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Abstract

The global energy transition is driving a fundamental shift from fuel-dependent energy systems to
technology- and material-intensive networks. To achieve ambitious climate goals while ensuring
economic competitiveness and energy security, securing clean energy supply chains has become a
critical global priority. This report synthesizes the proceedings and key findings of the workshop
"Building Resilient and Robust Clean Energy Supply Chains: Challenges and Opportunities for a
Sustainable Energy Transition," co-organized by the European Commission's Joint Research Centre
(JRC) and the International Energy Agency's Expert Group on R&D Priority Setting and Evaluation
(IEA-EGRD) on November 27-28, 2025, in Petten, The Netherlands.

The workshop assembled international policymakers, industry leaders, and researchers to address
the complex vulnerabilities in today's highly concentrated clean technology markets. The discussions
were structured around three core themes: navigating the overarching challenges and geopolitical
shifts in supply chains; establishing effective strategies for data collection, management, and
sharing; and deploying advanced modelling techniques to map supply chains.

A central consensus of the event was the absolute necessity of high-quality, granular data for
evidence-based policymaking, echoing the principle that "if you cannot measure it, you cannot
control it". Participants highlighted challenges, including data fragmentation, commercial opacity,
and the complexity of modern technology components. To overcome these hurdles, experts
highlighted innovative monitoring methodologies, such as leveraging Artificial Intelligence (Al) to
harvest unstructured corporate data, utilizing satellite imagery to track energy and industrial facility
construction, and mapping component origins via international certificates. Furthermore, the
workshop emphasized the shift toward comprehensive Life Cycle Assessments (LCA) to uncover
hidden environmental, biodiversity, and social burdens across global value chains.

The report underscores that clean energy manufacturing networks are extremely fluid, often
restructuring geographically within a single year in response to tariffs, subsidies, or state
interventionism. To build genuine resilience, stakeholders must move beyond static reporting by
embracing near real-time monitoring, prioritizing innovations that reduce reliance on critical raw
materials, and fostering continuous international collaboration to ensure a secure and equitable
global energy transition.
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Executive summary

This report synthesizes the proceedings and key outcomes of the November 2025 workshop on
"Building Resilient and Robust Clean Energy Supply Chains," co-organized by the Joint Research
Centre (JRC) and the International Energy Agency's Expert Group (IEA-EGRD). It highlights the
vulnerabilities of today's highly concentrated clean technology markets and outlines data-driven,
strategic responses necessary to secure a sustainable global energy transition.

Policy context

The accelerating global energy transition demands robust clean energy supply chains for
technologies like solar PV, wind, and batteries. Currently, manufacturing is highly concentrated in
China, creating profound energy security vulnerabilities in other regions. The EU approach to
mitigate these risks and boost competitiveness was to introduce the Net-Zero Industry Act (NZIA),
aiming to scale domestic manufacturing to meet at least 40% of its deployment needs by 2030.
Implementing the NZIA and equivalent global policies requires precise monitoring of complex
international trade networks to effectively trigger resilience mechanisms. Consequently, there is an
urgent need for evidence-based policymaking grounded in transparent, granular data to navigate
the geopolitical "green subsidy race"

Key conclusions

High-quality, granular data is the absolute bedrock of evidence-based policymaking and is essential
for securing the global energy transition. However, effective monitoring is currently hindered
because supply chain data is frequently fragmented, hidden behind expensive commercial paywalls,
or lacks sufficient technological granularity within international trade codes. To overcome these
hurdles, governments must adopt advanced monitoring methodologies, such as utilizing Artificial
Intelligence (Al) to process unstructured corporate data, leveraging satellite imagery to track facility
construction, and harvesting component-level data from international type certificates.

Furthermore, the report concludes that protectionist state interventions, such as isolated tariffs,
often create a global chain reaction. Multinational corporations frequently relocate manufacturing
to third countries to circumvent trade barriers, leaving the underlying corporate dominance
unchanged. Consequently, resilience policies must look beyond strict territorial quotas and actively
monitor corporate ownership structures.

To build genuine, long-term resilience, stakeholders must direct research and innovation (R&l)
toward next-generation technologies that reduce dependency on critical raw materials.
Simultaneously, establishing functional circular economies—moving from basic shredding to
advanced direct disassembly for battery recycling—is vital to retaining secondary resources
domestically. Emerging markets, particularly in Africa, present significant opportunities to diversify
global manufacturing due to cost-competitive potential and abundant mineral resources. Ultimately,
navigating these fluid networks requires continuous intergovernmental collaboration, the adoption
of standardized frameworks like the upcoming ISO 22366 for energy resilience, and the integration
of comprehensive Life Cycle Assessments (LCA) to avoid shifting environmental burdens

Main findings

The clean technology market is rapidly approaching $1 trillion annually. Despite dispersed global
demand, manufacturing remains intensely concentrated in China, which controls over 70% of global



output for key technologies and up to 97% for specific upstream components like battery anodes
and solar wafers.

Tracking clean tech investments reveals that while the US Inflation Reduction Act has attracted
massive capital, EU investments are more capital efficient, yielding greater manufacturing capacity
per euro. In the wind sector, the EU retains strong domestic supply chains; European firms own 85%
of nacelle and 86% of tower capacity, driven heavily by the competitive advantage of providing
long-term service guarantees.

Conversely, the solar PV market remains highly volatile and dominated by Chinese firms. Research
shows targeted US tariffs prompted Chinese PV manufacturers to relocate production to Southeast
Asia, reaping extraordinary profits while bypassing restrictions.

In battery supply chains, strict EU recycling quotas risk inadvertently favouring integrated Chinese
incumbents who have vast material inventories. Currently, Europe lacks the downstream
hydrometallurgical capacity to process recycled battery "black mass," frequently resulting in its
export back to China.

Finally, advanced Life Cycle Assessments (LCA) indicate that measuring clean energy strictly via
carbon footprints is insufficient. Comprehensive metrics reveal critical trade-offs, such as severe
biodiversity loss from inappropriate solar farm placements and significant human capital costs
linked to upstream critical mineral mining.

Quick guide

This report explores the critical challenges of securing global clean energy supply chains amid the
transition away from fossil fuels. It examines the extreme geographical concentration of clean
technology manufacturing, the unintended consequences of state protectionism, and the vital need
for granular supply chain data. Key concepts discussed include the Net-Zero Industry Act (NZIA),
which sets EU manufacturing benchmarks, and Life Cycle Assessments (LCA) to measure holistic
environmental impacts. The methodology synthesizes expert insights, advanced supply chain
modelling, and geopolitical policy analysis.



1. Introduction

The global energy transition is accelerating as nations strive to enhance economic competitiveness,
improve energy security, and achieve the Paris Agreement's 1.5°C target. This transition is driving a
fundamental paradigm shift in the global energy system: the focus is moving away from fossil
fuels and towards clean energy technologies, component manufacturing, and the critical materials
required to build them.

In response to this shift and the growing global demand for clean energy, a highly competitive
international landscape has emerged. Governments worldwide are launching strategic initiatives to
reduce their dependencies on external markets, improve industrial competitiveness, and safeguard
their economic and climate goals. For example, the European Union introduced the Net Zero Industry
Act (NZIA) to boost the resilience and competitiveness of its domestic net-zero industries. Similar
major developments are unfolding globally, including the US Inflation Reduction Act, China's
aggressive renewable energy push, Japan and South Korea's strategic focus on hydrogen fuel cells
and smart grids, and growing clean energy investments across Latin America and Africa. However,
implementing these sweeping policies—like the EU's NZIA—poses significant practical challenges,
particularly in effectively monitoring the manufacturing and trade of net-zero technologies, which
necessitates integrating diverse data sources and managing complex, potentially sensitive
information.

Recognizing these shared global challenges, the Joint Research Centre (JRC) and the International
Energy Agency’s Expert Group on R&D Priority Setting and Evaluation (IEA-EGRD) co-organized the
workshop "Building Resilient and Robust Clean Energy Supply Chains: Challenges and Opportunities
for a Sustainable Energy Transition". Held on November 27-28, 2025, at the JRC premises in Petten,
The Netherlands, this event built upon the insights of JRC’s Clean Energy Technology Observatory
reports and the IEA's Energy Technology Perspectives, both of which highlight the urgent need for
new strategies to manage clean energy supply chains. It also served as a direct follow-up to a
December 2023 joint workshop that primarily focused on the role of research and innovation (R&l),
critical raw material sourcing, and circular business models.

This 2025 workshop aimed to delve deeper into the practicalities of mapping and monitoring
complex clean energy supply chains. By bringing together global experts from policy, science, and
industry, the event focused on addressing several key questions:

¢ The Role of Science: How scientific data and analysis can assist governments and
industries in identifying key risks and ensuring resilient global supply chains.

o Data Management: What strategies are most effective for collecting, managing, and
sharing supply chain data, including approaches to balance transparency with data
confidentiality.

