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Abstract:

Wind power has ascended from being a niche technology developed by enthusiastic idealists, to being
a pivotal element in global energy transitions led by multinational corporations. It has thus emerged
rapidly as a leading renewable energy source globally, driven by imperatives to mitigate greenhouse
gas emissions and achieve energy security, on the one hand, and rapidly evolving technological
trajectories and declining turbine costs, on the other. This paper examines the nature and characteristics
of wind energy innovation by tracing the historical evolution of wind energy innovation, examining key
milestones from 19th-century turbine development to contemporary advancements. Drawing on patent
data, it reveals critical innovation trajectories, including the consolidation of modern turbine design, as
being critical to the emergence of wind energy as a competitive technology. Moreover, the paper shows
how rapid innovation has been rooted in the emergence of global production and innovation networks
among leading wind turbine manufacturers. Yet, despite wind energy's substantial contributions to
decarbonization efforts, persisting innovation challenges demands continued advancement. To respond
to this challenge, the sector is increasingly focused on “post turbine’ wind innovation in which advanced
digital technologies take centre stage.
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1 Introduction

Wind energy is one of the fastest-growing renewable energy sources in the world. This growth is being
driven by a number of factors, including the need to reduce greenhouse gas emissions and the declining
cost of wind turbines. Innovation has played a key role in the growth of the sector, and it is no surprise
that wind energy has attracted considerable attention from historians of technology (Maegaard, Krenz
and Palz, 2013). Like in many other industries, the wind sector has gone through an ‘era of ferment’
before converging on a dominant design. Subsequent process innovations have made wind turbines

more efficient, reliable, and affordable.

In this paper, we trace the history of wind energy innovation, from the development of the first wind
turbines in the 19™ century to the latest advances in wind turbine technology. The paper examines the
different types of innovation that have occurred by looking at the innovation portfolios of key firms in
the industry. We explore the emerging trends in patenting for these key firms, shedding light on the
strategic directions and evolution of their patent portfolios. We also examine the factors that have

contributed to the globalisation of wind energy technology.

The wind energy sector is currently facing a number of innovation challenges, such as the need to
develop new wind turbine technologies that can operate in more challenging environments, such as
offshore. It also needs to develop new energy storage technologies to integrate wind energy into the
grid more effectively. Over time, the innovation path has evolved beyond innovation in the core wind
turbine technology and new digital technologies have become key to further development. We end the
paper by discussing the key innovation challenges facing the wind energy sector, the emerging solutions

and new avenues of enquiry for innovation scholars.

2 The diffusion of wind energy technology

In innovation studies, ‘diffusion’ refers to how individuals and businesses within a society or economy
embrace new technologies, typically replacing older technologies in the process. The nature and rate of
diffusion are determined by economic, social, and institutional factors (Hall, 2006). But how fast did

wind energy technology diffuse and why? In this section we address these questions in turn.

2.1 The rate and geography of diffusion
As shown in Figure 1, the diffusion of wind energy at a global scale has taken place rapidly particularly
from the early 2000s onwards. During the early days, wind energy capacity experienced moderate

growth as most wind was deployed on an experimental basis. The growth rate accelerated significantly



after the turn of the century during this period of ‘take off’.! However, the geographical spread of
deployment has been uneven across the globe. The initial development and deployment of wind turbines
took place in a few European countries, mainly Denmark and Germany, the subsequent diffusion of the
technology globally took place at a fast pace (Soderholm and Klaassen, 2007). As shown in Figure 1,
the total installed capacity of onshore wind power globally was around 8 GW in 2006. European
countries were responsible for around 7 GW while the USA, China and India were responsible for
around 1 GW. At that time, most countries around the world did not have any wind turbines installed at
all or only a very limited amount. Subsequently, as the installation of wind turbine increased rapidly
over a relatively short period, it was accompanied by ever more countries having started to install wind
turbines, including several developing economies (Suzuki, 2015). Today Asia has more installed

capacity than any other continent.

Figure 1: Global cumulative installed capacity
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Source: Data drawn from GWEC (2024).

2.2 Drivers of diffusion
The substantial growth and globalisation of wind power has been affected by a wealth of factors that
contribute positively or negatively to diffusion, such as local wind resource potential, investment and

financing landscapes, social acceptance attitudes, electricity grid readiness, and the availability of local

! The installed capacity of wind energy is currently larger than that of solar photovoltaic (PV) globally. While solar PV has
seen rapid growth and has surpassed wind in some regions, overall wind energy installations remain ahead in terms of
cumulative capacity although solar PV is becoming increasingly competitive.



firms and technologies. These factors significantly effect the rate of uptake in each geographical

location.

Here we focus on key ‘macro drivers’ that have worked together to propel deployment worldwide They
can be discussed under three main headings. The first is environmental concerns and climate change
mitigation goals. Growing awareness of climate change and international commitments to carbon
emission reduction prompts the shift toward clean source energy of which wind is a viable option in

most countries.

