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Abstract 
This paper maps the global value chain for wind energy technologies and analyzes how the location 

of suppliers in the global value chain impact the nature and direction of innovation for wind energy. 

We specifically focus on the activities of hundreds of specialized manufacturing firms, in both 

industrialized and emerging economies, that supply to OEMs. To do so, we first map the global 

value chain of wind energy, examining the supplier-OEM relationships between 2006 and 2016. For 

each supplier and OEM, we identify and analyze the patents filed in this period and the direction of 

innovation (i.e. the long-term and short-term horizon of patenting activity) using a novel 

methodology that combines machine learning and text mining of patent descriptions. Specifically, 

we assess the extent to which the focus of innovation is on delivering short-term returns (0-10 years) 

or long-term rewards (10-20 years) based on innovation needs identified by global industry-research 

consortia. Finally, we analyze how the location of manufacturing (i.e. the country of the supplier and 

the OEM) in the GVC shapes the direction of innovation.  
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1. INTRODUCTION  

Clean energy technologies represent an essential component of addressing a number of sustainable 

development goals, including a global response to climate change (IEA, 2020). Clean energy 

technologies are also increasingly seen by many countries as a way to contribute to domestic jobs 

and economic growth. Accelerating technological innovation in clean energy is necessary to enable 

broader unsubsidized, cost competitive deployment of knowledge-intensive clean energy 

technologies. However, accelerating innovation is challenging because it depends on a number of 

factors, especially the decisions and actions by governments, lead multi-national firms, and suppliers 

dispersed around the world in global value chains (GVCs). Tensions can arise when clean energy 

technology is seen as undermining domestic industries embedded in global networks, but synergies 

can emerge if clean energy manufacturing is partly domestic and supports local industry.  

 

Understanding clean energy innovation in the GVC context is important because much like in other 

modern industries, manufacturing of clean energy technologies has shifted from Europe, the US, 

and Japan to emerging economies, most notably China (e.g., Zhang and Gallagher, 2016; Sandor et 

al., 2020). Research in other modern industries (in automobiles and high-end optoelectronics) has 

observed that such shifts may not always lead to technological innovation, as manufacturing shifts to 

Asia “may reduce innovation, domestically and globally, at least in the short to medium term” as 

research and development (R&D) efforts in firms move away from the most ‘advanced’ 

technologies (Fuchs and Kirchain, 2010; Fuchs, 2014). If the direction of innovation in global clean 

energy industries were to also move away from the most advanced technologies that have long-term 

benefits, it could derail countries’ abilities to rapidly meet sustainable development goals. Prior 

research in clean energy has suggested that manufacturing in China is associated with innovation for 

scale-up and cost reduction (Lam, Branstetter and Azevedo, 2017; Helveston and Nahm, 2019), 

which led to large scale deployment globally while potentially undermining advanced alternative 

designs (Sivaram, Dabiri and Hart, 2018).  

 

Despite the importance of understanding the nature and direction of innovation in clean energy 

GVCs—i.e., the technological focus of innovative activities and the extent to which they focus on 

longer-term sectoral innovation needs that are 10 to 20 years into the future—little is known about 

the factors that affect these longer-term innovation outputs. Given the difficulty of measuring the 

(longer-term) nature and direction of innovation, prior research on clean energy technologies, such 
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as wind energy, has mostly focused on the ‘amount’ of innovation by evaluating patents, citations or 

publications in large firms or in countries, not distinguishing the time horizon of expected results of 

innovation. In particular, extant literature has focused on understanding the impact of a combination 

of demand-pull or technology-push energy policies on innovation amounts in countries or on 

technology strategies in large firms (Nemet, 2009; Lewis, 2011). For example, research on wind 

energy has studied extensively the factors that enabled innovation in local industries initially in 

Denmark, Germany, and US, and eventually in China, and India (Garud and Karnoe, 2003; Lewis, 

2011; Lema and Lema, 2012; Awate, Marcus M Larsen and Mudambi, 2015). These important 

studies, however typically focus only on the 10-15 original equipment manufacturers (OEMs), i.e., 

lead firms that assemble wind turbines. The focus on OEMs largely overlooks the fact that energy 

technology innovation comprises globally distributed manufacturing and hundreds of small supplier 

firms, where supplier firms manufacture and deliver the many and often critical technologies for cost 

and performance improvement in integrated systems such as wind turbines (Navigant Research, 

2014; Surana et al., 2020).  

