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Abstract

This report is the second annual report of European Climate Neutral Industry Scoreboard, which builds on the
findings and framework developed in the study, ‘Climate neutral market opportunities and EU
competitiveness’, conducted by the ICF and Cleantech Group for DG GROW in 2019-2020 (European
Commission, 2020a). The objective of the scoreboard is to assess the EU’s competitive position in climate-
neutral solutions across important industrial ecosystems related to the energy transition. The previous
assessment, the 2021 annual report, analysed 20 climate-neutral solutions, in the ecosystems of renewable
energy, energy-intensive industry, mobility-transport-automotive, construction and electronics. This report
provides an update of these 20 solutions and adds eight new climate-neutral solutions. The scoreboard is
based on ten key indicators: public R&D investment, early and later stage private investment, patenting
activity, number of innovating companies, employment, production, turnover, imports & exports and trade
balance. The analysis for each indicator is presented through a number of supporting sub-indicators, which
are included in the accompanying datasets and annotated in the individual technology chapters. For more
details on the methodology, readers should consult the respective CIndECS technical document, on the
protocol of the assessment methodology.



Foreword

This document is part of the Administrative Arrangement (AA) N° S12.836914, JRC 35853, between DG GROW
and JRC: European Climate Neutral Industry Competitiveness Scoreboard (CIndECS).

It fulfils Task 5: Producing an annual report for the year 2022.
It also contains as Annex to the report:

— Final D2;02, Datasets of the 28 climate neutral solutions;
— Final D302, Scoreboard of the 28 climate neutral solutions;
The report is accompanied by:

— A PowerPoint presentation on methodology, analysis and main conclusions, with relevant graphs to
display the results and key findings that can be used for communication purposes ;

— A summary in the form of a policy brief, including a short description of the scope of the study, a
synthesis of the findings, summary scoreboards for the climate neutral solutions assessed and a
summary of messages relevant for policy making.

— More focus has been placed on three of the solutions — small modular (nuclear) reactors, permanent
magnets and bio-based circular fertilisers — with input from external experts in the latter two. The first
two were also the subject of dedicated expert workshops.
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Executive summary

The 2022 annual report of the European Climate Neutral Industry Competitiveness Scoreboard (CIndECS)
presents an assessment of key climate-neutral solutions (listed in the figure below) that have high potential
to support the competitiveness of European industry, while also benefiting Europe’s socio-economic
development, aligned with the European Green Deal, its Industrial Plan, and the objective of climate neutrality
by 2050.

The summary scoreboard for 2022 provides a snapshot of the EU’s competitive position and performance
across 28 key climate-neutral solutions, 20 of which are carried over from the previous assessment and eight
of which were added for 2022. The scoring criteria benchmark the values or trends for each indicator in each
solution against the performance of the EU economy as a whole, or in terms of its relative share in the global
economy. In addition to the ten key competitiveness indicators, which provide the basis for the annual
scoreboard, a number of sub-indicators support the analysis of individual solutions and are made available in
comprehensive datasets.

European Climate Neutral Industry Competitiveness Scoreboard 2022

£
[
o @ t IE- g
3 g & 8 g S s & =
= & & e« § £ £ & s a
2 > » s a K- 2 e 5 @
= E 2 = £ E‘ ° £ =3 T
H w 5 a S u a = E -
Batteries (e-mobility and storage) @ Q (0] Q Q ] ® [ ]
Fuel cells @ @ @ @ Q@ ®
Electric powertrains @ [ ] [ ] @ @ (] (@] (@)
EV Charging infrastructure @ O e e o @ @
Prefabricated buildings @ (] (] Q@ Q [ ] @ (@)
Superinsulation materials @ Q [ ] (] @ (] (@) (@)
Heatpumps @ O ® e ® e o o o o
Wind (rotors) @ ® © e o @ o ¢ o O
SolarPv (O © © e © e e ¢ o o
Building EMS @ o e e o @ e O
GidEMS @ ® o o o @ ® O
Hydrogen production @ @ @ @ O @ ® ®
Hydropower and pumped storage @ @ @) (] @ @ @ @ (] (@]
Offshore operations (RES) @ @ (] @ @ @ [ ] (@]
Building envelope technologies @ (0] [ ] @ @ @ @) (@)
Heating and cooling networks () (@] (] @ ] (@] @ @
Cooling and air-conditioning @ @ [ ] @) (@) (0] @ @
Steel (H-DRI and electrification) @ [ ] (] @ (@) (@] Q@ @ @
CCUS for cement industry @ [ ] @) (] @ @ @ @ [ ] [ ]
Ammonia use as fuel (] (] @ @ @ ] [ ]
Steam cracking (] @ @
Fertilisers @ Q ] @ (] @ @ ]
Recycling batteries @ @ @ @ @ O}
Recycling plastics Q@ ] @ @ @ @
Permanent magnets (0] (] (0] ] Q @ [ ]
Advanced biofuels (] (] (0] O @ Q@ o
Biomethane (] (] @ ® o o
SMRs @ e ©0 e
Legend @ High () Medium ® Low Reference
Summary of criteria
Public R&D »2% 0= and <2% <0k 29> EU GDP CAGR (2016 to 2020)
Early Stage >18% 8%= and <18% 8% 18% and 8% EU's economic size and EU average performance
Later Stage »18% %< and <18% < 18% and 8% EU's economic size and EU average performance
Patents >25% 15%=< and <25% <15% =279 EU's economic sizex 15
Companies >25% 15%< and <25% <15% 25% and 15% EU average in climate technologies
Employment >1% %< and <1% <0 19 EU emgdoyment CAGR (2016-2020)
Production >3% %< and <3% <o 39y EU GOP CAGR (2016-2021)
Tumover >2% 0%< and <2% <06 29 EU GDP CAGR (2016~ 2020) .
Imports & Exports >25% 15%=< and <25% <15% | ~239 EU's economic sizex 13 Reversed for c'_rcular
Trade Balance positive / improving negative / deteriorating _ | botterics racyclig ;mn




Policy context

The European Green Deal (), and the “new Industrial Strategy for Europe” (?)(*) place industry in a leading role
to deliver the transformational change needed across the European economy, society and industry to achieve
climate neutrality. Faced with the challenge of energy dependence and rising energy prices, REPowerEU (*) has
accelerated the urgency of this change. Adopted in 2023, the Green Deal Industrial Plan (°) aims to secure
Europe’s lead in industrial innovation and to scale up EU manufacturing of clean technologies by introducing
the Net Zero Industry Act (°) and the Critical Raw Materials Act (7). EU industry needs to remain competitive to
reap the benefits of the green transition. This scoreboard measures EU progress on the climate neutral
solutions key to achieving these goals.

This work contributes to the annual Clean Energy Competitiveness Progress Report, accompanying the State
of the Energy Union Report. The solutions assessed feature in Member States’ National Climate and Energy
Plans and Recovery and Resilience Plans, and are aligned with their long-term decarbonisation needs. The
technologies assessed here are also aligned with REPowerEU (8) and Net Zero Industry Act (°), which define
the strategic net-zero technologies.

Key conclusions

In 2016-2020, EU Member State public R&D investment increased in all 17 climate-neutral solutions for
which data was available, with the exception of hydropower and pumped storage. In 15 of these solutions,
public R&D investment grew faster than EU GDP, indicating a strong performance. Public investment
increased most in batteries and offshore operations, in which investment grew by an average of 30%
annually (2016-2020). For hydrogen production, grid EMS and CCUS (°) for the cement industry, the average
growth rate was also double-digit (2016-2020).

Venture capital investment in climate-neutral solutions is increasing overall. In 2016-21 (as compared to the
2015-20 period), the EU captured a higher share of later stage investment and a lower share of early stage
investment (the latter dropped in 2021). This trend is directly related to the scaling up of the Swedish
manufacturer Northvolt, which was the sole recipient of 89% of EU venture capital investment in batteries
and almost half of EU venture capital investment overall in 2016-21. Beyond batteries and battery recycling,
early stage investment in the EU is, however increasing, and the EU still performs better at financing early
ventures than later scale-ups. The overall grant intensity (share of grant funding in early stage investment) is
similar in the EU (22%) to the rest of the world (21%). It is, however, much lower in the EU than in the rest of
the world for three solutions (fuel cells, hydrogen production and small modular reactors (SMRs)).

The EU hosts over 25% - the threshold for strong performance - of identified venture capital and corporate
companies for 20 of the 28 monitored solutions. The share of venture capital companies in EU-based
innovators is comparable to that of the rest of the world. However, the EU achieves a lower performance in
key solutions including batteries & battery recycling, fuel cells and solar PV.