The second factor is the global diffusion of energy policies having initially been adopted in European
countries, such as Germany, the UK, Denmark and Spain, and subsequently spread worldwide
(Soderholm and Klaassen, 2007). Specifically, polices such as feed-in tariffs and later on, competitive
auction systems have become widespread globally. These polices have provided the enabling regulatory
environment required for wind power to be diffused by ensuring the creation of a demand for the
technology. That said, it has often been highlighted that there are still a range of additional barriers in
developing economies preventing the diffusion of wind power, including lack of access to financial

resources and limited skills to install and maintain the wind turbines.

The third is related to the rapid and significant reduction in the price of the wind turbines over the past
decades. Wind energy has now become competitive with conventional sources of energy as costs
decrease. Between 1984 and 2022, the global weighted average total installed cost of onshore wind
projects fell by 74%, from USD 5,136/kW to USD 1,325/kW (see Figure 2). Amidst the downward
trend, the figure also shows that there is a significant price range at play. This is mainly due to variations
in wind resource quality, land acquisition costs, grid connection expenses, and other site-specific factors

that contribute to differences in the overall costs of onshore wind projects.

Figure 2: Price range and average global costs of onshore wind, 1985-2022 (2022 USD/kW)
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3 The nature of innovation in wind energy technology

The main reason for the cost reductions discussed in the previous section has been innovation in various
aspects of the technology and the production system for wind turbine manufacturing. It is this element
of technological innovation — which has driven down the cost dramatically and enabled diffusion — that
is the main focus of the subsequent section of this paper. What types of technological progress has been
involved? Where did this progress come from? In this section we present the historical context of the

wind turbine industry, and the key types and directions of innovation in the industry.

3.1 Origins

The wind energy technology industry has its roots in the 19" century, with the development of small
wind turbines for water pumping and milling. However, it was not until the 1970s, following the oil
crisis, that the industry began to grow significantly. Early designs for modern turbines had its roots in
the now famous ‘Gedser Turbine’ in Denmark. Poul la Cour, a Danish scientist and inventor, played a
crucial role in advancing wind turbine technology. In the late 19th and early 20th centuries, la Cour
conducted extensive research on wind energy and its potential for electricity generation. He developed
the first systematic approach to designing and testing wind turbines for electricity production. One of
la Cour's key contributions was the development of the ‘Danish method’ for constructing wind turbines.
This method involved using multiple small blades rather than a single large one, which increased
efficiency and reliability. He also pioneered the use of automatic regulation systems to optimize turbine
performance in varying wind conditions. The early wind energy industry was dominated by small
companies, many of which were pioneers in the field. A myriad of actors was involved knowledge
transfer between turbine producers, turbine owners and researchers (Kamp, Smits and Andriesse, 2004).
The innovation mode of the early days has been characterized as ‘open source’ as multiple actors
engaged in collaborative experimentation (Gregersen and Johnson, 2010). However, as the industry
matured, larger companies began to enter the market. Today, the wind energy industry is a global
industry with several major players, including Vestas, Siemens Gamesa Renewable Energy, and GE
Renewable Energy. As discussed further below, in the 1970s and 1980s the nascent global wind industry
was driven by experimental Western (primarily Danish and German) firms engaged in experience-based
learning, resourceful improvisation and dense interactions within their national innovation systems.
During the 1990s and 2000s, the industry was rapidly transformed into a big business investing
significantly in R&D.



3.2 Innovation trajectories

The wind energy sector has experienced a number of distinct technological trajectories over the years
(Lema, Sagar and Zhou, 2016). First, the trend towards larger wind turbines has been dominant thrust
of the technology evolution. Larger wind turbines can generate more electricity, but they are also more
expensive to build and transport. Better wind speeds at higher hub heights means that the electricity
produced from these more expensive turbines is cheaper. As shown in Figure 3, one of the major trends
in the innovation path is the increasing size and capacity of wind turbines that are developed and sold.
Turbine capacity has been increasing dramatically and all of the leading manufacturers are taking part
in the race to develop ever bigger turbines year by year. This is one important element of the quest to
make wind energy compete head-to-head with conventional energy by reducing the levelized costs of

electricity (LCOE) from wind.>

Second, there has been the move from onshore to offshore wind. Offshore wind turbines have a number
of advantages over onshore wind turbines, including stronger winds, less visibility and lower
environmental impact (Wieczorek et al, 2015). However, offshore wind turbines are also more
demanding to build, install and maintain (Poulsen and Lema, 2017). The shift to offshore wind has
spurred innovations across various aspects of wind energy technology, such as specialised foundation
designs, advanced transmission systems for electricity delivery and nnovative maintenance methods

due to offshore location (Poulsen and Lema, 2017).