¢ Innovation: Where new technologies and business models currently stand, and what is
needed to further enhance supply chain resilience.

¢ Policy and R&D: Which policy instruments, R&D decisions, and activities must be supported
to secure a sustainable, equitable, and affordable global clean energy transition.



2. Resilient and sustainable clean energy supply chains

Chair: Herbert Greisberger, Lower Austrian Energy and Environment Agency

Session 1 of the workshop served as a foundational scene-setter, exploring the challenges and
opportunities inherent in building secure and robust clean energy supply chains. As the global
energy transition accelerates, the demand for clean technologies—such as solar PV, wind turbines,
batteries, and electric vehicles—has created a market approaching $1 trillion annually. However,
this rapid growth is accompanied by significant vulnerabilities, most notably the intense geographic
concentration of manufacturing and critical mineral processing.

A central theme of this session was the delicate balancing act governments face in the current
geopolitical climate. Policymakers must navigate a "green subsidy race" while ensuring that
interventions designed to protect domestic industries and enhance energy security do not
inadvertently derail the affordability of energy prices or slow down the rapid deployment of
renewables.

To address these complex dynamics, the session highlighted the indispensable role of robust,
evidence-based policymaking. Experts emphasized that from identifying supply bottlenecks to
evaluating competing claims, accurate data and scientific analysis are critical at every step of the
policy cycle. Featuring perspectives from the European Commission (DG ENER and DG RTD), the
Institute of Energy Economics Japan (IEEJ), and the International Energy Agency (IEA), this chapter
outlines current policy frameworks, international standardization efforts, and the geographic
realities of today's clean technology markets.

2.1. Strengthening clean energy supply chains: The interplay of policy
making and data availability

Presenter: Elisabeth Schellmann, European Commission (DG ENER)
Overview and Strategic Context

Serving as the foundational scene-setter for the workshop, Elisabeth Schellmann outlined the
European Commission’s perspective on the challenges and opportunities associated with clean
energy supply chains. Representing the Directorate-General for Energy (DG ENER), she structured
her presentation around two core themes: the strategic landscape of clean energy manufacturing,
and the indispensable interplay between objective data availability and effective policymaking.
Currently, a significant portion of the manufacturing capacity for critical clean energy technologies
is located outside of Europe, presenting a major challenge to the region's energy security and long-
term industrial resilience. To strengthen Europe's competitiveness while navigating the twin
transitions of digitalization and decarbonization, the EU is advancing major initiatives like the Clean
Industrial Deal, which is balanced by the Affordable Energy Action Plan to maintain cost-effective
energy prices (Figure 1). Furthermore, the Commission is introducing a Start-up and Scale-up
Strategy to bridge the gap between European research and commercialization, the Grids Package to
accelerate infrastructure permitting, and an Al Roadmap to leverage artificial intelligence in
optimizing the broader energy system.



Figure 1 Slide on challenges for clean energy supply chains.
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Source: EGRD workshop presentation

Transitioning to the opportunities within clean energy supply chains, Schellmann highlighted three
primary drivers for Europe. First is the establishment of a stable, long-term policy framework—
anchored by legally binding targets for net-zero emissions by 2050 and the accelerated expansion
of renewables—which provides a clear and predictable pathway for investors, companies, and
researchers. Second, as renewable sources like wind and solar become increasingly cost-
competitive, the EU can leverage policy tools like the Net-Zero Industry Act to balance affordable
deployment with supply chain resilience, such as by integrating non-price criteria into renewable
energy auctions. Finally, she emphasized the massive economic potential of a rapidly expanding
global market, which is projected to triple by 2035. Capitalizing on this growth offers Europe a
crucial opportunity to strengthen its domestic manufacturing and secure its competitive advantage
in established sectors like wind, grid technologies, and energy efficiency.

The Fundamental Role of Data in the Policy Cycle

Transitioning to the linkage between policy and data, Schellmann reflected on the foundational
purpose of data collection. Citing the Oxford Dictionary, she highlighted that data consists of
"information, especially facts or numbers that are collected to be examined and considered and
used to help making decisions". While data is frequently hyped as the modern currency for digital
business models and start-ups, Schellmann emphasized that it is equally the absolute bedrock of
profound government decision-making.

Scientific data and objective methodologies are critical at every single stage of the policy cycle.
Policymakers are constantly faced with competing claims, complex information, and targeted inputs
from various industry stakeholders and interest groups. To navigate this landscape accurately, the
Commission relies heavily on direct collaboration with scientific bodies like the Joint Research
Centre (JRC). These direct exchanges, formal reports, and methodological inputs allow policymakers
to rigorously assess the validity of stakeholder claims and form a reliable basis for making
profound, evidence-based policy decisions.

Communicating Complexity and Countering Misinformation

A major challenge highlighted during the presentation was the effective communication of scientific
data. Schellmann warned that objective data is increasingly being challenged by alternative sources
and actors who want to push public opinion in specific directions. Purveyors of "fake news" and
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misinformation are highly effective at swaying public discourse because they communicate using
very simple, easily digestible messages.

To counter this trend, it is not enough for scientists and policymakers to simply possess the correct
data; they must actively translate and share this information. Making complex scientific realities
accessible and easily understandable to both the general public and internal Commission
stakeholders is paramount to ensuring ongoing trust and support for clean energy policies.

Insights from the Q&A

The subsequent discussion further emphasized the practical difficulties of applying complex data to
real-world supply chain regulations. Participants highlighted the need for data convergence and
standardization, particularly regarding the circular economy and critical secondary materials. For
example, establishing a common market for recycled battery "black mass" or recovered rare earth
magnets requires the industry and regulators to define and assess these materials in a highly
standardized, universally understood way.

Schellmann agreed, noting that the ultimate challenge for policymakers is "simplifying complexity".
While supply chain mapping requires a high degree of technical complexity to be scientifically
representative and accurate, the resulting policies must be simplified to a point where they are
manageable. Local authorities and private companies tasked with implementing these rules need
clear, unambiguous guidelines to know exactly what is required of them. Finding the delicate
balance between scientific accuracy and practical implementability remains one of the most critical
hurdles in governing resilient supply chains.

2.2. Standardization for enhancing energy supply chain resilience

Presenter: Hiroki Kudo, The Institute of Energy Economics, Japan (IEEJ)
Overview and Strategic Context

The second presentation of the session, delivered by Hiroki Kudo, explored the critical role of
standardization and structured corporate cooperation in building resilient energy systems.
Representing the Institute of Energy Economics, Japan (IEEJ) - a think tank focused on energy,
economics, and environmental issues. Kudo divided his presentation into two main areas: Japan's
domestic policy approach through the "GX (Green Transformation) League," and international efforts
to formalize supply chain resilience through a new ISO standard.



Figure 2 Slide on scope of 1SO 22366.
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Japan’s GX League and Supply Chain Decarbonization

To meet its greenhouse gas reduction targets for 2030 and achieve carbon neutrality by 2050, the
Japanese government established the GX League in 2022. This initiative acts as a cooperative
forum bringing together the government, academic institutions, and over 700 private companies,
whose combined operations account for more than 50% of Japan’s total CO2 emissions. Kudo
detailed the ongoing restructuring of the GX League to address different segments of the supply
chain:

e Heavy Emitters: Companies producing over 100,000 tons of direct CO2 emissions represent
999% of the emissions within the GX League. To aggressively target these emissions, Japan
is transitioning the framework into a mandatory Emission Trading Scheme (GX-ETS) for
these large entities, set to take effect in 2026.

e Mid-to-Downstream Supply Chain: The remaining 80% of participating companies produce
less than 100,000 tons of direct emissions. Because these companies are embedded deeper
in the supply chain, the government is developing specific indicators—such as Scope 3
emissions tracking, Carbon Footprint of Products (CFP), and "avoided emissions" metrics. The
goal is to make corporate decarbonization efforts visible and quantifiable, thereby creating
a "GX market" that incentivizes green procurement in both Business-to-Business (B2B) and
Business-to-Consumer (B2C) transactions.

Global Standardization

Transitioning to the international landscape, Kudo highlighted the continuous threats to global
energy supply chains, ranging from natural disasters (like earthquakes and typhoons) to man-made
disruptions (such as cyberattacks). Following the publication of the APEC Energy Resiliency Principles
in 2020, Japan took the lead in proposing a formal international standard to address these
vulnerabilities.