The EU is strong overall in patenting activity — in 19 of the 28 climate-neutral solutions assessed, the EU
captured over 25% of high-value patents in 2016-2019. The weakest performance is in solar PV, where
Chinese and South Korean patenting activity has surged ahead of the EU, which has a declining patenting
trend. While the EU captures less than 15% globally, its patent portfolio in solar PV is one of the biggest
among the solutions assessed, preceded by batteries and followed by fuel cells and EV charging
infrastructure. In four solutions, namely heating and cooling networks, biomethane, permanent magnets and
wind rotors, the EU captures over half of all high-value inventions globally.

EU production, as an indication of EU manufacturing capacity, grew faster than EU GDP in 19 solutions in
2016-2021. The most notable compound annual growth rate, at 72%, was in batteries. Production has
generally improved compared to 2015-2020, reflecting the economic rebound from the pandemic, with the
exception of three solutions: offshore operations, where performance dropped slightly; fuel cells, which

(1) COM(2019) 640 final, 11 December 2019, The European Green Deal and a comprehensive package of proposals COM(2021) 550
final, 14t July 2021, ‘Fit for 55': delivering the EU’s 2030 Climate Target on the way to climate neutrality.

COM(2020) 102 final, 10 March 2020, the “New Industrial Strategy for Europe”.

COM(2021) 350 final, 5 May 2021.

COM(2022) 108 final, 8t March 2022.

COM(2023) 62 final, 1st February 2023

COM(2023) 161 final, 16™ March 2023 and SWD(2023) 68.

COM(2023) 160 final, SWD(2023) 160, SWD(2023) 161, SWD(2023) 162, SEC(2023) 360.

COM(2022) 108 final, 8t March, REPowerEU: Joint European Action for more affordable, secure and sustainable energy.

Carbon capture, utilisation and storage.
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maintained a strong performance; and hydropower and pumped storage, whose performance remained weak.
Increased production costs from 2021 onwards affect this indicator to varying degrees across the solutions.

Regarding EU external trade, the EU performed strongly in 2019-2021, accounting for over 25% of extra-EU
exports in eight solutions. The EU largely maintained its position compared to 2018-2020, apart from the
steel solution, whose performance improved and CCUS, which marginally declined. The majority of EU imports
were covered by internal trade except for five solutions: 73% of permanent magnet imports came from Ching;
70% of ammonia imports came from Algeria, Russia and Trinidad and Tobago; 65% of solar PV imports came
from China; 65% of offshore platform and vessel imports came from China, India and South Korea; and 59%
of nuclear machinery and 50% of nuclear fuel, both relevant to the small modular reactors (SMRs) value
chain, came from Russia.

In 2021, the EU had a positive trade balance in 14 solutions and a trade deficit in 11 solutions. China was the
main exporter to the EU in seven solutions with a negative trade balance (solar PV; batteries; cooling and air-
conditioning; permanent magnets; EV charging; heat pumps; and buildings EMS). Compared to 2020, the EU
trade balance deteriorated except for four technologies (wind rotors; hydrogen; offshore operations; and
steel). In 2020, the trade balance in heat pumps turned negative for the first time (EUR 40 million), and in
2021, the deficit increased almost tenfold (EUR 390 million). In this context it should also be noted that many
technologies depend on imported materials, giving impetus to the Critical Raw Materials Act adopted in 2023.
Here, circular solutions chosen for the 2022 assessment come into play. Hence, in the case of waste trade, a
trade surplus indicates a loss of opportunity for circularity. The EU had a declining trade surplus in plastic
scrap, implying improvements in circularity, while in spent batteries, the volumes of which are still small,
exports are on the rise, implying the need to improve recycling within the EU.

There are significant difficulties in consolidating employment and turnover figures, and data is therefore
unavailable for the majority of solutions. Nevertheless, renewable energies, for which data is available, show
that employment and turnover increased by 12% and 14% respectively in 2021 on 2020 figures. Growth was
fuelled particularly by increasing demand for heat pumps and solar PV. At the same time, wind contracted in
terms of jobs and turnover due to a faltering installation rate. A strong bounce-back from the pandemic has
been accompanied by employment shortages spilling over from the overall economy, in combination with
inertia in the clean energy sector in terms of building the skills capacities required for the green and digital
transitions. Therefore, it is of utmost importance to bridge the skills gap and address the supply chain risks
identified for (critical) materials to ensure the competitiveness of the EU’s climate-neutral industry.

Main findings

The report confirms that the EU is strong when it comes to innovation in climate-neutral (technology)
solutions. The EU is a powerhouse in green patenting and plays host to a large share of innovators. Public
R&D investment is increasing, as is early stage venture capital investment. Nevertheless, the EU still trails
behind its competitors in financing scale-ups and commercialising its green innovations. The report finds that
EU production bounced back strongly after the pandemic, but growing demand was increasingly met with
imports and the EU trade balance in many strategic net-zero technologies therefore deteriorated. Employment
and turnover are growing in solar PV and heat pumps in particular, thanks to strong deployment. Globally, the
EU largely maintained its position in extra-EU exports, especially in wind, where the EU holds the biggest trade
surplus. The report identifies areas of strength in wind (rotors), heat pumps, offshore operations (for the
installation of renewables) and heating and cooling networks, where the EU performs well on most indicators.
There are signs of improvement in some key net-zero technologies, such as batteries, solar PV and hydrogen
production. Moreover, the EU is active in many emerging solutions for the energy-intensive industry, such as
steel decarbonisation through H-DRI and electrification, and some circular solutions, such as bio-based
circular fertilisers and plastics recycling. The report also reveals areas of weakness and potential threats. EU
performance is more often weak in transport-related solutions such as electric powertrains and EV charging
infrastructure, and in building-related solutions such as prefabricated buildings, superinsulation and building
EMS.

Related and future JRC work

Future work will focus on addressing data gaps where possible, improving the analytical framework and
indicators, and continuing to monitor the evolution of the indicators to provide insights on the change in EU
competitiveness across the relevant ecosystems.



Quick guide

For more details on the methodology, readers should consult the respective CIndECS technical report, on the
protocol of the assessment methodology. For more details on the first 20 climate-neutral solutions, readers
should consult the first edition of the CIndECS report.



1 Introduction

The European Green Deal (European Commission 2019) is Europe’s new growth strategy (1°). At its heart is the
goal of becoming the world’s first climate-neutral continent by 2050. In 2021, climate neutrality by 2050 was
enacted as a legally binding target in the European Climate Law (*!), which also included the target of
reducing greenhouse gas emissions by at least 55% by 2030 compared to 1990 levels. In 2022, the
REPowerEU Plan (*2) was adopted to address energy dependency and rising energy prices in the fast evolving
geopolitical situation. The Plan seeks to accelerate the adoption of several of the assessed solutions by, for
instance, frontloading deployment targets for heat pumps, wind power and solar energy, and boosting green
hydrogen production and uptake in the energy-intensive industries.

The new Industrial Strategy for Europe, published in 2020 (*%), and its recent update in 2021 (%), gives
industry a leading role in carrying out this transformation. The Green Deal Industrial Plan (*°), adopted in 2023
together with supporting acts on Net Zero Industry (*) and Critical Raw Materials (*7), aims to secure Europe’s
lead in industrial innovation and to scale up the manufacturing of clean technologies, both of which are
assessed in this report. A central tenet of these policies is that EU industry can only succeed globally if it is
competitive and continues to innovate. This is also crucial to the success of the EU’s expanded energy and
climate ambition.

In response to the pandemic, the EU adopted a comprehensive recovery plan, NextGenerationEU, to mitigate
the economic and social impact of the pandemic and to make European economies and societies more
sustainable, resilient and better prepared for the challenges and opportunities of the green and digital
transitions. Under the Recovery and Resilience Facility, Member States will implement reforms and investment
in line with the above-mentioned EU priorities. Member States have allocated 40% of the spending in their
plans to climate measures and about 26% on the digital transition, both of which exceed the initial targets
(European Commission, 2023).

In this context, quantitative datasets on EU industry competitiveness are instrumental in providing the EU with
evidence on how climate-neutral solutions and components of industrial ecosystems are evolving. Industrial
ecosystems of interest include those related to construction, low-carbon energy-intensive industries, the
mobility, transport & automotive industry, renewable energies and hydrogen, civil, mechanical, electric and
electronic engineering, and solutions for energy systems integration.

The study assesses key climate-neutral solutions that have significant potential to support the
competitiveness of European industry, and to be of great benefit to Europe’s socio-economic development, in
line with the European Green Deal and its 2050 climate-neutrality objective.

1.1 The purpose of the study

The present study builds on the findings and the framework developed in the study, ‘Climate neutral market
opportunities and EU competitiveness’ (European Commission, 2020a). The main objective is to compile a
scoreboard to assess the EU’s competitive position in important industrial ecosystems related to the energy
transition. The study builds on previous JRC work on competitiveness in the low-carbon energy industries
(Asensio Bermejo and Georgakaki 2020, Fiorini, et al. 2017), which also steered the 2020 study, for which the
JRC provided data and guidance on indicators. This study takes advantage of the established in-house
expertise within the JRC, enabling consistency, coherence and continuity with other EC initiatives and data
sources.