Third, improvements in turbine reliability are crucial in the innovation journey of wind technology.
Enhanced reliability leads to higher electricity yield over a turbine's lifespan, lowering wind-generated
electricity costs. Denmark's cost per kilowatt hour (kWh) decreased by 80% over 20 years due to various
factors, including reduced operation and maintenance (O&M) costs (Lema et al., 2014). Larger turbines
theoretically decrease costs by reducing the number needed per project, but real-world challenges may
arise if newer, larger turbines experience more faults. While data on turbine reliability are limited, O&M
costs have significantly decreased in recent years. Capacity factors, reflecting turbine efficiency, have
notably improved over the years, with newer turbines achieving higher capacity factors, further

reducing the levelized cost of wind energy.

Fourth, new pathways have emerged in turbine design. Wind turbines with gears, primarily based on
Danish design, dominate the wind power industry worldwide. Alternative lighter designs, supported by
US government research, failed to gain traction due mainly to over-engineering allegedly. The direct
drive, a German innovation pioneered by Enercon, offers fewer parts, reducing maintenance needs, but
at a higher cost. While direct drive turbines have gained commercial foothold recently, Enercon is a

leading manufacturer. Variations exist in direct drive technologies, with firms like Goldwind using

2 The levelized cost of electricity (LCOE) is the average cost of generating a unit of electricity over the lifetime of a power plant,
expressed in terms of dollars per megawatt-hour (S/MWAh). It incorporates all costs including initial investment, operations,
maintenance, and decommissioning (Huenteler, Niebuhr and Schmidt, 2016).
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permanent magnet technology. Some major players like Envision, Siemens, and GE are transitioning to
direct drive turbines. Coexistence between gear and direct drive models is likely to continue. Direct
drive wind turbines have a simpler design than traditional wind turbines, which makes them more
reliable and easier to maintain. However, direct drive wind turbines are also more expensive to
manufacture, and they depend more on rare earth metals and minerals.® Direct drive wind turbines
emerged as a distinctly German innovation, which has later been transplanted and gained traction in

China (Urban et al., 2015).

Figure 3: Generation capacity and rotor diameters over time, 2008 —2023
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represents the rotor diameter.

3 Cost reductions have been achieved by moving from coil-based generators to permanent magnet generators, and the cost of
permanent magnets is falling fast. Also, lower failure rate and maintenance cost can be very advantageous in faster and more
turbulent wind conditions with challenging maintenance environments found in offshore wind farms.
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3.3 The changing nature of innovation

The knowledge base and the modes of learning have changed significantly during the evolution of the
sector. As mentioned, knowledge transfer and ‘interactive learning’ were very important during the early
days of the 1970s and 1980s when practical experimentation was the dominant mode of learning.
Engineering expertise is essential for the design and construction of wind turbines and practical
experience was important, as it allowed wind energy companies to learn from their mistakes and
improve their technologies (Karnge and Garud, 2012). During the evolution of the sector, science-based
R&D became more important and was ultimately decisive for long-term success (Hendry and Harborne,
2011). As will be discussed further in this paper, the wind energy knowledge base is constantly evolving,
as new technologies are developed, and new data is collected to influence the further development of
wind energy technology. Generally speaking, there has been a shift from doing, using and interacting
to modes of technological progress over to science, technology innovation modes (Jensen et al., 2007)
throughout the history of the sector. This shift from DUI (doing, using, interacting) to STI (science,
technology, innovation) modes in the wind sector reflects a transition from simply applying existing
knowledge to actively pursuing scientific discovery and technological advancement. DUI focuses on
practical applications and utilization of existing technologies, while STI emphasizes research,
development, and innovation to create new technologies and improve existing ones. In the wind turbine
industry, this shift has led to the development of more efficient, cost-effective, and environmentally
friendly turbine designs, as well as advancements in areas such as materials science, aerodynamics, and
energy storage technologies. This evolution has played out through increased investment in research
and development, collaboration between academia and industry, and the adoption of emerging

technologies to enhance the performance and sustainability of wind energy systems.

Patent statistics show this increasing importance of R&D over time. The first wind patents were filed
in 1970 and there was linear development until around 2010 (see Table 1). Over the last 10-15 years
patent activity grew exponentially reaching more than 100.000 patents totally in 2020.

As illustrated in Figure 4 below, an ‘S-curve’ pattern of innovation has emerged alongside the
development of new technological trajectories. The S-curve illustrates the typical trajectory of a
technology's adoption and growth over time. There was growth during the era of ferment when the
technology developed and gained acceptance. Then, there was rapid growth as it reached maturity and
widespread adoption. Finally, growth in innovation slowed down a bit as innovation shifted in emphasis
from product to process innovation. However, as will be discussed later in the paper, the question is

whether new processes of development will be defined by entirety new innovation frontiers.



Figure 4: Cumulative development of wind patents, 1970 — 202
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4 The globalisation of wind energy

4.1 Global production and innovation networks for wind turbines

The wind power industry is dominated by a few large multinational companies who supply complete
wind turbines on a turnkey basis. In 2021, small handful of lead firms (Vestas, Siemens Gamesa,
Enercon (Wobben), General Electric, Goldwind and Envision, held a share of over 60% of the total

onshore wind market globally (GWEC, 2021).

