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Abstract

The aim of this report is to provide an overview of the current status, value chains and market position
of wind energy technology. This includes utility-scale onshore and offshore wind and, when available,
selected findings on technologies at a lower maturity level. Research and development trends are
analysed, focussing particularly on the technology progress made in EU-funded research by the end
of 2024 in view of SET Plan targets. This report also assesses the EU’s global competitiveness within
the wind value chain, identifies potential bottlenecks and supply risks and assesses the manufacturing
capacities of components and the progress towards the goals of the Net Zero Industry Act.



Foreword on the Clean Energy Technology Observatory

The European Commission set up the Clean Energy Technology Observatory (CETO) in 2022 to help
address the complexity and multi-faced character of the transition to a climate-neutral society in
Europe. The EU’s ambitious energy and climate policies create a necessity to tackle the related
challenges in a comprehensive manner, recognising the important role for advanced technologies and
innovation in the process.

CETO is a joint initiative of the European Commission Joint Research Centre (JRC), who run the
observatory, and Directorate Generals Research and Innovation (R&l) and Energy (ENER) on the policy
side. Its overall objectives are to:

- monitor the EU research and innovation activities on clean energy technologies needed for
the delivery of the European Green Deal

- assess the competitiveness of the EU clean energy sector and its positioning in the global
energy market

- build on existing Commission studies, relevant information & knowledge in Commission
services and agencies, and the Low Carbon Energy Observatory (2015-2020)

- publish reports on the Strategic Energy Technology Plan (SET Plan) SETIS online platform

CETO provides a repository of techno- and socio-economic data on the most relevant technologies
and their integration in the energy system. It targets in particular the status and outlook for innovative
solutions as well as the sustainable market uptake of both mature and inventive technologies. The
project serves as primary source of data for the Commission’s annual progress reports on
competitiveness of clean energy technologies. It also supports the implementation of and
development of EU research and innovation policy.

The observatory produces a series of annual reports addressing the following themes:

- Clean Energy Technology Status, Value Chains and Market: covering advanced biofuels,
batteries, bioenergy, carbon capture utilisation and storage, concentrated solar power and heat,
geothermal heat and power, heat pumps, hydropower & pumped hydropower storage, novel electricity
and heat storage technologies, ocean energy, photovoltaics, renewable fuels of non-biological origin
(other), renewable hydrogen, solar fuels (direct) and wind (offshore and onshore).

- Clean Energy Technology System Integration: building-related technologies, digital
infrastructure for smart energy system, industrial and district heat & cold management, standalone
systems, transmission and distribution technologies, smart cities and innovative energy carriers and
supply for transport.

- Foresight Analysis for Future Clean Energy Technologies using Weak Signal Analysis
- Clean Energy Outlooks: Analysis and Critical Review

- System Modelling for Clean Energy Technology Scenarios

- Overall Strategic Analysis of Clean Energy Technology Sector

More details are available on the CETO web pages



https://setis.ec.europa.eu/index_en
https://energy.ec.europa.eu/topics/research-and-technology/clean-energy-competitiveness_en
https://setis.ec.europa.eu/publications/clean-energy-technology-observatory-ceto_en
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Executive summary

EU objectives and challenges

In 2024, the EU continued its efforts to increase renewable energy capacity following the introduction
of the revised Renewable Energy Directive (RED Ill), which aims for a renewable energy share of at
least 42.5% of final energy consumption by 2030, with an ambition to reach 45%. In 2024, the EU
installed 13 GW of wind capacity, comprising 11.5 GW onshore and 1.5 GW offshore, bringing the
total wind capacity to 241.7 GW (221 GW onshore and 20.7 GW offshore). Despite these deployments,
which included significant contributions from Germany and France, the pace was slower than in 2023
and still falls short of the trajectory needed to meet the 2030 targets.

Technology status

Wind energy technology has seen considerable advancements, in both onshore and offshore wind
turbines. The technology readiness level (TRL) varies: onshore and bottom-fixed offshore wind
turbines have high TRLs due to their maturity, while floating offshore wind, although commercially
viable, has a slightly lower TRL because of its relative novelty. Emerging technologies like airborne
wind energy systems (AWES) and vertical-axis wind turbines (VAWTSs) are at lower TRLs, requiring
further research and development.

Cost and pricing trends show a decline in the levelised cost of energy (LCOE), with onshore wind
reaching EUR 32 per MWh and offshore wind at EUR 69 per MWh in 2024. Publication activities
indicate robust innovation, with the EU producing 615 peer-reviewed articles in the wind sector in
2024, making it the second highest globally after China, which leads with 1 454 articles. The EU also
ranks second in highly cited publications, after China. In terms of patents, the EU is leading in the
number of high-value and international inventions, with seven out of the 10 most highly patenting
companies globally being EU-based.

Investment and funding

Investment in wind energy has been significant, with public R&D funding in the EU reaching
EUR 250.7 million in 2023. Offshore technologies received the largest share of this funding. Private
investment trends show a dynamic landscape, with venture capital and private equity playing crucial
roles. However, a decline in venture capital deals was observed in 2024. The EU continues to lead in
public R&D investment among OECD members, accounting for 39% of the global public investment
in wind energy.

Value chain

The wind energy value chain in the EU is robust, contributing significantly to economic activity and
employment. The turnover reached EUR 51 billion in 2023, with gross value added (GVA) reaching
EUR 22 billion. Germany, France, Denmark, and the Netherlands are key contributors. The sector
supports substantial employment, with Germany leading in job creation. Skills development is crucial,
particularly in emerging areas like offshore wind, where specialised skills are in high demand.

Sustainability

Wind energy projects have both environmental and socio-economic impacts. Environmentally, the
lifecycle of wind turbines involves significant resource use and challenges, like noise pollution and
wildlife impacts. Socially, wind projects create employment and economic opportunities, particularly
in rural areas, though they may face local resistance. The EU is focused on improving the sustainability



of the wind energy supply chain, emphasising recycling and circularity, and addressing geopolitical
dependencies related to critical raw materials.

EU positioning and global competitiveness

The EU holds a strong position in the global wind energy market, particularly in offshore wind, where
it captures 38% of the market. Trade dynamics show a positive trade balance, with extra-EU exports
increasing to over EUR2 billion in 2024. However, the EU faces challenges from Chinese
manufacturers, who dominate the global onshore market. In terms of manufacturing, the EU holds a
significant share globally, where China still leads. Nonetheless, the current manufacturing capacities
of key wind turbine components in the EU can cover a significant amount of domestic deployment.

SWOT analysis

Table 1. CETO SWOT analysis for the competitiveness of the EU energy sector.

Strengths

Global leader in wind technological
development, with European OEMs at the
forefront of R&I.

EU pioneer in floating offshore wind
development, with first pre-commercial
wind farms installed in EU waters.
Strong manufacturing supply chain.
European companies have a substantial
market presence within the EU, as well as
a notable share in the global market,
resulting in a positive trade balance.

Weaknesses

Administrative barriers, particularly the
slow permitting process for new
installations.

Rare earth elements used in the
permanent magnets are identified as
critical raw materials with a high supply
risk.

Emphasis required on circularity by
design, environmental impact, and
human capital agenda.

Opportunities

Annual deployment rates need to
increase to reach ambitious 2030
targets.

Floating offshore wind enables Member
States with steeper shorelines to harvest
offshore wind and exploit existing
potential.

Implementing recycling and circularity
practices can promote innovation,
alleviate supply chain pressures, and
enhance public acceptance of wind
technology, benefiting the entire value
chain.

Offshore wind R&l priorities should focus
on system integration, efficient
transmission & interconnection, and
O&M.

Threats

The EU could face supply chain
bottlenecks if production needs to scale
up rapidly to meet ambitious climate
targets.

Potential bottlenecks and supply risks for
critical raw materials (e.g. rare earth
elements) and processed materials (e.q.
NdFeB magnets, balsa wood).

Risk of increased LCoE (reflecting
commodity price inflation, increased
transportation costs, and/or supply chain
risk).

Source: JRC, 2025.




1. Introduction

1.1 Scope and context

This report on wind energy technology is part of the annual series of reports from the Clean Energy
Technology Observatory (CETO). This report builds on EU studies in this field and updates the previous
CETO report. It provides an overview of the current state of wind energy technology, including
technology, development and trends, value chain analysis, and global market and EU positioning.

Wind energy plays a crucial role in achieving the objectives of the European Green Deal, the
REPowerEU Plan and the Net-Zero Industry Act. The EU has set ambitious targets for renewable
energy and wind energy is expected to contribute significantly to these efforts.

The report is organised into five main chapters. Chapter 2 examines the state of the art and future
developments of wind energy technologies, focusing on advancements in technology readiness,
energy capacity, costs, and research funding. Chapter 3 focuses on value chain analysis, covering
economic contributions, sustainability, and the role of EU companies in the market. Chapter 4
provides an overview of the EU's global position and competitiveness in the wind energy industry,
analysing market status, trade dynamics, and resource efficiency. Chapter 5 concludes the report by
synthesising key findings and highlighting strategic opportunities and challenges.

1.1. Methodology and data sources

The present report follows the general structure of all CETO technology reports and is divided into
four sections with several indicators aiming to present and evaluate the EU wind energy technology
along its value chain:

Technology State of the art and future developments and trends;
Value chain analysis;
EU position and global competitiveness.
The report uses the following information sources:
Eurostat data;

Existing studies and reviews published by the European Commission and international
organisations;

Information from EU-funded research projects;

EU and international databases;

EU trade data, trade reports, market research reports and others;
JRC own review and data compilation;

Stakeholders’ input.

Details of specific sources can be found in the corresponding sections and Annex 1 provides a
summary of the indicators for each aspect, together with the main data sources.


https://setis.ec.europa.eu/publications/clean-energy-technology-observatory-ceto_en

2. Technology status and development trends

2.1. Technology overview

Wind energy technology encompasses a diverse array of advanced systems, each contributing to the
growing landscape of renewable energy. Both onshore and offshore wind turbines have achieved
commercial readiness. These turbines typically feature horizontal-axis, three-bladed designs with
standardised steel or concrete towers, incorporating upwind rotors equipped with yaw systems, pitch
regulation, and drive train systems. Offshore turbines employ a variety of foundation types, including
monopiles, jackets, tripods, gravity bases, and suction buckets.

Floating offshore wind technology has also reached commercial viability, significantly expanding the
potential for renewable energy deployment in deeper waters. This advancement allows wind farms
to operate beyond the depth limitations of bottom-fixed turbines, benefiting countries with deep
waters ranging from 50 to 1 000 meters. This expansion opens new markets in areas such as the
Atlantic Ocean, the Mediterranean Sea, and the Black Sea. The primary differentiator among floating
designs is the substructure providing buoyancy and stability, with options including spar-buoy, semi-
submersible, tension-leg platform (TLP), barge, and multi-platform substructures. Both spar-buoy and
semi-submersible designs have been successfully implemented in commercial projects in the North
Sea and the Atlantic Ocean.

In addition to these established technologies, other wind energy systems are being actively explored.
Airborne wind energy systems (AWES) utilise autonomous kites or unmanned aircraft tethered to the
ground to convert wind energy into electricity. These systems have the potential to capture stronger
and steadier winds by operating at higher altitudes, though further research and investment are
needed for full-scale commercial deployment. Vertical-axis wind turbines (VAWTSs), featuring a
vertical shaft around which the rotor rotates, present an alternative to traditional horizontal-axis wind
turbines (HAWTSs). While VAWTSs typically have lower efficiency due to their low speed and high torque,
they could see increased adoption through hybridisation with floating devices (wave-wind energy) or
in small-scale wind applications.

Bladeless wind turbines are an emerging technology that harnesses wind energy through vortex-
induced vibrations rather than traditional rotating blades. These turbines typically consist of a slender
cylindrical mast that oscillates when exposed to wind, converting mechanical movement into
electricity via an alternator — offering advantages such as reduced maintenance, minimal noise
emissions, and improved safety for wildlife due to their blade-free design (Aranca, 2024; Vortex
bladeless, 2025; Katrick technologies, 2025).

Simultaneously, turbine scaling continues to play a key role in driving down the levelised cost of
energy (LCOE). Offshore turbines now regularly exceed 14 MW in capacity, with prototype machines
reaching 15-18 MW and rotor diameters above 220 metres. Onshore turbines have also grown
significantly, with new installations in northern and eastern Europe typically exceeding 6 MW
(WindEurope, 2025). These larger turbines improve energy capture, reduce the number of installations
needed per project, and help optimise land and sea use (GWEC, 2024).

