Global Wind Turbine Manufacturing: Market Dynamics, Key
Players, and Supply Chain Analysis

I. Executive Summary

The global wind energy sector is experiencing unprecedented growth, marked by
record installations primarily driven by China's ambitious renewable energy targets.
This expansion, however, coincides with a significant shift in the competitive
landscape. Chinese Original Equipment Manufacturers (OEMs) now dominate global
rankings, leveraging their vast domestic market to achieve scale and cost advantages.
Western manufacturers, while retaining leadership positions in markets outside China
and in specific segments like offshore wind, face increasing pressure and are adapting
through regionalization, technological specialization, and supply chain optimization.

This report provides a comprehensive analysis of the global wind turbine
manufacturing industry. It examines current market dynamics, details the primary
components of modern wind turbines, profiles the leading global manufacturers, and
performs a deep dive into the intricate global supply chain. Key findings highlight the
critical dependence on specific regions for raw materials like Rare Earth Elements
(REEs) and balsa wood, the logistical challenges posed by increasing turbine
component sizes, and the evolving strategies OEMs are employing to navigate
geopolitical risks, cost pressures, and sustainability demands. The analysis concludes
with strategic implications for manufacturers, developers, investors, and policymakers
navigating this dynamic and critical sector of the energy transition.

Il. Global Wind Energy Market Overview

A. Installation Trends and Market Size

The global wind power market achieved record installation levels for the second
consecutive year in 2024, with developers commissioning 121.6 GW of new capacity
worldwide. This figure represents a doubling of the capacity added just five years
prior in 2019.' This surge was overwhelmingly driven by onshore installations, which
accounted for 109.9 GW (approximately 90%) of the total additions in 2024, while
offshore wind contributed the remaining 11.7 GW." The previous year, 2023, also saw
record growth, adding 117 GW (106.1 GW onshore, 10.9 GW offshore), pushing the
total global installed capacity past the 1 Terawatt (TW) mark to 1,021 GW.? The
industry anticipates reaching 2 TW before 2030, necessitating an acceleration of
annual installations from 117 GW in 2023 to at least 320 GW by 2030.?

B. Regional Dynamics



China's Dominance: The rapid expansion is disproportionately fueled by mainland
China. In 2024, China accounted for approximately 70% of global installations." This
domestic boom, driven by provincial targets aligned with national goals to peak
carbon emissions and achieve neutrality, has propelled Chinese manufacturers to the
forefront of the global industry.' China installed a record 74.7 GW in 2023, spurred by
deadlines for renewable energy bases and supported by a mature domestic supply
chain.” The country's installed wind capacity reached approximately 520 GW by the
end of 2024.? China also leads in offshore wind, installing 6.1 GW in 2024, over half the
global total, despite a slight decrease from 2023 levels due to project delays.’

Markets Outside China: In stark contrast, installations outside mainland China
experienced a decline. In 2024, capacity additions outside China fell by 10%
compared to 2023 levels.' The US market, in particular, faced significant headwinds,
installing only 5.4 GW in 2024 - its lowest level in a decade.' This slowdown was
attributed to factors like slow project execution, extended turbine delivery lead times,
equipment shortages (transformers), and high interest rates.? Similarly, Western OEMs
faced a challenging 2023, with the market outside China plateauing around 40 GW, a
3% year-over-year drop, marking the lowest installation level since the COVID-19
pandemic.’ Despite these installation challenges, Western manufacturers like Vestas,
Siemens Gamesa, GE Vernova, and Nordex showed signs of financial recovery in 2023,
benefiting from higher turbine prices, growing service businesses, and easing supply
chain disruptions, although quality issues emerged as a new concern.” Europe
installed a record 18.3 GW in 2023, but needs to average 33 GW annually to meet
2030 targets, facing hurdles like grid infrastructure and permitting.®

lll. Anatomy of a Modern Wind Turbine

Modern wind turbines are complex machines designed to efficiently convert the
kinetic energy of wind into electrical energy. While designs vary, the fundamental
components and principles remain consistent, particularly for the prevalent
Horizontal-Axis Wind Turbines (HAWTSs).® Key components include:

e Foundation: The base structure, typically a large block of reinforced concrete
buried underground for onshore turbines, providing stability and support against
operational forces.? Offshore foundations are more complex, anchored to the
seabed or employing floating structures for deep water."

e Tower: A tall structure, usually made of tubular steel sections assembled on-site,
though concrete or lattice structures are also used.® Towers elevate the turbine
components to access stronger, more consistent winds." Tower height often
correlates with the rotor diameter, ranging from 80 to over 115 meters for modern



utility-scale turbines.? Steel constitutes 66-79% of a typical turbine's mass.™

Nacelle: The housing situated atop the tower, containing the key

electromechanical components.® It typically includes the gearbox (if present),

generator, drive shaft(s), brake system, and control electronics.'® The nacelle can
rotate via the yaw system to face the wind.®

Rotor and Hub: The rotor consists of the blades attached to a central hub.? The

hub connects the blades to the low-speed shaft within the nacelle.' Most

utility-scale turbines utilize a three-blade rotor configuration for optimal
efficiency and lower noise compared to two-blade designs.®

Blades: Aerodynamically shaped structures, typically made from composite

materials like fiberglass or carbon fiber reinforced with resins (polyester or

epoxy).® Core materials like balsa wood or PET/PVC foam provide lightweight
stiffness.” Blade lengths vary significantly, with modern onshore blades

exceeding 52 meters (170 feet) and the largest offshore blades reaching over 107

meters (351 feet).® Wind flow creates pressure differences across the blade

surfaces, generating lift that causes the rotor to spin.?

