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Abstract

Purpose

This preliminary working paper examines the European Union’s sectoral vulnerability to critical raw
materials (CRMs) and analyses how the Critical Raw Materials Act (CRMA), together with related
EU policy instruments, reconfigures CRM governance as a lever for open strategic autonomy,
innovation and industrial resilience. It also considers where EU innovation and circularity efforts are
prioritised along the CRM value chain and which CRM segments exhibit potential for scaling
secondary materials markets through circular business-model innovation.

Design/methodology/approach

The paper develops a policy-oriented analytical framework linking open strategic autonomy,
innovation capabilities and CRM value-chain transformation. The analysis combines a structured
examination of EU policy instruments with recent scholarship on mission-oriented industrial policy,
innovation under resource constraints, circular economy and supply-chain resilience. Vulnerability
is conceptualised as joint exposure to concentrated import dependence and limited circularity and
substitution capacity.

Preliminary findings

The analysis indicates that Europe’s CRM vulnerability is materially differentiated and structurally
shaped by supplier concentration and weak circular buffering in several value chains. EU innovation
and circularity efforts are uneven across CRM segments, and strategically relevant CRMs remain
comparatively weakly covered by current portfolio instruments. The growth of secondary raw
materials markets is therefore expected to depend on market-forming conditions that make circular
models bankable and industrially deployable.

Practical implications

For managers, CRMs should be treated as a strategic innovation variable and incorporated into
technology roadmaps, partnering strategies, procurement decisions and business-model design. For
policymakers, the preliminary results emphasise portfolio completeness, coherent multi-level
governance, standards, traceability and demand-creation instruments.

Keywords: Critical raw materials; Critical Raw Materials Act; Net-Zero Industry Act; Mission-
oriented industrial policy; Circular economy; Secondary materials markets; Business model
innovation; Supply-chain resilience; Advanced materials; Strategic autonomy.

Paper type: Preliminary research paper / working paper.
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1. Introduction and preliminary objective

Critical raw materials occupy a central position in the European Union’s decarbonisation,
digitalisation and industrial-resilience agendas. Scientific research on CRMs has often focused on
quantifying primary material supply and demand flows, while circularity dynamics have frequently
been confined to end-of-life recycling rates. This working paper adopts the broader premise that
material criticality is neither intrinsic nor static, but emerges from the interaction between supply risk,
value-chain configuration, sectoral dependence and the capacity for adaptation through substitution,
reuse, recycling and product redesign (Erdmann and Graedel, 2011; Schrijvers et al., 2020).

The EU’s climate-neutrality and digital-leadership ambitions increase the strategic relevance of CRMs
because low-carbon and digital technologies are materially intensive. Upstream activities include
exploration, mining, refining and purification; midstream activities include chemical conversion,
separation and metallurgical refinement; downstream stages include manufacturing, technological
integration, recycling and recovery. Each stage creates different forms of vulnerability, from long
permitting cycles and capital intensity to processing bottlenecks, technological dependence and
limited substitutes in final applications.

The CRMA and the Net-Zero Industry Act mark a shift toward mission-oriented industrial policy.
Circular economy policy is not treated here as an environmental add-on, but as a strategic risk-
management infrastructure that can reduce virgin material demand, improve secondary supply and
support industrial resilience. The preliminary objective is therefore to clarify how EU-defined material
criticality can translate into differentiated sectoral vulnerability, and how circularity, innovation and

policy delivery instruments may mitigate that exposure.

2. Conceptual framework: from criticality to vulnerability

2.1 Material criticality as a policy-defined construct

In the EU framework, criticality is operationalised through Economic Importance (EI) and Supply
Risk (SR). EI captures the strategic significance of a material for downstream industrial ecosystems,
while SR captures exposure to supply disruption through concentration, governance risk, trade
fragilities, import reliance, limited substitutability and related constraints. This EI-SR logic is
embedded in the CRMA and supports the designation of critical and strategic raw materials.