The assessment framework includes ten competitiveness indicators that cover a number of aspects of
competitiveness. For the indicators to be useful, it is essential that they support continuous monitoring and
tracking of long-term trends. They should be replicable across a number of climate-neutral solutions and
allow comparison of the performance of the EU and EU businesses to that of other major economies and
businesses located in other regions in the world. They should also be based on transparent, robust and

(10  COM(2019) 640 final, 11t December 2019: The European Green Deal.

(11) Regulation (EU) 2021/1119: European Climate Law

(12) COM(2022) 108 final, 8" March 2022, REPowerEU: Joint European Action for more affordable, secure and sustainable energy:
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52022DC0108&qid=1647269978089

(13) COM(2020) 102 final, Brussels 10.3.2020

(*4)  COM(2021) 350 final, Brussels 5.5.2021

(13) COM(2023) 62 final, 1st February 2023

(16) COM(2023) 161 final, 16™ March 2023 and SWD(2023) 68.

(7) COM(2023) 160 final, SWD(2023) 160, SWD(2023) 161, SWD(2023) 162, SEC(2023) 360.



reproducible data and accessible data sources. The geographical scope is the EU and all Member States, and
major global competitors. The indicators are summarised in the form of a scoreboard to provide a snapshot of
the EU position in comparison with its major global competitors.

To ensure this, the JRC carried out a comprehensive revision of the assessment framework. A detailed
protocol of data collection and methodology is available as a separate technical report. Technology experts
were consulted as much as possible, to validate the information collected and the scope of the solutions, to
identify appropriate proxies, where needed, and to highlight potential caveats in the data. At the same time, it
is important to acknowledge that the industries and solutions assessed are evolving fast, together with the
existing data classifications, such as recent consolidation in Cooperative Patent Classification (CPC) codes for
Climate Change Mitigation Technologies from EPO and UPSTO, and the forthcoming update of Harmonised
System (HS) codes used for international trade. This affects the reproducibility of previous analysis and
necessitates frequent updates to the data collection protocol.

1.2 Scope and climate neutral solutions covered

The selection of climate-neutral solutions, in addition to the 12 already analysed in the 2020 assessment,
took into account the strategic priorities of a climate-neutral transition, digitalisation and building resilience,
notably in those industrial ecosystems which are key to European recovery. A long list of climate-neutral
solutions from existing literature and policy documents was screened using several criteria: (1) technologies
with the largest potential to contribute to EU decarbonisation ambitions and relevant policy actions;
(2) technologies highlighted in Member States’ National Energy and Climate Plans (NECPs) and in the
Recovery and Resilience Plans (RRPs); and (3) market relevance in terms of existing or expected European
market growth. The final decision to include eight new solutions in 2021, and a further eight in 2022, was
taken in consultation with experts.

Figure 1 depicts the climate-neutral solutions assessed in this report. The first 12 solutions, shown on the
left, were included in the previous study (European Commission, 2020a) and updated in the 2021 assessment
and this report. The next eight solutions were first included in the 2021 assessment and the scoreboard. In
this 2022 assessment, a further eight solutions have been added. A more detailed overview of the scope of
the solutions, and the codes which are used to identify and collect relevant data, can be found in Annex 1.

Figure 1: Climate-neutral solutions assessed () (right)
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(18) A more detailed description of each solution can be found in the Annex.
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The assessment approach and methodology

The assessment framework, upon which the annual competitiveness scoreboard builds, includes ten main
indicators. The first five relate to innovation and competitiveness in future markets, while the latter five
address competitiveness in markets today. These indicators provide a range of information about the climate-
neutral solutions in question:

Public R&D (°) investment shows whether the climate-neutral solution benefits from sustained and/or
increasing levels of public RD&D investment;

Early and late stage investment (mainly venture capital (VC) investment) indicates whether the
market recognises the potential of the solution to invest in innovation and generate growth and financial
returns in the future;

Patents are used as a measure of innovation in the targeted sectors and solutions;
Innovating companies are counted and compared with the global trend;

Employment shows whether the climate-neutral solution has an established labour market in the EU
and whether it is expanding or contracting;

Production gives an indication of the EU production competence and capability;
Turnover monitors EU firms’ ability to generate turnover,

Imports and Exports gives an indication of the EU’s capacity to generate exports to non-EU countries
and to meet demand inside the EU market;

Trade balance monitors whether the EU can sustain a strong and positive trade balance or whether it is
reliant on non-EU imports.

In addition, the datasets that underpin the report include a number of sub-indicators under each main
indicator. More detailed descriptions of changes to the sub-indicators and new additions are detailed in the
technical report on the protocol of the assessment methodology. Table 1 summarises the data sources used
for each main indicator and for sub-indicators.

Table 1: Competitiveness assessment indicators and sub-indicators

Quantitative

# L Source Sub-indicators
indicator
. Public R&D - Top ten investing countries
investment EU investment trend
Top countries by raised capital
Early stage EU share of investment deals, EU vs RoW
2 investment Pitchbook EU share of total investment value, EU vs RoW
(Venture Capital) Evolution of investment by region, EU vs RoW
Evolution of capital raised by deal type, EU vs RoW
Top countries by raised capital
Later stage EU share of investment deals, EU vs RoW
3 investment (Venture | Pitchbook EU share of total investment value, EU vs RoW
Capital) Evolution of investment by region, EU vs RoW
Evolution of capital raised by deal type, EU vs RoW
Top patenting leaders and distribution of invention types
Evolution of high-value inventions by region
4 Patenting trends JRC based on Patstat Top ten countries with high value inventions
Flow of high value inventions
Top patenting entities — top ten in the World and top ten in the EU
Pitchbook, CTG and other | EU share of active VC companies and innovative corporates
sources (e.q. - - -
. Innovating BloombergNEF) for VC EU share of total raised capital by VC-backed companies
companies companies (>°) and JRC Top countries with VC-backed companies and innovative corporates
based on Patstat for
patenting corporates Top countries by raised VC capital

(*9)
(29)

Research, development and demonstration.
VC companies refer to companies that have received venture capital investment, mainly comprising start-ups and scale-ups.
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Evolution of capital raised by investment stage, EU vs RoW

Employment

Top ten countries by employment

EurObserv’ER

EU employment trend

Growth rate for EU

Production

PRODCOM

Production per year over time for EU total

Top producing countries’ share of the total

Turnover

Top ten countries in turnover

EurObserv’ER

EU27 turnover trend

Growth rate for EU

Imports & Exports

Top 5 EU importers and exporters, intra-EU and extra-EU trade

Evolution of total extra-EU imports and exports

COMTRADE and COMEXT

Evolution of global exports with EU total and share of total global exports,
EU-total and extra-EU

Top ten global exporters and importers

EU capture of growing non-EU markets — EU share of biggest global
importers and growing or shrinking position of EU exports in growing
markets

10

Trade balance

Evolution of extra-EU trade balance

Top EU countries with positive trade balances

COMEXT

Top EU countries with negative trade balances

Top ten trading partners for the 3 countries identified in the previous step
(major exporter and major importer)

Relative trade balance for EU Member States

Source: JRC, 2023

This study maintains the structure used in the previous assessment, while revising the scoring criteria. For the
scoring criteria of indicators that look at the EU trend, namely public R&D investment, employment,
production, turnover and trade balance, the change in the indicator over time was benchmarked against the
broader socio-economic context, namely the growth in EU GDP and total employment over the same period of
time. The remaining indicators, namely early and late stage investment, patents, innovating companies and
extra-EU trade, assess the EU share of the global total. For some of these, key performance indicators defined
by European Round Table for Industry (ERT) provided guidance as to the benchmark that could be adopted to
indicate strong competitive performance (European Round Table for Industry, 2020). Table 2 summarises the
scoring criteria and benchmark for each indicator and Figure 2 shows the scoring thresholds used in 2021.

Table 2: Scoring criteria and benchmarks of EU performance for the scoreboard

Scoring criteria Benchmark
Public RD&D EU trend EU GDP growth Growth higher than that of EU GDP qualifies as high performance.
investment Contraction implies low performance.
Early stage EU global share EU’s economic size To close the gap to competitors the EU should receive at least the
investment and the average share that reflects its economic size (European Round Table for
performance in VC Industry, 2020), which qualifies as high performance. The EU average
investment in all climate tech venture capital investment was 8% (2015-2020),
which qualifies as medium performance.
Late stage EU global share EU’'s economic size To close the gap to competitors the EU should receive at least the
investment and the average share that reflects its economic size (European Round Table for
performance in VC Industry, 2020), which qualifies as high performance. The EU average
investment in all climate tech venture capital investment was 8% (2015-2020),
which qualifies as medium performance.
Patents EU global share 1.5 x EU’'s economic To close the gap with the competitors in industrial R&D investment and
(high-value) size (?1) reflect the EU’s technological leadership, the EU should outperform its
share in the global economy by 50% (European Round Table for
Industry, 2020), i.e. 1.5 times its economic size.
Innovating EU global share The US average and The US, historically the leading location of start-ups, is at 35%, which is
companies the EU average used to derive the upper threshold for high performance. The EU
performance average share of innovating companies is about 25% which qualifies

1)

EU’'s economic size i.e. share of the global economy stands at around 18%.
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for medium performance.