These firms tend to focus their efforts on the most valuable parts of the value chain, especially
knowledge-intensive innovation activities, such as R&D and engineering (Lema and Lema, 2012). As
a result, they typically maintain internal control over the development and production of the most core
and critical components, including the main control system, the generator and the converter. Some of
the critical components, such as blades, are outsourced to a small group of highly specialised and

reputable first-tier suppliers, such as LM Wind Power.

The remaining (less valuable) components, which can amount to thousands, are typically outsourced to
a vast network of external sub-suppliers worldwide whose activities are being coordinated by the lead

firms in the value chain. Since the lead firms generally seek to reduce the cost of their products in order



to be competitive, they are continuously seeking to engage with the least-cost suppliers, including in
various developing economies involved in manufacturing particular sub-components. The global
production networks for wind turbines are thus continuously changing and being managed by the lead
firms in terms of logistics and transport related to the sourcing of raw materials and final components
(Surana et al., 2020). Due their bulky nature, some components, such as tower and castings, are difficult
and costly to transport around the world, which means that they are typically manufactured close to the
point of use either by third party suppliers or by first-tier suppliers operating within the country in
question (Schmidt and Huenteler, 2016). The increasing use of so-called ‘local content requirements’

have also contributed to components increasingly being produced locally (Hansen et al., 2020).

Internally, within the lead firms, strategic units are also involved in orchestrating globally
interconnected innovation activities involving R&D centres in different locations that are functionally
divided into various areas of expertise. Vestas, for example, has a global innovation network consisting
of 11 R&D units on three continents: Europe (Aarhus, Denmark; Isle of Wight, UK; Bremen, Germany),
North America (Portland, Oregon, USA; Houston, Texas, USA) and Asia (Beijing, China; Pune, India;
Singapore) (see Figure 6). These centres collaborate closely on a range of projects, including developing
new wind turbine technologies, improving the efficiency and performance of existing wind turbines,
reducing the cost of wind energy and finding solutions to technical challenges associated with wind
energy, such as noise reduction and grid integration. Vestas also has a number of partnerships with
universities and research institutes around the world, which help Vestas to stay at the forefront of wind

energy innovation and to develop new technologies that meet the needs of its customers.

Building on Vestas' extensive global innovation network, their engagement with patent offices across
the world further illustrates their commitment to intellectual property and technological leadership in
the wind energy sector, as shown in Table 2 below. The World Intellectual Property Organization
(WIPO) serves as the leading patent office for Vestas, with 1,769 patents accounting for 28.01% of their
portfolio. The European Patent Office (EPO) follows closely, with 1,598 patents, representing 25.30%
of their patent activities, underscoring their strong presence in the European market. The United States
Patent and Trademark Office (USPTO) holds 24.03% with 1,518 patents, reflecting the strategic

importance of the North American market to Vestas' operations.

10



Figure 6: Vestas’ global innovation network
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Table 2: Distribution of Vestas’ patent portfolio across patent offices

Patent Office Number of Patents Share
WIPO 1,769 28.01 %
EPO 1,598 25.30 %
USPTO 1,518 24.03 %
CNIPA 667 10.56 %
DNK 194 3.07%
GBR 145 2.29%
AUS 130 2.06 %
CAN 122 1.93 %

In Asia, the China National Intellectual Property Administration (CNIPA) encompasses a significant
10.56% with 667 patents, which aligns with the R&D efforts in their Beijing centre and the growing

relevance of the Chinese market. Notably, Vestas maintains a considerable number of patents in its home
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country's office in Denmark (DNK), with 194 patents that account for 3.07%, signalling a commitment

to innovation at its origin.

4.2  The globalisation of innovation systems

Most of these technological trajectories have unfolded globally, but innovation paths also take
nationally specific ‘journeys’. National paths are shaped by a range of national characteristics and initial
conditions and therefore differ along key dimensions (e.g. less offshore in Germany where coastlines
are sparse), but the increasing roles of cross-national firm interactions amplify tendencies towards
global convergence over time. Furthermore, while nationally specific variations exist, wind energy
standards and regulations has been increasingly harmonised as innovation systems have matured and
become interconnected. Such standardisation makes it easier for wind energy companies to operate in
multiple countries and achieve economies of scale, hence lowering the levelized costs of wind energy

electricity (Lema, Sagar and Zhou, 2016).

The initial radical innovation that became a dominant design emerged in the Danish ‘lead market’ and
later diffused globally, first to Germany and other European countries and later beyond (Beise and
Rennings, 2005). Denmark is still a key location for wind energy innovation, including subsequent
innovation such as those mentioned driving the trajectories mentioned above. Among the top players in
the wind technology industry, Danish inventors hold a predominant share of 44.70%, followed by
Germany with 27.18%. The country has a strong wind energy innovation system that have helped to

make the country world leader the wind energy industry.