 

Recognizing the limitations of country- or OEM firm-centered analyses, recent research has started 

to focus on suppliers in the GVC (see for example, our paper analyzing how technology complexity 

of wind energy components shapes international shifts in the GVC (Surana et al., 2020) and other 

recent contributions, e.g. (Zhang and Gallagher, 2016; Meckling and Hughes, 2017, 2018)). Extant 

research has qualitatively analyzed global knowledge flows and international dimensions of energy 

innovation and component suppliers under different policy contexts (Binz and Truffer, 2017; Lema, 

Rabellotti and Gehl Sampath, 2018) or the linkages between location of manufacturing and 

innovation from the research and development (R&D) strategy perspective of OEM firms (Awate, 

Marcus M Larsen and Mudambi, 2015). Recent case-base studies aim to further understand the 

linkages between manufacturing location in the GVC and innovation (Haakonsson and Slepniov, 

2018; Haakonsson, Kirkegaard and Lema, 2020). However, most studies do not capture factors 

related to the nature and direction of innovation. Most assessments also leave out measuring 

suppliers’ innovation activities, which are often small and medium firms (SMEs), consequently 

paying insufficient attention to the competitiveness of the manufacturing industry in most countries, 

and their contributions to longer-term innovations in the wind industry.  
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This paper maps the global value chain for wind energy and analyzes how the location of 

suppliers in the global value chain impacts the nature and direction of innovation. We 

specifically focus on the activities of hundreds of specialized manufacturing firms, in both 

industrialized and emerging economies (especially China), that supply to OEMs. To do so, we first 

map the global value chain of wind energy, examining the supplier-OEM relationships between 2006 

and 2016. For each supplier and OEM, we identify and analyze the patents filed in this period and 

develop a methodology that combines machine learning and text mining of patent descriptions to 

propose a novel measure for the direction of innovation (i.e. the long-term and short-term focus of 

patents). Specifically, we assess the extent to which the focus of innovation is on short-term returns 

(0-10 years) or long-term rewards (10-20 years) based on innovation needs identified by global 

research-industry consortia (IEA Wind, 2001, 2013). Finally, we explore the drivers of innovation, 

specifically analyzing how the location of manufacturing (i.e. the country of the supplier and the 

OEM) in the GVC shapes the direction of innovation, especially for suppliers. 

 

2. THE NATURE AND DIRECTION OF INNOVATION IN GLOBAL VALUE 

CHAINS 

Innovation can take different directions, depending on the areas and technologies that are the focus 

of innovation (e.g. (Stirling, 2010; Mazzucato and Semieniuk, 2018)). Changes in the direction of 

innovation may imply broad shifts that steer technological development from one sector to another 

(e.g. from carbon-intensive to low-carbon technologies in the context of mission-oriented innovation 

policies (Anadon, 2012; Robinson and Mazzucato, 2019)), or the specific technological shifts that 

change technology development within a sector (e.g., from low-risk innovation for short-term returns 

to high risk innovation with potential returns in the long-term, and can be based on firms’ R&D or 

strategic choices, cumulative research in that technology, regulations and standards, etc.) (e.g., (Fuchs 

and Kirchain, 2010; Awate, Larsen and Mudambi, 2012b; Chatterji and Fabrizio, 2014; Awate, Marcus 

M. Larsen and Mudambi, 2015; Zhou et al., 2016). In this context, innovation scholars have explored 

several dichotomies that relate to the direction of innovation (high vs. low carbon, radical vs. 