Criticality is therefore not a description of upstream scarcity alone. It signals that the continuity of
strategic value chains may be constrained unless mitigation mechanisms are activated at scale. Such
mechanisms include diversification, substitution, circular inputs and strategic coordination across
extraction, processing and recycling stages. In this working paper, material criticality is treated as the
independent construct, operationalised through EI and SR, and sectoral material vulnerability is
treated as the dependent construct.
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2.2 Sectoral material vulnerability

Sectoral vulnerability is an emergent outcome. A material may be critical, but its economic and
strategic consequences are realised only when firms and sectors depend on that material for strategic
products, industrial capabilities and innovation pathways. Vulnerability increases when sectors cannot
sufficiently mitigate disruption through alternative sourcing, substitution or circular inputs. The
CRMA recognises this transmission logic by requiring attention to the extraction, processing and
recycling locations of strategic raw materials, including components containing critical materials. This
distinction is important for policy and management. A list of critical materials does not by itself
identify which industrial ecosystems are most exposed. The relevant question is how material-level
criticality propagates through value chains and becomes binding for sector-level continuity, cost
structures, technology deployment and competitiveness.

2.3 Transmission channels and mitigation capacity

The criticality-to-vulnerability relationship is realised through value-chain transmission mechanisms.
Geopolitical exposure increases susceptibility to export restrictions, strategic withholding and price
shocks. Industrial concentration and chokepoints amplify disruption, especially where refining,
processing or intermediate stages are geographically concentrated. Technological indispensability
combined with limited substitutability can make disruption non-linear in applications such as
batteries, permanent magnets, defence systems and advanced electronics. Mitigation depends on both
circular reintegration and policy-innovation capacity. The end-of-life recycling input rate (EoL-RIR)
measures the proportion of EU demand met by secondary materials recovered from end-of-life
streams. An EoL-RIR of 0% signals no measurable circular contribution and therefore a structural
reintegration gap. Low but non-zero values indicate incipient pathways that require scaling, yield
improvement, quality upgrading and industrial qualification.

3. EU policy and innovation response architecture

The EU response is organised around complementary frameworks. The CRMA provides binding
ambitions and delivery mechanisms for extraction, processing and recycling. The Net-Zero Industry
Act supports net-zero manufacturing capacity. The Competitiveness Compass and the Clean Industrial
Deal position material security within broader agendas of competitiveness, decarbonisation and
geopolitical resilience. Circular economy policy, including the 2020 Circular Economy Action Plan
and prospective secondary-market instruments, provides the strategic basis for reducing exposure to
primary supply disruption.

Strategic Projects are the operational delivery instrument for mobilising investment along critical
value-chain stages. Their analytical significance is that project designation determines which
vulnerabilities are addressed through investment, learning and scaling, and which remain exposed due

to lack of comparable implementation mechanisms. Delivery coherence exists where policy diagnosis,
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strategic-project mobilisation and binding regulation align with the material and sector combinations

where vulnerability is concentrated.

Innovation capacity is equally important. Innovation ecosystems, clusters and Knowledge and
Innovation Communities support the translation of scientific capability into industrial validation and
market uptake. EIT RawMaterials, Horizon Europe, advanced-materials strategies and public-private
partnerships contribute to education, entrepreneurship, collaborative research, substitution pathways,
material efficiency and redesigned product architectures. In this sense, CRM governance is not only

a supply-security agenda but also an innovation-management and market-formation problem.

4. Research design and methodology

The working paper follows a policy-oriented research design combining two evidence streams: a
structured academic search and an analytical policy review based on EU official sources. The
academic stream grounds constructs and mechanisms in scholarship on criticality, industrial policy,
circular economy, business-model innovation and supply-chain resilience. The policy stream relies on
binding instruments, Commission decisions and policy communications to ensure institutional
precision. The empirical logic is portfolio-based. Material-level exposure is represented through EI
and SR. Circular supply contribution is captured through EoL-RIR. Policy delivery mobilisation is
assessed through EU-recognised Strategic Projects under Regulation (EU) 2024/1252. Materials are
mapped to downstream EU sector groupings reflecting their dominant strategic use within industrial
value chains, such as batteries and electrified transport, semiconductors and advanced electronics, or

metallurgical and alloying applications.

Sectoral vulnerability is computed through aggregation of EI and SR at sector level. For each sector,
the analysis considers the size of the material bundle, mean EI, mean SR and a composite vulnerability
index. Dominant contributors are the materials with the highest combined EI-SR values. The approach
is presented as a baseline mapping method: it is analytically consistent and useful for cross-sector
comparison, while not yet incorporating sector-specific intensity coefficients or detailed bills of

materials.