Drivetrain: The system that converts the rotor's low-speed, high-torque rotation

into the high-speed rotation required by the generator." It typically includes:

o Low-Speed Shaft: Connects the rotor hub to the gearbox.”

o Gearbox: Increases rotational speed (e.g., from 8-20 RPM to 1500-1800
RPM).” This is a heavy and costly component, often using planetary or helical
gear designs.” Some designs ("direct drive") omit the gearbox, connecting
the rotor directly to a specialized low-speed generator.’

o High-Speed Shaft: Connects the gearbox output to the generator.”

o Bearings: Support rotating shafts (main bearing, gearbox bearings) and
enable blade pitch and nacelle yaw movements."

o Brake System: Mechanical (disc brake) and/or aerodynamic (blade pitching)
systems used to stop the rotor for maintenance or during excessive wind
speeds.”

Generator: Converts the mechanical energy from the drivetrain into electrical

energy, typically AC, using principles of electromagnetic induction.”© Common

types include Doubly-Fed Induction Generators (DFIG) and Permanent Magnet

Synchronous Generators (PMSG), including direct-drive variants.™

Control System: Includes sensors (anemometer for wind speed, wind vane for

direction), controllers, and actuators that manage turbine operation.”

o Pitch System: Adjusts the angle (pitch) of the blades to optimize energy
capture at different wind speeds and to feather the blades (reduce lift) for
shutdown or high-wind protection."

o Yaw System: Orients the nacelle and rotor into the wind (on upwind turbines)



using motors and gears, based on wind vane data.?

e Power Electronics & Transformer: Equipment to condition the generated
electricity (e.g., converters) and step-up the voltage for transmission to the
substation and grid.” Transformers may be located at the tower base or within
the nacelle/tower.”

IV. Leading Wind Turbine Manufacturers (2024 Landscape)

The global wind turbine market is undergoing a significant competitive realignment.
Driven by explosive growth in their domestic market, Chinese manufacturers have
rapidly ascended the global rankings, displacing long-standing Western leaders. The
following provides an overview of the key players based on the latest available market
share data and company information, primarily reflecting the 2024 market situation.
Note: Final 2024 rankings may vary slightly between reporting agencies (e.g., BNEF,
Wood Mackenzie) based on methodology, but the overall trend is consistent.

1. Goldwind (China):

o HQ: Beijing, China.”

o Market Position: Consistently ranked #1 globally for new installations in
2022, 2023, and 2024." Installed a record 19.3 GW (BNEF) or 20 GW
(WoodMac) in 2024." Dominant in China (95% of its 2023 installations) but
expanding internationally, leading Chinese OEMs in overseas installations (748
MW in 2023).%® Operates in 47 countries with ~140 GW cumulative
installations.?

o Manufacturing: Primarily based in China.*° Operates R&D centers globally
(China, Germany, Denmark, Australia).’’ Recently opened its first overseas
factory in Bahia, Brazil (nacelle assembly).?

o Strategy/Notes: Leverages Permanent Magnet Direct Drive (PMDD)
technology acquired from Vensys.?”® Focuses on "globalization through
localization".?” Faces intense price competition and reduced profitability in
China despite record volumes.* Active in supplier social responsibility and
green supply chain initiatives.”

2. Envision Energy (China):

o HQ: Shanghai, China.”

o Market Position: Ranked #2 globally in 2023 and 2024." Installed 14.5 GW
(BNEF) or ~17.5 GW (WoodMac estimate based on growth) in 2024
Experienced rapid growth in orders (107% YoY increase in 2022).*°
Second-largest Chinese exporter in 2023 (561 MW).*

o Manufacturing: Primarily in China (Jiangyin factory complex).** Expanding
internationally with a new factory under construction in Kazakhstan (2 GW



turbines, 1 GWh storage annually).’” Global R&D centers (Denmark, Germany,
US, Japan).** Also involved in battery manufacturing (Envision AESC).*
Strategy/Notes: Focuses on "smart turbines" integrating digital technology
(sensors, software) for optimization and predictive maintenance.** Offers
integrated energy solutions (wind, storage, software).*® Partnering
internationally on projects (e.g., Montenegro, Mexico, Sweden).**

3. Windey (China):

o

o

HQ: Hangzhou, Zhejiang, China.”

Market Position: Ranked #3 globally by BNEF in 2024, installing 12.5 GW.'
Wood Mackenzie ranked them 4th in 2023 with 10.1 GW.> One of China's
oldest large-scale turbine manufacturers.?

Manufacturing: Multiple production bases across China (e.g., Linping,
Zhangbei, Wuzhong, Jiuquan, Ulangab - North HQ).** Claims 9 production
bases as of 2021.“° European research institute.*

Strategy/Notes: Pioneer in Chinese wind power development.*’ Developing
large onshore (7.X MW "Kunli" platform) and offshore (7-15 MW "Sea Breeze"
platform) turbines.*” Active in overseas markets like Vietnam * and along the
Belt and Road Initiative.*

4. Mingyang Smart Energy (China):

(¢]

o

HQ: Zhongshan, Guangdong, China.*

Market Position: Ranked #4 globally by BNEF in 2024, installing 12.2 GW."
Wood Mackenzie ranked them 5th in 2023 (9.9 GW) ° and 3rd globally in
2024.%° Largest private wind turbine manufacturer in China.*' Became #1
global offshore supplier in 2023.%

Manufacturing: Primarily in China (16 factories mentioned in 2020, including
one potentially in India).** Planning JV factory in Italy to produce 18.8 MW
floating turbines.*®

Strategy/Notes: Strong focus on offshore wind technology, developing very
large turbines (11 MW ordered, 16.6 MW floating installed, 18 MW+ under
development).?® Cooperates with German engineering firm aerodyn
Energiesysteme.”' Expanding internationally, including projects in Brazil *> and
potential manufacturing in Europe.®

5. Vestas Wind Systems (Denmark):

o
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HQ: Aarhus, Denmark.?