Employment EU trend EU total employment Growth higher than that of EU GDP qualifies as high performance.
growth Contraction implies low performance.
Production EU trend EU GDP growth Growth higher than that of EU GDP qualifies as high performance.
Contraction implies low performance.
Turnover EU trend EU GDP growth Growth higher than that of EU GDP qualifies as high performance.
Contraction implies low performance.
Imports and EU global share 1.3 x EU’'s economic The EU should capture a market share in high technology exports larger
Exports (extra-EU exports) | size than its share in the global economy by at least 30% (European Round

Table for Industry, 2020), to qualify as high performance.

Trade balance EU trend Growing surplus qualifies as high performance, whereas growing deficit
as low performance. Improving deficit or decreasing surplus qualify as
medium performance.

Source: JRC, 2023

Figure 2: Scoring criteria thresholds in 2022

Legend O High ) Medium ‘ Low Reference
Summary of criteria
Public R&D >2% 0< and <2% <0% 2% EU GDP CAGR (2016 to 2020)
Early Stage >18% 8%< and <18% <8% 18% and 8% EU's economic size and EU average performance
Later Stage >18% 8%< and <18% <8% 18% and 8% EU's economic size and EU average performance
Patents >25% 15%< and <25% <15% ~27% EU's economic size x 1.5
Companies >25% 15%< and <25% <15% 25% and 15% EU average in climate technologies
Employment >1% 09%< and <1% <0% 19 EU employment CAGR (2016-2020)
Production >300 0%< and <3% <% 30 EU GDP CAGR (2016-2021)
Turnover >20 0%< and <2% <0 29 EU GDP CAGR (2016-2020)
Imports & Exports >25% 15%-< and <25% <15% ~230p EU's economic sizex 1.3 Reversed for circular
) ) solutions (plastics and
Trade Balance positive / improving negative / deteriorating
batteries recycling)

Source: JRC, 2023

The economic data used in the study are in current prices, as well as scoring benchmarks. Thus, the price
increase that started in 2022 shall not affect the scoring of performance. Still, some of the technologies have
been affected by the increase of prices and when possible this has been considered in the qualitative analysis.

2.1 Data collection and validation

The data for seven out of ten indicators comes from publicly available sources that are reqularly updated and
monitored. While the data is validated by the respective authorities, its quality and reliability is subject to the
quality, coherence and completeness of the reporting from the initial data providers, such as Member States
and their national statistical offices. In addition, data from these sources is subject to different classifications,
which do not lend themselves well to the monitoring of individual solutions and technologies in all cases. The
key points of uncertainty regarding each database are listed below.

— Public R&D investment from I|EA: the geographical coverage of the data is limited to IEA member
countries only. There are gaps in the reporting for a number of countries and/or years. Countries report
investment flows with varying degrees of granularity, affecting the capacity to monitor individual
solutions.

— Companies in the present study are identified through keywords (detailed in the protocol of the
assessment methodology), and validated by expert screening. This ensures that the company lists are
more robust and the selection criteria more transparent and reproducible. More detail on the changes
made can be found in the protocol of the assessment methodology (?2).

— Patent data from EPO Patstat: there are several shortcomings associated with the quality of the data
extracted directly from PATSTAT that are addressed through the JRC methodology (Fiorini, et al., 2017).
To assess patenting trends in climate-neutral solutions, the Y code classification system is used. While
some strategic components are readily ranked as clean technologies, others are not. In addition, recent
consolidation of the patent classification has reduced the level of detail available.

(??) European Climate Neutral Industry Competitiveness Scoreboard (CINDECS) - Protocol of the assessment methodology, JRC129397
(not yet published).
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— Employment and turnover from EurObserv’ER: EurObserv’ER covers only renewable energy solutions.
Employment and turnover are estimated using a ‘follow-the-money’ approach based on the capital
investment made and the associated employment and turnover intensities at each stage of the value
chain. The effect is reported for the year of commissioning of the project and not distributed over time as
would be the case in reality, creating sharp statistical peaks in the data.

— Production from Eurostat Prodcom: Production data is based on sales as reported by EU countries, thus
not accounting for stocks and total production. The Member States may choose to keep production values
confidential, limiting the analysis. There may be also underreporting from Member States.

— Imports and exports, and trade balance from Eurostat Comext and UN Comtrade: Comext covers only
European countries in EUR, while Comtrade covers global flows in USD. The data does not always match
exactly between the two databases. Some countries may choose to keep their values confidential at a
national level, limiting the sample for the analysis. Global reporting of flows is harmonised only to six
digits, which is not always specific enough to track individual solutions and technologies.

— Early and later stage investment is based on Pitchbook database, which is behind a paywall but provides
a better coverage of investment flows globally than the data source previously used. Still, it is impossible
to determine the completeness of the data. Reliability and reproducibility have been improved by
transparent company identification using solution-relevant keywords and relevant industry categories,
both of which are screened by technology experts, who also validate the final company selection. The so-
called incumbents or patenting corporates are identified based on their patenting activity.

More detailed description of data uncertainty can be found in a separate methodology report (*). In addition
to the more general issues mentioned above, there are also solution-specific limitations and shortcomings,
which are addressed under the respective technology chapters.

2.2 Updates

Assessment of the previously examined 12 solutions included a revision of classification codes and data
sources used, which is detailed in the protocol of the assessment methodology, and an update of the datasets
used in the previous study. The technical report on the assessment methodology includes a detailed
description of all the codes and sources used for all 28 climate-neutral solutions.

Data availability in regards to the most recent year differs for the assessed indicators. In order to provide the
most recent data but align the timeframe among the different indicators, the study aligns the starting year
but applies different end-year for each indicator as presented in Figure 2 and all individual scoreboards. In
the previous assessment (Scoreboard 2021) the starting year was 2015 for each indicator. In this study, the
starting year is 2016 for each indicator, while the end-year depends on the most recent available data.

(?3) European Climate Neutral Industry Competitiveness Scoreboard (CINDECS) - Protocol of the assessment methodology, JRC129397
(not yet published).
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3 Batteries

Batteries are a key enabling technology which makes it possible to reap the benefits of electrification, by
enabling higher penetration of renewables, and opening up the possibilities for far more energy-efficient
transport modes (?4) (SWD(2021)307 final (*)). As electrified transport is the primary market for batteries, the
focus here is on Li-ion batteries (%*) and next-generation batteries (?”). The scope includes, however, all kinds
of grid-connected electrochemical batteries used for energy storage and digital control systems. Activities
linked to material extraction (e.g. sourcing and excavating), batteries for small-scale electronics (<160 Wh),
hydrogen-related energy storage, flywheels, ultracapacitors, thermal storage, and mechanical storage are
excluded.

3.1 An updated status and recent developments

By 2050, the entire fleet of 270 million vehicles should be zero-emission in the EU and over 50 million are
expected on roads already by 2030 (today there are around 1.7 million), in addition to 80 GW of stationary
batteries (4.6 GW in 2021) (Bielewski, et al., 2022). Lithium-based chemistries?® dominate the e-mobility
market today and will continue to do so, but the role of other chemistries will increase in the future. For Li-ion
batteries, there remains room for improvement in their energy density, essential especially for heavier
transport and aviation.

Historically, Europe has a large chemical industry cluster and a large ecosystem around batteries, such as
lead-acid batteries. In Li-ion batteries, dominated by China, South Korea and Japan, and other modern
applications, the EU is catching up fast, with a significant number of EU cell manufacturing projects due to be
online by 2025 (Fleet Europe, 2021). In total the European Battery Alliance (**) has generated investment
exceeding EUR 100 billion for the EU to stay on track to meet 69% of Li-ion batteries demand by 2025 and
89% by 2030 (Bielewski, et al., 2022). Despite all the effort and progress in recent years, the EU is still
catching up with its competitors, and remains highly dependent on third countries for raw materials and some
active materials — a situation that is not likely to change fast. Efforts are focused on improving the
recyclability of batteries, but recycling will ease EU’s raw material resilience only towards 2030 (Bielewski, et
al,, 2022) (see Chapter 25 for battery recycling). This makes it hard for EU-headquartered companies to be
able to mass-produce battery cells at competitive prices. The EU is also dependent on importing
manufacturing equipment mainly from Asia (Bielewski, et al., 2022).