S. Preliminary analysis of results

5.1 Sectoral vulnerability rankings

The preliminary sectoral ranking indicates that CRM vulnerability is structurally concentrated rather
than evenly distributed across EU industrial ecosystems. Metals and metallurgy,
electronics/ICT/semiconductors, and defence/acrospace form the high-vulnerability group. Energy
and transport and construction/infrastructure appear as moderate-vulnerability sectors, while
chemicals/process industries and health/medical applications show lower relative vulnerability under

the baseline index.
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Table 1. EU sectoral ranking of CRM vulnerability.

Rank  EU sector Tier No. of Mean Mean VI Normalised  Dominant contributors (Top-5 CRMs)
CRMs EI SR VI
1 Metals & metallurgy High 6 6.33 2.28 90.48 15.08 Magnesium (30.34); Niobium (28.60); Tungsten
(10.44); Antimony (9.72); Manganese (8.28)
2 Electronics, ICT & High 6 4.52 2.87 77.26 12.88 LREE (21.83); HREE (21.42); Gallium (14.43);
semiconductors Silicon metal (6.86); Germanium (6.48)
3 Defence & aerospace High 6 5.82 2.15 74.17 12.36 Niobium (28.60); Tungsten (10.44); Titanium
metal (10.08); Beryllium (9.72); Scandium (8.88)
4 Energy & transport Moderate 7 4.90 1.90 68.11 9.73 PGM (19.17); Cobalt (19.04); Vanadium (8.97);
Lithium (7.41); Graphite (6.12)
5 Construction & Moderate 5 4.68 1.80 43.10 8.62 Strontium (16.90); Boron (14.04);
infrastructure Aluminium/bauxite (6.96); Feldspar (4.80); Copper
(0.40)
6 Chemicals & process Lower 4 445 1.82 31.60 7.90 Phosphorus (15.51); Phosphate rock (6.40);
industries Arsenic (5.51); Fluorspar (4.18)
7 Health & medical Lower 2 4.30 1.55 14.31 7.16 Bismuth (10.83); Helium (3.48)

applications
Source(s): Authors' own elaboration.

The ranking should be interpreted as an ecosystem signal. High-tier sectors are not driven by a single
headline material, but by bundles of enabling inputs that combine economic relevance and supply-
side fragility. Niobium, tungsten, rare earth elements, gallium, magnesium, titanium metal and other
materials act as cross-sector contributors. This supports the proposition that vulnerability is a

configuration effect across materials and stages, rather than a static property of individual minerals.

5.2 Strategic Projects coverage and portfolio selectivity

The Strategic Projects portfolio covers many strategic raw materials, especially those connected to
batteries, electrification, rare earth permanent magnets and selected metallurgical inputs. However,
not every critical raw material appears with comparable visibility. This matters because strategic-
project designation channels investment attention, coordination capacity and industrial learning
toward selected materials and stages. Where coverage is weak, vulnerabilities may remain even when

the material is recognised as critical.

Table 2. Crosswalk of materials covered by Strategic Projects, strategic raw materials and critical raw materials.

Har ised material label Strategic Projects Strategic raw materials Critical raw materials
Bauxite / alumina / aluminium Yes Yes Yes

Boron Yes (battery grade) Yes (metallurgy grade) Yes

Cobalt Yes Yes Yes

Copper Yes Yes Yes

Gallium Yes Yes Yes
Germanium Yes Yes Yes

Lithium Yes (battery grade) Yes (battery grade) Yes
Magnesium Yes Yes (metal) Yes
Manganese Yes (battery grade) Yes (battery grade) Yes

Graphite Yes (battery grade) Yes (battery grade) Yes

Nickel Yes (battery grade) Yes (battery grade) Yes (battery grade)
Platinum group metals Yes Yes Yes

Tungsten Yes Yes Yes

Rare earths for permanent magnets Yes Yes (Nd, Pr, Tb, Dy, Gd, Sm, Covered at group level

Ce) (LREE/HREE)

Bismuth No Yes Yes

Silicon metal No Yes Yes

Titanium metal No Yes Yes

Arsenic No No Yes

Antimony No No Yes

Baryte No No Yes

Beryllium No No Yes

Coking coal No No Yes

Feldspar No No Yes

Fluorspar No No Yes

Hafnium No No Yes

Helium No No Yes

Niobium No No Yes

Phosphate rock No No Yes
Phosphorus No No Yes



Scandium No No Yes
Strontium No No Yes
Tantalum No No Yes
Vanadium No No Yes
Light rare earth elements (LREE) No No Yes
Heavy rare earth elements (HREE) No No Yes
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Source(s): Authors' own elaboration.