incremental, exploratory vs. exploitative, product vs. process, technical vs. business/services, short-

term vs long-term, etc.)(e.g., (Tushman and Anderson, 1986; Dahlin and Behrens, 2005; Nemet, 2009; 

Wilson, 2018)). 
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For energy innovation, recommendations on the direction of innovation have largely referred to 

accelerating the development of low-carbon technologies (Schmidt et al., 2012; Mazzucato and 

Semieniuk, 2018) and to promoting radical innovations (or breakthroughs) for meeting net-zero 

climate goals, rather than only focusing on incremental innovation that delivers slight improvements 

in the performance of existing products or services (Nemet, 2009; Sivaram, Dabiri and Hart, 2018; 

Wilson, 2018). Most of these broad approaches do not recognize two key features of the nature and 

direction of innovation. The first feature is that the nature and direction of innovation is technology-

specific as energy technologies are heterogeneous with different technology development trajectories 

and technology-specific innovation needs (Huenteler, Schmidt, et al., 2016; IEA, 2020; Malhotra and 

Schmidt, 2020; Wilson et al., 2020). For example, innovation in some technologies may be in process 

innovation (e.g. in solar photovoltaics) while others may be in components or products (e.g. in wind) 

(Huenteler, Schmidt, et al., 2016). And even within a specific low carbon technology (e.g. solar) the 

focus of innovation may be in incumbent (e.g. silicon solar cells) or in new technologies (e.g. 

perovskite solar cells). Additionally, the second feature is that the nature and direction of innovation 

has a time-horizon. Assessments for meeting climate and sustainability goals have indicated 

technology-specific long- and short-term deployment goals and corresponding innovation needs (e.g. 

(IEA Wind, 2001, 2013; IEA, 2020), however research has not analyzed whether or how these 

innovation needs will be met especially when the payoffs for firms in the industry are likely to only be 

in the long term. Consequently, it is important to develop methodologies that speak to the nature and 

direction of innovation for specific technologies and include the expected time-horizon of innovation 

returns.  

 

For wind energy, the focus of this paper, technology improvements and cost decreases have been 

driven by, among other factors, innovation and manufacturing improvements at the component level 

(GLWN (Global Wind Network), 2014; Wiser et al., 2016, 2018; Elia et al., 2020)—such as in blades, 

towers, gearboxes, and bearings—highlighting the importance of both the OEMs that assemble wind 

turbines (and manufacture some parts) and the suppliers that manufacture and supply components to 

the OEMs. Both innovation and manufacturing have been globally dispersed, and are part of global 

value chains (Binz and Truffer, 2017; Surana et al., 2020). And with the globalization of clean energy 

manufacturing and innovation, prior research has suggested differences in the focus of innovation 

especially emerging from the shifts to China (Nahm and Steinfeld, 2014; Nahm, 2017). Applying a 

global value chains perspective to energy innovation that includes both suppliers and OEMs present 
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worldwide can provide new insights on the nature and direction of innovation, in particular on what 

it means over time.  

 

The time-horizon of innovation used in this paper, i.e. the short-term and long-term focus of 

innovation, diverges from other definitions innovation in that it specifically focuses on the innovation 

needs specific to the technology, in this case wind. Suppliers could research technologies that are 

expected to yield results in the short-term (0-10 years) or long-term (10-20 years). The time-horizon 

of innovation can be related to processes or products, to incremental or radical changes, etc. Short-term 

innovation is closely connected to the OEM’s current and anticipated market needs – it may be linked 

to incremental or exploitative innovation when related to improvements in existing products, or to 

radical or explorative innovation when working on a component for a specific OEM that can 

potentially have a transformational impact on markets ((Tushman and Anderson, 1986; Nemet, 2009; 

Hoppmann et al., 2013). Long-term innovation is closer to the anticipated future needs of the OEM. In 

that it may be radical when related to new parts for an entirely new product, for example in offshore 

wind (e.g. new design for offshore wind turbine) or incremental when related to supporting 

technologies for offshore wind (e.g. cables to support offshore wind).  