Market Position: Slipped to #5 globally in 2024 (BNEF/WoodMac), the first
time outside the top 3/4." Installed over 10 GW in 2024." Remains the clear
market leader outside of China.® Holds the largest cumulative installed base
globally (>145 GW).? Strong presence in North America and Europe.®
Returned to profitability in 2023 after losses.*
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Manufacturing: Extensive global footprint: Denmark (blades, nacelles,
repair), Germany (generators, nacelle repair), Italy (blades), Spain (blades),
UK (blades), China (blades, generators, nacelles), India (nacelles, blades),
USA (Colorado - blades, nacelles), Brazil (assembly).*® Sold its US tower
factory in Pueblo, CO to CS Wind in 2021.*% Investing $40 million in upgrading
Colorado facilities for V163-4.5 MW production.*’

Strategy/Notes: Focus on restoring profitability and maintaining leadership
outside China.* Strong emphasis on the service business.* Implementing a
regionalized manufacturing and diversified sourcing strategy to enhance
resilience.>® Heavy focus on supplier collaboration through digital platforms
(SAP Ariba °*), quality assurance (Supplier Quality Manual *°), and
sustainability initiatives (Supplier Code of Conduct, supply chain
decarbonization targets, green steel partnership with ArcelorMittal, blade
recycling efforts).*® Entering the US offshore market with the Empire Wind 1
project.”’

6. Siemens Gamesa Renewable Energy (SGRE) (Spain/Germany):

o

HQ: Zamudio (Bizkaia), Spain.? Subsidiary of Siemens Energy AG.** Formed
by the 2017 merger of Siemens Wind Power and Gamesa Corporacion
Tecnologica.”

Market Position: Ranked #2 outside China in 2023 by Wood Mackenzie (9.7
GW installed).” Global rank likely 6th-8th in 2024. BNEF data indicates SGRE
installed 4 GW offshore in 2024, reclaiming the #1 spot in the global offshore
segment for the first time since 2020." WoodMac also confirms SGRE's
offshore dominance in 2024 but notes overall offshore connections declined
due to delays.” Historically the world's second-largest manufacturer.®® Has
faced significant financial losses and internal challenges related to onshore
platform quality issues.*

Manufacturing: Strong European base: Spain (onshore HQ, nacelles, blades),
Germany (offshore HQ, nacelles in Cuxhaven ), Denmark (offshore HQ,
blades in Aalborg ©'), UK (blades in Hull ¢'). Also operates plants in the USA
(blades in lowa, nacelles in Kansas ¢'), China (blades, nacelles ¢'), Taiwan
(nacelles %), Morocco (blades ©'), and India.®* Intends to build a new offshore
nacelle facility in New York state.®

Strategy/Notes: Implementing the "Mistral" strategy program to stabilize the
business, involving a simplified structure, focus on resolving onshore platform
issues (particularly the 5.X), improving quality control, and
standardizing/commaoditizing the supply chain for greater resilience and
transparency.®? Strong strategic focus on the growing offshore wind market.
Utilizing digital procurement tools like SAP Ariba and DocuSign.®® Enforces a



Supplier Code of Conduct covering ethics, human rights, labor, and
environment.®

7. GE Vernova (USA):

o

HQ: Cambridge, Massachusetts, USA.* Spun off from parent General Electric
in April 2024.¢8

Market Position: Ranked #3 outside China in 2023 by Wood Mackenzie (7.2
GW installed).> Global ranking fell sharply from 3rd in 2022 to 6th in 2023, as
US installations dropped significantly.?® Likely outside the top 5 globally in
2024, impacted by the continued US market slowdown." Historically a major
player, especially dominant in the US onshore market.’

Manufacturing: Significant US manufacturing footprint is a key asset.
Recently announced ~$100 million investment to upgrade onshore wind
facilities in Pensacola, FL; Schenectady, NY; Grand Forks, ND; and its
remanufacturing site in Amarillo, TX.”" Operates 18 manufacturing facilities
across the US covering its broader energy portfolio (gas power, grid,
nuclear).” Its LM Wind Power subsidiary (blades) is headquartered in Kolding,
Denmark ¢, and its Offshore Wind division (formerly Alstom Wind) is based in
Nantes, France.®®

Strategy/Notes: Focused on turning around the Wind segment's financial
performance, targeting profitability after significant losses.” Leveraging its
domestic US manufacturing base, potentially benefiting from Inflation
Reduction Act (IRA) incentives and supplying projects like RWE's in Texas.”
Strong emphasis on its service business and repowering opportunities for its
large installed base.’™ Utilizes a dedicated supplier portal for collaboration and
provides specific tools (SDX/PLM, ClearOrbit, OTM) for managing
specifications, deviations, and logistics.”” Possesses a broad energy
technology portfolio beyond wind (gas, hydro, nuclear, grid, solar, storage).®®

8. Nordex SE (Germany):

o

@)

HQ: Legal registration in Rostock, management headquarters in Hamburg,
Germany.” Merged with Acciona Windpower (Spain).®

Market Position: Ranked #4 outside China in 2023 by Wood Mackenzie (6.4
GW installed).” WoodMac ranked them 3rd outside China in 2024.%° Global
rank likely around 8th-10th in 2024. Primarily focused on the onshore turbine
market.*®> Achieved financial break-even in 2023 after previous losses.*
Manufacturing: Production facilities located in Germany (nacelles, blades,
concrete towers), Spain (nacelles, blades, towers), Brazil, USA, India, and
Mexico (blades, concrete towers).”® Maintains offices and branches in over 30
countries.”

Strategy/Notes: Concentrates on the onshore market, particularly turbines in



the 3 MW to 6 MW+ class.®* Holds strong positions in European and Latin
American markets.® Utilizes concrete tower manufacturing technology in
certain regions, offering potential cost or logistical advantages.’