The global market of Li-ion batteries was estimated at EUR 41 billion (*°) in 2020 (Avicenne energy, 2021).
The market is forecast to experience a compound annual growth rate (CAGR) of up to 169%, reaching
EUR 112 billion by 2027 (ReportLinker, 2021). According to the same study, the EU market is forecast to reach
EUR 26 billion by the year 2027. China is the leader of the battery value chain, especially upstream: it controls
over 80% of the world’s Li-ion battery raw material refining capacity, 77% of cell production capacity and
60% of battery component manufacturing capacity (Bielewski, et al.,, 2022). The EU is stronger downstream in
the final products as it produces a fifth of EVs globally. Nevertheless, the lack of domestic raw materials and
advanced materials supply is a persistent problem despite the initiatives under way. The new proposal for a
Battery Regulation, which addresses circularity, will also facilitate sustainable mining, which is one of the
issues to be addressed.

3.2 EU positioning in innovation and major changes

The EU-wide strategic research agenda has stimulated public R&D investment in recent years. In 2020, EU
public R&D investment rose to EUR 185 million. France nearly tripled its funding in 2020, thus becoming the
biggest public investor ahead of Canada. Other big EU spenders, Germany and Austria, maintain their level of
public R&D funding. Based on the early non-complete data for 2021, Belgium also increases its funding, and
Sweden and Hungary report significant public spending for the first time at this level. In addition to this, under

(%%)  EVs convert over 77% of the electrical energy from the grid to power at the wheels compared to 12-30% that conventional gasoline

vehicles convert from the energy stored in gasoline to power at the wheels.

European Commission SWD(2021) 307 final, Brussels 26.10.2021

(?%) Li-ion batteries are leading in electrification of transport thanks to their superior energy density.

(?7) Lead acid batteries are excluded as these are mainly batteries used in conventional cars or to provide a backup for uninterrupted
electricity supply in case of unforeseen outages.

(28)  For a full list of Li-ion based batteries, see Bielewski et al. (2022).

(?°)  The European Commission launched the European Battery Alliance to address the gap in industrial capacity in 2017, followed by a
Strategic Action Plan covering the whole value chain in 2018.

(39)  For comparison, lead-acid batteries stood at EUR 33 billion in 2020. Converted from USD to EUR using 2020 exchange rate.

(25
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the Horizon Europe programme, over EUR 900 million has been earmarked for research on batteries for the
period 2021-2027 - an amount almost twice of that under Horizon 2020 (Bielewski, et al., 2022). Country-
level data is subject to the IEA data and countries reporting to the IEA. The US, previously the biggest investor,
and South Korea, with strong patenting activity in batteries, have not reported at this level in recent years.
China, with the third biggest patent portfolio in the area and one of the top spenders globally in energy R&D
(IEA, 2022a), does not report at a sufficient level of granularity.

In terms of private investment, global venture capital for battery developers skyrocketed in 2021, amounting
to EUR 11 billion, i.e. more than the cumulative investment realised since 2010. As shown in Figure 3, both
early and later stage investment reached all time-highs in 2021, supported by a few megadeals with battery
manufacturers from Sweden (Northvolt, EUR 2.6 billion, later stage VC) and China (Svolt, EUR 2.6 billion, early
stage VC and China aviation Lithium Battery, EUR 1.5 billion, PE growth).

Global early stage investment quadrupled in 2021, essentially due to large deals in the Chinese company
SVOLT. The EU accounts for 17% of the disclosed value of early stage transactions in the period 2016-21,
amounting to over EUR 736 million (69% of which results from an investment in the Swedish company
Northvolt in 2020). China, which attracted most of early stage investment over the current period (66%), takes
over the lead from Sweden (13%) and the US (10%), where investment has decreased since the previous
period.

The main driver of VC investment growth since 2018 is the larger number and value of later stage deals,
reflecting a clear trend towards the scale-up and expansion of production capacities. The EU accounts for 27%
(i.,e. EUR 3.5 billion) of disclosed values of later stage investment over the 2016-21 period. Supported by a
much larger base of VC companies, the US preserves its leadership, attracting 33% of later stage investment
over the period. It is, however, closely challenged by the megadeals seen in China (29%) and Sweden (25%).

Figure 3: Early (left) and later (right) stage investment by region [EUR Billion]
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Source: JRC based on Pitchbook, 2023

EU patenting activity is increasing steadily and catching up with the leaders (Figure 4), Japan and Korea, who
hold 32% and 219% of all high-value inventions respectively (2017-2019). The EU holds 16% of all high-value
inventions. Germany, France and Sweden are the leading patenting countries in the EU but behind Japan,
South Korea, China and the US. Globally, it is mainly Korean and Japanese companies who stand out in terms
of patenting activity, with one German company (Bosch Gmbh) in the top ten. Lg Chem Ltd (KR), followed by
Toyota (JP) and Samsung (KR) are the leading patenting companies. In Figure 4, the decline of Japan and the
EU in 2019 is most probably due to increased application processing times during the pandemic.

Figure 4: Trend in high-value inventions for the major economies
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Source: JRC based on EPO Patstat, 2023
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Battery technology offers further opportunities for cost reduction, efficiency gains, lifespan improvements and
safety gains, and a potential to reduce dependence on third countries regarding the critical raw materials
(lithium, cobalt and nickel). The Batteries Europe technology platform published a strategic research agenda
and detailed technology roadmaps for all segments of the battery value chain. In Li-ion, innovation is focused
on advanced materials, such the use of graphene, silicon anodes, solid-state electrolytes, room-temperature
polymer electrolytes and big-data-driven component recycling and repurposing (SWD(2021)307 final). Solid-
state batteries (Generation 4) can be made thinner and more flexible, while at the same time containing more
energy per unit weight than Li-ion and being safer (SWD(2021)307 final).

The EU has moved too slowly on stationary battery technologies (in general, stationary applications are
lagging behind mobile applications) and on those battery technologies based on abundant raw materials, such
as flow batteries and sodium-ion (independent of application, stationary or mobile). There are some
companies and projects in both and the recent establishment of Flow Batteries Europe can improve EU’s
overall competitiveness in the former (Bielewski, et al., 2022).

As shown in Figure 5, corporates represent the majority (80%) of innovators in battery technologies
identified around world and the top five countries host 73% of identified innovators. Corporates largely
prevail in Japan (second), Germany (fourth) and South Korea (fifth). Only the US (1st), and to some extent
China (third), report a significant base of venture capital companies. In the EU, which accounts for 24% of
companies active over the current period, Germany, France and, to some extent, the Netherlands, hosts the
major share of active companies.

Figure 5: Number of innovating companies by type (2016-21)
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3.3 EU positioning in the current market and major changes

The EU production of batteries measured in value (*!) has increased by an average 72% annually in period
2016-21, reaching EUR 16 billion in 2021 (see Figure 6). The biggest producers are Hungary and Germany,
where many non-European companies have already established their manufacturing plants. Many Member
States, notably Poland which has manufacturing plants and a growing positive trade balance, kept their data
for 2021 confidential — hence the gap in the chart. Unfortunately, data does not distinguish between battery
cell, module or system (e.g. EV battery) and therefore it is impossible to determine the manufacturing
capacity of the EU and its countries with precision. Nevertheless, it is clear that annual production volumes of
Li-ion batteries are increasing in the EU and if all planned projects are operational on time, the EU will
become self-sufficient by the 2030. Still, it takes time for manufacturing plants to reach full operational
capacity. For example, the first Tesla giga-factory took five years (Bielewski, et al., 2022).

(31) Prodcom code associated to Li-ion batteries is only available as of 2019. Due to reclassification also other than Li-ion batteries are
thus included, but the share of Li-ion from total is growing from 74% in 2019 to 94% 2021, constituting the majority of reported
production value.
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Figure 6: EU production value and top producers disclosing data among the Member States [EUR Million]
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Source: JRC based on PRODCOM, 2023

For employment and turnover, this year’s report uses Eurostat Structural Business Statistics which monitors
the indicators at an aggregated level (>?), thus including the manufacture of all types of battery, big or small,
and all types of chemistry. In total, battery manufacturing employed 37 000 people in 2019. For 2020, the EU
total is not disclosed. The biggest employers were Germany and Poland, which have many manufacturing
plants. From 2019 to 2020, Hungary more than doubled its employment, while German jobs grew 20% and
Sweden experienced significant growth. Of the top five EU employers, Poland and France did not disclose their
values for 2020. Highly automated battery manufacturing plants may have a lower labour intensity yet are
still expected to create a significant amount of new jobs: approximately 3 300 people for a factory of 30 GWh
and in total up to 1-4 million in the EU (Bielewski, et al., 2022; European Institute of Innovation and
Technology, 2022). It is estimated that there will already be a supply gap of up to 800 000 skilled workers by
2025 (European Institute of Innovation and Technology, 2022). To address this, EBA250 Academy
(established in 2021) will train 160 000 workers every year with the right competences and skills (Bielewski,
et al,, 2022).