The innovation system of the wind energy sector is complex and involves a number of different actors,
including government, industry, and research institutions. The Technical University of Denmark (DTU)
has throughout the history of wind turbine technology development been world leading. Furthermore,
The Danish Energy Technology Development and Demonstration Programme (EUDP) was a
government program in Denmark that provided funding for research and development projects in the
energy sector, not least from national Champion firms, Vestas and Bonus Energy (later acquired by
Siemens to become Siemens Wind Energy). The EUDP has supported a number of wind energy
innovation projects, including the development of new wind turbine technologies and offshore wind
farms. Firms, both champion flagship firms an extensive network of suppliers are organized in the
Danish Wind Industry Association (DWIA), a trade association that represents the Danish wind energy
industry. Continuing promotion and adjustment of policies and framework conditions played an

important role in shaping the innovation systems of the wind energy sector in Denmark.
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Table 1: Share of global wind technology inventors by country among the key players

Country Inventors Share
Denmark 2,558 44.70%
Germany 1,555 27.18%
China 381 6.66%
United Kingdom 350 6.12%
United States 240 4.19%
Singapore 177 3.09%
India 152 2.66%
Netherlands 68 1.19%
Portugal 54 0.94%
Rest of the world 187 3.27%

Figure 5: Collaborative networks in the wind industry: a focus on cross-country patent

partnerships

Source: Authors based on Patstat
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Figure 5 above showcases the collaborative landscape in the wind technology industry, with Denmark
at the forefront, confirming its dominance also through significant partnerships with key countries.
Denmark's most prolific collaboration is with the United Kingdom, boasting 423 shared patents,
underscoring the tight innovation link between the two nations. Equally matched collaboration is
observed between Denmark and Germany, with each country contributing to 206 patents, reflecting a
strong bilateral technological exchange. The United States also emerges as a prominent partner, working
in tandem with Denmark on 192 patents. Notably, Denmark extends its collaborative efforts to
Singapore and India, with 175 and 96 patents respectively, suggesting a strategic engagement with

Asia's burgeoning markets and technical expertise.

Turning to Germany, the data reveals its integral role within the innovation network, not only
collaborating extensively with Denmark but also with the United Kingdom, India, the United States,
and Spain, reflecting a diverse and strategic alignment with multiple countries in the sector. The United
Kingdom reciprocates this trend, mirroring its collaborations with Germany, and establishing a
significant number of shared patents with the United States and China, thereby reinforcing its position

as a pivotal node in the wind technology innovation network.

The United States, while having fewer patents in collaboration with Denmark than Germany or the UK,
still maintains a strong presence in the sector, engaging in productive partnerships with both European
and Asian counterparts, as evidenced by its joint ventures with Singapore. Singapore, though smaller
in numbers, demonstrates its rising influence in the industry by forming valuable alliances with
Denmark, the United Kingdom, and the United States, indicating its strategic position as a hub for
innovation within Asia. These patterns of collaboration illustrate a robust and interconnected global
network, where the leading countries are not only enhancing their technological capabilities but also
contributing to the global convergence and standardization in wind energy technologies. This
collaborative dynamism is pivotal for the ongoing evolution and cost-efficiency improvements in the

wind energy sector.

4.3 Innovation in the wind turbine value chain

While the majority of innovation activities in the wind turbine industry is done by the lead firms and
their first-tier suppliers in various OECD countries, an increasing number of companies from
developing economies have emerged as challengers to the industry incumbents. For example, China has
seen the emergence of several international competitive companies such as Goldwind, MingYang and

Enercon while India and Brazil has fostered companies, such as Suzlon, WEG, IMPSA and Wobben.

These companies are not only involved in the manufacture of wind turbines and gaining a larger share
of the global market, but they are also actively participating in cutting-edge innovation, thereby

narrowing the technological gap with the world's leading companies (Haakonsson, Kirkegaard and
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Lema, 2020). The development of innovation capabilities of these companies has been strongly
influenced by various types of technology transfer arrangements (Haakonsson and Slepniov, 2018).
Initially, most of these technology transfer arrangements involved a one-way knowledge transfer
process, such as license agreements and joint ventures, in which foreign firms from the North acted as
transmitters and the local firms as recipients (Hansen and Lema, 2019). Later on, the nature of the
technology agreements evolved into more reciprocal and mutually cooperative relationships

characterized by bidirectional knowledge exchange, such as overseas R&D cooperation.

5 The future of wind: key innovation challenges

This section delves into several crucial frontiers of wind energy innovation currently being explored by
firms, researchers, and engineers. We outline the key challenges facing the wind energy sector and cover
three primary ‘directions’ of innovation. The discussion includes qualitative descriptions of these
innovation pathways, supplemented with patent analysis to provide a comprehensive overview of

advancements in the field.