This effort culminated in the development of ISO 22366: Security and resilience — Energy resilience
- Framework and principles, which is currently at the Final Draft International Standard (FDIS) stage
and targeted for publication in early 2026 (Figure 2). The standard defines energy resilience as the
ability of an energy system to absorb, adapt, withstand, and quickly recover from disruptions while
continuing essential operations—ultimately striving to "build back better". It outlines a
comprehensive set of 8 principles for organizations to implement energy resilience:

e Recognizing that the energy system context matters
e Fostering social capital in the energy supply networks
e (reating, maintaining, and enhancing diversity

e Managing connectivity

e Encouraging collaborative "learning by doing"

e Embracing polycentric governance and control

e Addressing the problem of fit (which involves considering multiple scales and their linkages,
understanding robustness-vulnerability trade-offs, paying attention to interdependencies
across multiple infrastructure networks, and monitoring emerging digital enterprise
technologies)

e Building sustainability directly into energy resiliency planning

The standard is designed to benefit a wide range of stakeholders, allowing national and local
governments to formulate robust disaster prevention plans, enabling financial institutions to
accurately evaluate and invest in resilient public and private projects, and providing energy supply
chain networks with a common, standardized decision-making framework.

Insights from the Q&A

During the discussion, participants inquired about the incentives for companies to join a voluntary
framework like the GX League. It was clarified that alongside the requlatory push of the upcoming
mandatory GX-ETS, there are direct economic incentives. In the experimental stages, participants
have access to government-backed "GX bonds" and financial support. Furthermore, companies are
motivated by the prospect of gaining a competitive advantage in public and private procurement
markets that prioritize "GX products”.

Finally, Kudo emphasized that as Japan establishes domestic guidelines for calculating product
carbon footprints, it is vital to ensure these rules are harmonized with international methodologies,
such as the GHG Protocol and other I1SO standards. Without international harmonization, the global
clean energy market risks becoming fragmented, which would severely hinder the overarching goal
of a resilient and sustainable transition.

2.3. R&l challenges and opportunities for secure, sustainable and
competitive clean energy value chains

Presenter: Thomas Schleker, European Commission (DG RTD)

Overview and Strategic Context
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In his presentation, Thomas Schleker, representing the Directorate-General for Research and
Innovation (DG RTD), deliberately broadened the focus from "supply chains" to "value chains" to
encompass a more comprehensive view of the clean energy transition. The strategic direction of
European research and innovation (R&l) is deeply embedded in the political guidelines of the current
Commission, which emphasize sustainable competitiveness. Key initiatives shaping this landscape
include the Clean Industrial Deal, the Start-up and Scale-up Strategy, and the upcoming European
Research Area Act and European Innovation Act, all of which aim to address market fragmentation,
boost tech-driven companies, and foster synergies across Member States.

At the centre of this strategy is the Strategic Energy Technology Plan (SET Plan), which acts as the
European Union's primary platform for aligning public and private R&l priorities among Member
States, industry, and academia to accelerate the market uptake of clean energy technologies.

The Role of Horizon Europe in Driving Competitiveness

The EU’s flagship funding program, Horizon Europe, is instrumental in achieving these strategic
goals. Specifically, within Cluster 5 (Climate, Energy, and Mobility), there are currently around 1,000
signed projects, with an expected allocation of approximately €7 billion directed toward energy
projects by the end of the funding cycle.

To ensure these investments yield tangible economic benefits, DG RTD is increasingly embedding
competitiveness indicators directly into topic calls. A retrospective keyword analysis of Horizon
2020 and Horizon Europe work programs for technologies like solar PV shows a consistent focus on
specific KPIs, such as cost reduction, circularity, manufacturing efficiency, and supply chain
resilience. The Commission is actively mining primary data from project results to assess how
effectively these competitiveness indicators are being addressed across its portfolio.

Monitoring Competitiveness and Energy Security

To guide R&l policy, the Commission relies heavily on strategic analysis provided by the Clean
Energy Technology Observatory (CETO), an in-house project run by the JRC in cooperation with DG
RTD, DG ENER, and DG GROW. For example, CETO’s 2024 SWOT analysis of the EU’s photovoltaic
sector highlighted strong R&I capabilities in new materials (like perovskites) as a key strength, while
identifying the heavy concentration of the supply chain outside of Europe as a major threat (Figure
3).
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Figure 3 SWOT analysis from Clean Energy Technology Observatory report on PV.
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Furthermore, a dedicated study was conducted to identify R&I opportunities to ensure long-term
European energy security up to 2050. This study evaluated various clean energy value chains using
ten specific energy security indicators, including:

e Geopolitical availability and abundance of Critical Raw Materials (CRMs),

e Supply chain complexity and location,

e Circularity,

e Digital and physical vulnerabilities (e.g., cybersecurity risks in smart grids),

e Broader sustainability, affordability, and skills.

Interestingly, the study revealed that for certain technologies, such as bioenergy and hydropower,
long-term security is more dependent on public acceptance and broader sustainability factors than
on raw material supply chains.

Future Actions and Next-Generation R&l Programs

Translating these findings into actionable funding, the Horizon Europe Work Program for 2025
features specific topics targeting the security of renewable energy value chains and critical
elements for grid and storage technologies. Drafts for the 2026-2027 work program explicitly
target key value chain components to directly increase the competitiveness of renewable energy
technologies within Europe.

Looking ahead to the next framework program (post-2027), the Commission's current proposal
suggests increasing the overall budget to €175 billion. Under this new structure, "Pillar II" will have
a prominent focus on competitiveness, including clean transition and industrial decarbonization,
while "Pillar llI" (the European Innovation Council) will play a crucial role in scaling up breakthrough
innovations and securing venture capital.
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Insights from the Q&A

During the discussion, participants raised questions about the massive challenge of assessing and
evaluating these complex KPIs during the project application and review processes. Schleker
acknowledged the difficulty of formulating open topics that challenge applicants to innovate while
strictly evaluating specific competitiveness impacts. He emphasized that bodies like CETO are
absolutely vital for bridging this gap—taking the fragmented data and outcomes from individual
R&l projects and transforming them into strategic modelling and foresight that can directly inform
the European policy world.

2.4. Clean technology supply chains today

Presenter: Jack Jaensch, International Energy Agency (IEA)
Overview and Market Growth

Concluding the first session, Jack Jaensch from the International Energy Agency (IEA) provided a
comprehensive status update on the current state of global clean energy supply chains. The
presentation focused on six key clean technologies: batteries, electric vehicles (EVs), electrolysers,
solar PV, heat pumps, and wind. Driven by a rapid shift in the global energy mix and soaring
demand—particularly for EVs, which drive roughly 70% of total battery demand—the market for
these clean energy supply chains is rapidly approaching $1 trillion annually. In response to this
demand, global investments in clean technology manufacturing boomed, reaching approximately
$235 billion in 2023.

Figure 4 Investment in clean technology manufacturing is booming.

Investment in clean technology manufacturing is booming 2q

Share of global clean technology manufacturing output by technology, 2023

Europe

China

\'Nuﬂh America
P -

]
] )
HH B

Selected trade flows for clean technologies
SO 20 billion

L
11T HHHDHWHH

Other Asia
Pacific

lar PV

The manufacturing of clean technologies is highly concentrated geographically, with China accounting for around
70% of the global manufacturing output value for the six key clean technologies.

Source: EGRD workshop presentation

Energy Mix Outlook and Record Electric Car Sales

Underpinning this market growth is a fundamental shift in the global energy system. According to
the IEA's World Energy Outlook scenarios, renewables — led primarily by solar PV and wind — are
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growing faster than any other major source of technology, fundamentally reshaping electricity
security. A critical driver of this transition is the surging electric vehicle market. Global EV sales
broke records by exceeding 17 million units in 2024 (25% year-on-year growth) and were projected
to surpass 20 million units in 2025, pushing their global share up to more than one in four cars sold
being electric. Crucially, this rapid uptake is increasingly driven by cost competitiveness rather than
just policy incentives. For example, two-thirds of the battery electric cars sold in China in 2024 were
cheaper at the point of purchase than their internal combustion engine equivalents.

Geographic Concentration and Trade Vulnerabilities

While the demand for clean technologies is increasingly dispersed globally, manufacturing capacity
remains intensely concentrated. Currently, several thousand manufacturing facilities operate across
almost 60 countries, but China overwhelmingly dominates the landscape (Figure 4). China accounts
for over 70% of the global manufacturing output value across the six key technologies. Moving
further upstream in the supply chain to specific components—such as battery anodes and cathodes,
or solar PV wafers and polysilicon—this concentration becomes even more pronounced, with China
controlling up to 97% of global production.

This stark imbalance between concentrated supply and dispersed demand makes international trade
critical, but also highly vulnerable to disruption. The presentation highlighted maritime trade
bottlenecks, noting that more than half of global clean technology trade currently passes through
the Strait of Malacca. By comparison, only about 20% of fossil fuel seaborne trade passes through
the Strait of Hormuz, demonstrating a severe dependency on a single maritime choke point for the
clean energy transition.