In terms of turnover, EU battery manufacturing generated EUR 14 billion in 2019. The value for 2020 is not
disclosed. Germany, Poland and Spain generated the most turnover, yet Hungary and France experienced the
biggest growth from 2019 to 2020, surpassing Spain. Poland did not disclose its turnover for 2020.

Extra-EU imports have grown steadily since 2012, reaching nearly EUR 10 billion in 2021. Extra-EU exports
only really started growing after 2018, when EU production increased, and reached EUR 4 billion in 2021.
Exports continued to increase faster than imports, yet they are still far from the imported volumes. Poland,
where LG Chem plant came online in 2018, is still the biggest EU exporter, but with the majority of trade
staying inside the EU. Germany is the biggest EU exporter to outside the EU, but also the biggest importer in
the EU and globally due to its big automotive sector. Globally, China is by far the biggest exporter and the
biggest exporter to the EU. The EU share of exports grew from 6% to 9%, and the share of EU imports
covered internally improved from 45% to 52% in 2021. This reflects the increased manufacturing in the EU,
but may also include some level of re-exporting.

Figure 7: Extra-EU import & export (left) and top 5 EU exporters in 2018-2020 (right) [EUR Million]
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Eurostat Structural Business Statistics monitors indicators at NACE activity level, meaning 4-digit level. We have used C.27.20 for

manufacturing of batteries.
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The EU has a negative trade balance, which is still degrading, reaching over EUR 5 billion in 2021. In 2021, the
trade deficit grew again, faster than in 2020. Poland and Hungary, supplying the EU market almost
exclusively (**), had the biggest trade surpluses. In Poland in particular, where many factories have come
online, the trade surplus seem to grow exponentially from 2018 onwards. In contrast, Germany, France and
Belgium have the biggest trade deficits, and growing. Whereas in France and Belgium, the trade deficit seems
to plateau, the German deficit seems to increase exponentially, reflecting the booming demand coming from
the German automotive sector that is trying keep pace in the EV race. Whereas previously nearly 60% of
German imports came from outside the EU, mainly from China and South Korea, now the biggest supplier is
Poland, and less than 50% comes from outside the EU. This is a sign that EU self-sufficiency, while still far
away, is improving.

3.4 Scoreboard - key insights and change in EU performance

Thanks to a concerted effort together with the industry, the overall EU positioning in the battery value chain is
taking great strides forward. On the innovation side, EU public R&D spending keeps increasing while already
corresponding to over half of the global total investment. Due to megadeals with Northvolt (SE), EU scale-ups
are capturing a larger share of later stage investment than before in a record-breaking venture capital
market. Another positive sign is that the last two years have seen an emergence of many new start-ups and
scale-ups, therefore expanding the battery ecosystem headquartered in the EU. The EU position has
deteriorated only in early stage investment, where the EU captured only 17%. As Northvolt has moved to
scale-up stage, new players are needed to attract growing early stage investment. With regard to patents, the
EU is on an upward trajectory, indicating the strengthened position of the EU innovation landscape, although
competitors South Korea and China are also increasing their patenting activity. To avoid falling behind,
investment is needed in the development of non-CRM-dependent battery chemistries, which are already being
developed by China and others, but are receiving less attention in the EU.

EU manufacturing is on an upward trend, tripling in 2021 compared to 2020. While growing, it is still far from
meeting demand, reflected by a growing trade deficit of EUR 5 billion. New production plants and investment
are already on the way, but operating all the planned plants at full capacity will require time and a sufficient
supply of skilled workers. Moreover, at present, European cell manufacturing relies largely on South Korean
and Chinese subsidiaries. The battery value chain promises significant job creation and business opportunities
for the EU, but global competition is fierce as the US, with its recent Inflation Reduction Act, also wants to tap
into the opportunity, and attracting a share from China — which currently controls the market — will not come
easy. Building manufacturing capacity in the EU means high upfront costs and is more expensive than in
China, which already has supply chains and integrated production ecosystems in place (BNEF, 2022a). In
addition, even with domestic manufacturing capacity, the EU would still continue to rely on China for critical
materials, unless full value chain activities, upstream in particular (materials and components), are developed
in parallel, and for battery manufacturing technology (Carrara, et al,, 2023). In terms of global trade, the EU
captures only 9% of exports at the moment. Nevertheless, the advantage of EU-produced batteries in the
future may be that they are more sustainable and circular, which can be factored alongside costs, as many
downstream buyers, such as the automotive industry, are already paying attention to lifecycle emissions and
the ESG-ratings (**) of producers.

Figure 8: Scoreboard for batteries

Scoreboard Batteries EU performance in the reference period Cha;gezirom
Public R&D (] 38% 2016-2020 EU CAGR @
Early Stage { 17% 2016-2021 EU share of global total value *
Later Stage [ ] 27% 2016-2021 EU share of global total value @
Patents @ 16% 2016-2019 EU share of global total HVI >
Companies @ 24% 2016-2021 EU share of innovating companies @
Employment 2016-2020 EU CAGR

Production O 72% 2016-2021 EU CAGR @
Turnover 2016-2020 EU CAGR

Imports & Exports [ ] 9% 2019-2021 EU share of global exports @
Trade Balance [ ] Low 2016-2021 EU trade balance trend =

Source: JRC, 2023

(3%) Poland and Hungary export 95% and 90% respectively of their exports within the EU.
(**) Rating of environmental, social and governance risks.
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4 Fuel cells

4.1 An updated status and recent developments

The scope of the solution covers hydrogen fuel cells, irrespective of their application (e.g. stationary or
transport). This differs from the previous study (European Commission, 2020a), with the rationale and main
changes documented in the previous edition of this report (Kuokkanen, et al., 2022). The same document also
contains an overview of the main fuel cell technologies, applications and characteristics, as well as an outline
of the broad range of legislation affecting the technology.

Polymer electrolyte membrane or proton exchange membrane fuel cells (PEMFC) are the type predominantly
used for mobility, which currently dominates fuel cell applications. High temperature PEMFCs are not as
developed as low temperature PEMFCs, while direct methanol fuel cells (DMFCs) are mainly used for portable,
smaller size, applications. Solid oxide fuel cells (SOFC) are at a somewhat lower technology readiness level
(TRL) and mostly used for stationary applications, as are phosphoric acid fuel cells (PAFC) and molten
carbonate fuel cells (MCFC). Alkaline fuel cells (AFC) have military, space, back-up power and off-grid power
uses. All are commercialised in some way apart from proton ceramic fuel cells (PCFC), which are at a lower
TRL.

Given the wide range of applications, the fuel cell sector is affected by a broad range of legislation,
referenced in the previous edition of this report (Kuokkanen, et al,, 2022) along with legislation and initiatives
relating to hydrogen production (see Chapter 14). The Fuel Cell and Hydrogen Observatory (FCHO) policy
module presents an overview of EU and national policies (FCHO, 2022b).

The green economic recovery plans pursued globally should offer an opportunity for the sector to expand. In
heavy-duty transport, in conjunction with other solutions, fuel cell trucks may be needed for long-range, heavy
load haulage to remote locations in view of the 2050 goals. Increased uptake is also expected in stationary
units, especially for micro combined heat and power (micro-CHP). Increased focus on these units, operating on
green hydrogen rather than on internally or externally reformed natural gas, will be necessary. Overall, the
market potential for equipment manufacturing in the fuel cell sector is estimated at EUR 19-23 billion by
2050 (Ludwig, et al.,, 2021).

The ambition of Member State policy frameworks (*°) could lead to the deployment of 300 000 hydrogen fuel
cell vehicles by 2030. This only reflects estimates provided by half of the Member States, while a number did
not have a strategy in place. Nonetheless, it would still require a considerable effort, given the current levels
of annual fuel cell vehicle registration in Europe (2 750 in 2020 (Fuel Cells and Hydrogen Observatory,
2021a)). By the same assessment, the number of hydrogen refuelling stations in the EU would increase from
125 in 2020, to around 600 by 2030, which would still provide a rather limited network. A study for the
FCH 2 JU analysing the role of hydrogen in the National Energy and Climate Plans (NECPs) (FCH 2 JU, 2020)
developed two (high and low) scenarios for the deployment of fuel cells in the transport and energy sectors
by 2030. These projections run to over 2.5 million vehicles and 178 000 CHP units by 2030 and would appear
difficult to achieve under current deployment levels. In the same assessment, while the share of the value
added for the fuel cell sector in the hydrogen economy value chain modelled was low (under 5%), the share
of the projected job creation was substantial (between 12% and 22% for the low and high scenarios
respectively). Another estimate of employment impacts from investment in the EU green hydrogen value
chain estimates that 1 700 to 2 000 jobs could be created per EUR 1 billion invested per year between 2030
and 2050 in the machinery and equipment sector (European Commission, 2020b).