Other significant manufacturers often appearing in or near the top 10 include
Enercon (Germany - HQ Aurich #), SANY (China - HQ Changsha ¢, manufacturing in
China, R&D in Spain #°), Shanghai Electric (China - HQ Shanghai **, manufacturing in
China, planning Oman factory **), CRRC (China - HQ Jinan/Beijing %), and Suzlon
(India - HQ Pune '"). The exact composition of the top 10 can fluctuate annually
based on market performance.

The rapid ascent of Chinese OEMs reflects more than just the scale of their home
market. It signals intense global competition based on price, manufacturing efficiency,
and increasingly, technology. Western OEMs, while facing profitability pressures and
market share erosion globally, are leveraging their established service networks,
technological expertise in areas like offshore wind, and regional manufacturing
footprints to maintain strong positions in key markets outside China. Their focus on
financial discipline, quality improvement, and strategic localization appears crucial for
navigating the current landscape.*

V. Wind Turbine Supply Chain Deep Dive

The production of a wind turbine involves a complex, multi-tiered global supply chain,
encompassing raw material extraction, sophisticated component manufacturing,
intricate logistics, and final assembly. Understanding the structure and dynamics of
this supply chain is crucial for assessing industry risks, opportunities, and competitive
positioning.

A. Value Chain Overview
The wind turbine value chain can be broadly outlined as follows:

1. Raw Material Extraction: Sourcing basic materials like iron ore (for steel),
bauxite (for aluminum), copper ore, silica sand (for fiberglass), crude oil/natural
gas (for resins and foams), rare earth minerals, and balsa wood.

2. Material Processing: Transforming raw materials into intermediate goods, such
as steel production, REE refining and separation, fiberglass roving production,
polymer resin synthesis, and balsa wood processing.

3. Component Manufacturing: Fabricating the specialized parts of the turbine.
This includes manufacturing blades, tower sections, nacelle housings, gearboxes,
generators, bearings, power electronics (converters, transformers), control
systems, and hubs.



4. Turbine Assembly: Integrating the major components (nacelle, rotor, blades)
usually performed by the OEM at regional facilities or sometimes near the project
site.

5. Transportation & Logistics: Moving large, heavy components from
manufacturing sites to the wind farm location, often involving specialized trucks,
rail, ships, and port infrastructure.

6. Installation & Commissioning: Erecting the tower, lifting and attaching the
nacelle and rotor, connecting electrical systems, and testing the turbine.

7. Operation & Maintenance (O&M): Ongoing service, monitoring, and repair
throughout the turbine's lifespan (typically 20-30 years).

8. End-of-Life Management: Decommissioning the turbine and managing
components through recycling, repurposing, or disposal.

B. Component Sourcing Dynamics

The sourcing strategies for key components vary significantly based on material
requirements, manufacturing complexity, logistics constraints, and OEM strategy.

e Blades:

o Materials: Primarily fiberglass and/or carbon fiber composites embedded in
epoxy or polyester resins.® Carbon fiber offers higher stiffness and lower
weight, enabling longer blades, but is more expensive and sensitive to
manufacturing imperfections.® Core materials, typically balsa wood or
synthetic foams like Polyethylene Terephthalate (PET) or Polyvinyl Chloride
(PVC), are used in a sandwich structure to provide lightweight rigidity."

o Sourcing: Balsa wood is overwhelmingly sourced from plantations in Ecuador,
which accounts for roughly 74% of global exports.” Supply shortages, illegal
logging concerns, and price volatility in 2020 accelerated the trend towards
substitution with PET foam, which is derived from the global petrochemical
industry.” Fiberglass and carbon fiber production is linked to the chemical
and textile industries, with major producers globally. Due to their large size
and logistical challenges, blade manufacturing is often regionalized. OEMs like
Vestas ', Siemens Gamesa °', and Nordex ® operate multiple blade factories
across key markets (US, Europe, China, India, Mexico, etc.). Chinese OEMs like
Goldwind and SANY also have significant blade production capacity, primarily
within China.” Independent manufacturers like TPl Composites also play a
role, producing blades for multiple OEMs from facilities in the US, Mexico,
Turkey, and India."*®

e Towers:
o Materials: Predominantly made from thick steel plates rolled into cylindrical



sections and welded together.? Steel typically accounts for 66-79% of the
total turbine mass."” Some manufacturers, like Nordex, also utilize pre-cast
concrete sections, particularly for very tall towers."™

Sourcing: Steel is sourced from the global steel industry, with regional
suppliers often preferred due to transport costs. Tower manufacturing itself is
highly localized due to the extreme weight and size of the sections, making
long-distance transport economically unviable.”** OEMs often source towers
from specialized manufacturers with regional factories, such as CS Wind
(which acquired Vestas' Pueblo, CO plant “®) or GRI Renewable Industries (with
plants in Spain, Brazil, US, Turkey, India, South Africa, Argentina '°¢). In the US,
tower sourcing has a high domestic content, estimated at 60-75%." The trend
towards taller towers to capture better wind resources necessitates ongoing
investment and innovation in manufacturing and logistics.’** Initiatives to use
"green steel" (produced with renewable energy) are emerging to reduce the
tower's carbon footprint.*

e Nacelle Assembly:

o

Process: This involves housing and integrating the core power generation and
control components — gearbox, generator, drivetrain shafts, brake, yaw
system, pitch system controls, power converter, switchgear, and controller -
within the protective nacelle structure.™

Sourcing: Nacelle assembly is typically performed by the wind turbine OEM at
dedicated regional facilities located to serve key markets. Examples include
Vestas (Colorado, Denmark, China, India) *!, Siemens Gamesa (Spain,
Germany, China, Taiwan, US) ¢, GE Vernova (New York, Florida) ", Nordex
(Germany, Spain, Brazil, US, India) ", Goldwind (China, Brazil) *, Envision
(China, Kazakhstan planned) ¥, and SANY (China).”” US nacelle assembly
boasts a very high domestic content level, exceeding 85%." China has
become a major global hub for nacelle production and export, including
nacelles assembled by Western OEMs in their Chinese plants for international
markets.'”’

e Drivetrain Components:

o
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Gearboxes: A critical, high-precision component for non-direct-drive turbines.
The market is relatively concentrated, with key specialized suppliers including
ZF Friedrichshafen (through its Winergy brand) ?°, Moventas (Finland) %,
China High Speed Transmission (NGC) %°, Eickhoff (Germany) *°, and Renk
(Germany).?° Siemens Gamesa also has internal gearbox capabilities
stemming from the legacy Gamesa business.?® Manufacturing is concentrated
in Europe and China.