Opportunities for Emerging Economies: Stepping Up the Value Chain

A major focus of the presentation was the untapped potential within emerging and developing
economies, with a specific deep dive into the African continent. Currently, African countries play an
important role in the upstream extraction of critical minerals (e.qg., cobalt, manganese, and copper in
South Africa, the DRC, and Morocco) but account for less than 1% of the value generated at the
manufacturing step.

Citing a recent IEA report produced to support South Africa’s G20 presidency, Jaensch noted that
Africa possesses the fundamental precursors to step up the value chain. The continent benefits
from vast mineral deposits, strong bulk material markets (e.g., South Africa is the fourth-largest
iron exporter by value globally), a rapidly growing young population, and close geographical
proximity to major export markets like the European Union.

Cost Competitiveness and Future Outlook

To quantify this potential, the IEA conducted a Levelized Cost of Manufacturing (LCOM) analysis
comparing production costs across regions. The findings revealed that producing clean energy
technologies in Africa could be significantly cheaper than in the European Union. Specifically, under
the right conditions, manufacturing costs in Africa could be approximately 10% lower for wind
nacelles, 15% lower for wind blades, and 4% lower for EVs compared to the EU.

If necessary enabling conditions—such as improved energy access, transport, and port
infrastructure—are put in place, African manufacturing could even approach the cost-
competitiveness of China. In a high-potential scenario, Africa's electric vehicle production could rise
from virtually zero today to nearly 4 million units by 2035, largely led by North African countries
that already have existing automotive footholds. Ultimately, while the current supply chain is highly

14



concentrated, the massive projected growth of the market presents viable opportunities for global
diversification and equitable economic development.

Insights from the Q&A

During the Q&A, participants discussed the implications of rapid EV penetration in emerging
markets, specifically Southeast Asia, where existing electricity distribution grids might be too weak
to handle the sudden surge in load. Jaensch acknowledged this challenge, highlighting a critical
disconnect individual consumers base their purchasing decisions purely on vehicle cost and
convenience, not on broader grid implications. Consequently, he emphasized that it is imperative for
governments to step in and actively plan for these shifting demands—such as coordinating the
timing of EV charging—to protect local infrastructure.
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3. Effective strategies for collection, management and sharing of
data

Chair: Johannes Tambornino, Project Management Jlilich, Germany

As governments worldwide implement ambitious policies like the EU's Net-Zero Industry Act (NZIA)
to secure clean energy supply chains, tracking their progress and evaluating vulnerabilities becomes
paramount. However, as explored in Session 2, effective monitoring of the manufacturing and
international trade of net-zero technologies relies entirely on high-quality, transparent, and
accessible data.

Currently, policymakers and industry leaders face significant hurdles: critical supply chain data is
often highly complex, fragmented, hidden behind expensive commercial paywalls, or fiercely
guarded due to commercial sensitivities. To build resilient supply chains, stakeholders must develop
robust strategies to overcome these data gaps while balancing the need for transparency with the
necessity of maintaining data confidentiality.

This chapter examines the practical data challenges hindering the energy transition, and the
innovative solutions being deployed to solve them. It covers efforts to adapt current statistical
frameworks - such as introducing new customs codes to better track specific components of net-
zero technologies — and highlights international initiatives designed to improve data sharing.
Featuring insights from the European Commission (DG GROW), the UK Government, the University
of Birmingham, and IRENA, the following presentations detail how improved data management,
specialised cost-tracking tools, and international cooperation can provide a clearer, more actionable
picture of global clean energy markets.

3.1. Data strategies for monitoring and implementing the Net-Zero
Industry Act

Presenter: Jacopo Tattini, European Commission (DG GROW)
Overview and Strategic Context

Jacopo Tattini, representing the Directorate-General for Internal Market, Industry, Entrepreneurship
and SMEs (DG GROW), detailed the data strategies required to monitor and implement the European
Union’s Net-Zero Industry Act (NZIA), an EU regulation adopted in May 2024. The overarching
objective of the NZIA is to scale up domestic manufacturing capacity across 19 net-zero
technologies (including solar PV, wind, batteries, electrolysers, and heat pumps) to ensure their
secure and sustainable supply. The legislation establishes a political benchmark: by 2030, the EU
aims to possess sufficient manufacturing capacity to fulfil at least 40% of its annual deployment
needs (Figure 5). Crucially, the goal is not to onshore the entire global value chain, but to build
enough domestic capacity to withstand potential international supply chain disruptions.
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Figure 5 Slide on general objective of Net-Zero Industry Act.

“ Establishing a regulatory framework to ensure the Union's access to a secure and sustainable
supply of net-zero technologies including by scaling up the manufacturing capacity of net-zero
technologies and their supply chains”.
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To achieve this, the NZIA is built upon two main pillars:

e The Supply Pillar (Enabling Conditions): This focuses on creating a favourable environment
for manufacturers by streamlining permitting processes, establishing "strategic projects"
that receive priority administrative status, and designating "acceleration valleys" to support
industrial hubs.

e The demand pillar (access to market) introduces in public procurement, renewable energy
auctions, and public support schemes mandatory non-price criteria, including the ‘resilience
contribution’, which encourages the utilisation of diversified components to reduce EU
dependency on dominant supplying countries.

Implementing the Resilience Contribution

The resilience contribution is a mechanism designed to diversify supply. If the European Commission
identifies that the EU is excessively dependent on a third country — meaning more than 50% of the
supply of a final product or its main specific components originates from a single third country —
the resilience contribution is triggered. Once triggered, authorities must implement measures to
ensure that a certain share of value (or of number) of components supplied does not originate in
that specific third country, thereby forcing supply chain diversification.

Data Strategies and Addressing Data Gaps

Implementing and monitoring the NZIA requires intense data collection and processing, which Tattini
divided into two primary categories:

e Manufacturing capacity data: to effectively monitor progress toward the 40% benchmark,
the Commission tracks granular capacity metrics - e.qg., project status, plant details,
ownership, and operational timelines. The ‘Net-Zero Technology Monitoring Dashboard’ has
been developed to visualise the pipeline of manufacturing projects. However, the data
collection exercise faces major hurdles: much of the data is confidential and commercially
sensitive, fragmented across sources, or available behind private commercial databases.
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Throughout this process, DG GROW has learnt that partnerships and expertise are key.
Collaborating with technology experts at the Joint Research Centre (JRC) responsible for the
Clean Energy Technology Observatory (CETO), alongside targeted surveys with industrial
stakeholders, has helped bridged the gaps where raw data is hard to access. Accurate
tracking requires not just data collection, but the right experts who can accurately interpret
the market and validate insights.

e Trade and production statistics: to assess the EU dependencies on third countries and
trigger the resilience contribution, precise data is needed. This means relying on import and
export statistics (collected via Combined Nomenclature - CN -codes) and production
statistics (collected via PRODCOM codes). Early in this process, Tattini identified a key
challenge: existing CN and PRODCOM codes often lack the technological granularity needed.
For instance, there was no dedicated trade code to wind turbine blades and the PRODCOM
code associated to PV modules and cells is the same. Endorsed by the Draghi Report, DG
GROW successfully collaborated with DG TAXUD and EUROSTAT to expand and split existing
codes, introducing 12 new targeted CN codes for net-zero technologies. These now cover
components like PV wafers, PV inverters, wind turbine blades and towers, and lithium-ion
battery active materials. Corresponding PRODCOM codes for production statistics were also
recently approved by Member States.

Insights from the Q&A

A prominent point of discussion during the Q&A explored the distinction between where
manufacturing capacity is located and who owns it. Participants raised the important question of
whether the NZIA benchmark fully account for the geopolitical risk of non-EU companies
establishing manufacturing facilities within the EU primarily to circumvent tariffs and resilience
requirements. Tattini acknowledged that this is a complex and urgent issue. While domestic
production is undoubtedly preferable to reliance on imports, it was widely recognised that territorial
presence alone does not equate to domestic control. Tattini anticipated that some of these aspects
would be dealt with in the European Commission’s proposal for the Industrial Accelerator Act.
Additionally, questions were raised about data gaps from certain Member States; Tattini clarified
that while confidentiality sometimes restricts national-level reporting by Eurostat, the aggregated
European-level data remains sufficiently robust for policy implementation.