The coverage pattern indicates partial alignment between criticality and delivery mobilisation. Some

materials with zero or weak circular reintegration, or with defence and semiconductor relevance,

remain comparatively less visible in the Strategic Projects sample. This does not imply that no

initiatives exist, but it highlights potential blind spots in a portfolio-based delivery model.

5.3 Import reliance and circular reintegration

For the highest-vulnerability sectors, the most relevant exposure pattern is the combination of high

import reliance with low EoL-RIR. Where secondary inputs remain limited, disruptions translate more

directly into sector-level continuity and innovation constraints. The materials underpinning metals

and metallurgy, electronics and ICT, and defence and aerospace therefore require differentiated

mitigation routes, including collection, dismantling, refining, traceability, certification and

qualification.
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Table 3. Import reliance and end-of-life recycling input rates for CRMs underpinning the three high-vulnerability sectors.

High-vulnerability sector CRM Import reliance EoL-RIR
Metals and metallurgy Magnesium 100% 13%
Antimony 100% 28%
Coking coal 66% 0%
Manganese 96% 9%
Niobium 100% 0%
Tungsten n/a 42%
Electronics and ICT Gallium 98% 0%
Germanium 42% 2%
Silicon metal 64% 0%
Tantalum 99% 0%
LREE 100% 3%
HREE 100% 4%
Defence and aerospace Titanium metal 100% 19%
Beryllium n/a 0%
Scandium 100% 0%
Hafnium 0% 0%
Niobium 100% 0%
Tungsten n/a 42%

Source(s): Authors' own elaboration.

Circularity is not a uniform solution. Where EoL-RIR is non-trivial, resilience gains may come from
scaling throughput, improving yields and raising purity. Where EoL-RIR is zero or marginal, the task
is closer to market formation: end-of-life streams must be made technically recoverable, industrially
qualifiable and economically viable. For some CRMs, innovation through substitution, reduced
material intensity or redesign may be necessary because recycling alone cannot generate short-term
resilience.

6. Discussion

6.1 Sectoral concentration and use-based criticality

The analysis supports the view that EU CRM vulnerability is concentrated in a limited set of industrial
ecosystems. Metals and metallurgy is exposed through inputs such as magnesium, niobium, tungsten,
antimony and manganese. Electronics, ICT and semiconductors are exposed through rare earth
elements, gallium, silicon metal and germanium. Defence and aerospace are exposed through
niobium, tungsten, titanium metal, beryllium and scandium. These bundles matter because they
connect raw-material access to innovation diffusion, manufacturing continuity and strategic

autonomy.

A use-based interpretation of criticality is therefore necessary. Criticality becomes strategically
meaningful only when linked to downstream dependence structures. The same material can produce

different vulnerabilities depending on the sector, application, substitutability and value-chain stage.
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This interpretation is consistent with the CRMA’s value-chain orientation and with innovation-
management perspectives that focus on bottlenecks, diffusion constraints and capability formation.

6.2 Delivery coherence and policy capacity

Policy capacity depends on whether EU instruments can align strategic diagnosis with implementation
mechanisms. The CRMA, NZIA, Clean Industrial Deal, Competitiveness Compass, circular economy
instruments and advanced-materials strategy create an architecture for coordinated action. Yet the
preliminary results suggest that policy activity is not the same as delivery coherence. Coherence
requires that instruments target the stage where vulnerability binds, whether that stage is upstream

extraction, midstream processing, recycling, substitution or market uptake.

Strategic Projects are useful delivery levers, but their selectivity creates the need for portfolio
governance. Materials not well represented in the current project pipeline may require complementary
instruments, especially where they are embedded in high energy-consuming industries, defence
applications, semiconductor supply chains or other strategic sectors. Standards, traceability systems,
public procurement, offtake agreements and demand-creation instruments can complement project

designation by making secondary materials markets investable.