Generators: Can be produced in-house by turbine OEMs or sourced from



major electrical equipment manufacturers. Leading suppliers include ABB
(Switzerland) #, Siemens Energy (Germany - parent of SGRE but also an
independent supplier) ?', WEG (Brazil) ?', as well as Menzel, NIDEC, TMEIC, and
others.?’ Generators are material-intensive, requiring significant amounts of
copper and electrical steel.” Permanent Magnet Synchronous Generators
(PMSGs), favored in many direct-drive and some geared designs, rely heavily
on Rare Earth Elements (REEs).

Bearings (Main Shaft, Pitch, Yaw): These large, specialized bearings are
crucial for smooth rotation and load management. They are sourced from
global industrial bearing manufacturers. The domestic supply of these large
bearings has been identified as a potential bottleneck for the US offshore
wind supply chain.'

Rare Earth Magnets (for PMSG): This is a major supply chain vulnerability.
While REEs are mined in several countries (China, US, Australia, Myanmar) ',
China dominates the complex processing and separation stages (>85% global
capacity) and the manufacturing of high-performance NdFeB
(Neodymium-Iron-Boron) magnets (~90% global production).” Key elements
include Neodymium (Nd), Praseodymium (Pr), and smaller amounts of heavy
REEs like Dysprosium (Dy) and Terbium (Tb) for high-temperature
performance." This concentration creates significant geopolitical risk, price
volatility, and drives efforts (though currently limited in scale) to develop
alternative supply chains and REE recycling." A single large wind turbine can
require over 1ton of REE magnets per megawatt.”

e Control Systems & Power Electronics: These systems rely on components
sourced from the global electronics and electrical equipment industries, including
semiconductors, sensors, programmable logic controllers (PLCs), converters, and
switchgear. Even when overall domestic content for a turbine is high, many of
these smaller, specialized electronic components are often imported.” Key
suppliers for power conversion equipment overlap with generator suppliers,
including companies like ABB, Siemens Energy, and GE Vernova.

C. Table: Key Wind Turbine Components & Supply Chain Characteristics

Component

Key Primary Key Key Noted
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Region(s) ers/Supplier | g Regions
s for
Component




Blades Fiberglass, Fibers/Resin OEMs Regionalized Logistics
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PET/PVC Foam: Global | €tc.), Issues "°,
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D. Regional Sourcing Strategies




e Chinese OEMs: These manufacturers benefit significantly from a deep,
integrated domestic supply chain."® Government policies historically encouraged
joint ventures, technology transfer, and local content, fostering the development
of local suppliers for major components.”” As a result, Chinese OEMs procure a
large proportion of components, including major ones like blades, towers,
gearboxes, and generators, from domestic affiliates or Tier 1 suppliers located
predominantly within China."® Raw materials like steel and even REEs are also
largely sourced domestically.”® This high degree of vertical integration and
domestic sourcing provides substantial cost advantages, enabling highly
competitive turbine pricing, particularly in the domestic market and increasingly
in export markets.” When expanding overseas, the initial strategy often involves
exporting turbines or key components directly from China.'®” More recently, driven
by market access needs, local content requirements, or logistics, some Chinese
OEMs are establishing overseas assembly plants (e.g., Goldwind in Brazil %,
Envision in Kazakhstan *), though the sourcing of critical sub-components may
still rely heavily on their established Chinese supply base.

e Western OEMs (Vestas, SGRE, GE, Nordex): These companies operate more
globally diversified and regionalized supply chains. They maintain significant
manufacturing presences in their key end markets, including North America,
Europe, and increasingly in large emerging markets like India and Brazil.”’
Components are sourced globally from a mix of internal manufacturing facilities
and external third-party suppliers.”® This strategy involves leveraging
manufacturing in lower-cost regions (including China '/, Mexico %, Turkey "%,
India °') for components that are then exported to various global projects.
Compared to Chinese OEMs operating in Western markets, these established
players tend to have higher levels of domestic content sourcing within regions like
the US and Europe for major components like towers and nacelle assembly.”
However, they face continuous pressure to further localize production due to
policy incentives (like the US IRA ?® and EU's Net Zero Industry Act ©), logistical
imperatives driven by component size '°°, and a strategic desire to build supply
chain resilience against geopolitical disruptions.’