3.2. Challenges and actions to mitigate data collections

Presenter: Dan Weaver, Department of Energy Security and Net Zero, United Kingdom
Overview and Strategic Context

Dan Weaver, representing the Department for Energy Security and Net Zero of the UK Government,
presented on behalf of the Global Clean Power Alliance (GCPA). To address vulnerabilities in the
energy transition, the GCPA established its Supply Chains Mission, an international initiative
designed to identify and overcome bottlenecks in clean power deployment (Figure 6). The mission is
built upon four foundational pillars: Data, Grids, Circularity, and Emerging Markets and Developing
Economies (EMDEs). Focusing extensively on the first pillar, Weaver emphasised that planning cost-
effective and secure energy transition pathways requires evidence-based policymaking. However,
this is currently severely limited by a global lack of high-quality, transparent, and accessible data.
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Figure 6 Slide on mission outline.

OFFICIAL

Mission Qutline

Objective

A first-of-its-kind international initiative to deliver the most critical changes needed to diversify clean
power supply chains, to drive investment, to address bottlenecks, and to hasten the transition to clean power.

’
PEEN %
L

Pillar 1 Pillar 2 Pillar 4
Data Electricity Circularity EMDEs
Transmission
Supply Chains

Improve data on supply Collaboration to develop Enhancing the role of Increased participation
chain bottlenecks, and test tools that circularity for key and benefit for EMDEs
demand, capacity etc. to address bottlenecks materials to bridge in global clean power
support better evidence- throughout the demand gaps. supply chains
based policy-making electricity transmission

supply chain.

7 | 5.‘5 Foreign, Commonwealth & Development Office

Source: EGRD workshop presentation

Three Core Data Challenges

The UK government, in consultation with international partners, categorized the current supply
chain data gaps into three primary hurdles:

e Unreliable and Insufficient-Quality Data: There is significant variance in data quality
depending on the country and specific technology. Issues include inconsistently reported
trade data, a lack of granular, country-level production and demand outlooks, and poor
traceability of raw materials to ensure Environmental, Social, and Governance (ESG)
standards are met.

e Complexity of Supply Chains: Mapping the value chains of clean energy technologies is
exceptionally difficult due to their intricate sub-components. Furthermore, existing
Harmonized System (HS) trade codes are not keeping pace with technological innovation.
For instance, a single broad trade code (HS811299) currently groups together completely
distinct critical minerals—such as Germanium, Indium, Gallium, Niobium, and Vanadium.
This lack of distinction makes it nearly impossible to accurately track trade flows or assess
the impact of geopolitical export controls.

e Lack of Transparency: Even when high-quality market data exists, it is frequently hidden
behind expensive commercial paywalls, creating information asymmetries and acting as a
barrier to entry, particularly for developing economies. Additionally, firm-level data is highly
commercially sensitive and rarely shared, sometimes even remaining siloed between
different government departments within the same country.

Because these issues cross borders, resolving them requires deep international collaboration. The
GCPA Supply Chains Mission Data Pillar aims to bring partner countries together to agree on the
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state of the problem and drive forward tangible solutions. As a key first deliverable, the GCPA
funded a groundbreaking report with the International Energy Agency. The report “Clean Energy
Technology Supply Chain Data: Challenges and potential solutions (IEA, 2026)” has since been
published in Q1 2026.. This report outlines specific international data gaps and proposes actionable
recommendations. Following the report’s launch, the GCPA has established technical working groups

with partner countries to implement these solutions over a two-year delivery period.

Insights from the Q&A

A significant point of discussion during the Q&A revolved around the heavy reliance on commercial
data providers. Participants noted that while commercial databases are useful for initial scoping,
their high subscription costs and strict Intellectual Property (IP) restrictions severely hinder
intergovernmental data sharing, accountability, and transparency. Weaver acknowledged this
dilemma, explaining that private firms provide massive value (e.g., manually aggregating weekly
transaction prices for niche rare earths) and must protect their IP. He suggested that governments
must find a middle ground—balancing the use of private intelligence with the push for more robust,
publicly procured and internationally shared data. Finally, Weaver clarified that the GCPA's data
mapping efforts will cover the entire supply chain spectrum, intentionally including the crucial
intermediate steps of refined and processed materials that sit between raw extraction and final
manufacturing.

3.3. Understanding cost drivers in the solar supply chain: A
competitiveness analysis of module manufacturing

Presenter: Deborah Ayres, International Renewable Energy Agency (IRENA)
Overview and Strategic Context

Deborah Ayres from the International Renewable Energy Agency (IRENA) presented an in-depth
analysis of the specific cost drivers within solar photovoltaic (PV) module manufacturing. Ayres
contextualized the sector by noting that while module manufacturing receives significant attention
in trade and policy discussions, modules currently account for only about 30% of total utility-scale
project costs. Conversely, the Balance of System (BoS) components—including design, construction,
and installation—contribute roughly 65% of the total installed cost and generate substantial
economic value in local deployment markets.

The module manufacturing sector itself is exceptionally competitive and is characterized by highly
volatile prices for raw materials like silver and polysilicon. Currently, market prices for solar
modules are frequently lower than their actual cost of production; this dynamic is largely driven by
overcapacity, supply and demand imbalances, and aggressive pricing strategies originating from
lower-cost markets like China.
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Figure 7 Slide on total installed costs of solar PV.
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The Solar PV Supply Chain Cost Tool

To help policymakers and industry stakeholders unpack these complex market dynamics, IRENA
developed the Solar PV Supply Chain Cost Tool' under the Transforming Solar Supply Chain (TSSC)
initiative from the Clean Energy Ministerial (CEM), supported by the Australian government. The tool
provides a structured, data-driven framework that models the entire value chain - from polysilicon
production and wafer slicing to cell manufacturing and final module assembly (Figure 7).

Users can configure highly specific scenarios by selecting the final manufacturing country (with
data currently available for markets like Vietnam, Australia, Germany, the US, India, and China) and
the specific technology type, such as monocrystalline PERC or the increasingly dominant TOPCon.

Analyzing Cost Drivers and Supply Chain Scenarios

The tool disaggregates costs into location-agnostic data (like standard equipment specifications and
energy consumption per unit) and location-dependent factors (like electricity prices, labour rates,
and facility costs). Ayres highlighted that regional factor costs—primarily electricity and labour—are
the ultimate drivers of global competitiveness. Because upstream processes, particularly polysilicon
and wafer manufacturing, are incredibly energy-intensive, domestic electricity prices play a
dominant role in determining a country's total manufacturing costs.

A comparative scenario analysis using Vietnam as a case study demonstrated clear cost
advantages to importing upstream components rather than building a fully integrated domestic
supply chain. The tool's calculations reveal that importing wafers from China instead of producing
them domestically reduces total module costs by 19% to 29%, while importing complete cells
yields an even larger 319% to 47% cost reduction.
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Technology Roadmaps and ESG Certification

The tool also forecasts costs up to 2030 based on economies of scale (e.g., modelling facilities
scaling from 5 GW to 10 GW) and anticipated technological improvements. For example, while
TOPCon technology currently costs more to produce than PERC, it offers significantly higher
efficiency gains and material reductions ahead, making it the more cost-effective option in the long
term as PERC reaches its technological efficiency limits.

Additionally, the tool includes an optional parameter to model the costs of establishing
Environmental, Social, and Governance (ESG) certifications. Implementing robust ESG certification—
which involves assessments, documentation, and third-party verification—adds only about 1% to
the total module production cost, representing a highly impactful investment with negligible
financial implications for the manufacturer.

Policy Levers and Future Innovations

Based on these findings, Ayres suggested several policy levers that governments can use to
improve domestic competitiveness. Foremost is lowering electricity costs for upstream
manufacturers through industrial tariffs or targeted Power Purchase Agreements (PPAs).
Establishing clear quality standards is also vital to build buyer confidence, qualify manufacturers
for incentives, and reduce investment risks.

Looking to the future, Ayres noted that next-generation technologies—specifically perovskite and
tandem solar cells—are rapidly approaching the commercial stage. Driven by active cooperation
between academia and industry, these highly efficient technologies are undergoing large-scale
testing and field deployment to improve stability.

Insights from the Q&A

During the Q&A, Ayres noted that there is a long-term intention to expand this type of detailed
modelling to cover other key clean energy technologies, such as wind, although developing such
complex frameworks will take time.

Participants also inquired about the realistic commercial readiness of perovskite technologies,
specifically regarding when the market might yield its potential. Ayres explained that while
perovskite will not immediately displace the dominant crystalline silicon technologies, its
exceptional efficiency makes it highly attractive for deployment in areas with lower solar resources.
With extensive field testing currently underway to assess real-world stability, manufacturers are
very optimistic about the technology, anticipating a broader commercial rollout within the next two
to three years.