Another major trend is the rapid digitalisation of wind operations. Digital twins, Al-driven analytics,
and robotics are becoming standard tools for turbine monitoring and maintenance. Predictive
maintenance enabled by machine learning algorithms is helping operators to reduce unplanned
outages and operational expenditure. Offshore installations in particular, are benefitting from the use



of drones and robotic systems that can perform remote inspections, improving safety and lowering
maintenance costs (ETIPWind, 2023).

Beyond generation, wind power is also evolving into a more grid-integrated and flexible resource.
Hybrid wind systems that incorporate battery storage, solar photovoltaics, or hydrogen electrolysis
are increasingly being considered for deployment across the EU. These systems not only improve
dispatchability but also offer ancillary services such as frequency and voltage support. The integration
of virtual power plant software is enhancing the role of wind in demand-side management and grid
stability (ETIPWind, 2023; European Commission, 2024).

2.2. Technology readiness level

The technology readiness level (TRL) of wind energy systems varies across different types. Onshore
wind turbines, having been extensively developed and deployed, have the highest TRL, reflecting their
maturity and reliability. Similarly, bottom-fixed offshore wind turbines have achieved a high TRL,
supported by robust designs and successful commercial operations in diverse marine environments.

Floating offshore wind technology, now commercially viable, has a slightly lower TRL than its onshore
and bottom-fixed counterparts, due to its relative novelty and the complexities of deep-water
deployment. Nonetheless, recent advancements and successful projects have significantly improved
its TRL, with ongoing innovations expected to drive further progress.

Conversely, AWES, VAWTs and bladeless designs are at a lower TRL. AWES remain in the experimental
stages, needing further research to address technical challenges. VAWTSs, while promising for specific
applications like urban settings or hybrid systems, require additional development to enhance
efficiency and competitiveness. Bladeless wind turbines are also in early development stages and
require further innovation to improve their energy capture efficiency. These technologies need
continued investment to advance their TRL and achieve commercial maturity.

Table 2. Current TRL of wind energy technologies.

TRL (Technology Readiness Level)

Sub-Technology 1 2 3 4 5 6 7 8 9

Onshore wind

Bottom-fixed offshore

wind

Floating offshore wind

Airborne wind energy

Vertical-axis wind
turbines

Bladeless wind turbines

Source: JRC analysis, 2025.
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2.3. Installed energy capacity and production/generation

2.3.1. Global deployment
Total wind (onshore and offshore)

In 2024, global wind capacity continued to grow at a pace similar to that observed in 2023. The total
installed capacity amounted to 1 135 GW, with China dominating installations both in 2024 and over
the last decade (Figure 1). Specifically, in 2024, China accounted for 68.2% of new installations
globally, followed by the EU, which accounted for 11%. Cumulatively, 20.4% of global installations
are located in the EU.

Figure 1. Global annual capacity additions (left) and cumulative installed capacity (right) of wind energy.

140 1400

120 1200
— = I
% 100 o: 1000 I
2 £
: i .
5 80 3 800 .
B o
= o B I
5 L
2 e MW 2 600 . I
© | l 2
5 ] | £ m®
2 40 2 400 ||
<

] 3 I
’ I I I I ) I I I I
© 0 & o 2 3 eere®o9 g5 yRy
SR &R R | S RRRI&K K RSN
m China USA mEU27 m China USA mEU27
ROW u Brazil m Australia ROW m Brazil m Australia
u India mUnited Kingdom ®Japan . JRC ®india = United Kingdom = Japan JRC
(2025) (2025)
Note: The scale on the right is 10 times larger than the scale on the left.
Source: JRC based on GWEC, 2025.
Onshore

In the onshore sector, global wind cumulative capacity hit the 1 TW milestone, with the addition of
109 GW in 2024 alone. China has been leading the annual installations, consistently increasing the
pace of new installations since 2021 and accounting for 75.8 GW of newly installed capacity in 2024.
The EU follows with 11.5 GW of newly installed capacity; however, the pace of new additions has
been steadily declining over the past three years (Figure 2). The slowdown in onshore wind
deployment across the EU is largely due to lengthy permitting procedures, grid connection bottlenecks,
and rising project costs, which prevent new installations from keeping pace with Europe’s renewable
energy targets. Cumulatively, 20% of global onshore installations are located in the EU.
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Figure 2. Global annual capacity additions (left) and cumulative installed capacity (right) of onshore wind.
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In the offshore wind sector, China led in terms of new capacity additions with 4 GW, followed by the
EU with 1.5 GW, while the United Kingdom ranked third with 1.1 GW. Both China and the EU had lower
new installations compared to 2023. Specifically, China installed 36% less wind capacity, and the EU
installed almost 47% less than in 2023. (Figure 3). In China, the slowdown followed the expiration
of national subsidies, tighter offshore siting rules, and grid integration constraints, while in the EU,
lengthy permitting procedures, grid bottlenecks, and higher project costs continued to delay new
installations. Cumulatively, 24.9% of the global offshore installations are located in the EU.
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Figure 3. Global annual capacity additions (left) and cumulative installed capacity (right) of offshore wind.
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2.3.2. EU deployment
Onshore

In 2024, Member States added 11.5 GW of onshore wind capacity. In total, 20 countries contributed
to the new capacity, with Germany leading the additions at 3.3 GW, followed by Finland with 1.4 GW,
Spain with 1.2 GW and France with 1.1 GW. The EU total installed onshore wind capacity now stands
at 221 GW. Germany continues to lead in total onshore wind deployment with 63.7 GW, followed by
Spain with 31.3 GW, France with 23.1 GW, Sweden with 17.2 GW, and Italy with 12.9 GW (Figure 4).

Offshore

In 2024, the EU27 saw reduced growth in offshore wind capacity compared to 2023, with a total of
1.5 GW added (Figure 5). This expansion was driven primarily by Germany, which led the new capacity
additions with 730 MW, followed by France with 658 MW (including the Provence Grand Large floating
pilot project (25 MW), and the Netherlands with 132 MW. By the end of 2024, the cumulative offshore
wind capacity in the EU reached 20.7 GW, with Germany leading at 9 GW, followed by the Netherlands
with 4.9 GW, Denmark with 2.7 GW, and Belgium with 2.3 GW.
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Figure 4. EU annual capacity additions (left) and cumulative installed capacity (right) of onshore wind.
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Figure 5. EU annual capacity additions (left) and cumulative installed capacity (right) of offshore wind.
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Figure 6 tracks the progress of EU Member States towards their total wind energy targets in 2030
and 2050 (if available) as expressed in their National Energy and Climate Plans (NECPs) [EC 2022d].
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Figure 6. Actual deployments in 2024, compared with NECP targets for 2030 and 2050 for onshore and
offshore wind.
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2.3.3. Electricity generation

In recent years, several European Union countries have experienced substantial increases in wind
energy generation. In 2023, wind energy played a significant role in electricity generation across
Europe, though its contribution varied widely among countries (Figure 7). Denmark led by a wide
margin, with wind power supplying 57.5% of its total electricity — the highest share in the region and
a testament to its strong renewable energy commitment. Lithuania and Ireland followed, where wind
accounted for 42.4% and 37.2%, respectively, of national generation.

Among EU’s larger energy producers, Germany generated 140.5 TWh from wind, representing 27.5%
of its total electricity output, while Portugal and Spain also showed substantial reliance, with shares
of 26.8% and 22.5%, respectively. In contrast, France produced a considerable 50.5 TWh from wind,
yet this represented only 9.6% of its electricity mix due to its strong nuclear base.

Other countries - including Belgium (18.5%), Finland (18.4%), and Sweden (20.6%) - also integrated
wind energy effectively into their power systems. Despite these differences, the data collectively
underscore the growing importance of wind power in Europe’s energy landscape.

Figure 7. Wind energy electricity generation of EU MSs from 2014 to 2023.
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2.4. Technology costs

2.4.1. Capital Expenditure (CapEx)

CapEx refers to the funds used by a company or organisation to acquire, upgrade, and maintain
physical assets such as wind turbines, infrastructure, and technology necessary for wind power
generation. This includes costs associated with land acquisition, turbine manufacturing and
installation, grid connection, and other necessary components to establish and operate a wind farm.
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CapEx is a critical factor in determining the financial viability and return on investment for wind energy
projects, as it influences the initial cost outlay and long-term sustainability of the power generation
facility. It is prone to significant fluctuations, particularly in offshore and floating wind projects. These
fluctuations are influenced by various factors, including technological advancements, site-specific
conditions, regulatory and permitting processes, and market demand. The complexity and unique
challenges of marine environments further exacerbate these fluctuations, making CapEx a dynamic
component of wind energy projects.

The CapEx trends for fixed offshore, floating, and onshore wind projects across the EU over the past
few years reveal some notable patterns and fluctuations (Figure 8). For fixed offshore wind, CapEx
has generally decreased from 2016 to 2024, with a significant dip in 2019 and a slight resurgence
in 2021. This overall downward trend likely reflects technological advancements, economies of scale,
and more efficient installation practices. However, the variability, such as the increase in 2021, may
be attributed to site-specific challenges or market conditions affecting supply chain costs (e.g.
restrictions related to the COVID-19 pandemic). In contrast, floating wind shows significant volatility,
with CapEx experiencing sharp declines from 2009 to 2019, followed by fluctuations thereafter. The
high CapEx in 2023 could be linked to the nascent nature of floating wind technology and the limited
number of projects in the EU, where ongoing R&D and prototype deployments drive costs and affect
estimations. Onshore wind exhibits more stability, with CapEx experiencing modest year-to-year
changes. After a slight increase peaking in 2021, the trend appears to be declining, suggesting a
maturing technology and consistent supply chain efficiencies. Overall, while onshore wind CapEx
remains relatively stable and lower compared to offshore technologies, both fixed offshore and
especially floating wind exhibit more variability, reflecting their different stages of technological
development, limited project data, and market dynamics within the EU.

Figure 8. Average CapEx of fixed offshore, floating, and onshore wind projects in the EU.
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Operating expenditure (OpEx), on the other hand, encompasses the ongoing costs required to operate
and maintain a business or project on a day-to-day basis. In wind energy, OpEx includes expenses
related to maintenance, repairs, staffing, insurance, and other operational activities necessary to keep
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the wind farm running efficiently. Factors such as maintenance schedules, unexpected repairs, and
changes in labour costs can influence OpEx.

Larger wind farms often benefit from economies of scale, which can lead to lower OpEx per MW as
fixed costs, such as maintenance personnel and monitoring systems, are spread across more turbines,
reducing the average cost per unit of energy produced. However, these efficiencies can be offset by
the increased complexity of maintenance and logistics associated with larger farms, which may
require more resources for transportation and coordination of maintenance activities. Additionally,
larger farms might deploy newer, more efficient turbine technologies that require less frequent
maintenance, potentially lowering OpEx, although these advanced technologies can also necessitate
specialised skills and equipment. Furthermore, operational challenges such as grid integration and
environmental management can add to costs. Therefore, while larger wind farms have the potential
to achieve lower OpEx per MW, the actual costs depend on a range of factors, requiring a case-by-
case evaluation to understand the specific OpEx profile of each project.

The global weighted average LCoE continues to decline, reaching EUR 32 per MWh in 2024 (see Figure
9). This cost reduction positions onshore wind as a highly competitive renewable energy source to
compete against fossil fuels.

The decline in LCoE is linked to economies of scale (which decrease the cost of wind turbines) and to
technology improvements (notably the increase in turbine size). Overall, these technology
improvements have resulted in an improvement of more than one-third in the global weighted
average capacity factor of onshore wind, from 27% in 2010 to 36% in 2023 (IRENA, 2025).

According to BNEF, the LCoE of onshore wind is projected to further decrease in the future, reaching
EUR 33 per MWh in 2030 and EUR 26 per MWh in 2040 in the median scenario — and even down to
EUR 20 per MWh in the low-cost scenario.

Figure 9. Range of historical and projected onshore wind LCoE estimates.

160
Historical - high Projection - high
140 @ Historical -mid O Projection - mid
@ Historical -low O Projection - low
120
<
=100 %
—
5 oo
o 80 °
=)
o L ? .
o 60 L ™
o ®
U .
| ® ® 0
40 ® e o0, o
® ® o © o
® °OOOOooooOOOOOOOoo
20 L P 000000000
0
2010 2015 2020 2025 2030 2035 2040

Source: JRC, BNEF, IRENA, 2025.

18



According to BNEF, the LCoE of offshore wind is projected to further decrease in the future, reaching
EUR 68 per MWh in 2030 and EUR 55 per MWh in 2040, in the median scenario — and even down to
EUR41 per MWh in the low-cost scenario (Figure 10). This improvement is attributed to
advancements in wind turbine technology, increased experience, the formation of local and regional
supply chains, and strong policy support. As a result, a steady stream of competitive projects has
emerged.