6.3 Managerial implications

For firms, CRMs should be integrated into strategic management rather than handled only as a
procurement problem. Managers should map material-specific vulnerability across products, suppliers
and components; identify exposure to concentrated supply and midstream chokepoints; and connect
CRM risk to technology roadmaps and business-model design. Circular procurement, long-term
contracting, vertical coordination, offtake agreements and cross-firm collaboration can help stabilise

access and distribute investment risk.

Business-model innovation is central where secondary materials markets are immature. Firms may
need to participate in consortia across mining, processing, recycling, equipment manufacturing and
downstream use. They may also need to develop traceability, certification and quality-assurance
capabilities to qualify secondary inputs for high-specification applications. Human capital is also a
constraint: dismantling, sorting, chemical separation, material recovery and negotiation skills become
strategic capabilities in circular supply pathways.

7. Preliminary conclusions and next steps

The preliminary analysis shows how EU criticality evidence can be translated into sectoral
vulnerability  profiles. High vulnerability concentrates in metals and metallurgy,
electronics/ICT/semiconductors, and defence/aerospace. These sectors depend on bundles of CRMs
with strong economic relevance and fragile supply. The results also indicate that low or zero circular
reintegration limits the immediate buffering role of secondary supply, making vulnerability a function
of both upstream criticality and downstream mitigation capability.
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The CRMA articulates open strategic autonomy in the CRM domain by linking risk reduction,
capacity building and normative alignment at EU level. However, the effectiveness of this governance
model depends on portfolio completeness and delivery coherence. Strategic Projects strongly cover
some battery and electrification materials, but several strategically relevant CRMs remain less visible.
Future work should refine sectoral weighting through input-output data, bills of materials and
material-flow accounts; expand circularity measurement beyond EoL-RIR; and track whether
Strategic Projects reduce exposure over time.

As a preliminary working paper, the analysis is intended to serve as a basis for a fuller final version.
The next development stage should deepen sector-specific evidence, especially in defence, aerospace,
semiconductors and high energy-consuming industries; assess secondary-market formation
mechanisms; and compare EU governance with the approaches of China and the United States under
conditions of scarcity, rivalry and technological acceleration.

8. Research questions, hypotheses and analytical boundary conditions

The preliminary model is organised around three research questions. First, it asks how EU criticality
evidence, represented by EI and SR, translates into differentiated sectoral vulnerability profiles across
EU industrial ecosystems. The associated hypothesis is that vulnerability concentrates in a limited set
of industrial ecosystems where high EI and SR co-occur across multiple CRM inputs, producing

higher composite exposure than in sectors with smaller or less critical material bundles.

Second, it asks through which value-chain transmission channels upstream material criticality
becomes sector-level exposure, and to what extent EU policy capacity and delivery coherence provide
a credible mitigation architecture. The associated hypothesis is that stronger policy capacity and
delivery coherence reduce fragmentation and attenuate the transmission of criticality into sectoral
vulnerability by targeting midstream chokepoints, substitutability constraints and circular

reintegration gaps.

Third, it asks how far circular reintegration and innovation-oriented delivery instruments can mitigate
CRM-related sectoral vulnerability, particularly in sectors characterised by high import reliance and
weak end-of-life secondary contribution. The associated hypothesis is that lower EoL-RIR is
associated with higher effective exposure in high-vulnerability sectors; mitigation therefore depends
on circularity complemented by innovation instruments, Strategic Projects and advanced-materials

pathways where recycling is structurally constrained.

The approach has defined boundaries. Sectoral aggregation is implemented as a baseline mapping
approach and includes all CRMs mapped to an EU sector with equal weight. This means the index
captures a criticality-driven exposure profile but does not yet weight each material by its quantitative
input share within a given industrial system. EoL-RIR is also a proxy: it captures realised circular
reintegration, but does not by itself measure collection potential, process yield, quality constraints,

conversion feasibility or certification requirements.
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Future refinement should therefore incorporate input-output tables, material-flow accounts and
technology-specific bills of materials. It should also track project delivery longitudinally, because
CRMA implementation is recent and evidence on realised investments, delivery milestones and
measurable innovation outcomes remains limited. Sector-specific work is particularly important for
defence, aerospace, semiconductor and high energy-consuming industries, where substitution and
qualification constraints may be more severe than aggregate indicators suggest.
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