Finally, the discussion turned to how new technologies might alter global competition patterns, with
a participant noting that similar models for battery manufacturing highlight stark regional
differences driven by local labour and energy costs. Ayres responded that because raw material
prices are globally volatile and affect all markets equally, regional competitiveness will continue to
be fundamentally driven by intrinsic location factors, primarily electricity and labour. However, she
emphasized that ongoing technological improvements could shift this balance; for example,
innovations that lower the specific energy consumption per manufacturing segment or the
integration of digitalization to reduce manual labour requirements could significantly alter future
cost drivers and global competitiveness.
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4. Modelling supply chains and production capacities

Chair: Atsushi Kurosawa, Institute of Applied Energy (IAE), Japan

Building on the strategies for data collection and management discussed in the previous sessions,
this chapter focuses on the practical application of that data: actively modelling and mapping clean
energy supply chains and their production capacities.

As highlighted during the workshop, one of the most formidable challenges in assessing supply
chains is their extreme fluidity. Global production networks can fundamentally restructure
themselves within a single year in response to market dynamics, tariffs, or geopolitical shifts.
Consequently, static reporting can become obsolete by the time it is published. To effectively
anticipate bottlenecks and ensure energy security, policymakers and industries require dynamic,
highly detailed, and near real-time modelling approaches.

Session 3 of the workshop explored various innovative methodologies used to track and analyse
these complexes, constantly evolving networks. This chapter details how experts are translating raw,
often fragmented data into actionable strategic insights. It covers the Joint Research Centre's (JRC)
deep dive into component-level mapping for wind turbines, Bruegel's use of artificial intelligence to
track clean tech financial investments, the Technical University of Denmark's (DTU) analysis of how
state protectionism shifts the geography of solar PV manufacturing, and Waseda University's
comprehensive Life Cycle Assessment (LCA) frameworks. Together, these presentations
demonstrate how advanced modelling provides the critical foresight necessary to navigate the
clean energy transition.

4.1. Supply chain insights on wind turbine manufacturing

Presenter: Evdokia Tapoglou, European Commission (JRC)
Overview and Policy Context

Evdokia Tapoglou from the Joint Research Centre (JRC) presented an in-depth mapping of the wind
energy technology supply chain, focusing specifically on component sourcing and manufacturing
capacities. The research was framed around the European Union's ambitious deployment targets—
aiming for 42.5% of its energy mix to come from renewables by 2030, which translates to
approximately 500 GW of installed wind capacity. Crucially, the analysis evaluated the EU's
standing against the Net-Zero Industry Act (NZIA) benchmarks, which mandate that 40% of annual
deployment needs must be met by domestic production capacity by 2030, and that the EU should
account for 15% of the global market by 2040.
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Figure 8 Slide on EU manufacturing locations for wind.
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Innovative Data Methodologies: Type Certificates and Commercial Databases
To accurately map the supply chain (Figure 8), the JRC divided its approach into two categories:

e Component Sourcing: To determine exactly who is supplying which sub-components, the JRC
utilized a novel data source: International Electrotechnical Commission (IEC) type
certificates. These certificates, required to prove the quality standards of specific wind
turbine models, explicitly list the companies supplying internal components. While not all
certificates are publicly available, the JRC successfully analysed certificates covering 38%
of EU installations between 2022 and 2025, capturing data across 46 wind turbine models.

e Manufacturing Capacities: To assess production volumes, the JRC aggregated and reconciled
data from three major commercial databases (BNEF, S&P, and Rystad) to establish a highly
accurate "JRC estimation" of the maximum manufacturing capacity within the EU.

Findings on Component Sourcing and Domestic Preference

The data revealed a strong domestic preference among EU wind turbine manufacturers. When
looking at the headquarters of component suppliers for EU manufacturers, 59% of the suppliers are
based within the EU, compared to 16% in China. This picture remains largely consistent when
looking strictly at the physical manufacturing locations: 59% of the manufacturing sites supplying
EU turbine makers are in Europe, while 12% are in China.

However, the component-level mapping also highlighted hidden vulnerabilities. For example, the
analysis identified that certain niche components, such as rotor brakes, are rarely sourced from the
EU or China, representing a potential weak spot in the supply chain.

Meeting the NZIA Benchmarks and Corporate Ownership

In terms of manufacturing capacity, the presentation analysed four key components: foundations,
towers, blades, and nacelles. To meet the NZIA target of supplying 40% of the EU's projected 42
GW annual deployment by 2030, the European industry must sustain a manufacturing capacity of
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approximately 16.8 GW per component. The JRC's mapping confirms that the EU already possesses
sufficient manufacturing capacity to meet this benchmark for nacelles, blades, and towers.

While China dominates global capacity, the EU remains the clear second-largest manufacturing hub.
Within Europe, manufacturing is highly concentrated in a few key Member States—primarily Spain,
Denmark, and Germany—which have capacities far exceeding their domestic deployment needs,
allowing them to act as strong exporters. Furthermore, these facilities are overwhelmingly owned by
European corporations. For instance, EU firms own 72% of domestic blade capacity, 85% of nacelle
capacity, and 86% of tower capacity.

Insights from the Q&A

During the Q&A, participants noted that in 2024, an estimated 88% of onshore and 96% of
offshore wind turbines installed in the EU came from European manufacturers, with the remainder
predominantly imported from non-EU countries. Tapoglou clarified that offshore installation data
can sometimes reflect a concentrated surge because turbines are placed in the water over several
years but are only recorded in the database when the entire farm is finally "plugged in" to the grid.
However, she highlighted that the 4% non-EU import share for offshore wind in 2024 represents an
increase; in both 2022 and 2023, 100% of offshore installations in the EU were supplied by
European companies.

When asked why EU developers continue to favour European manufacturers despite Chinese
components being significantly cheaper (often over 30% cheaper at the turbine level), Tapoglou and
the audience highlighted several key factors. First, the European wind sector is a mature, "old
industry" built on decades of established, trusted collaborations. These long-standing relationships
allow European companies to easily communicate with one another and ensure that specific
components are produced to the exact quality standards required, making it much more practical to
maintain existing supply links than to switch to Asian providers.

More importantly, European manufacturers do not merely sell hardware; they provide
comprehensive quality guarantees and long-term operation and maintenance (0O&M) service
packages throughout the lifetime of the turbine. Because Chinese competitors currently struggle to
offer equivalent long-term service guarantees in the European market, EU firms retain a strong
competitive advantage based on total lifecycle value rather than just upfront costs. As was
summarized during the discussion, buyers are not just purchasing hardware components; they are
investing in a "full service" package that covers the entire lifespan of the turbine, shifting the
competitive focus away from the initial price tag.

4.2. Tracking European (and US) investments into clean tech
manufacturing

Presenter: Ben McWilliams, Bruegel
Overview and the European Clean Investment Monitor

Ben McWilliams from Bruegel, a Brussels-based economic think tank, presented their ongoing work
on the European Clean Investment Monitor. This tool is a core component of a broader initiative
called the "European Clean Tech Tracker," which aims to consolidate data on clean tech jobs, trade,
deployments, and manufacturing. The specific goal of the Investment Monitor is to systematically
track and quantify clean manufacturing investments across Europe and compare them with the
United States (Figure 9).
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Figure 9 Slide on an investment framework.
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Methodology: Translating Text into Data

The primary challenge in tracking corporate investments is translating massive amounts of
unstructured text—such as company press releases and specialized industry news articles—into
structured, actionable data. To solve this, Bruegel utilizes artificial intelligence and a Knowledge
Graph framework.

The system analyses text to identify specific "nodes" (such as a factory location, an investment
amount, or an announced capacity) and maps the relationships between them. For example, the tool
can read an article and automatically link a €1.6 billion investment to a specific battery cell facility
in Hungary. Bruegel combines this textual data extraction with a chronology of events, sometimes
even utilizing satellite imagery to visually verify if a factory has moved from the announcement
phase to actual construction.

Market Findings and the "Real Investment" Indicator

Currently, the monitor successfully covers electric vehicles (EVs), batteries, and solar PV, with wind
and heavy industries (like green steel and green cement) soon to be added. The data reveals that
Europe has approximately twice the capacity needed to assemble EVs compared to its actual
demand. Battery capacity is also relatively healthy, meeting about two-thirds of demand, while
solar PV capacity remains severely limited.

To better analyse economic trends, Bruegel developed a "Real Investment" indicator. Instead of
logging a massive multi-billion-euro investment on the single day it is announced, the model
assumes a uniform distribution of that capital over the duration of the construction period. This
creates a much more accurate, fluid curve of real capital entering the European economy over time.

Geographic and Ownership Trends

The geographical location of these investments highlights shifting industrial hubs. While
investments in Germany have slowed significantly in EVs and solar, Spain and Hungary are
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experiencing major investment booms. Spain’s growth is largely driven by traditional European
automakers, whereas Hungary’s boom is overwhelmingly driven by Chinese companies.