Although installation costs for offshore wind are higher than onshore wind, offshore wind offers the
dual benefits of economies of scale (with larger wind turbines) and higher capacity factors (due to
stronger and more consistent wind resources at sea). Furthermore, European wind offshore
generation tends to be higher during winter, which aligns with a higher peak demand. These factors
contribute to the large potential for offshore wind in the EU, which has started to be realised (IRENA,
2025).

Figure 10. Range of historical and projected offshore wind LCoE estimates.
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Both for onshore and offshore wind, the lowest LCoE projections are equal to, if not higher than, the
historically lowest estimations. This highlights the maturity of these sectors and indicates that we
have potentially reached economies of scale.

As global installations expand both onshore and offshore, costs are projected to decrease. This is
reflected in the Global CETO 2°C scenario (POLES-JRC model)}, which shows that onshore wind
overnight investment costs may drop from USD2p24 1 041 per kW in 2024, to USD2024 841 per kW in
2030 (EUR2024 962 per kW and EUR.024 777 per kW respectively). For offshore wind, costs could
decrease from USDa2o24 2 852 per kW in 2024, to USD2024 2 617 per kW in 2030 (EUR2024 2 635 per kW
and EURz024 2418.9 per kW respectively) (Figure 11). Based on the Global CETO 2°C scenario 2025,

! For the Global CETO 2°C scenario 2025: Use a footnote referring to the Annex. As text for the footnote, you may use: ‘A
short description of the Global CETO 2°C scenario 2025 and the POLES-JRC model can be found in Annex 2.2
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global installed capacities (onshore and offshore) will grow from the current 1 1471 GW in 2024, to
2 842 GW by 2030, and to 11 598 GW by 2050. In this scenario, onshore wind represents 94% of the
installed capacity in 2050.

Figure 11. Overnight investment costs (in USD) and capacities for onshore and offshore installations
according to the Global CETO 2°C scenario 2025
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2.5. Public RD&I funding

Public R&D investment is analysed based on the IEA energy technology RD&D budget, which includes
data from national investment in the EU Member States and IEA Member countries outside of the EU.
Specifically, the analysis considers the following R&D IEA classification codes: 321 Onshore wind
technologies, 322 Offshore wind techs (excl. low wind speed), 323 Wind energy systems and other
technologies and 329 Unallocated wind energy. Offshore wind technologies refer to techniques,
processes and equipment to produce electricity from offshore devices driven by wind. Wind energy
systems and other technologies (eg resources assessment, software development and high-altitude
technologies). Unallocated wind energy refers to techniques, processes, equipment and systems
related to wind energy that cannot be allocated to one specific area of category 32 and where it is
not possible to estimate the split between two or more of the sub-categories. RD&D activities focus
on the performance and the reliability of offshore wind technologies. In addition, EU funding from the
Horizon 2020 (H2020) and Horizon Europe Framework Programmes (FP) are included since 2014 (see
EC FP).

The EU funding by Member States in public R&D reached EUR 333 million in 2022 and
EUR 250.7 million has thus far been reported for 2023 (provisional data), which marks a large
increase compared to 2021. Offshore technologies had the largest share of funding allocated,
followed by wind energy systems and other technologies (see Figure 12).
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Figure 12. Public RD&l investments by Member States in wind energy technology in the EU from 2013 to
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Source: JRC based on IEA, 2025.

In the period 2014-2023, the EU leads in investment among |IEA members, accounting for 41% of all
public investment in wind energy. Of this, 31% reflects Member State investments, while the
remaining 10% is attributed to the European Commission’s framework programme (see Figure 13).

Figure 13. Share of public RD&l investment in wind energy technology by IEA member countries for the
period 2014 to 2023.
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For the reference period 2014-2024, the allocation breakdown of investments in the EU and globally
is similar. Notable differences are the allocation of 27% of the funds in Offshore wind technologies
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in the EU as opposed to 21% in the global setting. Similarly, 46% of the funds are attributed to
unallocated wind energy projects in the EU as opposed to 56% globally (Figure 14).

Figure 14. EU and global allocation of public RD&I investment in wind energy technology technologies for the
period 2014 to 2024.
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Source: JRC based on IEA, 2025.

2.6. Private RD&l funding

Globally, China is leading in private R&D investment in wind energy, followed by the EU. In cumulative
terms, for the period 2010-2021, the EU is estimated to lead private R&D investment with about
40.6% of the total private R&D funding, followed by China (34%) and the US (7.7%) (Figure 15).

Figure 15. Global private R&D investment in the wind energy sector. Annual investment (left) and cumulative
investment (right).
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Within the EU, private R&D funding is highly concentrated in Germany, Denmark and Spain, where the
leading European original equipment manufacturers (OEMs) concentrate their industry and value
chain (Figure 16). By 2021, cumulative private R&D investment from these Member States reached

EUR 7 825 million for Germany, EUR 5 158 million for Denmark and EUR 1 222 million for Spain.
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Figure 16. EU private R&D investment in the wind energy sector. Annual investment (left) and cumulative
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EU companies are among the leading investors in R&D. In the period 2015-2021, four EU companies
were among the top five and 10 amongst the top 20 global R&D investors in the wind energy sector
(see Table 3). Moreover, a strong representation of Chinese OEMs (eight companies in total) is
observed among the top 20 global R&D investors. Other competitors include General Electric (US), in
fifth position, and Korea’s Samsung Heavy Industry.

Table 3. Global leading companies in private RD&l investment for the period 2015 to 2021.

Company Country
VESTAS WIND SYSTEMS AS DK
Siemens Gamesa Renewable Energy AS DK
SENVION GMBH DE
WOBBEN PROPERTIES GMBH DE
GENERAL ELECTRIC COMPANY us
BEIJING GOLDWIND SCIENCE CREATION WINDPOWER EQUIPMENT COLTD | CN
STATE GRID CORPORATION OF CHINA CN
SHANGHAI ELECTRIC WIND POWER GROUP CO LTD CN
XINJIANG GOLDWIND SCIENCE TECHNOLOGY CO LTD CN
MING YANG SMART ENERGY GROUP LTD CN
Siemens Gamesa Renewable Energy Innovation Technology SL ES
SAMSUNG HEAVY IND CO LTD KR
SIEMENS AKTIENGESELLSCHAFT DE
Zhejiang Windey Co Ltd CN
General Electric Renovables Espaa SL ES
CSIC HAIZHUANG WINDPOWER CO LTD CN
BEIJING GUODIAN SIDA TECHNOLOGY CO., LTD. CN
LM WIND POWER AS DK
Flender GmbH DE
Nordex Energy SE Co KG DE

Source: JRC SETIS based on PATSTAT 2023a (Fiorini et al, 2017; Pasimeni, Fiorini, and Georgakaki, 2019), 2025.

23



2.6.1. Venture capital and early and later-stage investments

Venture capital (VC) is a type of private equity (PE) financing that investors offer to start-ups and
small businesses with high growth potential. It is divided into early-stage investment and later stage
investment. Early stages include pre-seed, accelerator/incubator, angel, seed, and early-stage VC
investments. Later stages involve growth investments for scaling up start-ups or larger SMEs, such
as late-stage VC, small mergers & acquisitions and private equity growth/expansion. By investing in
innovative companies, VC and PE firms contribute to the development of new technologies and
business models within the wind industry and promote the sector’s innovation landscape.

In recent years, the landscape of venture capital (VC) and private equity (PE) investment in the wind
energy sector has undergone significant changes. Since 2019, China has emerged as a dominant
player, capturing 45% of the global VC investment. This was largely driven by an exceptional PE
growth/expansion deal in 2021, where Envision raised EUR 860 million. Beyond this landmark
transaction, global VC investment has seen a steady increase up to 2023, with the United States and
the European Union capturing 25% and 17% of the total investment since 2019, respectively.

However, a shift occurred in 2024, with a noticeable decline in the number of deals in both the US
and the EU, leading to a drop in global VC investment to EUR 272 million — a 32% decrease compared
to 2023. This reduction reflects a broader trend of consolidation and selectivity in deal-making across
these regions (Figure 17).

Apart from the Envision deal, several significant investments have marked the past six years, focusing
on scaling up and growth in the wind energy sector. Notable transactions include PolyTech from
Denmark, which raised EUR 135 million in 2023 for performance-enhancing systems in the wind
sector; Aeolon, a Chinese wind turbine blade manufacturer, which secured EUR 99.5 million in 2020;
and SkySpecs, a US-based asset management software company, which raised EUR 75 million in
2022. While these substantial deals have shaped the market, other investments have remained
relatively modest, typically below EUR 50 million.

Figure 17. Global VC/PE EU investment in the wind energy sector, by region for all deals.
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Almost all top 10 beneficiary countries for VC/PE investment in the wind energy sector show an
increase in funding for the period 2019-2024 compared to 2013-2018. Out of the top 10 beneficiary
countries, five are part of the EU: Denmark, France, Latvia, Spain and Sweden (Figure 18).

Figure 18. VC/PE investment in the top 10 beneficiary countries for all deals.
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Overall, the EU continues to play a crucial role in the wind energy investment landscape, significantly
contributing to global VC/PE investment deals. The EU share has increased to 31.6% during the 2022-
2024 period, compared to 6.6% in 2019-2021 and 21.7% in 2016-2018 (Figure 19). It should be
noted that the value of investments globally in the period 2019-2021 was dominated by a EUR 860
million investment made in China, therefore drastically reducing the EU share.

Figure 19. VC/PE investment share in the EU and in the ROW, for all deals over the 9 years, by 3-year period.
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The data on wind energy innovating companies from 2019 to 2024 (Figure 20) highlight significant
trends and geographical variations between corporate companies and VC companies. China leads in
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the number of venture capital companies, with 256 active companies, emphasising its robust venture
capital ecosystem supporting wind energy innovations.

In the EU, there is a notable presence of both VC companies and corporate companies, underscoring
the region's commitment to wind energy development. Spain leads the EU in VC companies with 12
active companies, followed closely by France and the Netherlands, with 10 and 9 active companies,
respectively. This indicates a vibrant VC environment fostering wind energy startups and innovations
within these countries.

For corporate companies, Germany emerges as a leader with 112 active companies, reflecting its
strong corporate commitment to wind energy. France and Denmark also show significant corporate
activity, with 52 and 48 active companies, respectively, highlighting their established wind energy
industries.

Figure 20. Number of active innovating companies by type over a 6-year period: Ranking of the Top 15
Countries. [VC companies count over 2019-24 based on high-value patent inventions, using the latest
available data up to 2022].
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2.7. Patenting trends

The following section discusses patenting activity and the protection of intellectual property in the
wind sector. Key countries and organisations are analysed based on:

e Number of inventions: Patent families represent all relevant documents related to a specific
invention, such as applications filed with multiple authorities.

e International inventions: Patent applications protected in a country other than the applicant’s
residence are considered international.



e High-value inventions: High-value refers to patent families including patent applications filed
in more than one patent office. High-value inventions consider EU countries separately, while
international inventions group European countries into a single macro category.

The Cooperative Patent Classification (CPC) codes considered for the evaluation of the patenting
activity are: YO2B 10/30, YO2E 10/70, YO2E 10/72, YO2E 10/727,Y02E 10/728, YO2E 10/74 and
YO2E 10/76. Data are incomplete for the year 2022; therefore, data up until 2021 are used to avoid
presenting a distorted view of the sector.

In the period 2019-2021, China dominated in the total number of inventions, reaching 8 986
inventions, followed by the EU with 2 111. However, only 5% of Chinese wind energy filings were
considered high value, while high-value inventions accounted for approximately 75% of all European
wind energy filings. This highlights the focus of Chinese companies in the domestic market. The US
and Japan have 62% and 30% high-value inventions, respectively, however their total number of
inventions is lagging behind China and the EU (see Figure 21).

Figure 21. Number of inventions and share of high-value and international activity (2019-2021).
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The number of high value inventions in the EU has, as an overall trend, been increasing between 2015
and 2020, with a small dip in years 2019 and 2021. In China, the trend has been continuously positive,
however it still lags behind EU high value innovations. In terms of individual countries, in the period
2019-2021, most high-value inventions were filed in Denmark (721), followed by China (405) and
Germany (395) (Figure 22).
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Figure 22. Evolution of nhumber of high-value inventions (left) and top ten countries with high-value
inventions (right) for the period 2019-2021. Light blue refers to EU Member States.
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During the 2019-2021 period, seven out of the global top 10 entities with high-value inventions were
EU companies. The US and China are also represented in the top 10 OEMs, with General Electric (US)
in fourth position, and Goldwind (China) in ninth and tenth position (see Figure 23).