5.1 The dominant design and new technological trajectories

The innovation trajectories of the wind energy sector are currently driven by a number of challenges
that steer the direction of innovation. The ‘main’ trajectory is aimed to reduce the cost of wind energy
to make it more competitive with other forms of energy, such as natural gas and coal. This implies the
need to develop new technologies to improve the efficiency and performance of wind turbines and wind
farms. Although the levelized cost of wind energy has decreased dramatically over the years, there is
still significant traction in further efficiency improvements. Indeed, patent analysis shows that this

remains a core focus of wind energy innovation.

The top three firms globally, i.e., Vestas, Siemens Wind and Goldwind, alone account for 67.63%
percent of patents. Their main innovations have been devoted to ‘wind motors’ and include turbine
designs, components design and control systems.* They cover various incremental improvements.

Advanced manufacturing techniques are being used to produce wind turbine components that are

4 The top patent classes overall are all wind motor related (i.e. IPC code FO3D). They are, in order of magnitude: (1) Wind
motors with rotation axis substantially parallel to the air flow entering the rotor (FO3D 1/00). This is the most common
(dominant design) type of wind turbine, known as horizontal axis wind turbines (HAWTSs) and patents include various designs
and their improvements. It includes wind motors having a plurality of blades (FO3D 1/30), with the three-blade version being
the dominant type of rotor used in HAWTs. (2) Control of wind motors, (FO3D 7/00). These are various types of control
systems which include inventions such as pitch control systems, yaw control systems, and overspeed protection systems, most
of which are software based. (3) Constructional parts or details of wind motors, not otherwise provided for (FO3D 8/00). These
innovations are at the component levels and includes inventions and improvements related to towers, blades, and nacelles.
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lighter, stronger, and more durable and new inventions facilitate logistic, and materials to withhold

extreme temperatures or e.g., systems to facilitate installation near airports.’

The analysis of the most recent surge in patent activities show that innovative activities are inventions
to extend the dominant design into new settings that have hitherto been off limits for wind energy
generation. These include the development of floating offshore wind turbines, which can be installed in
deeper waters than traditional fixed-bottom offshore wind turbines (Zhu et al., 2022). The development
of floating offshore wind turbines is still in its early stages, and there are a number of challenges that
need to be addressed before they can be widely deployed (Veers et al., 2023). They are currently more
expensive to build and install than traditional fixed-bottom offshore wind turbines. This is due to the
complexity of designing and building floating platforms, as well as the challenges of installing and
maintaining them in deep water. They need to be designed to withstand the harsh marine environment,
including strong winds, waves, and currents. They also need to be able to operate safely and efficiently

in deep waters.

Another frontier is the "greening" of wind technology, which means for example developing methods
to implement principles of circular economy, such as design for disassembly. For example, some wind
turbine manufacturers are now designing turbines with standardized components that can be easily
removed and replaced (Kirkegaard et al., 2023). This makes it easier to recycle and reuse wind turbines
at the end-of-life stage (Rentizelas et al., 2022). It also includes finding ways to reduce overall materials
use and reduce environmentally harmful materials. Another innovation in the greening of wind
technology is the development of new materials and manufacturing processes that can reduce the
amount of material needed to build wind turbines (Veers et al., 2023). For example, some companies
are now developing wind turbines with lighter, stronger blades made from carbon fibre. Several lead
firms and component suppliers are currently working on innovations for the development of ‘zero-waste
turbines’, preventing all waste and developing a circular economy for all materials (Khalid et al., 2023).
Blades are particularly difficult because of the most common material is a carbon or glass fibre-
reinforced material, which is difficult to break down to its composite elements. Through circularity the
in aims to remanufacture or recycle turbines and suppliers’ components, without resorting to
incineration or landfilling for any of these elements. Researchers are also working to develop new
materials and manufacturing processes that can eliminate the need for harmful materials used in wind

turbines, such as certain types of lubricants and adhesives (Lapko et al., 2019).

3 In addition to these patents related to the dominant Gedser Turbine design there are also numerous paths related to vertical
axis turbines, one bladed turbines etc.
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5.2 The increasing role of ‘post turbine’ wind innovation

While the innovation path of wind technology has followed an S-curve pattern, there is no sign that
innovation will now be of the purely trivial kind or that inventive activity of key firms and research
institutions have reached a plateau. Rather, inventive activity will move into new fields to deal with the
complexities of the green transformation. The knowledge base can be seen as comprising two main
components, the ‘core technology domain’ centred around the dominant design and the ‘deployment
domain’, which is about the insertion wind into evolving energy systems. The locus of innovation is
increasingly shifting from the former to the latter. Sector experts have referred to this as a shift to “post

turbine’ technologies (Dai, Haakonsson and Oehler, 2020).

This transition is evident in the evolution of top innovators within the sector. Our data (see Figure 7
above) highlights a migration from patents in core wind technology to those in "auxiliary" technology
domains, such as wind farm management systems and enhancements for hybrid wind farms. These areas
are emerging as vital for competitive advantage among turbine manufacturers and are increasingly
important to stakeholders like utility companies, independent power producers, and government
agencies involved in energy system development. Innovations are also moving towards the integration
of wind energy into smart grids and the leading companies are investing in knowledge generation in

related technologies, including energy storage and hydrogen conversion.