In terms of corporate ownership, the data reveals a striking reliance on foreign pioneers. South
Korean companies currently own roughly 80% of the operational battery capacity in Europe. While
South Korean firms have recently slowed their expansion, massive new investments from Chinese
companies are beginning to enter the market alongside domestic European efforts.

Comparing EU and US Capital Efficiency

A major objective of the monitor is to compare European data with US investments following the
Inflation Reduction Act (IRA). While the IRA successfully pulled massive amounts of capital into the
US, the data suggests that European investments are more capital efficient. The implied Capital
Expenditure (CapEx) for US projects was enormous compared to the EU, suggesting that the
massive US subsidies may have led to less efficient spending, whereas Europe is getting "more
bang for the buck" in terms of actual capacity built per dollar invested.

Insights from the Q&A

During the Q&A, participants asked how the tool handles government contributions and blended

finance. McWilliams clarified that the tool looks backward and currently struggles to consistently
identify subsidies; thus, joint public-private investments are simply categorized under the neutral
term "owner".

Addressing data quality, he explained that the team processes 1,000 to 2,000 announcements from
pre-selected industry sources. While the Al handles the "broad strokes," strict human verification is
required, utilizing a custom front-end application to manually review and correct the Al's output.

McWilliams noted the text-mining approach works best for emerging sectors (like green steel, green
cement, and hydrogen) where companies frequently announce their progress. For mature sectors
(like wind or grids) or flexible EV production, companies are more guarded with information,
meaning the text-mining must be supplemented with external datasets.

Finally, detailing the technical architecture, he shared that a three-person team manages the tool
using a MongoDB database. Each text passes through the Al five or six times to extract unique
entity IDs and accurately map their relationships. The resulting dataset is planned to be made
publicly available next year.

4.3. State interventionism and the shifting geographies of solar PV
technologies

Presenter: Kristoffer Marslev, Technical University of Denmark (DTU)
Overview and the Viethamese Case Study

Kristoffer Marslev from the Technical University of Denmark (DTU) presented the findings of a
comprehensive research project analyzing how state interventionism—specifically tariffs and
subsidies—has fundamentally reshaped the global geography of solar PV supply chains. The
research began as an investigation into the rapid deployment of renewable energy in Vietnam.
However, during field research, the team discovered a striking disconnect: the massive boom of
solar PV manufacturing facilities in Vietnam was not driven by the country's own domestic solar
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deployment. Instead, these factories were established almost entirely to circumvent US tariff
policies and maintain access to the highly lucrative American market.

Figure 10 Slide on trade and industrial policies in US and EU.
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Diverging Policy Trajectories: US vs. EU

To contextualize this, the researchers mapped the evolution of trade policies in the US and the EU
over the last decade (Figure 10):

e The United States: The US has pursued an escalating protectionist approach, beginning with
anti-dumping tariffs on Chinese PV in 2012, extending them to Taiwan in 2014, and
introducing broader safeguard tariffs in 2018. More recently, the US implemented the
Uyghur Forced Labor Prevention Act (UFLPA), which bans imports linked to China’s Xinjiang
province.

e The European Union: Conversely, the EU has exhibited a more fluctuating, liberalized
approach. While the EU also imposed anti-dumping tariffs on Chinese PV in 2013, it
explicitly decided to remove all restrictions in 2018 to prioritize the rapid, affordable
deployment of solar energy.

This policy divergence has led to a complete bifurcation of global supply chains: the EU now relies
on China for approximately 95% to 97% of its solar PV imports, while the US relies on a constantly
shifting network of non-Chinese production hubs.

The core finding of the research is a tight co-evolution between US policy interventions and the
rapid geographical restructuring of solar manufacturing. Whenever the US closed a trade loophole,
major Chinese manufacturers immediately pursued counterstrategies, creating a global "whack-a-
mole" dynamic:

e When the US targeted China in 2012, manufacturers shifted cell production to Taiwan.

e When tariffs were extended to Taiwan in 2014, Chinese firms relocated production to
Southeast Asia, triggering the massive manufacturing boom in Vietnam and Thailand.
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e When the US opened an anti-circumvention case against Southeast Asian countries in 2022,
PV exports from Vietnam plummeted, resulting in abandoned mega-factories. Production
immediately shifted to new countries like India, Indonesia, and Laos (which had zero PV
production prior to 2022).

This geographical fluidity is not limited to module assembly. Upstream components are also
moving; for example, the UFLPA triggered a rapid shift of polysilicon production out of the Xinjiang
province, and wafer production was heavily relocated to Vietnam to comply with US tariff rules.

Perverse Incentives and Extreme Profitability

A highly paradoxical outcome of US protectionism is that it has created "perverse incentives" for
Chinese manufacturers. Because US tariffs have made solar PV modules in the US roughly three
times more expensive than in the rest of the world, the market offers a massive price premium.

Manufacturers who successfully circumvent tariffs by setting up facilities in Southeast Asia reap
extraordinary profits. These high profit margins mean that Chinese companies building massive 8
GW factories in Vietnam can recoup their entire capital investment within just two to three years.
Furthermore, Chinese manufacturers are now leveraging US subsidies (such as those from the
Inflation Reduction Act) to jump tariff walls and directly build capacities inside the US.

Insights from the Q&A

During the Q&A, the discussion naturally turned to the implications for the EU's Net-Zero Industry
Act (NZIA) and its "resilience criteria." Participants asked what lessons could be drawn for the
current "Made in the EU" debate and whether the EU might face similar challenges.

Marslev pointed out a critical vulnerability: throughout all these global geographic shifts, the
corporate ownership of the factories rarely changed—they remain overwhelmingly operated by the
same dominant Chinese parent companies. He predicted that if the EU market remains sufficiently
profitable, and especially if European developers struggle to meet the new NZIA resilience
requirements, the highly mobile Chinese solar industry will likely just move production directly inside
the EU to supply the market from within. If the EU relies strictly on territorial requirements (e.q.,
"Made in the EU") rather than corporate ownership requirements, these multinational corporations
can easily bypass the restrictions. Ultimately, the research demonstrates that if the EU genuinely
wants to reduce strategic dependencies, policymakers must look beyond geography and actively
monitor the ownership structures of these industries.

Furthermore, Marslev highlighted that targeted, country-specific tariffs (like those the US levied
against China) are highly ineffective and merely result in a "whack-a-mole" game of supply chain
relocation across third countries. He noted that there is virtually no support within the European
solar industry for imposing isolated tariffs on China. Instead, if protectionist measures are deemed
necessary, Marslev argued it would be far more effective to implement uniform, global safeguard
tariffs across all importing countries. By applying tariffs universally rather than to a single nation,
policymakers could prevent geographic circumvention and successfully carve out a protected space
for domestic EU manufacturers to operate and scale up.

4.4. International trends of Life cycle assessment for clean energy

Presenter: Norihiro Itsubo, Waseda University
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Overview and the Shift to Comprehensive Assessment

Norihiro Itsubo from Waseda University presented on the evolution and future trajectory of Life
Cycle Assessments (LCA) for clean energy technologies. While traditional Carbon Footprint (CFP)
studies have grown exponentially and remain vital for measuring climate change mitigation, they
only capture a single dimension of sustainability. To prevent "burden-shifting"—where carbon
emissions are reduced at the expense of other critical resources—the field is shifting toward
comprehensive impact assessments.

To address this, Japanese researchers, supported by the government and industry, developed the
LIME (Life-cycle Impact assessment Method based on Endpoint modelling) framework. This
advanced methodology assesses and integrates 15 distinct impact categories—including climate
change, air pollution, resource consumption, and biodiversity—into standardized damage
assessments.

Figure 11 Slide on biodiversity impact of the Russia-Ukraine war.
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Beyond Carbon: Uncovering Hidden Environmental Burdens

Applying comprehensive LCA reveals crucial trade-offs in the clean energy transition. The
presentation highlighted several specific case studies:

e Fuel Cell Vehicles (FCVs): An assessment of the Toyota MIRAI showed that while FCVs
significantly reduce climate change impacts compared to conventional combustion engines,
their specific components drive a massive increase in mineral resource consumption.

e Solar PV and Land Use: If massive solar PV farms are constructed by clearing natural
mountain forests, the resulting biodiversity loss from land-use change can be so severe that
the total environmental impact closely rivals that of a coal power plant. Conversely,
deploying panels on rooftops or existing industrial sites mitigates this issue entirely.
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e (Carbon Dioxide Removal: While both Direct Air Carbon Capture and Storage (DACCS) and
Bioenergy with Carbon Capture and Storage (BECCS) effectively remove CO2, BECCS
requires massive amounts of land and water to grow biomass, leading to severe
biodiversity impacts that DACCS avoids.

e Battery Recycling: Assessing lithium-ion battery recycling strictly through a carbon lens
shows a modest ~20% reduction in climate impact; however, looking through a resource
consumption lens reveals a massive conservation of raw minerals, highlighting recycling's
true value.