Figure 23. Global top ten entities with high-value inventions in wind energy sector for the period 2019-2021.
Light blue refers to EU Member States.
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Figure 24 presents the flow of high-value inventions from the major economies to the main patent
offices in the period 2019-2021. EU applicants show the highest share of inventions protected in the
US (49%) and China (289%), whereas the US protects a substantial share of its inventions in Europe
(47%) and China (279%). For the rest of the reporting countries, Europe and the US are the main
destinations of IP protection.
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Figure 24. International flows of high-value inventions between major economies (2019-2021).
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2.8. Scientific publication trends
This chapter analyses bibliometric trends in the wind energy sector, specifically:

e the number of peer-reviewed articles per year in 2010-2024 (global and EU);

e the number of highly cited papers (top 10% cited, normalised per year and field);

e the FWCI? per country, measuring the citation impact of publications as compared to the
global average of the research field; and

e the h-index® per country, measuring both the productivity and citation impact of publications,

and the collaboration network among countries*.

Field Weighed citation impact is calculated as the average number of citations the article receive normalised per
year and per field. A FCWI of 1 means that the output performs just as expected for the global average (Scopus,
2022).

3 The h-index (also Hirsch-Index) of a country is the largest number h such that at least h articles in that country for
that topic were cited at least h times each (Hirsch, 2005).

4 Network graphs show collaboration networks among competitors. The size of the nodes in the graphs indicates the
number of documents retrieved for a location. The edges indicate co-publications or co-occurrence n the same
document(s). The thickness of the edge is relative to the number of documents in common. Same colours of nodes
indicate communities that tend to appear more together than with others
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Publication data for the wind sector were derived from Scopus (2010-2024) and analysed using the
Text Mining and Analysis Competence Centre (TIM) platform, which applies text-mining and analytics
techniques to scientific and technical datasets (European Commission, Joint Research Centre, 2024).

Globally, the overall number of wind energy publications grew at a fast pace, rising from 427 articles
in 2010 to 3 845 publications in 2024. In 2024, China leads with the highest number of articles
(1 454), followed by the EU (615) and the US (310) (Figure 25).

Figure 25. Wind energy - Number of peer-reviewed articles per year (2010-2024) globally (top) and in the
EU (bottom).
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In terms of highly cited articles, China leads the sector with 893 articles, followed by the EU (728),
the US (434) and the UK (393). The FWCI within the research field indicates that EU performs slightly
above global average (1.18). Switzerland is leading the sector with FWCI 1.76. Other competitors such
as China (0.93), South Korea (0.92) and India (0.77) rank below the global average in FCWI. In terms
of citation impact and productivity, the EU leads with a H-index of 137, closely followed by the US
(130) and China (127).

Within the EU, the leading countries in terms of first-mover status also demonstrate the highest
publication activity. Since 2010, Germany ranks first in cumulative number of articles (1 159 articles),
followed by Denmark (768), Spain (760), Italy (630) and the Netherlands (507) (Figure 25). Research
in the wind sector has spread throughout Europe, with all EU Member States showing publishing
activity between 2010 and 2024, and 13 countries having over 100 peer-reviewed articles during
that period.

Figure 26. Wind energy - Total number of peer-reviewed articles per year (2010-2024), FWCI (left) and
H-index (right) of the EU and global competitors.
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In the period 2010-2024, EU organisations show the strongest collaboration ties in publishing peer-
reviewed articles with organisations from the UK and Switzerland. Similarly strong co-publication
activity is observed between China and the US, as well as between China and Japan (Figure 27).

Within the EU, the strongest collaboration networks exist between Germany and the Netherlands,
Sweden and Denmark, Spain and Italy, and Spain and Portugal. Moreover, strong publication ties are
observed between MS and the UK and Norway (Figure 28).

31



Figure 27. Global collaboration network for wind energy research, based on peer-reviewed articles from
2010 to 2024.
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Figure 28. European collaboration network for wind energy research, based on peer-reviewed articles from
2010 to 2024.
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2.9. Assessment of R&l project developments

H2020 and Horizon Europe, Europe’s largest research and innovation programmes, have consistently
supported wind energy. In 2024, the same number of projects (34) were funded compared to 2023,
but the total investment dropped to EUR 93.2 million from EUR 170 million in 2023.

Figure 29 illustrates the development of research and innovation (R&l) funding between 2014 and
2024 through the Horizon Europe and H2020 programmes. In 2024, 21% of the European Union’s
funding (EUR 19.5 million) went to wind energy projects focused on new wind turbine materials and
components. Floating offshore wind projects received 19% (EUR 18 million), and grid integration
projects received 16% (EUR 15.3 million).

Figure 29. Evolution of EU R&I funding by R&l priority for wind energy under H2020 (2014-2021) and
Horizon Europe (2022-2024) programmes and number of projects funded in the period 2014-2024.
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Grid Integration: A total of eight projects have been funded in the grid integration category, with
WinDTwin and DCDYNAMIC standing out due to their substantial budgets. WinDTwin (EUR 5.9 million)
aims to develop a sophisticated digital twin for offshore wind farms, enhancing power production
predictions and energy demand management. It seeks to revolutionise decision-making processes for
industry professionals by providing comprehensive access to high-quality data and predictive models.
Similarly, DCDYNAMIC (EUR 5.4 million) focuses on accelerating the development of dynamic cable
technology for sustainable European electricity grids. This project addresses the technical challenges
associated with high-voltage direct current (HVDC) cables, which are crucial for integrating large-
scale offshore wind power plants into the grid.
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Floating Offshore Wind: This category has seen funding for five projects, with FLOATFARM and
INF4INITY leading the charge. FLOATFARM (EUR 6 million) aims to push the boundaries of floating
offshore wind technology by developing innovative rotor designs, mooring systems, and
environmental impact mitigation strategies to enhance energy production and reduce costs.
Meanwhile, INF4INITY (EUR 6 million) is focused on creating future floating offshore wind farm
technologies that balance clean energy production with environmental preservation, featuring
innovations like nature-inclusive gravity anchors and artificial reef structures.

New Materials & Components: In this category, nine projects have been funded, with CIRCWIND
and LIGHTWIND making significant strides in materials innovation. CIRCWIND (EUR 4 million) aims to
develop and validate cutting-edge technologies for wind turbines, focusing on enhancing reliability,
performance, and circularity. The project seeks to create a prototype of fibre-reinforced polymer (FRP)
materials with improved damage tolerance and fatigue life, as well as circular low-carbon concrete
for offshore floating wind turbines. These innovations will allow future wind turbines to incorporate
sustainable, cost-efficient materials, ensuring feasibility and high replicability in the industry.
Meanwhile, LIGHTWIND (EUR 3 million) is working on a disruptive drive-train solution for ultralight,
lower-cost wind turbines. The project addresses the challenges of scaling floating wind turbines
beyond 15 MW by developing a compact and lightweight drive-train that reduces nacelle and rotor
weight while maintaining or increasing energy production. This innovation aims to make floating
offshore wind turbines both technically and economically viable, ultimately supporting the expansion
of offshore wind energy.

Recycling & Circularity: Two projects have been funded under recycling and circularity: REWIND
(EUR 4 million) and FibReLoop (EUR 3.8 million). REWIND focuses on developing technologies for the
efficient decommissioning and recycling of wind turbine blades, aiming to increase their circularity
and industrial applications. FibReLoop aims to train researchers in sustainable composite recycling,
addressing the growing challenge of composite waste and promoting circular economic principles
within the industry.

Offshore Technology: Four projects have received funding in the offshore technology category, with
DTWO, having a budget of EUR 6.2 million, leading the way. This project aims to create a federated
digital twin for offshore wind, integrating simulation assets and real-time data to enhance decision-
making in virtual power plants. By improving modelling systems and integrating advanced
technologies, DTWO seeks to optimise offshore wind energy production and grid connectivity,
supporting large-scale deployment and sustainable energy transitions.

Airborne Wind Energy Systems: In this category, two projects have been funded, with AWETRAIN
(EUR 3.3 million) being a significant venture. It focuses on training researchers to integrate airborne
wind energy into industrial energy systems. By fostering interdisciplinary skills and promoting
international collaboration, AWETRAIN aims to advance airborne wind energy's potential to reduce
capital costs and increase renewable energy capacity, aligning with EU energy goals.

For a detailed list of the projects, refer to Annex 3.

Since 2014, significant funding has been allocated across all wind research R&I priorities. Floating
offshore has received the most funding (EUR 163 million), followed by offshore wind
(EUR 145 million), and research on new materials and components (EUR 93 million) (Figure 30).
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Figure 30. EC funding by wind energy R&l priority under H2020 and Horizon Europe, for 2014-2024
[EUR million].
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The European wind energy sector has identified a set of strategic R&l priorities to ensure the industry’s
competitiveness, sustainability, and alignment with the EU’s climate and energy objectives. These
priorities are outlined in the ETIPWind Strategic Research and Innovation Agenda (ETIPWind, 2023)
and supported by national and European stakeholders, including industry leaders, research
institutions, and policymakers (ETIPWind, 2025). The agenda defines 23 R&l priorities grouped under
five interdependent strategic areas, which must be addressed in parallel to achieve a resilient,
affordable, and sustainable wind energy transition. The five strategic areas are:

1. Accelerate Industrialisation and Restore Supply Chain Competitiveness

This priority focuses on strengthening the European wind energy supply chain by enhancing
manufacturing capabilities, reducing costs, and improving the efficiency of production processes. It
includes the development of advanced materials, modular and scalable turbine components, and the
integration of digital tools to streamline operations. The goal is to ensure that Europe remains a global
leader in wind turbine manufacturing and to address bottlenecks in the supply chain, such as the
availability of critical raw materials and logistics.

2. Optimise and Digitalise Operations and Maintenance (0&M)

The digital transformation of wind energy operations is a key focus area. This includes the deployment
of advanced sensors, predictive maintenance systems, and artificial intelligence to improve the
reliability, efficiency, and lifetime of wind turbines. By leveraging digital technologies, the sector aims
to reduce downtime, lower operational costs, and enhance the performance of both onshore and
offshore wind farms.
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3. Achieve Faster and Wider Wind Energy System Integration

Wind energy must be seamlessly integrated into the broader energy system to support the transition
to a climate-neutral electricity grid. This involves improving grid compatibility, enhancing forecasting
and grid management tools, and developing hybrid systems that combine wind with other renewable
sources and storage technologies. The integration of wind energy into industrial and transportation
sectors is also a priority, particularly for electrification of hard-to-abate sectors.

4. Develop a Sustainable and Circular Wind Energy Supply Chain

Sustainability and circularity are central to the future of wind energy. This includes the development
of recyclable turbine blades, the use of low-carbon materials, and the establishment of end-of-life
management strategies for wind components. Additionally, the sector is working to reduce the
environmental footprint of wind farms and to ensure that their development is compatible with
biodiversity and ecosystem protection.

5. Attract a Skilled Workforce and Ensure Coexistence with Society

The wind energy sector requires a skilled workforce to support its rapid growth and technological
advancements. This includes training and upskilling programmes for engineers, technicians, and
project managers. Moreover, the sector must foster positive relationships with local communities to
ensure public acceptance and social license for wind energy projects. This involves transparent
communication, community engagement, and the development of shared benefits, such as local job
creation and revenue sharing.
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3. Value chain analysis

3.1. Turnover and Gross Value Added

The turnover, GVA and employment are determined using a method that evaluates the wind industry’s
economic activity. Specifically, EurObserv'ER considers the monetary flows from the following
activities in the value chain: 1) Investment in new installations, 2) Operation and maintenance of
existing plants, including newly added plants, and 3) Production and trade of renewable energy
equipment (EurObserv’ER, 2025). Attempts to calculate the gross value added (GVA) in the EU wind
sector reveal variations in methodology and geographical coverage. EurObserv’ER’s analysis
concentrates on the EU and calculates the direct GVA using the sector’s turnover figures and value
added/input factors per sector from Eurostat input-output tables. More generally, direct GVA for a
specific sector in a country is determined by subtracting the value of intermediate consumption from
the value of output.

From 2020 to 2023, the EU wind power sector experienced a fluctuating turnover, ranging between
EUR 28 billion and EUR 51 billion, with an upwards trend over the past three years. GVA is also
demonstrating an upwards trend, reaching EUR 22 billion in 2023 (see Figure 31). The dip observed
in 2021 can largely be attributed to the lingering effects of the COVID-19 pandemic, which caused
project delays, supply chain disruptions, and increased material and logistics costs. Additionally,
slower permitting processes and uncertainty in component availability further constrained new
installations, temporarily dampening turnover and investment activity in the sector.