Figure 7: Share core wind technology patents to auxiliary technology patents
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This shift to post-turbine technologies is essential for the green transformation. Wind turbines are
already a key part of the renewable energy mix, but they need to be integrated into the grid in a more
efficient and flexible way in order to meet the demands of a decarbonized energy system. Post-turbine
technologies can help to achieve this by enabling, inter alia: (I) Improved wind farm management,
which includes technologies that can optimize the output of wind farms in real time, taking into account
factors such as wind conditions, grid demand, and energy prices. (I) Better integration of wind energy
into smart grids, i.e. technologies that can allow wind turbines to provide ancillary services to the grid,
such as voltage support and frequency regulation. (III) Hybrid wind farms, combining wind turbines
with other renewable energy technologies, such as solar panels and battery storage, to create more

reliable and efficient power sources.

5.3 The rise of advanced digital technologies

Innovation in the wind energy sector is growing in complexity, requiring the integration of knowledge
from a broad array of disciplines including aerospace, mechanical, electrical, and civil engineering,
alongside materials science, mathematics, and computer science. The sector is increasingly leveraging
digital technologies, such as artificial intelligence (Al) and big data analytics, to enhance the efficiency
and performance of both wind turbines and farms. Al and machine learning (ML) are employed in
innovative ways, such as designing new, more acrodynamic and efficient blade designs, optimizing
wind farm operations, and utilizing the Internet of Things (IoT) to enhance monitoring capabilities and

detect unscheduled maintenance needs more effectively (Veers et al., 2023).

Figure 8: Trends in the share of core wind and Al by top 3 applicants, 2005 — 2022
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Figure 8 above underscores the growing importance of Al and ML in the field. Over the past two
decades, there has been a noticeable shift by top three innovating firms from a primary focus on core
technologies to a greater emphasis on Al applications. This transition reflects the evolving nature of
innovation in wind energy, highlighting the sector's move towards more sophisticated, data-driven

solutions to meet the challenges of modern wind farm management and design.

The concept of doing, using, and interacting has played a significant role in driving these new trends.
This hands-on, user-centric approach to innovation emphasizes the role of practical experience and user
feedback in shaping technological advancements. Over time, the practice of collecting data from the
use of wind turbines has evolved into more sophisticated methods of data collection, analysis, and
simulation models. This evolution reflects a deepening understanding of the operational environments
and challenges faced by wind turbines, enabling more precise and predictive approaches to design,

maintenance, and efficiency improvements.

So-called digital twins are being used to simulate the performance of wind turbines in different
conditions, which can help engineers to optimize their design and operation (Solman et al., 2022).
Leading wind turbine manufactures are using digital twins to optimize the operation of its wind turbines
and to predict maintenance needs as they can be used to simulate the performance of wind turbines in
different conditions, which can help engineers to optimize their design and operation. Digital twins can
also be used to predict maintenance needs and to troubleshoot problems. Big data analytics is being
used to analyze the large amounts of data collected from wind turbines and wind farms. This analysis
can be used to identify trends, patterns, and anomalies. This information can then be used to improve
the design, operation, and maintenance of wind turbines. Cloud computing is being used to store and
process the large amounts of data collected from wind turbines and wind farms. Cloud computing also
makes it possible to access this data from anywhere in the world, which can improve the efficiency of
wind farm operations and maintenance. Finally, IoT sensors are being used to collect data from wind
turbines and other wind farm components. This data can be used to monitor the performance of wind

turbines, predict maintenance needs, and optimize the operation of wind farms.

While much hype has emerged over the concept of ‘twin transition’, digital technology development is
helping to make wind energy a more competitive and sustainable source of energy. Leading wind turbine
companies are increasingly investing in digital infrastructure and developing new digital products and
services. They are also increasingly working with other industries, such as the IT and

telecommunications industries, to develop new and innovative solutions for the wind energy sector.

In line with these multifaceted innovations within the wind energy sector, Figures 9 and 10 below
provide a detailed breakdown of the core technological advancements spearheaded by the top three
firms. The Big Data advancements emphasize the dominance of specialized digital computing and data

processing, accounting for over half of the technological focus. This is closely followed by
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advancements in CAD (Computer-Aided Design), which play a crucial role in the development of
aerodynamic and efficient blade designs. Program control arrangements, information retrieval and
database structures also underpin the sophisticated methods of data collection and analysis, which are

essential for optimizing wind farm operations.