E. Analysis of OEM Supplier Management Approaches

Leading OEMs employ sophisticated strategies to manage their complex global supply
chains, focusing on efficiency, quality, resilience, and increasingly, sustainability.

e Vestas: Actively cultivates partnerships with suppliers, emphasizing the need for
quality, innovation, flexibility, and cost efficiency to remain competitive.>® The
company has implemented SAP Ariba as a central digital portal for supplier



collaboration, aiming to increase efficiency, compliance, and transparency in
processes like sourcing, contracting, ordering, and invoicing.>* Sustainability is a
core pillar, with suppliers required to adhere to a detailed Supplier Code of
Conduct and undergo ESG assessments.*® Vestas collaborates directly with
suppliers on decarbonization efforts, such as its partnership with ArcelorMittal for
low-emission steel towers, and aims to reduce its Scope 3 (supply chain)
emissions significantly.”® The company conducts human rights due diligence on its
supply chain, including risk mapping °¢, and publicly lists some key strategic
suppliers like CS Wind, TPl Composites, DSV, Maersk, and Schneider Electric.*

e Siemens Gamesa: Focuses on building sustainable supplier relationships based
on trust and excellence, utilizing digital tools like SAP Ariba Strategic Sourcing
and DocusSign to streamline interactions.®® A comprehensive Supplier Relationship
Policy governs procurement activities, emphasizing impartiality, ethical conduct,
and responsible sourcing, including specific attention to conflict minerals based
on OECD guidelines.®® The company actively works with suppliers on cost
reduction through component design and supports local supply base
development.®® A mandatory Code of Conduct for Suppliers covers human rights,
labor practices, environmental protection, and fair operating practices.®® As part
of its broader restructuring (Mistral program), SGRE aims to standardize
production and commoditize its supply chain, moving towards longer-term
procurement contracts to enhance stability and transparency.®

e GE Vernova: Provides suppliers with a dedicated portal for accessing relevant
information and tools across various functions (sourcing, finance, engineering,
logistics).”” Specific digital tools are used for managing technical documentation
(SDX/PLM), supplier deviation requests (ClearOrbit), and transportation
management for certain incoterms (OTM).”” The company emphasizes the critical
role of a reliable supply chain in meeting the surging global demand for energy
equipment and leverages its established US manufacturing base and supplier
network for domestic projects.”

e Goldwind: Operates under the principle of "advancing globalization through
localization," establishing regional centers and, more recently, overseas
manufacturing.” Implements supplier social responsibility management and
green supply chain programs.?’ Acknowledges inherent risks like forced and child
labor in complex supply chains and utilizes a Supplier Relationship Management
(SRM) system and a Code of Conduct with a stated zero-tolerance policy for such
practices."® Procurement relies heavily on affiliates and Tier 1 suppliers,
predominantly located in China, supporting its cost structure."®

F. Supply Chain Challenges and Risks



The global wind turbine supply chain faces numerous challenges that could impede
growth and impact project economics:

Geopolitical Risks & Concentration: The most significant risk lies in the heavy
reliance on China for critical processed materials, particularly REEs essential for
PMSG generators ', and increasingly for various components and even complete
turbines.” Trade tensions, export controls (as China has implemented for REE
technology and potentially magnets) ", and potential supply disruptions create
major vulnerabilities. This drives the need for supply chain diversification, though
building alternative processing capacity, especially for REEs, is a slow and costly
process.

Material Price Volatility & Scarcity: Fluctuations in the prices of key
commodities like steel, copper, resins, and especially REEs can significantly
impact turbine costs and OEM profitability.”*> Past shortages, like the balsa wood
crisis in 2020, demonstrated the vulnerability to specific material supply
disruptions."

Logistics Constraints: The relentless trend towards larger turbine components,
especially blades and tower sections, creates significant transportation
challenges.’® Road and rail infrastructure limitations strain land-based logistics.
Offshore wind requires specialized, high-cost installation vessels and
purpose-built port facilities capable of handling massive components,
infrastructure that is currently underdeveloped in many emerging offshore
markets like the United States.” NREL estimates half of US offshore projects could
face delays due to port and vessel limitations.™

Manufacturing Capacity & Investment Needs: Meeting ambitious global
deployment targets (e.g., 30 GW US offshore by 2030, EU 2030 goals) requires
massive investment in new manufacturing facilities, port upgrades, and vessel
construction.® NREL estimated at least $22 billion is needed for the US offshore
supply chain alone (ports, vessels, major component factories)."”” However,
uncertainty in project pipelines and permitting timelines can deter the necessary
long-term investment commitments from suppliers.’® Potential bottlenecks exist
for specific subcomponents like large bearings, flanges, large cast/forged parts,
specialized steel plates, and offshore substation electrical systems."

Labor & Skills: A trained and available workforce is needed for advanced
manufacturing, complex installation procedures (especially offshore), and
ongoing O&M activities." Skill gaps could hinder capacity expansion.

Quality & Reliability: Ensuring the quality and long-term reliability of
components sourced from a complex global network is paramount. Component
failures, as experienced by SGRE with its onshore platform, can lead to significant



financial losses and reputational damage ¢, highlighting the critical importance of
robust quality assurance throughout the supply chain.

The divergence between Chinese OEMs' reliance on a highly integrated domestic
supply chain and Western OEMs' more globalized, regionalized approach is becoming
a defining feature of the competitive landscape. While the Chinese model offers
significant cost advantages stemming from scale and potentially lower
labor/regulatory costs "¢, the Western model provides greater geographic
diversification but faces higher costs and increasing pressure to localize further.’
Managing the inherent trade-offs between cost, resilience, and geopolitical exposure
within these different supply chain structures is now a central strategic challenge for
all manufacturers.

Furthermore, the extreme concentration of REE processing and magnet
manufacturing in China stands out as the most acute vulnerability for the industry.
This dependency affects all OEMs utilizing PMSG technology (common in direct drive
and increasingly in geared turbines) and represents a significant single point of failure
with broad strategic implications, influencing technology choices, R&D priorities (e.g.,
developing REE-free generators), and national industrial policies aimed at fostering
alternative supply sources.

12

Logistical realities also exert a powerful influence. The sheer size and weight of
modern turbine blades and tower sections make long-distance transport
exceptionally costly and complex.’®* This physical constraint acts as a strong driver for
regionalizing the manufacturing and final assembly of these bulky components,
pushing OEMs to establish production hubs closer to end markets, irrespective of
other cost considerations.”'