Figure 31. Turnover and gross value added of the EU wind sector in the period 2020-2023.
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In terms of individual countries, Germany leads in turnover and direct GVA, followed by France,
Denmark and the Netherlands (see Figure 32).
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Figure 32. Turnover and gross value added of the wind sector in EU Member States in 2023 for countries
with more than EUR 300 million turnover.
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3.2. Environmental and socio-economic sustainability
Environmental Issues Across the Wind Energy Lifecycle

Wind energy projects have significant environmental impacts across their lifecycle, from raw material
extraction to decommissioning. The construction phase requires substantial natural resources,
including steel, copper, and rare earth minerals, which can strain ecosystems and contribute to habitat
degradation. Land use for turbine platforms, access roads, and transmission lines leads to habitat
fragmentation, particularly affecting specialised or endemic species. Operational impacts include
noise pollution, which can disturb wildlife and nearby human communities, and direct mortality from
bird and bat collisions with turbine blades. Decommissioning also poses challenges, particularly in
recycling turbine blades, which are often made of non-recyclable composite materials. Emerging
technologies such as pyrolysis and solvolysis offer potential for sustainable blade recycling, but these
methods are still in development or not yet cost-competitive.

Socio-Economic Impacts

Wind energy projects can have both positive and negative socio-economic effects. During the
construction phase, they create short-term employment opportunities, particularly in rural areas
where wind farms are often located. Landowners benefit from lease payments, providing a steady
income stream that can diversify their revenue sources. However, these projects can also lead to
community resistance, especially during the pre-construction and construction stages, due to concerns
over visual and noise impacts, as well as perceived threats to local services and housing. Community
benefit agreements and voluntary investments in local infrastructure or education programmes are
increasingly used to address concerns and enhance local acceptance.
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Security and Geopolitical Considerations

The security of wind energy supply chains is a growing concern, particularly due to the concentration
of critical mineral production and processing in a few countries. For example, China dominates the
production of rare earth minerals essential for wind turbine components, creating vulnerabilities in
the supply chain and raising concerns about geopolitical dependencies. These dependencies can be
exacerbated by trade tensions or resource nationalism, which may disrupt the availability of essential
materials. Additionally, wind energy projects are increasingly exposed to cyber security threats,
particularly in the operational and maintenance (O&M) stages. The interconnected nature of wind
farms and their reliance on digital systems make them susceptible to cyber-attacks, which could
compromise grid stability and energy security.

Quantitative parameters and extended analysis are presented in Annex 1.

3.3. Role of EU companies

The 2024 market shares for wind turbines are presented in Figure 33. Chinese OEMs dominate the
global onshore market, holding 73% (63% in 2023) of the share (87.4% of which is attributed to the
Chinese domestic market), followed by European OEMs at 18% (27% in 2023) and American OEMs
at 4% (7% in 2023). European OEMs are performing better in the global offshore market, capturing
38% of the total due to the prominence of Vestas and Siemens. Again, Chinese OEMs dominate the
market, covering 57% of it (mostly attributed to the Chinese domestic market).

When not accounting for the Chinese market, the trend is different. EU companies dominate the
installations, holding a 64% market share onshore (Figure 34), while offshore, 95% of the new
installations come from EU companies.

Figure 33. Global market share of wind turbines for new installations in 2024 onshore (left) and offshore
(right) installations.
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Figure 34. Global market excluding China: share of wind turbines for new onshore installations in 2024.
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The market shares within the EU are shown in Figure 35. European OEMs dominate the domestic
market, with an 88% (88% in 2023) share for onshore and 96% (100% in 2023) share for offshore
installations. This domestic dominance is attributed to a strong manufacturing base, EU policy
support, and established supply chains, but faces pressure from Chinese imports. High upfront costs
and long payback periods deter private investment, though the EU Sustainable Finance Taxonomy
and green bonds are improving access to capital (European Commission, 2020). The EU’s Net-Zero
Industry Act also aims to secure supply chains and reduce reliance on foreign subsidies (European
Commission, 2023), improving the overall positioning of EU manufacturing.

Figure 35. Market share for new EU installations of wind turbines in 2024: onshore (left) and offshore (right).
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3.4. Employment

In 2024, the offshore wind industry in the EU was estimated to support a considerable number of
full-time equivalent (FTE) jobs, with figures varying across different sources. presented in the Blue
Economy report (European Commission, 2025a), 4C Offshore estimate approximately 47 000 FTE
jobs in offshore wind, with 28 000 being direct positions. WindEurope's 2023 data (WindEurope,
2023) indicate 173 174 direct jobs and 174 175 indirect jobs, while their 2024 projection shows an
increase in direct jobs to 179 970 and a decrease in indirect jobs to 158 217. EurObserv'ER provides
a broader estimate, encompassing both direct and indirect employment, suggesting that the
combined employment in the sector could reach around 333 800 jobs. These figures illustrate a range
of employment impacts from different perspectives within the EU's offshore wind industry,
highlighting both the sector's direct contributions to job creation and its broader economic influence
through indirect employment.

According to EurObserv'ER, Germany ranks first among EU Member States in terms of direct and
indirect jobs in 2023 (97 900 FTEs), followed by Spain (43 000 FTEs) and France (40 200 FTEs)
(Figure 36). 76% of the people directly employed in the European wind industry work in the onshore
wind supply chain. Regarding the distribution of jobs per gender, 19% of workers directly employed
in the European wind industry are women, a proportion that has been stable since 2017 (ETIP Wind,
2025b). Overall, the European total wind energy workforce forms about 30% of the estimated global
employment in the wind energy sector, with the largest proportion of all wind-related jobs located in
China (49%) (IRENA/ILO, 2023).

Figure 36. EU employment (direct and indirect jobs) in the wind sector in 2023 for countries with more than
1 000 full-time equivalents.

120

100

Thousands

80

Ll
F
L
%]
=
c
s 60
14
=
3
= 40
(AT}
£
= 20
- I
z 111
L 0 ....----__
:é-;:mm_\c'o;::-'om?;mgfb'm-omw:h
-~ U T = £ o | £ U = T E £ B T &
5 8 ¢ ¢ @ g g & g @ ¥ 2 =5 T g 5w 5 F
Emﬁ_‘“‘:-og_EEHﬁngEOmc
= -~ C = =3 1 =
I o (9 © L T I = o N =
L] v oW L = o
O £ 0 o o 5 @ o« oI
W
=

Source: JRC based on EurObserv’ER, 2025.

41



3.5. Energy intensity and labour productivity
Energy intensity

Energy intensity in wind power is assessed through the cumulative energy demand (CED) over the
lifecycle of wind turbines, whether onshore or offshore. For onshore wind, lifecycle analyses from
specific case studies and data from OEMs like SiemensGamesa, Vestas, and NordexAcciona show a
reduction in CED from 0.12-0.17 MJippu/kWhe in 2011 to 0.08-0.12 MJinpu/kWhe in 2022. Offshore
wind turbines display a similar energy intensity, with most analyses reporting a CED of between 0.1
and 0.19 MJ;,,u/kWhe, comparable to onshore turbines.

The energy balance of a wind power plant is the relationship between the energy required throughout
its entire lifecycle - including manufacturing, operation, servicing, and disposal - and the energy it
generates. This is expressed as the energy payback period, or the 'months to achieve payback, which
is when the energy produced equals the energy consumed, making the turbines energy neutral.
Generally, wind turbines achieve energy neutrality within 5 to 8 months, with a maximum payback
period of 7.4 months. In contrast, fossil fuels like oil and coal consume more energy than they
generate and never reach energy neutrality.

Alternatively, energy payback can be assessed by the 'number of times payback,’ which indicates how
much more energy a turbine returns to society over its lifetime compared to what it consumes. For
instance, a wind power plant can return up to 50 times the energy invested in it. This means that for
every 1 kWh invested in a wind energy solution, 50 kWh are returned. Conversely, investing 1 kWh in
coal typically yields less than 0.4 kWh in return.

3.6. EU production data

The selection of Prodcom codes for monitoring production in Wind aligns with the Net-Zero Industry
Act (NZIA) list of components. The Prodcom code 28112400 (Wind turbines - Generating sets, wind-
powered) does not distinguish between the size or the use of the turbines; thus, there is no distinction
between the onshore and offshore wind sections. The sum of countries’ production (boxes) is lower
than the ‘EU Total’' (line) because some Member States keep their production data confidential.
However, Eurostat includes confidential data in the ‘EU Total’ estimates.

In 2024, the EU production value of wind turbines rose by 16% compared to 2023, reaching nearly
EUR 10.5 billion (Figure 40). Denmark and Germany remained the leading EU producers, accounting
for 42% and 26% of the total EU production, respectively, followed by Spain (15%), while France has
not disclosed its 2024 production data.

3.7. Trade (Import/export) and trade balance

For monitoring trade in wind energy technologies, the selection of trading goods aligns with the NZIA
list of components. The only trade code currently directly linking to wind energy is HS code 850231
(Generating sets, wind-powered) that corresponds to the final products and does not distinguish
between onshore and offshore wind turbines.

Figure 37 illustrates that the EU has maintained a positive trade balance between 2014 and 2024,
averaging approximately EUR 2 billion. In 2024, extra-EU exports increased by 6% to over
EUR 2 billion, while extra-EU imports doubled to nearly EUR 0.5 billion, yielding a trade surplus of
EUR 1.5 billion, which is below the 11-year average and pre-pandemic levels.
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Figure 37. Extra-EU trade of technology example for the period 2014-2024.
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Global exports of wind generating sets rose from EUR 4.8 billion in 2023 to EUR 5.9 billion in 2024,
with EU exports (including intra-EU trade) increasing from EUR 3.6 billion to EUR 4.5 billion. Over
2022-2024, the EU accounted for 73% of global exports (including intra-EU trade), while extra-EU
exports (excluding intra-EU trade) represented 60% of global transactions. The EU Member States
met 67% of their import needs through intra-EU trade. Denmark was the leading global exporter,
accounting for 32% of global exports, followed by Germany (29%) and China (17%) (Figure 38-left).
The UK and Chile were the largest global importers, while Denmark and Netherlands ranked sixth and
seventh, respectively (Figure 38-right).

Figure 38. Top ten global exporters (left) and importers (right) for the period 2022-2024.
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Source: JRC based on COMEXT data, 2025.

During the same period (2022-2024), the UK was the largest importer from the EU, receiving 33% of
the extra-EU exports, followed by the US (19%) and Tirkiye (12%). China was the largest exporter to
the EU, accounting for 53% of extra-EU imports, followed by India (45%) (Figure 39)
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Figure 39. Top five countries importing (left) from and exporting (right) to the EU for the period 2021-2024.
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Table 4 shows the growing markets calculated as:

200 400

EUR Million
600 800

JRC based on COMEXT data

net import change = [(importyg,y — iMPortygeq) + (iMmport,g,s — import,g,,)]/2

Data reported for 2024 are not used, as they were preliminary at the time of writing.

Between 2021 and 2023, Chile recorded the highest total imports among the listed countries
(EUR 1.45 billion), followed by Canada (EUR 987 million) and the United States (EUR 798 million). The
EU maintained a strong share in Japan and the United States, each sourcing 44% of their imports
from the EU, and a smaller share in Chile (23%) and Canada (14%). Chile and Japan also showed the
largest average increases in net imports of EUR 38 million and EUR 24 million respectively), while the
United States registered a notable EUR 44 million decline over the same period. In contrast, markets
such as South Africa, Argentina, Egypt, and Uzbekistan remained smaller, with limited import growth
and relatively low EU participation.

Table 4: Growing markets of wind generating sets based on a 2-year average of net import change.

Country Total import 2021-2023 % import from 2-year average of net
(2020-2022) [EUR Million] the EU import change [EUR
Million]

Canada 987 14% 7
South Africa 203 8% -3
Argentina 370 1% 0
Japan 503 449% 24
Kazakhstan 147 2% 1
Egypt 186 1% 0
Uzbekistan 122 0%
United States 798 44% -44
Chile 1449 23% 38

Latest year data (2024) is incomplete for COMTRADE, because it does not provide estimates for the missing values unlike

COMEXT.