In terms of vulnerabilities, the fuel cell supply chain runs its highest risk at the stage of raw materials (the EU
share of production is 3%). However, the supply chain for components and assemblies is not diversified and
predominantly relies on imports from the US and China. PEMFC and SOFC require24 different raw materials,
18 of which are considered critical (Carrara, et al,, 2023). Even though the supply of raw materials required is
diversified among many suppliers, the supply risk is significant due to political instability in the countries that
host the resources. The risk is somewhat lower for assemblies and processed materials (the EU share of
production is 12% and 15% respectively) and in components (EU has a 25% share of production). The high
cost of platinum is one of the major challenges in PEM fuel cell production. The platinum loading on the
electrocatalyst is closely related to durability and, as previously mentioned, its reduction is a main point of

(3°) SWD(2021) 49 final. Detailed Assessment of the Member States Implementation Reports on the National Policy Frameworks for the
development of the market as regards alternative fuels in the transport sector and the deployment of the relevant infrastructure.
Implementation of Art 10 (3) of Directive 2014/94/EU
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research and innovation, along with recycling and circularity options by design, as alternatives (palladium,
ruthenium, iridium) are also considered as strategic raw materials (Carrara, et al,, 2023).

4.2 EU positioning in innovation and major changes

The previous study found that public R&D investment decreased in hydrogen fuel cells, potentially because of
the existing high level of investment in these solutions, and a shift in focus to deployment now that they are
becoming more established.

Figure 9: EU Member States public R&D investment in fuel cells [EUR million]

Source: JRC based on IEA data, 2023

Though relatively stable, since 2016 public investment has cumulatively been approximately half of what it
was over the previous five-year period (Figure 9). However, expenditure seems to be picking up again with
the increase in Member States’ R&D budgets above that of EU GDP. In addition, in the period 2014-2020, EU
Framework Programmes have contributed in excess of EUR 300 million to fuel cell R&D. The two combined
outperform R&D investment from other major economies, such as the lead investors Japan and South Korea.
However, as in the case of hydrogen technologies (see Chapter 14) the reporting is not always clear in the
area of R&D funding. In the period 2016-2018, Germany, which has the second largest Member State R&D
budget dedicated to fuel cells, also declared an average EUR 14 million of R&D under the ‘unallocated fuels
cells and hydrogen’ heading.. At EU level, between 2008 and 2020, the Fuel Cells and Hydrogen Joint
Undertaking (FCH 2 JU) funded projects to a total budget of just over EUR 1 billion, matched by an almost
equal amount from other sources (FCH 2 JU, 2021). However, this covers the whole hydrogen value chain
(production, storage and distribution, and end-uses, as well as cross-cutting activities). Going forward, the
Clean Hydrogen JU will disburse another EUR 1 billion in the period 2021- 2027 (FCH 2 JU, 2022).

Consistent with the support from public R&D funding, the EU performs well in terms of patenting output,
behind Japan, who is the clear technology leader (Figure 10). South Korea, while second in terms of overall
activity, has lower shares of high-value patents, ending on par with the EU in terms of international IP
protection. The patenting trends presented here monitor filings in fuel cell technology as part of climate
change mitigation technologies. Though different in scope, overall they are in good agreement with recent
studies published by the EPO (EPO and OECD/IEA, 2023) and WIPO (WIPO, 2022). While collectively ahead of
other major economies, the EU share in high-value filings, at 22%, is just over its economic size, but not quite
up to the level set for a strong performance. Along with Japan, South Korea and the United States also host a
large number of innovators. Among EU Member States, Germany performs the strongest, catching up with the
US in third place, while France and Austria also represent the EU in the top ten. Companies from Japan and
South Korea also dominate the top ten of innovators, with the exception of Bosch (Germany), a subsidiary of
General Motors (United States) and AVL (Austria). The automotive industry has a very strong presence in both
the global and EU top ten of fuel cell innovators. Audi, Volkswagen and BMW are in the EU top ten, which
consists of companies headquartered in Germany, with the exception of AVL (Austria) and Widex As (France).
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Figure 10: Number of inventions and high-value for major economies in the period 2016-2019 (left) and international
protection of high value inventions (right)

e

Source: JRC based on EPO Patstat (right chart by Sankey/MATIC), 2023

Japan hosts the majority of innovators, nearly 30% of the all identified entities, and all from the corporate
sector (Figure 11). 80% of all identified innovators are corporate companies, the US Germany and South
Korea also displaying a strong corporate innovative base. The US and China also host a significant share of
active VC companies. The EU achieves an average competitive position, supported by a corporate base
concentrated in Germany and France, but limited by the low number of VC companies.

Figure 11: Number of innovating companies by type (2016-21)
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It follows that the EU attracts a small share of global VC investment (Figure 12). Over the 2016-21 period,
EU-based companies only attracted 3% (EUR 17 million) of global early stage investment and 9% (EUR 162
million) of global later stage investment. France and Italy are hosts to recipient companies. The US maintains
leadership over the 2016-21 period, both with respect to early stage investment (high levels of grants) and
later stage investment (manufacturers of fuel cell vehicles). 14% of US early stage investment are grants and
they represent 80% of identified subsidies worldwide over the same period (Giner Labs being a big
beneficiary). In China, both early and late stage investment increased sharply in 2021, to the benefit of
hydrogen fuel cell product and component manufacturers. Despite low previous levels of investment, in 2021,
China accounted for 67% of disclosed early stage (major backing for FTXT Energy Technology) and 47% of
disclosed later stage investment (including SHPT, Sinosynergy, Zhizhen New Energy Equipment, Fenergy,
Thinkre New Material, Cemt, Shanghai Kunhua New Energy Technology Co. or Nowogen).
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Figure 12: Early (left) and later (right) stage investment by region [EUR Million]
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The overview of the main fuel cell technologies provided in the previous version of this report (Kuokkanen, et
al., 2022), also listed the challenges, which constitute areas for improvement and further development, for
each. In its programme review, the FCH 2 JU sets out areas of research and development that need further
attention (FCH 2 JU, 2021). In transport, additional focus is needed to make sure that there are enough
manufacturers of fuel cell parts and systems to ensure an adequate supply of spare parts throughout the
vehicle lifecycle. Future activities are also proposed for a common product design for compact, modular, and
flexible components and integrated systems, as well as smart and cost-effective quality control techniques. In
energy applications, the products developed in the EU might have potential in non-EU markets, and further
development of large-scale solutions can have positive effects in maritime and aviation applications, for
example. Existing efforts have assisted European producers in improving production and quality at lower cost
and with a smaller environmental burden. However, more effort is needed to reduce material costs, increase
durability and reliability, and scale up the range of products and manufacturing capacity (as well as the pool
of manufacturers) to achieve a competitive market presence.

Scaling up PEM fuel cell stacks to the required power, while maintaining low weight and dimensions at a low
cost, as well as addressing lifetime, performance and reliability issues, are also challenges for the deployment
of heavy duty vehicles. The durability currently achieved for passenger vehicles would need to be six times
higher for heavy-duty applications (Seemungal, et al., 2021).

Recyclability and circularity, as well as material substitution, are important areas of research, given the cost,
dependence and criticality issues related to some of the materials involved.

4.3 EU positioning in the current market and major changes

Eurostat PRODCOM contains data under a dedicated code from 2016 onwards. Statistics show a significant
increase in production up to 2020. Statistics are not disclosed for all Member States; even though the
reported EU total production value is markedly lower in 2021 compared to 2020, the trend over the last five
years is still one of increase, and thus competitiveness is marked as strong. Due to the data aggregation,
there is limited possibility for analysis. Germany, Italy and Finland are the only Member States reporting
figures, while entries are empty for other hosts of relevant companies, such as France, Belgium and the
Netherlands.
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Figure 13: EU production value and top producers disclosing data among the Member States [EUR Million]
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Internationally, the major producers of fuel cells and components are Asia (mainly Japan and South Korea)
and North America (Canada and USA). However, fuel cells and components are traded under a number of
different codes (parts and accessories, AC/DC generators, primary cells) which are not specific enough to
monitor. The descriptive codes introduced in the US are not applied elsewhere, so trade statistics are not
available.

Fuel cell shipments are dominated by PEMFC and SOFC. The fuel cell industry rebounded strongly after the
pandemic. Statistics on shipments by region of deployment or system integration (FCHO, 2022a) (Figure 14)
show that, while gaining ground, production (and deployment) in Europe is low compared with other regions,
and Asia in particular. Compared to last year’s figures and, in agreement with the trend observed for EU
production, EU figures have stagnated and Europe’s share in global figures has dropped.