Finally, sustainability is transitioning from a peripheral concern to a core operational
driver within the supply chain, particularly for Western OEMs.>* Requirements related
to decarbonization (e.g., sourcing green steel *°), promoting circularity (e.g., blade
recycling initiatives *¢), and ensuring ethical practices (e.g., human rights due
diligence °°) are increasingly being embedded in supplier contracts and management
processes. This trend is likely to intensify, influencing sourcing decisions and fostering
innovation in materials and processes across the value chain.

VI. Key Industry Trends and Future Outlook

The wind turbine industry is characterized by rapid technological evolution, shifting
supply chain dynamics, influential policy frameworks, and an intensely competitive



landscape. Several key trends are shaping its future trajectory.

A. Technological Advancements

Turbine Size and Rating Growth: The most prominent trend is the continuous
increase in turbine size and power rating. Onshore, turbines in the 4 MW to 7
MW+ range are becoming increasingly common, with Chinese OEMs ordering
significant volumes of 5-7 MW and even 7-10 MW machines.* Offshore, the scale
is even more dramatic, with 10-15 MW turbines now being deployed or prototyped
(e.g., GE Haliade-X, Vestas V236-15.0 MW, SGRE 11-14MW platforms).™
Development pipelines include turbines approaching or exceeding 18-20 MW
(e.g., Mingyang, CRRC prototypes).* This upscaling aims to improve capacity
factors and reduce the Levelized Cost of Energy (LCOE), but places immense
strain on manufacturing capabilities, logistics infrastructure (ports, vessels), and
installation processes.”® The global weighted average turbine rating saw a
significant jump of 18% in 2024 compared to 2023, largely driven by China's
market share and technology push.?

Floating Offshore Wind: As accessible shallow-water sites become scarcer,
floating wind technology is gaining traction for harnessing wind resources in
deeper waters. While still nascent and relatively expensive, several pilot projects
and demonstrations are underway, with players like Mingyang deploying
multi-megawatt floating platforms “* and specialized companies like Wind
Catching Systems emerging.* This technology requires different foundation
designs and installation methods compared to fixed-bottom offshore wind.
Drivetrain Evolution: The competition between traditional high-speed geared
drivetrains and direct-drive systems (using PMSGs) continues.’ Medium-Speed
Permanent Magnet (MSPM) designs offer a hybrid approach.”® Growing concerns
about REE supply chain security and price volatility are stimulating R&D into
generator designs that use fewer or no rare earths, potentially shifting the
technological landscape if commercially viable alternatives emerge.
Digitalization and Smart Turbines: The integration of sensors, loT connectivity,
big data analytics, and artificial intelligence is transforming turbine operation and
maintenance.* Smart turbines can optimize performance by adjusting to
real-time conditions, enable predictive maintenance to reduce downtime and
costs, and allow for more sophisticated wind farm management, ultimately
improving asset value and energy yield.*

The relentless push towards larger and more powerful turbines represents an
accelerating technology race, particularly in the offshore segment. This trend favors
companies with substantial R&D budgets and the industrial capacity to handle



massive components, potentially consolidating the market further around the leading
OEMs. It simultaneously necessitates significant upgrades and investments across the
entire supply chain, from component factories to specialized installation vessels and
port infrastructure.?

B. Supply Chain Evolution

e Localization and Regionalization: Driven by a confluence of factors - policy
incentives (US IRA, EU NZIA), high logistics costs for large components, and a
desire for greater supply chain resilience — there is a strong trend towards
localizing manufacturing, particularly for bulky components like blades, towers,
and nacelle assembly.® This is evidenced by recent investments in US
manufacturing by GE Vernova and Vestas *, planned facilities by SGRE in New
York ¢°, EU policy actions to support domestic production ’, and new factories
announced by Chinese OEMs in strategic overseas markets like Brazil,
Kazakhstan, and potentially Italy.*

e Resilience Building: The vulnerabilities exposed by the COVID-19 pandemic and
geopolitical tensions have heightened the focus on supply chain resilience. This
involves diversifying sourcing away from single points of failure (most notably, REE
processing in China %), strengthening supplier relationships, and improving
supply chain visibility through digitalization.*

¢ Sustainability Integration: Environmental, Social, and Governance (ESG) factors
are becoming increasingly integral to supply chain management. OEMs,
particularly Western ones, are implementing stricter supplier codes of conduct,
conducting ESG assessments, and collaborating with suppliers on
decarbonization (e.g., sourcing green steel, reducing transport emissions) and
circularity (e.g., developing blade recycling solutions).*® Human rights due
diligence within the supply chain is also gaining prominence.*®

While the localization of final assembly and large component manufacturing is
accelerating due to inescapable logistical and policy drivers, the underlying supply
chain for many critical sub-components (like bearings, power electronics, and
especially REE magnets) remains highly globalized and concentrated in specific
regions.'" This creates a paradox where regional hubs are being established, but true
supply chain independence remains elusive due to these persistent upstream
dependencies. Achieving genuine regional autonomy will require long-term, strategic
investment in developing capabilities across the entire value chain, not just the final
stages.

C. Policy and Regulatory Impacts



Government policies remain a primary driver of wind market growth and supply chain
development.

US Inflation Reduction Act (IRA): Provides significant tax credits and incentives
designed to boost domestic renewable energy deployment and manufacturing,
encouraging investments in US-based wind turbine and component production.?
Early signs suggest an increase in US turbine orders.?

EU REPowerEU & Green Deal Industrial Plan (incl. NZIA): Aim to accelerate
renewable deployment, enhance energy security, and strengthen Europe's
domestic clean tech manufacturing base, including wind turbines, to reduce
reliance on imports and meet ambitious climate targets.® Measures include
streamlining permitting and potentially non-price criteria in auctions.

China's National and Provincial Targets: Continue to underpin the massive
scale of the Chinese domestic market, providing a crucial foundation for the
growth and cost competitiveness of Chinese OEMs.'