Source: JRC based on COMTRADE data
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Figure 40. EU production value and top producers among the Member States disclosing data [EUR Million].
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4. EU market position and global competitiveness

4.1. Global markets and growth prospects

4.1.1. Current EU positioning in the global market

In the past decade, European OEMs have been dominant in the wind energy sector. However, their
global market share has gradually declined, and in 2024, they ranked second to Chinese ones. Despite
this, European OEMs continue to dominate the domestic market (see Chapter 3.3), as the decrease in
their global market share is primarily due to the rapid growth of the Chinese market, mainly serviced
by Chinese OEMs. Among the top 10 OEMs in 2024, Chinese companies had the highest global market
share at 729%, followed by European companies at 21% and North American companies at 4%
(Figure 41). A notable trend in the sector is also the consolidation of the market, leaving less room

for smaller OEMs.

Figure 41. Market share of the top 10 OEMs in wind energy over the period 2014-2024.
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In the complex landscape of global commerce, companies frequently encounter technological and
economic constraints that can limit their growth and innovation potential. Furthermore, significant
economic and policy differences between the EU, China, and the US create varied market
environments, influencing how businesses operate and compete on the international stage. Below are
some key points of the policy framework and the main challenges for these three regions.
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EU
- Policy Framework

o Key legislation includes the Renewable Energy Directive and the TEN-E Regulation,
which facilitate grid integration and cross-border cooperation.

o The electricity market reform aims to create a more flexible power system to
accelerate renewable integration.

o The European Green Deal fosters ambitious emission reduction targets, incentivising
investments in wind energy

- Challenges

o The EU wind sector faces challenges such as slow and complex permitting processes,
supply chain risks, and limited access to finance.

o Grid integration remains a critical issue.

o The EU is building at a lower rate than is required to meet REPowerEU targets

China
- Policy framework

o China’s wind energy policy is characterised by state-led initiatives and aggressive
renewable energy targets. The 14th Five-Year Plan (2021-2025) aims for 33% of
national power consumption from renewables by 2025.

o The government has historically provided substantial subsidies to wind energy
projects, with direct subsidies to leading manufacturers like Goldwind and Mingyang
increasing significantly.

o Feed-in tariffs have been phased out, pushing companies to focus on cost reduction
and efficiency improvements.

o Local governments have introduced regional subsidies to compensate for the national
phase-out of feed-in tariffs.

- Challenges

o Wind curtailment remains a challenge.

o The phase-out of subsidies has increased pressure on companies to improve
competitiveness and reduce costs.

o China’'s dominance in manufacturing wind turbines and components has raised
concerns about market distortions and supply chain dependencies.

us
- Policy framework

o The US wind energy policy is driven by a mix of federal and state-level initiatives.
Federal incentives include tax credits, loan guarantees, and low-interest loans.

o State-level policies, such as Renewable Portfolio Standards (RPS), play a significant
role in promoting wind energy.

o The Biden administration supported wind energy through the Inflation Reduction Act.

o The Trump administration’s 2025 policy bill aims to phase out tax credits for wind
and solar, shifting focus to fossil fuels.

- Challenges

o The US wind sector faces challenges such as grid bottlenecks, supply chain
disruptions, and permitting delays.

o The phase-out of federal tax credits has raised concerns about the long-term viability
of wind projects.

o Market competition is increasing, with Chinese manufacturers gaining substantial
market shares in the US market.
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4.1.2. Market prospects

In the context of the CETO 2025 exercise, the POTENCIA® and POLES-JRC models have been employed
to project scenario-specific deployment of onshore and offshore wind until 2050, at the EU and global
levels. A short summary about both models and their respective scenario reports can be found in

Annex 2.

Results of the POTEnCIA CETO 2025 scenario show onshore wind installed capacity growing to
312 GW and 596 GW in 2030 and 2050, respectively. A stronger relative increase is projected for
offshore wind deployment, with 83 GW in 2030 and 221 GW in 2050 (see Figure 42). Under this
scenario, the wind share in the EU electricity mix would rise from 19.3% (553 TWh) in 2025 to 30.7%
(1 048 TWh) in 2030 and 42.5% (2 536 TWh) in 2050.

Figure 42: Onshore and offshore installed capacity (left) and gross electricity generation (right) in the EU
under the POTEnCIA CETO 2025 scenario.
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The Global CETO 2°C scenario 2025 projects a significant increase in global wind generation, reaching
27 758 TWh and covering 39.3% of the world’s electricity needs by 2050 (Figure 43). New gross
capacity per year, according to POLES-JRC, is expected to reach 309 GW in 2030, 508 GW in 2040

and 686 GW in 2050 (Figure 44).

5> For the POTENCIA CETO 2025 scenario: Use a footnote referring to the Annex. As text for the footnote you may use: ‘A
short description of the POTEnCIA CETO 2025 scenario and the POTENCIA model can be found in Annex 2.1.
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Figure 43. Global gross energy production with wind power according to the Global CETO 2°C scenario 2025.
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Figure 44. Global new gross capacity according to the Global CETO 2°C scenario 2025.
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4.2. Status of net-zero technology systems and components in the EU

4.2.1. Relevant final products and primarily used components

The Delegated Regulation C (2025) 2901, part of the NZIA, outlines a comprehensive framework to
identify components primarily used in net-zero technologies, including wind energy. This identification
was based on a thorough assessment that considered several criteria: the specific nature of the
components, their commercial availability, their primary use for net-zero technology production, and
their essential character. Each net-zero technology, including wind energy, was further defined in sub-
categories to apply these criteria effectively. The primarily used components for the wind industry
sector, together with data availability and sources, are highlighted in Table 5. The analysis for the
rest of the chapter will focus on the primarily used components that are available. A detailed analysis
of the data available along the supply chain, and ways of overcoming the data gaps, can be found in
Tapoglou et al. (2025).
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Table 5. Primarily used components for the wind energy sector and data availability.

Sub-category/ final

Primarily used components Data availability
product
Nacelles (assembly) Available through BNEF, Rystad, S&P
Yaw systems Not available
Pitch systems Not available
Rotor hubs Not available
Pitch bearings Not available
Yaw bearings Not available
Main bearing Not available

Onshore wind
technologies Direct drive generators / drivetrains
and gearbox drivetrains

Not available

Permanent magnets of wind turbinesNot available

Gearboxes of wind turbines Not available
Blades Available through Rystad and S&P
Towers Available through Rystad and S&P
Nacelles (assembly) Available through BNEF, Rystad, S&P
Yaw systems Not available
Pitch systems Not available
Rotor hubs Not available
Pitch bearings Not available
Yaw bearings Not available
Offshore wind Main bearing Not available
technologies Direct drive generators / drivetrains .
Not available

and gearbox drivetrains
Permanent magnets of wind turbines|Not available

Gearboxes of wind turbines Not available

Blades Available through Rystad and S&P
Towers Available through Rystad and S&P
Foundations / floaters Available through Rystad

Source: JRC, 2025.

4.2.2. EU manufacturing benchmark

By collecting data from the data sources described in Table 5, the manufacturing capacities are
calculated. According to REPowerEU supporting analysis (European Commission, 2022), wind energy
sector deployment is expected to be 510 GW by 2030. By the end of 2024, 241.7 GW had been
installed. Assuming a uniform distribution for the remaining years until 2030, the annual deployment
needs are 44.7 GW. For foundations, the data acquired are in ktonnes and due to uncertainties in the
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foundation volume needed per MW, it is not possible to convert this value into GW. For the remaining
components, a large proportion of EU deployment needs (62.4%-93.3%) can be covered by the
manufacturing capacity already installed in the EU. The pace of deployments will be more exponential
(not linear as assumed), leading to larger deployment needs in 2030, and therefore a smaller
percentage of EU deployments being covered by the capacity currently installed.

Table 6. Assessment of EU manufacturing capacity for Wind Energy Components.

Production | EU Manufacturing EU Deployment 2030 EU Manufacturing Ca-
Capacity Units| Capacity (GW) needs 2030 (GW) pacity Benchmark, %
Nacelles {as- - 363 447 81.2
sembly)
Blades - 279 447 624
Towers - 417 447 933
Foundations - 4000 kton

Source: JRC, 2025.

4.2.3. EU share in global manufacturing benchmark

Similarly to section 4.2.2, the data sources described in Table 5 were utilised to calculate the global
manufacturing capacities for wind energy technology components. According to the Global CETO 2°C
scenario 2025 (Figure 44), a global annual deployment of 508 GW of wind capacity is projected for
2040. Based on 15% of this figure, a global production target for the EU of 76 GW is derived.
According to the POTEnCIA CETO 2025 Scenario, the deployment needs in 2040 will be 29.6 GW.
Depending on which threshold will be used, the current capacity percentage coverage is presented in
Table 7.

Table 7. Assessment of global manufacturing capacities for Wind Energy Components.

EU Global Production | EU Deployment 2040 EU
PUC Production | Manufacturing Target 2040- needs 2040- Production
Capacity Units Capacity, according to POLES-| according to Capacity
current (GW) JRC (GW) POTEnCIA (GW) | Benchmark, %
Nacelles - 36.3 76 296 51.8-100
(assembly)

Blades - 279 76 296 39.8-100

Towers - 41.7 76 296 59.6-100
Foundations - 4000 kton 76 29.6 -

Source: JRC, 2025.
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4.3. Resource efficiency and dependence in relation to EU competitiveness

Raw materials used in wind power plants include different rare earth materials, structural materials
and metals (see Table 8).

Table 8. List of raw materials used in wind power plants.

Category Materials
Alloying metals Molybdenum, Niobium
Ferrous metals Iron ore, Manganese, Chromium
Materials used in composites Borates, Silica sand, Silicon metal, Aggregates
Non-ferrous metals Copper, Aluminium, Zinc, Nickel, Lead
Organic / natural materials Balsa wood
Rare earth elements (REEs) | Dysprosium, Neodymium, Praseodymium, Terbium, Gadolinium

Source: JRC, 2025.

The material intensities for different wind turbine types, measured in kilograms per megawatt
(kg/MW), highlight the variability in resource usage across various designs (Table 9). Concrete usage
ranges from 300 000 to 500 000 kg/MW, typically requiring 400 000 + 100 000 kg/MW. Steel, a
crucial component for structural stability, is used in the range of 90 000 to 130 000 kg/MW, with an
average intensity of 110 000 + 20 000 kg/MW. Aluminium, a lighter metal option, shows a wide range
of use across different turbine types, from 150 to 1 900 kg/MW. The use of critical metals like copper
ranges significantly, with Type D-EE turbines showing a high copper intensity of 5 700 + 500 kg/MW,
indicating the importance of this metal in certain turbine technologies.

Rare earth elements such as neodymium and dysprosium are crucial for permanent magnet
generators used in some turbine types. Type D-PM turbines, for instance, have high neodymium usage,
with an intensity of 180 + 30 kg/MW, highlighting their reliance on these elements for efficient
operation. Similarly, dysprosium usage is notable in these designs, with intensities reaching
17 + 4 kg/MW. Other materials like polymers, glass/carbon composites, and various metals such as
chromium and manganese also contribute to the overall material demand, varying according to the
specific technology and design requirements of each turbine type. These variations in material
intensities reflect the diverse engineering solutions adopted to balance efficiency, cost, and resource
availability in the development of wind energy technologies.
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Table 9. Material intensity estimates in kg/MW for wind turbines in for the different turbine types.

Material Range Type C Type D-EE Type D-PM Type E Type F
GB-DFIG DD-EESG DD-PMSG E-PMSG F-SCIG
Concrete 35000000050_ 400 000 + 100 000
Steel ?2888(; 110000 + 20 000
Aluminium (A1) isg%(') L0 * | 150-500 | ssos150 | TEO0F | 1600+ 150
Chromium (Cr) 410-510 460 + 50
Copper (Cu) 252%6 ?g%c; 5700 + 500 | 2200-4600 | 900 + 250 | 850 + 150
Iron (cast) 12620(;)()00' 19000 + 3 000
Manganese (Mn) 650 - 950 800 + 150
Molybdenum (Mo) 90-110 100 + 10
Nickel (Ni) 370-490 430 £ 60
Zinc (zn) 55175500‘ 5450 + 300
Polymers 359505)0_ 4700 + 800
Glass/carbon -
composites 690(?(?0 7500 + 1.500
Boron (B) 02-7 05+03 52 08-18 03-12
Dysprosium (Dy) 1-21 2+1 17+ 4 4+3 1-47
Neodymium (Nd) 6-210 12+6 180 + 30 50+ 20 7-34
Praseodymium
Pr) 0-35 0 35 4 0
Terbium (Tb) 0-7 0 7 1 0

Source: Mc Govern et al, 2025.
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5. Conclusions

This report presents the current state of wind energy technology, analysing the research and
development trends and progress achieved in the EU by the end of 2024. It also examines the EU's
global competitiveness within the wind value chain, highlighting potential bottlenecks and supply risks
as it strives to meet climate targets.