South Korea (Hyundai) and Japan (Toyota) are the clear leaders in fuel cell cars, with vibrant markets in road
transport in general. China’s support policies also drive a very large and expanding market, especially for
buses and trucks. Despite the restrictions and changes in public transport brought on by the pandemic, there
was a lot of ambition for deployment of fuel cell buses in Europe, as well as movement in the rail and
shipping sectors, which were driving the establishment of production and assembly lines in the EU (Fuel Cells
and Hydrogen Observatory, 2021a; E4tech, 2021).

The main actors in the global deployment of large-scale stationary fuel cells (>250 kW) are the US and South
Korea. Three technologies are prevalent for this size of unit: MCFC, SOFC and PAFC, with one dominant
company specialising in the production of each type (e.g. FuelCell Energy for MCFC, Bloom Energy for SOFC
and Doosan Fuel Cells for PAFC) (Weidner, et al., 2019). Competition on cost and supply chain is thus mostly
among alternative fuel cell technologies. Some European manufacturers also offer PEMFC in the MW range
(e.g. Ballard, Hydrogenics, Nedstack and Powercell).

Japan and Europe have both focused heavily on micro-CHP (< 5 kW). In Europe, the main PEMFC suppliers for
micro-CHP systems have been BDR Thermea Group (Senertec/Panasonic) and Viessmann (Panasonic fuel cell).
European SOFC manufacturers are SolidPower, Sunfire, Elcogen, Bosch, Wartsila/Convion, HexisimPower and
Ceres Power, again mainly developing products for the residential and small building sectors (Bednarek, et al,,
2021).

While European fuel cell system manufacturing remains low and spread across a number of companies and
fuel cell technologies, it does include several leading fuel cell technology suppliers globally, such as Bosch,
Ceres, Nedstack, Elcogen and others, which participate in market growth elsewhere (Fuel Cells and Hydrogen
Observatory, 2021a).
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Figure 14: Europe’s share in fuel cell shipments by area of deployment and system integration (final manufacturer)
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Similarly to trade, there are no statistics readily available on employment or turnover for the sector.
Manufacturing and deploying fuel cell technology at scale will present a challenge in training and up-skilling
personnel to fulfil the needs of production, installation and maintenance. Though learning material will be
made available through the FCH 2 JU, existing EU training programmes have had difficulty in maintaining and
updating training tools, so more effort is needed to ensure continuity and to overcome challenges introduced
by the pandemic (FCH 2 JU, 2021).

4.4 Scoreboard - key insights and change in EU performance

The previous edition of this report noted that the EU performs reasonably well in the area of innovation, but
does not attract investment for start-ups, and levels of manufacturing and deployment are low compared to
other regions. Levels of public R&l funding have increased, as has later stage investment, both improving
performance in the scoreboard to good and average respectively. Nonetheless, production has been increasing
and a number of worldwide suppliers of components and stacks are based in Europe. Historically, the EU was
not faced with some of the drivers spurring the growth of the sector in other regions, such as high levels of
air pollution or an unreliable electricity grid (Weidner, et al., 2019). There is a policy framework in place to
continue the significant support provided to date in research and innovation, as well as to foster higher levels
of deployment. While manufacturing is not at the scale needed, and large-scale deployment would need to
use technology produced outside the EU, there is a foundation to develop from in the longer term towards a
domestic supply chain or manufacturing base. An update on the associated raw material bottlenecks has been
recently published (Carrara, et al., 2023), along with proposed policy actions to address them through the
European Critical Raw Materials Act.
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Figure 15: Scoreboard for fuel cells
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5 Electric powertrains

The decarbonisation of transport, especially in the light vehicle segments, relies largely on electrification. The
electric powertrain, in addition to the battery, is an essential component of fully electrical and hybrid electrical
vehicles.

The scope of the solution focuses on the electric components responsible for the propulsion of road vehicles
fuelled solely or partially by electric power (European Commission, 2020a). It includes electric traction motors
and power electronics (motor controllers, internal chargers and converters) for battery electric vehicles (EVs),
but excludes activities associated with the axles and the batteries themselves as these are addressed
separately (see Chapter 3). It is difficult to separate investment in powertrains from other activities in EV
companies.

5.1 An updated status and recent developments

The electric car market is one of the most dynamic clean energy markets. EV sales doubled in 2021, reaching
a new record of 6.6 million and a 10% share in all new car sales (IEA, 2022b). In the EU, electric vehicles
represented an 18% share of all new car registrations in 2021 (EEA, 2022). Strong growth has continued in
2022 in all main markets, with China in the lead, followed by the EU and the US. EV adoption has been driven
by sustained policy support, including subsidies and incentives. In the EU, the EV market has been stimulated
by EU policies that have gradually tightened the emissions performance standards of vehicles. In 2022, a
provisional deal was reached by the European Parliament and the European Council to ban sales of
combustion engine cars and vans in the EU from 2035 (European Parliament, 2022a). An improving product
offering and the rollout of charging infrastructure are also increasing consumer confidence. Nevertheless, the
total number of EVs on the road is still low, representing fewer than 4% of all vehicles in the EU in 2019 (EEA,
2021). There are also vast regional differences in EV penetration among EU Member States. EVs are still too
expensive for most consumers, especially in lower income countries, for example in eastern and southern
Europe.

Electrification of other transport segments lags behind (*®). China — at 86 000 vehicles sold in 2021, and
Europe - at about 60 000, lead in electric light-commercial vehicle (LCV) registrations, but their cumulative
stock is still small (IEA, 2022b). Electric buses and heavy-duty vehicles also saw an increase in registrations in
2021, with sales of 14 000 globally, and a cumulative stock of 670 000 buses and 66 000 heavy-duty trucks
(IEA, 2022b). The electrification of heavy-duty vehicles still faces some technical and development challenges,
e.g. megacharging needs (see Chapter 6). While the adoption of EVs in Europe is driven by economic
incentives and CO, standards, the current emissions standards for LCVs and heavy duty vehicles are less
stringent.

More than 50 million EVs are expected on EU roads by 2030 (*’). EV market development creates increasing
demand for electric powertrains. According to BNEF, in 2020, the electric powertrain represented only about
5% of the total cost of an EV, while the battery accounted for nearly 30% of the total cost (BNEF, 2021a).

The automotive sector is well-established in the EU, but the value chain of electric powertrains remains
relatively small. European manufacturers have a strong dependence on components and raw materials from
third countries, especially China (Bobba, et al., 2020). The European automotive sector appears finally to be
catching up with its rivals in transforming its product offering and manufacturing capabilities. Investment in
European battery manufacturing will increase opportunities to capture a higher share of value chain segments
(see Chapter 3).

The Chinese EV industry is consolidating to be more competitive and looking at Europe for potential export
growth opportunities, which have so far been very low. As with the wind industry, the supply risks related to
the rare earth elements in permanent magnets are of most concern for electric powertrains. The
manufacturing of permanent magnets is increasingly concentrated in China (European Commission, 2020b).
This creates risk for the future, as permanent magnet technology is expected to dominate the growing market
and determine the design of motors and vehicles (Bobba, et al., 2020).

The EV supply chain has suffered from severe shortages of semiconductors that control most of the EV
functions, and while the situation has been improving, shortage is expected to continue in 2023, according to
Financial Times (Financial Times, 2022).

(36) See more information on new registrations by segments in EU SWD(2021)307.
(37)  According to central MIX scenario for the Fit for 55 proposals (COM(2021) 550 final).
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5.2 EU positioning in innovation and major changes

The EU public investment trend has slowly decreased since 2011, yet in 2020, investment increased (Figure
16). The departure of the UK, the second biggest public investor, could further affect publicly funded R&D
projects. The data should be treated with caution, as the IEA only includes its own members, and some
countries either do not report at all (e.g. the US) or under-report (e.g. Germany). France is the biggest investor
among EU Member States, followed by Austria.

Figure 16: EU Member States public R&D investment (left) and top ten IEA Members in 2017-2019 (right) [EUR million]
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In terms of venture capital investment globally, electric powertrain companies attracted significant amounts
of early (EUR 2 billion) and especially later stage (nearly EUR 16 billion) investment during the 2016-2021
period. Early stage investment has slowed down since its record level in 2018, while later stage investment
continued to grow in 2021. However, the EU share of this is negligible, representing less than 2% of early
stage investment and less than 1% of late stage investment. China is the leader by far, with over EUR 2 billion
of early stage investment, followed by the US and Canada. Germany, the Netherlands, Finland and Italy are
the best performing EU countries. The US and China are far ahead of others in later stage investment, where
they attracted nearly EUR 10 billion and EUR 5 billion respectively in 2016-2021. Germany, Finland, Belgium
and the Netherlands are the best performing EU countries. In both early and later stage investment, the EU
attracts a higher share of deals, which implies that based on disclosed data, deal values in the EU are
significantly smaller than those in China and the US.

Figure 17: Early (left) and later (right) stage investment by region [EUR million]
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