability, as shown in Table 1, it is generally more expensive and has a much higher
energy footprint than natural graphite (Zhao et al. 2022). Synthetic graphite production
requires high -temperature processing, which is energy-intensive and contributes
significantly to greenhouse gas emissions. In addition, this process relies heavily on fossil
fuel by -products such as metallurgical coke and petrochemicals as primary feedstocks. This
reliance on fossil-derived materials hinders efforts t o transition away from fossil fuels and
poses a significant barrier to achieving carbon neutrality in industries that use synthetic
graphite (Engels et al. 2022).

Mixed (Composite)
Graphite

Feature Natural Graphite Synthetic Graphite

Extracted from graphite - Produced from Blend of natural and

Source bearing ore deposits calcined petroleum artificial graphite
g P coke or coal tar pitch grap
Charge . Optimized based on
Storage Higher Lower .
. formulation
Capacity
Production Lower Higher (also hlgher Moderate
Cost energy consumption)
Balanced between
Cycle Life Shorter Longer natural and synthetic
graphite
Purlty_ and Lower Higher Improved compared to
Consistency natural graphite
Stability Lower Greater stability Enhanced compqred
to natural graphite
. Improved by
Opgragpnal Less reliable More reliable leveraging the
Reliability

strengths of both types
Table 1: Performance Characteristics of Different Graphite Types for Battery Anodes

(ECGA 2025).

To address these challenges, research is progressing towards more sustainable production
methods, such as those based on biomass -derived feedstocks. Biomass -based processes
aim to reduce the energy intensity and environmental impact of synthetic graphite
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production by replacing fossil -based inputs with renewable alternatives (Istrate et al. 2024).
Although promising, these processes remain at an experimental stage and have not yet
reached large -scale commercial application. Overcoming the technical and economic
barriers to scale-up will be critical for these sustainable methods to become viable ma rket
alternatives.

2.3.2 Transformations in material state and chemical
modifications

2.3.2.1 Deposits and reserves

As shown in Table 2, natural graphite exists in three primary forms: crystalline (flake)
graphite, microcrystalline (amorphous) graphite, and vein (lump) graphite. These types
differ in particle size, carbon content, and impurity levels, making them suitable for distinct
app lications. Amorphous graphite is not currently used for battery anodes because it lacks
the crystallinity and structural order required for efficient lithium  -ion intercalation, which is
essential for high -capacity and stable cycling performance (Simandl, Paradis, and Akam
2015). Both flake and vein graphite are suitable for battery anode materials (ECGA 2025).

Amorphous Flake Lump and Vein
earthy to compact well-developed crystal interlocking aggregates
Form microcrystalline aggregates; platelets; grair] size 40 of coarse crystals;
grain size <4 um a{ OA g { powdersto1l0cm pieces
Product ' o _ A
Grade (% A3%LOC% AAOCA C%#OCCI C
graphite)
Prices
($/metric 0 A0 EYa O¢ ¢ AVOA %3 0 ¢ A%OA KA
ton)
Steel recarburiser, foundry Refractories, batteries, Carbon brushes, brake
Main Uses  mould facing, lubricants, brake linings, flame linings, lubricants,
pencils retardants batteries
Major China, Mozambique, China, Mexico, North :
Sri Lanka
producer Madagascar Korea, Turkey

Table 2: Types of natural graphite deposits. Data source: (Simandl et al. 2015) (Zhang,
Liang, and Dunn 2023) (USGS 2024)(Arshad et al. 2020)

China dominates global production of natural graphite, particularly in the amorphous and

flake categories. In contrast, vein graphite, which has the highest purity level of up to 99.9%

carbon content , is exclusively produced in Sri Lanka. However, the limited availability of vein

graphite results in lower production volumes and significantly higher prices compared to

other types. Consequently, flake graphite is the preferred material for battery anode

g§2a ~ji g®s~|1 "882~9qs{"®kz- - Aé&Roduetpn isamerphdlisin | * ® 2 A
2023, with the remaining 30% being flake graphite (Fastmarkets 2024).
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Recycling efforts for graphite are summarized in Table 2, encompassing the recycling of
spent refractories, insulation materials, and lithium -ion batteries. Specific details on the
recycling of graphite from spent lithium -ion batteries are provided in Section 2.3.5.

As shown in Figure 34, the total global reserve of natural graphite was estimated at 330
million ton nes in 2022. Turkey held the largest share, with approximately 90 million tonne,
followed by Brazil and China, with reserves of 74 million tonnes and 52 million tonnes,
respectively. Europe is also rich in natural graphite reserves. In addition to Turkey, co untries
such as Russia, Ukraine, and Norway possess substantial deposits.

TUR 90.00
BRA

CHN

MDG 26.00

MOZ 25.00

NOR RUS
RUS - 14.00

i uzsw IND - 8.00
MEX IND >, 7.60

UZB -
LKA

’ Tz MEX - 3.10
G
MW? PRK - 2.00

[Mt]

TZA - 1.80
KOR - 1.80
LKA - 1.50
NOR - 0.60

Figure 34: Reserves of natural graphite per country in 2022 (USGS 2024)

According to the USGS, global natural graphite reserves declined from 330 million  tonnes

in 2022 to 280 million tonnes in 2023 (USGS 2024) This decline primarily stems from a
«sQg|spsg”| ® @k s«s~| ~p P 2ayk- i« trneshkn?202Rtw]| pr sgr
just 6.9 million tonness | A%AAT ~|i ~| s|g2k”*«k s| tonmes| i « @
to 78 million tonnes. Canada has also newly added scaled reserves (5.7 million tonnes),

ranking ninth globally, reflecting recent discoveries and updated assessments  (Natural

Resources Canada, 2024). These changes are based on updated data from government and

company reports. For detailed reserve data of natural graphite in 2023, please see Figure

80 in Appendi x 8.7.

2.3.2.2 Natural graphite e xtraction

Global natural graphite extraction amounted to 1 680 kt (see Figure 35)in 2022. The leading
producer of natural graphite was China, with  72% of the total global extraction, followed by
Mozambique (10%) , Madagascar (8%), Brazil 4%), and South Korea (1.4%). Other suppliers
of natural graphite were Russia, Canada, India, Norway, and North Korea, which
represented 3.5% of global natural graphite extraction.
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Figure 35: Natural graphite mined per country for 202 2, in kilotonnes (kt). Based on: (USGS 2024)

Several natural graphite mines are in the EU, with the majority concentrated in the
Scandinavian region, like Sweden and Greenland. Besides, Norway also has the Traelen
natural graphite running in 2022, see Figure 36.

Figure 36: Global graphite mining projects based on the open -source data, this figure presents
global graphite mining projects with reported capacities as of 2022. The data is sourced from
publicly available information and includes only mining projects with specified production
capacities. Notably, only one project in China (Be ishan) is listed, as no other publicly available data
on production volumes for Chinese natural graphite projects could be found (S&P, 2024)
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