Key Technology Development trends

In 2024, the wind energy sector in the EU has seen accelerated innovation driven by the dual goals
of energy security and climate neutrality. Despite deployment bottlenecks, technology developments
continued to evolve across several fronts. The most significant trends include scaling of turbines,
growth in floating offshore wind, digitalisation, design innovation, and circularity.

Looking ahead to 2050, these trends point towards a fully digitised, integrated, and circular wind
energy system, that will lead to the reduction of levelised costs of electricity and enhance the
circularity of the wind turbines. Hybrid projects that combine wind with battery storage and green
hydrogen are likely to become more widespread, allowing for greater flexibility and system efficiency.
The sector is also expected to diversify into urban, coastal, and even vertical installations using
compact or bladeless technologies.

Industrial Strengths and Challenges in Wind Energy

The EU has strong industrial and innovation capabilities in wind energy. However, uneven market
conditions, rising input costs, and global competition are putting pressure on the sector’s growth. The
Net-Zero Industry Act (NZIA), adopted in 2024, offers a timely framework to address these concerns.
Streamlined manufacturing capacity expansion under the NZIA can help unlock capacity growth, while
industrial benchmarks incentivise investment in EU manufacturing of key components like blades,
towers, and nacelles. In addition, the NZIA encourages the adoption of sustainability and innovation
standards.

Permitting Barriers and Policy Implications

One of the most significant barriers to the rapid deployment of wind energy in the EU remains the
complexity and duration of permitting procedures. Lengthy approval timelines, administrative
fragmentation across local, regional, and national levels, and inconsistent regulatory frameworks
have delayed project development, increased costs, and created uncertainty for investors.

Strategic Outlook for Wind Energy in the EU

Developments in 2024 demonstrate that wind energy is a central pillar of the EU’s energy and
industrial policy. With the right combination of innovation, infrastructure investment, and policy
alignment, the EU can significantly strengthen its energy sovereignty, accelerate decarbonisation, and
drive sustainable economic growth through wind power.
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List of abbreviations and definitions

AWES Airborne wind Energy Systems

CED Cumulative Energy Demand

CETO Clean Energy Technology Observatory

CPC Cooperative Patent Classification

CRM Critical Raw Materials

DD-EESG Direct Drive — Electrically Excited Synchronous Generator

DD-PMSG Direct Drive — Permanent Magnet Synchronous Generator

DG Directorate General

EC European Commission

EIA Environmental Impact Assessment

EPBT Energy Pay-Back Time

EU European Union

FTE Full-Time Equivalents (employment)

FWCI Field Weighed Citation Impact

GB-DFIG GearBox — Doubly-Fed Induction Generator

GB-PMSG GearBox — Permanent Magnet Synchronous Generator

GB-SCIG GearBox — Squirrel Cage Induction Generator

GE General Electric

GVA Gross Value Added

GW Gigawatt

HAWT Horizontal Axis Wind Turbines

IEA International Energy Agency

kW Kilowatt

LCA Life Cycle Analysis

LCOE Levelised Cost of Energy

MSP Maritime Spatial Planning

MSs Member States

MW Megawatt

MWh Megawatt hour

NID Nature Inclusive Design

NNL No Net Loss

NSNG North Sea Net Gain

0&M Operation & Maintenance

OECD Organisation for Economic Co-operation and Development

OEMs Original Equipment Manufacturers

ow Offshore Wind

OWF Offshore Wind Farm

PET Polyethylene Terephthalate

POLES Prospective Outlook on Long-term Energy Systems

POTERCIA Policy-Oriented Tool for Energy and Climate Change Impact
Assessment

R&D Research & Development

R&l Research & Innovation

RD&D Research, Development & Demonstration

RES Renewable Energy Systems
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RNS
SDG
SET Plan
SGRE
TCP
TLP
TRL
TWh
VAWT
VC
WT

Rich North Seas

Sustainable Development Goal
Strategic Energy Technology Plan
SiemensGamesa Renewable Energy
Technology Collaboration Programme
Tension-Leg Platform

Technology Readiness Level
Terawatt hour

Vertical Axis Wind Turbines

Venture Capital

Wind Turbine
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Annex 1 Sustainability assessment framework

Sustainability aspect

Method/approach

Indicators

Technology assessment

Market trend

Evolution of deployment over time

Trade and trade balance

EU share in global export
Extra EU trade balance

Cost of energy

Levelised Cost Of Electricity (LCOE)

Onshore median: EUR 32 /| MWh
Offshore median: EUR 69 / MWh

Critical Raw Materials
(CRMs)

Material intensity

Dysprosium, Neodymium, Praseodymium, Terbium,
Gadolinium and Borate show a high supply risk

Technology-specific
permitting requirements

Renewable Energy Directive sets the
regulatory framework for wind energy
with clear requirements to Members
States on the organisation and
duration of the permit-granting
process

Administrative barriers, in particular in the granting of
permits, have long been identified as a common
bottleneck for the deployment of renewable energy
projects which discourage potential investors

Skills and technology
development

Skill development concerns four cat-
egories:

1. Skills gap, the distance between the
skill level in society and the skills re-
quired for the technology development
and deployment;

2. Skill obsolescence, the loss of skills
due to the lack of use, or the risk the
skills become irrelevant;

3. Skill shortages, when there are jobs,
but no qualified staff in the commu-
nity;

4. Over and under skilling, when people
have skills above or below the require-
ments.

Technology transfer and develop-
ment is the process for converting re-
search into economic development, or
for using

technology, expertise or know-how for
a purpose not originally intended by
the developing organization. It is
fundamental for the improvement of

Number of Jobs

Skills development

Global Workforce Projections: According to the Global
Wind Workforce Outlook 2024-2028 (GWEC, 2024), the
wind energy sector will require over 532,000 new
technicians by 2028 to meet the growing demand for
onshore and offshore wind installations and maintenance.
Of these, 40% will need to be filled by new entrants to
the sector.

Emerging Technologies: The deployment of advanced
technologies such as larger turbines, digital monitoring
systems, and offshore wind farms requires specialised
skills in high-voltage electrical engineering, data analytics,
and robotics.

Training Requirements: The report highlights that more
than 400,000 people in construction and installation (C&l)
and operations and maintenance (O&M) segments will
need industry-standard training over the next five years.
Training modules are expected to expand from 4.9 million
in 2023 to 5.5 million by 2027.

Regional Disparities: The skills gap is most acute in
offshore wind, where the complexity of installations and
the need for permanently on-site O&M technicians are
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social conditions and to prevent
further environmental damage related
to old technology use.

higher. Offshore wind is expected to grow by 79% from
2022 to 2027, compared to 12% for onshore wind.

Technology transfer and development

Research and Innovation: The wind energy sector is
heavily reliant on research and development (R&D) to
improve turbine efficiency, reduce costs, and enhance
safety. For example, the Global Wind Workforce Outlook
2024-2028 highlights the importance of R&D in
developing new technologies such as larger turbines,
digital monitoring systems, and offshore wind farms.
Knowledge Transfer: Technology transfer is facilitated
through partnerships between research institutions,
industry stakeholders, and government agencies. For
example, the European Wind Initiative has established a
framework for knowledge sharing and collaboration
between academia and industry to support the
development of low-carbon technologies.

Digitalisation and Automation: The adoption of digital
tools and autonomous systems is helping to bridge the
skills gap in the wind energy sector. For instance, Al-
powered inspection tools and robotic maintenance
systems are reducing the need for extensive technical
training and making wind farm operations more efficient.
(Biswas et al, 2024; AWS, 2025; Bera, 2025)

Resilience

Energy production redundance

e  Decentralisation: Wind energy systems are often
distributed across various locations, reducing the risk
of a single point of failure.

e  While wind is variable, advances in forecasting
technology have improved the ability to predict wind
patterns, allowing for better planning and integration
into the energy grid

e  Regular maintenance and real-time monitoring
systems can quickly detect and address potential
issues in wind farms, minimising downtime and
enhancing system resilience.

Resource efficiency and
recycling

Most materials of wind turbines can be
recycled however composite waste
poses challenge. Beyond the current

Recyclability rate

® Siemens 94%
(https://www.siemensgamesa.com/global/en/home/su
stainability.html)
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approaches to keep composite waste
from wind turbine blades out of
landfill, innovations and measures for
circular economy strategies are
observed in other wind turbine
components (e.g. components such as
the tower, mooring, nacelle housing
and grid integration technologies)

®  Nordex 85%-95% (https://www.nordex-
online.com/en/sustainability/)

® \Vestas 85%
(https://www.vestas.com/en/sustainability/environmen

t/zero-waste)

Energy balance

LCA

Energy Pay Back Time (EPBT)
Energy Return on Energy Invested
(EROI)

EPBT=0.5-1.4 years
EROI=17-50 (Vestas, 2024)

LCA Global warming potential (GWP100) 5-35 g C02-eq/kWh, with onshore wind typically
producing 7-15 g C02-eq/kWh and offshore wind 8-35 g
Climate change C02-eq/kWh
LCA Ozone Depletion Potential 7.86E-10 to 1.24E-09 kg CFC-11 eqg/kWh resulting from
emissions during manufacturing of materials like
fiberglass, steel, and concrete, plus component
Ozone depletion transportation
Particulate LCA Particulate Matter/Respiratory Primarily originating from steel production and material
matter/Respiratory Inorganics manufacturing (Rueda-Bayona et al., 2022)
inorganics
lonising radiation, human LCA Electromagnetic field (EMF) levels 0.44 T at 1 meter and less than 0.1 pT at 4
health meters(Alexias et., 2020)
Photochemical ozone LCA Photochemical Ozone Formation 4-5 mg ethene-eq/kWh during manufacturing processes
formation Potential
LCA Acidification Potential 37-45 mg S02-eq/kWh, primarily resulting from sulfur
dioxide and nitrogen oxide emissions during steel
Acidification production and transportation
LCA Eutrophication Potential Terrestrial eutrophication ranges from 3.7-4.5 mg PO4-
Eutrophication, terrestrial eq/kWh, while.
Eutrophication, aquatic LCA Eutrophication Potential freshwater eutrophication shows values of 100-130 mg
freshwater DCB-eq/kWh
Eutrophication, aquatic LCA Eutrophication Potential Marine aquatic eutrophication potential reaches 1,100-
marine 1,300 g DCB-eq/kWh
LCA Units (km?/TWh) Installed power densities:

Land use

For onshore projects, estimates indicate a range from 6.2-
46.9 MW/km2.

For offshore projects, estimates indicate a range from 3.3
to 20.2 MW/km2.

(Enevoldsen and Jacobson, 2021)
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Water use

LCA / Product Environmental Footprint
(PEF)

Units (m3/kWh)

Blue water consumption (net balance of water inputs and
outputs of freshwater throughout the lifecycle:

19-43 g_water/kWh (0.019-0.043 m3/MWh) (mainly
during manufacturing, minimal water requirements during
operation)

Contribution to water scarcity based on AWARE (available
water remaining) water scarcity footprint method (Boulay
et al, 2018):

454-681 g_water/kWh (0.454-0.681 m3/MWh)

Estimated water consumption NdFeB Permanent Magnet
Production (1 kg of NdFeB Magnet) (Marx et al., 2018):
Resource depletion water: 0.345-0.905 m3/kg_NdFeB

Resource use, minerals
and metals

Material intensity (kg/MW)

Concrete (300,000-500,000 kg/MW) and steel (90,000~
130,000 kg/MW) dominate material requirements,
representing over 90% of total mass per turbine
installation. Generator technology drives significant
variability in copper (650-6,200 kg/MW) and rare earth
elements (0-210 kg/MW for neodymium), with permanent
magnet systems requiring up to 10 times more copper
and substantial rare earth materials compared to
conventional generators.

Resource use, energy
carriers

Biodiversity

Habitat fragmentation: From infrastructure development
Barrier effects: Potential alteration of migration routes
Displacement: Temporary or permanent habitat avoidance

Offshore wind farms can create artificial reef effects that
may enhance local marine biodiversity

Child labour

Risks are linked primarily to the mining of critical
materials (e.g., cobalt, lithium, zinc) used in wind turbine
supply chains, with social risks in these sectors reported
to be 1.8 times (child labour) higher than current
averages due to increased demand from green
technologies (Rahimpour et., 2024)
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Forced labour

Risks are linked primarily to the mining of critical
materials (e.g., cobalt, lithium, zinc) used in wind turbine
supply chains, with social risks in these sectors reported
to be 1.6 times (informal/forced labour) higher than
current averages due to increased demand from green
technologies (Rahimpour et., 2024)

Equal
opportunities/discriminati
on

Social Life Cycle Impact Assessment
(Type I).