The Emergence of Social LCA

The presentation emphasized that the field is rapidly expanding into Social LCA, aiming to quantify
the human and societal costs embedded in global supply chains.

A primary case study focused on the production of lithium-ion batteries, specifically the mining of
cobalt in Central Africa (e.g., the Congo) and copper in Latin America. The methodology quantifies
"human capital loss" by translating child labour risks into lost schooling hours and a reduction in life
expectancy/working life. This allows stakeholders to explicitly measure the educational and social
detriments occurring upstream in developing nations to support the clean energy transition in
advanced economies.

Nature Footprinting and Monetization

Looking to the future, LCA research is heavily focusing on "Nature Footprinting" and the
monetization of environmental costs. Driven by initiatives like the Taskforce on Nature-related
Financial Disclosures (TNFD), there is a strong push for companies and financial institutions to
publicly disclose their impacts on natural capital.

The LIME3 framework translates these diverse environmental damages into a single monetary
value (US dollars), making it easier for governments and corporations to integrate these metrics
into economic decision-making. For example, the methodology calculates a Social Cost of Carbon at
approximately $80 per ton of CO2. To illustrate the power of this monetization, the model was
applied to the Russia-Ukraine war (Figure 11); the research estimated that the environmental
external costs (such as biodiversity loss and plant growth destruction) amounted to roughly $28
billion, equal to nearly half of Ukraine's total GDP loss in 2022.

Insights from the Q&A

During the discussion, participants asked how companies and policymakers can practically balance
and integrate environmental and social LCAs when making strategic decisions. Itsubo explained that
comparing completely different domains—specifically condensing impacts on human health, social
assets, biodiversity, and primary production into a single indicator—requires a "weighting" approach.
Because weighting is inherently subjective and based on social science rather than hard natural
science, researchers utilize environmental economic approaches like conjoint analysis. By conducting
massive public surveys (gathering responses from 6,000 people across G20 nations), researchers
statistically analyse how citizens prioritize different risks, creating a weighting factor that reflects
society's values.

Another point of debate during the Q&A involved the impact of solar PV on biodiversity. When a
participant noted that their own 4-year study found positive biodiversity effects from placing solar
panels on agricultural or wasteland, Itsubo clarified that his presented findings modelled a "worst-
case scenario”. His assessment of biodiversity loss assumed the complete transformation of natural
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mountain and valley environments into solar power plants. He strongly agreed that alternative
scenarios, such as deploying solar panels on residential roofs or inside existing factory areas, would
result in a much better environmental profile, highlighting that the prior land use fundamentally
dictates the ultimate biodiversity impact.

Finally, regarding the future of Social LCA, Itsubo noted that it is still in its infancy. The biggest
current challenge is the lack of established structural methodologies to link cause, effect, and
impact. Furthermore, there is a severe shortage of international experts and case studies to conduct
these highly complex societal assessments. He observed an interesting dynamic: while the interest
in these social assessments is very high in developing countries, the lack of experts in developed
nations means that proactively creating a collaborative global community will be crucial moving
forward.

32



5. Conclusions

Securing global clean energy supply chains represents a massive economic, climate, and resilience
opportunity. Achieving this requires stable, long-term policy frameworks, evidence-based decision-
making, and a continuous reassessment of global trade dynamics. Based on the insights and
research presented throughout the report, several critical conclusions and strategic imperatives
have emerged for policymakers, researchers, and industry leaders.

The Imperative of Advanced Data Methodologies

The overarching principle of supply chain management is clear: "if you cannot measure it, you
cannot control it". Over the past two years, the capacity to measure and map complex clean energy
networks has advanced significantly. Policymakers now have access to novel data methodologies
that move beyond traditional trade statistics. These include the implementation of new international
standardization frameworks (such as 1SO standards for energy resilience), the extraction of
component-level data from IEC type certificates, and the utilization of deep-dive qualitative field
studies.

Furthermore, the integration of cutting-edge technologies is proving transformative. Utilizing
Artificial Intelligence (Al) to harvest and process fragmented, unstructured web data, alongside the
use of satellite imagery to monitor factory construction in near real-time, can exponentially
accelerate supply chain mapping. Automating data collection frees up limited human analytical
capacity, allowing experts to focus on interpreting complex results and formulating actionable
policies.

Navigating the New Geopolitical Trade Landscape

The global trade landscape is undergoing a fundamental shift, moving away from an era of
unhindered, barrier-free globalization toward a period defined by protectionist industrial policies and
state interventionism. As nations engage in a "green subsidy race" to secure domestic
manufacturing and energy security, a critical dilemma has emerged: interventions designed to
protect local industries risk challenging the affordability of clean technologies, which could
inadvertently slow down the pace of global deployment and jeopardize overarching climate goals.

To navigate these shifting geopolitical alliances, a highly nuanced and pragmatic approach is
required. Rather than relying solely on tariffs—which highly fluid multinational corporations can
often circumvent—advanced economies must rethink their long-term strategies. A vital pathway
forward is to direct research and innovation (R&I) toward developing new technological areas that
are fundamentally less dependent on constrained critical raw materials (e.g., innovating beyond
lithium-heavy systems), thereby reducing severe import vulnerabilities at the source.

Overcoming Data Fragmentation and Empowering Human Capacity

Despite significant technological advancements, clean energy supply chain data remains highly
fragmented, siloed behind commercial paywalls, and characterized by inconsistent quality. To
address this, there is an urgent need for formalized international collaboration frameworks. Such
frameworks must aim to prevent overlapping research efforts and explicitly bridge the gaps
between data suppliers and diverse end-users, such as connecting Life Cycle Assessment (LCA)
practitioners directly with energy modelling communities.

Simultaneously, while Al and automated data collection offer powerful new capabilities, human
expertise remains indispensable. Highly trained analysts are strictly required to resolve data
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inconsistencies, make final analytical judgments, and accurately communicate complex metrics to
stakeholders.

The Challenge of Fluidity and Future Outlook

A persistent reality of the clean energy transition is that global supply chains are extremely fluid. As
demonstrated by recent shifts in solar PV manufacturing networks, supply chains can
fundamentally restructure themselves geographically within a single year in response to changing
tariffs, subsidies, or export controls. Consequently, static reporting that looks several years into the
past is often obsolete upon publication. The ultimate challenge moving forward will be matching
realistic, near real-time monitoring capabilities with the ambitious and fast-paced needs of modern

policy.

To maintain momentum and continue advancing the understanding of these critical networks,
ongoing international engagement remains essential. The leap in knowledge achieved over the last
years underscores the value of continuous assessment. Furthermore, while digital monitoring tools
and Al are rapidly advancing, direct, physical round-table exchanges continue to prove irreplaceable
for successfully translating complex, evidence-based scientific data into actionable policy.

34



List of abbreviations and definitions

Abbreviations Definitions

AIST National Institute of Advanced Industrial Science and
Technology (Japan)

APEC Asia-Pacific Economic Cooperation

B2B Business-to-Business

B2C Business-to-Consumer

BECCS Bioenergy with Carbon Capture and Storage
BGS British Geological Survey

BNEF BloombergNEF

BoS Balance of System

CAES Compressed Air Energy Storage

CapEx Capital Expenditure

CEM Clean Energy Ministerial

CETO Clean Energy Technology Observatory

CFP Carbon Footprint of Product

CN Combined Nomenclature (Trade statistics codes)
COoP Conference of the Parties

CPS Current Policies Scenario

CRM Critical Raw Materials
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Getting in touch with the EU

In person

All over the European Union there are hundreds of Europe Direct centres. You can find the ad-
dress of the centre nearest you online (european-union.europa.eu/contact-eu/meet-us en).

On the phone or in writing

Europe Direct is a service that answers your questions about the European Union. You can con-
tact this service:

— by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls),
— at the following standard number: +32 22999696,
— via the following form: european-union.europa.eu/contact-eu/write-us en.

Finding information about the EU

Online

Information about the European Union in all the official languages of the EU is available on the
Europa website (europa.eu).

EU publications

You can view or order EU publications at op.europa.eu/en/publications. Multiple copies of free
publications can be obtained by contacting Europe Direct or your local documentation centre
(european-union.europa.eu/contact-eu/write-us en).

EU law and related documents

For access to legal information from the EU, including all EU law since 1951 in all the official
language versions, go to EUR-Lex (eur-lex.europa.eu).

Open data from the EU

The portal data.europa.eu provides access to open datasets from the EU institutions, bodies and
agencies. These can be downloaded and reused for free, for both commercial and non-commer-
cial purposes. The portal also provides access to a wealth of datasets from European countries.
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