Equally essential is the role of Al. Control system monitoring constitutes the largest segment, which
aligns with the industry's move towards predictive maintenance and operational efficiency. This
segment integrates with adaptive control systems and specific system details to enhance the IoT
capabilities, allowing for real-time monitoring and immediate detection of unscheduled maintenance
needs. Furthermore, the incorporation of non-vector AC motor control and vector control for electric

machines illustrates the sector's commitment to precision and efficiency in power generation.
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Figure 9: Distribution of Big Data inventions among the top 3 patenting firms
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Figure 10: Distribution of Al inventions among the top 3 patenting firms
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6 Final remarks

In this paper, we presented a brief history of wind energy innovation from the initial developments in
Denmark and Europe to the creation of a global market for wind power, which is currently being led by
a small number of large multinational companies. As shown, it is a remarkable development whereby a
small niche technology has grown to become a globally prominent energy technology in a relatively

short period of time.

Based on patent data, we pointed at several major technological innovation trajectories occurring over
time, including the switch gear technology and the emergence of a dominant design of modern wind
turbines. Furthermore, we explained the factors underlying the emergence of global production and

innovation networks of leading wind turbine manufacturers.

Wind power is playing a major role in the transformation of the energy sector worldwide toward a less
carbon-intensive pathway. However, we identified three main innovation challenges that needs to be
overcome for this to happen, which are currently being addressed in emerging areas of innovation
research. Based on patent data, we showed that these emerging areas relates specifically to (i) further
optimisation of the dominant technology; (ii) post-turbine innovation; and (iii) the introduction of new
advanced digital technologies. Accordingly, although wind turbines can by now be considered a mature
technology, there are still significant efforts and investments being devoted to developing new

innovations in the sector.
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8 Appendix I: Data and Methodology

The database used for the analysis is sourced from PATSTAT and consists of two main sources of
information. The first source allowed us to identify the top five companies per market share in the wind
industry. For this purpose, we rely on the ranking of the lobal Wind Energy Council which identifies
Vestas Wind Systems A/S, Xinjiang Golwind Science and Technology Co, Siemens Gamesa Renewable
Energy S.A., GE Wind Energy and Wobben Properties GmbH as the top-five companies. To determine
the patents filed by these companies over 1970-2022, we consulted PATSTAT (February 2023). We
filtered the data specifically for patent documents and PCT applicants, and matched the applicants'
names with the legal entities present in the database®. This process yielded a sample of 14,836 patent
documents, distributed as follows: 6,313 for Vestas Wind Systems A/S (covering the period from 1994
to 2022), 1,139 for Xinjiang Golwind Science and Technology Co. (covering the 2004-2022), 2,589 for
Siemens Gamesa Renewable Energy S.A. (covering the period 2005-2022), 59 for GE Wind Energy
(covering the period 2001-2022), and 4,739 for Wobben Properties GmbH (covering the period 1998-
2022). From PATSTAT, we also extracted the detailed information on the technological facets of
patented inventions. Each patent document reports the International Patent Classification (IPC) code to
which the protected invention is associated with. The IPC code classifies “patents concerning the
technologies associated with the invention” (pp. 841), using the whole set of technological information
contained in the patent document — i.e., description, claims, examples, and drawings (Gruber, Harhoff

and Hoisl, 2013)

The second source of information allowed us to empirically identify both wind-related and the other
general-purpose technologies. To identify wind-related technologies, we exploited the IPC
classification provided by the OECD, the “IPC classifications for Renewable Energy Generation
Technologies” (Johnstone et al., 2010). The classification categories patents related to wind
technologies using five codes’ at the group level (6-digit disaggregation). As our objective was not just
to determine the wind technologies of the top-five companies but also to compute the percentage of
applications related to wind technologies out of all applications for these leading companies, we

extracted from PATSTAT all patents associated with these IPC codes from 1970-2022 (n = 101,853).

Finally, to identify the other general-purpose technologies, we referred to the World Intellectual
Property Report (WIPO, 2022). Appendix A lays out a comprehensive mapping strategy, grounded in
prior research and expert recommendations, listing all the IPC codes and keywords essential for

identifying these technologies in PATSTAT. In this case, as our primary objective was to gain insights

¢ The PATSTAT table tls 207 pers_appln links the applicants and the inventors of the most recent publications with an
application. This table can be used to count the number of applicants/inventors per application or to select applicants/inventors
by setting their sequence number (available in tls 206 _person).

7 The 6-digit IPC classification for wind power technologies is the following: FO3D1: Wind motors with rotation axis
substantially in wind direction; FO3D3: Wind motors with rotation axis substantially at right angle to wind direction; FO3D5:
Other wind motors; FO3D7: Controlling wind motors; F03D9: Adaptations of wind motors for special use.
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into the prevailing technological trends dominating and shaping the direction of the wind industry, we
matched the WIPR 2022 IPC codes with our sample of 14,836 patents of the top-five companies. We
opted to only match based on IPC codes because, even though text analysis techniques offer deeper and
often nuanced insights, employing them would have introduced a level of complexity that was beyond
the scope of this study. Furthermore, the time constraints we were operating under made it impractical
to delve into such intricate analyses. Relying on IPC codes still provided us with an efficient approach,

ensuring both accuracy and efficiency in our data matching process.
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