Wind energy manufacturing is projected to increase
female participation and overall employment rates by
1.8-1.9 times by 2030 compared to current levels

Freedom of association
and collective bargaining

Working hours

Fair salary

Health and safety

Selected examples on research on noise related impacts

Perception and impact of wind energy related noise on
humans: (IEA Wind TCP - Task 39 (2022) summarises as
follows: Psycho-medical studies have reported that, at high
enough levels of low frequency noise (LFN), like for any
other sound at high levels, humans can be affected in the
form of annoyance, stress, irritation, unease, fatigue,
headache, possible nausea and disturbed sleep. However,
it must be remembered that the LFN emissions from a wind
turbine, when heard at residential locations at a few
hundred meters, are comparable with, or often below, the
natural ambient levels. Although LFN can be measured in
the immediate vicinity of a wind turbine and sometimes far
away as well, there is no evidence that wind turbine noise
can cause direct physical effects on people living nearby,
considering the low levels involved at distances equal or
larger than the typical minimum legal distances between
wind turbines and dwellings. Typically, LFN and infrasound
from wind turbines falls well below the level of audibility.
A resident’s attitude to wind turbines is an important factor
in their response to them and annoyance certainly plays a
role here (IEA Wind TCP Task 39, 2022).

Possible Perceptual and Physiological Effects of Wind
Turbine Noise:
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Carlile et al. (2018) analyse perceptual effects of
laboratory exposure to low-frequency sound (LF) and
infrasound (IS) stressing: A number of laboratory studies
have directly exposed human listeners to IS and LF either
directly recorded from wind turbines or synthesised to
reproduce key elements of these recordings. A range of
exposure symptoms have been reported but no systematic
or significant effects of IS and LF have been demonstrated.
[...] Although not an exhaustive survey of this literature, this
review indicates that there are questions relating to the
measurement and propagation of LF and IS and its
encoding by the central nervous system that are relevant
to the possible perceptual and physiological effects of wind
turbine noise but for which we do not have a good scientific
understanding. There is much contention and opinion in
these areas that, from a scientific perspective, are not well
founded in the data, simply because there are little data
available that effectively address these issues. This
justifies a clear call to action for resources and support to
promote high-quality scientific research in these areas
(Carlile et al., 2018).

Infrasound and low frequency noise from wind turbines:
exposure and health effects:

Flemmer and Flemmer, 2023 analyse:

Wind turbine infrasound produces perceptible vibrations
and audible sound in nearby buildings.

- Most people are unaffected by wind turbine infrasound,
but some people have a phobic reaction to it.

- Bracing the diaphragm structures in the dwellings of
affected people may solve the problem.

Shadow flicker

Wind rotors can periodically cast shadows onto surrounding
buildings during sunny intervals which can impact residents
and their perception of wind energy. In order to prevent
this, OEMs use shadow flicker protection systems
integrated into the control system of a wind turbine (a light
detection sensor system, such as the Vestas Shadow
Detection System (VSDS)) taking into account the position
of the sun and other meteorological data (DNV, 2022;
Vestas, 2022).
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Responsible material
sourcing

Social risks are high upstream in mining regions with
weak governance

Competition for material
resources, (incl. Water,
land, food) and indigenous
right

Expansion of wind energy can intensify competition for
land, water, and materials, with particular attention to
impacts on indigenous communities and land rights,
assessed through public consultation and impact
assessments

Contribution to economic
development (including
employment)

Wind energy significantly boosts local and global job
creation and labour income, with employment and
economic development as key positive indicators

Affordable energy access

Public acceptance

Public acceptance of wind energy is a multifaceted
phenomenon influenced by a range of socio-technical,
psychological, and contextual factors. Research indicates
that while general public support for wind energy is
broadly positive local opposition to specific projects
remains a significant barrier to deployment. This
dichotomy is often attributed to the "NIMBY" (Not In My
Backyard) effect, where individuals support renewable
energy in principle but resist its implementation in their
immediate vicinity due to concerns about visual intrusion,
noise, environmental impacts, or procedural fairness.
(Ruddat, 2022)

Rural development
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Annex 2 Energy System Models and Scenarios

Annex 2.1 POTEnCIA CETO 2025 Scenario

The POTENCIA CETO 2025 Scenario has been generated with the Policy Oriented Tool for Energy and Climate
Change Impact Assessment (POTEnCIA). Developed in-house by the European Commission’s Joint Research Centre
(JRC) to support EU policy analysis, POTEnCIA is an energy system simulation model designed to compare
alternative pathways for the EU energy system. The core modelling approach of POTENCIA (detailed in Mantzos et
al, 2019) focuses on the economically-driven operation of energy markets and corresponding supply-demand
interactions, based on a recursive dynamic partial equilibrium method.

The technology projections provided in the POTEnCIA CETO 2025 Scenario are obtained under a climate neutrality
scenario aligned with the broad GHG reduction objectives of the European Green Deal. As such, this scenario
reduces net EU GHG emissions by 55% by 2030 and 90% by 2040, both compared to 1990, and reaches net zero
EU emissions by 2050. To model the uptake of different technologies under this decarbonisation trajectory, the
scenario includes a representation at EU level of general climate and energy policies such as emissions pricing
under the Emissions Trading System, as well as key policy instruments that have a crucial impact on the uptake
of specific technologies. For instance, the 2030 energy consumption and renewable energy shares reflect the
targets of the EU's Renewable Energy Directive (RED) and of the Energy Efficiency Directive (EED). Similarly, the
adoption of alternative powertrains and fuels in transport is consistent with the updated CO2 emission standards
in road transport and with the targets of the ReFuelEU Aviation and FuelEU Maritime regulations.

Compared to the POTEnCIA CETO 2024 Scenario (Neuwahl et al, 2024), the POTEnCIA CETO 2025 Scenario
incorporates many model enhancements and scenario-specific updates, most notably:

The usage of the more recent JRC-IDEES 2023 data (Rozsai et al, 2025).

Closer alignment to the National Energy and Climate Plans (NECPs) of the individual MS, which have been
published in recent months.

A more detailed description of the POTEnCIA CETO 2025 Scenario will be available in the forthcoming report
(Neuwahl et al., 2025).
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AN 2.2 Global CETO 2°C Scenario 2025

The Global CETO 2°C Scenario 2025 has been generated by the global energy model POLES-JRC (Prospective
Outlook for the Long-term Energy System).

POLES-JRC covers the entire global energy system with a high level of regional detail, encompassing 66 countries
and regions, from primary supply (fossil fuels, renewables) to transformation (power, biofuels, hydrogen, and



hydrogen-derived fuels, such as e-fuels and ammonia) and final consumption sectoral demand (industry, buildings,
transport). International markets and energy fuel prices are calculated endogenously. The model comprises a
comprehensive portfolio of technologies, with technology dynamics and interactions across sectors modelled using
endogenous technology learning.

Detailed documentation of the POLES-JRC model is provided in (Després et al, 2018). Techno-economic
assumptions used in the current version of the model are provided in (Schmitz et al., 2025). The latter report
provides also a comprehensive overview of the dynamics and interaction of various clean energy technologies
until the end of the century. POLES-JRC results are published in the annual "Global Climate and Energy Outlooks”
(GECO) report, which provides detailed country energy and GHG balances, and an online visualisation interface.

The Global CETO 2°C scenario 2025 is designed to limit global temperature increase to 2°C at the end of the
century. It is driven by a single global carbon price. The Global CETO 2°C scenario 2025 builds on the POLES-JRC
model version used for GECO 2024 (European Commission, 2025) and has been enhanced as following:

e (Cost optimisation for electrolysers powered by renewables (PV, wind) has been implemented considering
an over-sizing of renewable capacities and battery storage.

e Electrolyser investment costs have been increased reflecting recent literature revisions.

e Updated investment costs for renewable technologies and utility battery according to (IRENA, 2025) as
well as updated installed capacities for power generating technologies.

e Revised global wind profiles (off-shore and on-shore).

e Updated data on new vehicles and vehicle stock by transport mode (battery and fuel cell vehicles, ICE,
hybrid) and vehicle type (passenger cars, light and heavy trucks, buses).

e Updated hydrogen infrastructure cost related to road transport.
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Annex 3 R&l projects funded under the Horizon Europe programme

Table 10. R&l projects funded under the Horizon Europe programme and started in 2024.

EU Finan-

36091

P . . Wind
Project Acro- Start Year Project DOI cial C?ntrl- share Research area
nym bution (%)
(EUR)

OTOM 2024-10-01 10'3502352/1011 283438,8 100 Offshore technology
POHOWEP 2024-09-01 10'31033())1/;011 252724,32 | 100 Floating offshore wind
IM-POWER 2024-08-19 10'3(?;?[{;011 206887,68 | 100 Grid integration
HOTWIND 2024-09-01 10'3505_2 1/1011 2149344 100 Offshore technology

REWIND 2024-05-01 10'327332/;011 3997027,5 | 100 Recycling, circularity
10.3030/1011 New materials & compo-
BEETHOVEN | 2024-05-01 29912 6759523 25 nents
TAILWIND 2024-01-01 10'3??63109/51011 5094746 100 Floating offshore wind
AWETRAIN 5024-12-01 10.3030/1011 3326717 100 Airborne wind energy sys-
68734 tems
NEXTgenT 2024-09-01 103::;;;011 3177317 100 Offshore technology
ANSWER 2024-02-01 10'310534;011 230774,4 50 Grid integration
WINDHY 2024-10-01 10'3;)5203{;011 1016600 50 Grid integration

DTWO 2024-06-01 10'3&?:28/3011 6155053 100 Offshore technology
WindTwin 2024-06-01 10'32735?7/;011 5998706 100 Grid integration
AWE-KM2 5024-10-01 10.3030/1011 2499000 100 Airborne wind energy sys-

89207 tems
SSUCHY-Next | 2024-09-01 | 103930/1011 | ooaezys | 55 | New materials & compo-
57517 nents
WINDFLOW 2024-05-01 10'320551/;011 2000000 100 Resource assesment
BioStruct 5024-01-01 10.3030/1011 5476222 50 New materials & compo-
36335 nents
TWEED 2024-09-01 10.3030/1011 2923582 100 Other
68673
IntelliWind 2024-09-01 10'3:83;)2/;011 4020451 100 Maintenance & monitoring
CIRCWIND 5024-10-01 10.3030/1011 3999663 100 New materials & compo-
47517 nents

TETHYS 2024-10-01 10'3;):50;;011 1499998 50 Floating offshore wind

TWINVEST 2024-07-01 10.3030/1011 5370903 100 Other
46936
FLOATFARM | 2024-01-01 10.3030/1011 5997630 100 Floating offshore wind




10.3030/1011

INFAINITY | 2024-01-01 26087 5994964 | 100 Floating offshore wind
Plexigrid 2024-06-01 10.36(5)63605/3011 2450000 25 Grid integration
DCDYNAMIC | 2024-11-01 10'37023;)1/;011 5363195 | 100 Grid integration
BLADE2CIRC | 2024-04-01 10'32325/1011 3969229 | 100 | New matenrﬁfs& compo-
E\fvcl)'z(;s 5024.-09-01 10.32:(())4;011 a785724 | 100 | New matenr:aa::fs& compo-
ECOHYDRO | 2024-01-01 10'330:%;011 9617290 | 25 Grid integration
FibReLoop 2024-10-01 10'3::87/1011 3817562 25 Recycling, circularity
EOLIAN | 2024-06-01 10'3273;)3/;011 3653176 | 100 | W maerals &compo
LIGHTWIND | 2024-10-01 10'37023’;3{51011 2994872 | 100 | NeW maten“ear:fs& compo-
ASSESS 2024-11-01 10'3:83’83{1011 2846592 | 25 New maten“ear:fs& compo-
RECHARGE | 2024-01-01 | 10-3030/1011 1 1 oee1a | 25 Grid integration

15100




Getting in touch with the EU

In person

All over the European Union there are hundreds of Europe Direct centres. You can find the address of the cen-
tre 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 contact 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 web-
site (european-union.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/meet-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 ver-
sions, go to EUR-Lex (eur-lex.europa.eu).

EU open data

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-commercial purposes. The portal
also provides access to a wealth of datasets from European countries.
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Science for policy

The Joint Research Centre (JRC) provides
independent, evidence-based knowledge and science,
supporting EU policies to positively impact society

Scan the QR code to visit:

The Joint Research Centre: EU Science Hub
https://joint-research-centre.ec.europa.eu

Publications Office
of the European Union


https://joint-research-centre.ec.europa.eu/
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