Trade Policies and Investigations: Potential for increased trade friction exists,
particularly concerning the competitiveness of Chinese turbines in Western
markets. The EU is monitoring potential distortions from foreign subsidies ’, and
historical trade disputes related to local content requirements and subsidies have
occurred."” Export controls, like those imposed by China on REE technology, can
also impact global supply chains."

D. Competitive Landscape Shifts and Future Projections

The wind turbine manufacturing sector is likely to remain highly dynamic:

China's Global Push: A key question is whether leading Chinese OEMs
(Goldwind, Envision, Mingyang, Windey) can successfully leverage their cost
advantages and growing technological capabilities to gain substantial,
sustainable market share outside of China." Overcoming challenges related to
financing, bankability, service networks, and building track records in new markets
will be critical.*®

Western OEM Adaptation: Established Western players (Vestas, SGRE, GE,
Nordex) are adapting by focusing on profitability, improving quality, investing in
technology (especially offshore), strengthening service offerings, and
regionalizing their supply chains.* Further consolidation or strategic partnerships
cannot be ruled out as they seek to compete effectively.

Market Growth vs. Challenges: While long-term growth projections towards
2030 climate goals are strong ®, achieving the required annual installation rates
(e.g., 320 GW/year by 2030 °) faces significant hurdles. Supply chain bottlenecks,
permitting delays, grid constraints, workforce limitations, and ensuring project



profitability amidst rising costs and competition remain key challenges.? Wood
Mackenzie's forecast suggests cumulative capacity reaching 2.35 TW by 2032,
implying significant but potentially challenging growth ahead.?

The global push for decarbonization is creating immense demand for wind energy, but
simultaneously exposing significant industrial and logistical challenges. The energy
transition requires not only deploying vast amounts of renewable capacity but also
building and scaling the complex industrial ecosystem needed to manufacture, install,
and maintain these technologies reliably and economically. Overcoming supply chain
bottlenecks, managing resource competition, ensuring OEM profitability, and making
the necessary massive infrastructure investments are critical tasks for the industry
and policymakers alike.?

VII. Conclusion and Strategic Implications

The global wind turbine manufacturing landscape is defined by rapid growth, intense
competition, and profound structural shifts. China's emergence as the dominant
force, both in market size and manufacturing output, has reshaped the competitive
hierarchy, putting immense pressure on established Western OEMs. While these
Western companies maintain leadership outside China and in specialized segments
like offshore wind, the industry overall grapples with complex, globalized supply
chains fraught with geopolitical risks, logistical hurdles, and critical material
dependencies — most notably the concentration of Rare Earth Element processing in
China.

Technological advancement continues at pace, particularly the relentless upscaling of
turbine size, demanding continuous innovation and investment across the value chain.
Simultaneously, policy drivers like the US IRA and EU Green Deal initiatives are pushing
for greater localization and supply chain resilience, creating both opportunities and
challenges for manufacturers. Sustainability considerations are also increasingly
influencing supply chain practices, moving beyond compliance towards becoming a
competitive factor.

These dynamics present distinct strategic implications for various stakeholders:

e For Manufacturers:

o Competitiveness: Balancing cost-efficiency with supply chain resilience is
paramount. Western OEMs must define clear value propositions (e.g.,
technology leadership, service excellence, regional presence) to compete
against lower-priced Chinese turbines internationally. Chinese OEMs need to
navigate intense domestic competition while building trust, bankability, and



robust service networks in export markets.

Technology & Innovation: Continued investment in R&D for larger, more
efficient turbines is crucial. Developing alternatives to REE-dependent
generators could offer a significant long-term strategic advantage.
Digitalization remains key for optimizing performance and O&M.

Supply Chain Strategy: Strategic decisions on localization versus global
sourcing, supplier diversification (especially for critical materials), and
managing logistical complexities are vital. Building strong, transparent
supplier relationships incorporating sustainability metrics is increasingly
important.

For Developers and Utilities:

o

Risk Management: Project planning must incorporate thorough assessments
of supply chain risks, including potential delays in turbine delivery, component
shortages, supplier financial stability, and logistical bottlenecks (ports,
vessels).

Technology Selection: Evaluating the trade-offs between different turbine
technologies (size, drivetrain, supplier track record) and their associated
supply chain implications is critical.

Policy Navigation: Understanding and leveraging relevant policy incentives
while navigating permitting and grid connection challenges remains essential
for project viability.

For Investors:

@)

Due Diligence: Assessing OEM financial health, technological positioning,
market strategy (geographic and segment focus), and exposure to supply
chain and geopolitical risks is crucial. Profitability challenges faced by several
major OEMs warrant close scrutiny.

Supply Chain Opportunities: Significant investment opportunities exist in
building out the necessary supply chain infrastructure (component
manufacturing, ports, specialized vessels), particularly for offshore wind, but
these require careful evaluation of long-term demand certainty and policy
stability.

For Policymakers:

o

Demand Certainty: Providing stable, long-term policy frameworks (e.g., clear
auction schedules, robust targets) is essential to de-risk investments in both
wind projects and the supporting supply chain.

Addressing Bottlenecks: Targeted support is needed to overcome critical
bottlenecks, including grid infrastructure expansion, streamlined permitting
processes, port and vessel development for offshore wind, and workforce
training programs.



o Critical Material Security: Developing strategies to mitigate reliance on
single sources for critical materials like REEs, potentially through incentivizing
domestic processing, recycling initiatives, and supporting R&D into alternative
technologies, is a key priority for energy security.

o Fair Competition: Ensuring a level playing field through appropriate trade
policies and potentially investigating unfair subsidies or market practices is
necessary to maintain healthy global competition and innovation.

The wind energy transition is indispensable for achieving climate goals, but its
success hinges on the ability of the manufacturing sector and its intricate supply
chain to scale effectively, reliably, and sustainably. Navigating the current complexities
requires strategic foresight, significant investment, and close collaboration between
industry players and governments worldwide.
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