 

Accelerating innovation therefore involves speeding up both long-term innovation and short-term 

innovation in a global value chain context. Long-term innovation may be driven by policy signals for 

long-term industry needs or government R&D that need to be met urgently. Short-term innovation is 

likely to be driven by markets and current industry needs (and a result of policy induced incentives). 

Given the global nature of innovation as well as manufacturing, these drivers may also be related to 

the location of manufacturing in different countries or regions, the relationships between suppliers 

and OEMs, and the innovative activities of both (e.g., Pietrobelli and Rabellotti, 2011; Binz and 

Truffer, 2017).  

 

3. METHODS 

Our approach comprises three steps: developing a database on wind GVCs (3.1), measuring the 

nature and direction of innovation (short-term vs long-term) by analyzing the content of patents 

(3.2), and analyzing where innovation occurs, how it changes over time, and how the location of 

suppliers in the GVC affect the direction of innovation (3.3). 
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3.1 Developing data on an industry-specific GVC 

We developed an original global database of component suppliers to major OEM for wind turbines 

(see details in (Surana et al., 2020)). The database was manually developed by analyzing, in detail, text-

based industry reports on the wind GVC and tabulating relevant information at the firm-level 

(Navigant Research, 2014). We obtained time series data using biennial reports from Navigant 

Consulting (2006, 2008, 2010, 2012, and 2014), with each relationship reported for a 3-year horizon—

for example, the 2014 industry report identified supplier-OEM relationships from 2014 through 2016. 

In this step, we tabulated information on all major component suppliers (active between 2006 and 

2014), the OEMs they supply to (and are expected to supply to until 2016), the relationships of the 

supplier firms with OEMs (either as in-house development of components for the OEMs or as 

external or outsourced from OEM to the supplier), and the geographical location of the supplier firms.  

 

Our dataset captures nearly a decade of rapid advancements and international changes in wind energy 

manufacturing and deployment (e.g. (Lewis, 2011; Awate, Marcus M Larsen and Mudambi, 2015; 

Surana and Anadon, 2015)) – however, it does not capture the emergence of suppliers before 2006 in 

the formative stages of the wind energy industry in countries worldwide (e.g., (Garud and Karnoe, 

2003)). It also does not capture more recent advancements—such as the merger between two large 

OEMs, Siemens and Gamesa in 2016—or new technological challenges related to grid integration and 

storage that suppliers and OEMs now work on (IRENA, 2019). Nonetheless, our dataset also includes 

part of the period before onshore wind was highly commoditized and is relevant for many other clean 

energy industries that are still at a formative stage, trying to establish domestic suppliers and to 

participate in GVCs. 

 

After an initial cleaning of this dataset and excluding missing or incomplete data points, we had 

information on 389 suppliers and 9 components (i.e., towers, blades, nacelle, gearboxes, generators, 

control systems, power converters and transformers, bearings, and forgings) including information on 

which of the 13 OEMs the suppliers worked with for in-house or outsourced manufacturing.  

 

The OEMs were firms with the greatest global market shares between 2006 and 2016 and were based 

in Germany (Siemens, Nordex, Enercon, REPower/Senvion), Denmark (Vestas), Spain (Gamesa), 

USA (General Electric), Japan (Mitsubishi), China (Goldwind, Mingyang, Dongfang, United Power), 

India (Suzlon). Additionally in some cases, suppliers also had multiple subsidiaries with manufacturing 



 8 

locations outside of their home country—for example ABB from Switzerland manufactured in the 

US and Rothe Erde from Germany manufactured in India, France, China, UK, and others—but a 

complete dataset on such additional subsidiaries or locations is not publicly available or verifiable and 

was not used for this assessment. Overall, the suppliers represent a global distribution of firms from 

major countries home to OEMs as well as others that are trying to develop domestic wind 

manufacturing capabilities in components and/or OEMs (e.g., France, UK) (see details in (Surana et 

al., 2020). 

 

We obtained additional data on each supplier firm from additional datasets and company website 

searches (Bloomberg, Orbis, Amadeus) on firm size, founding year, and specialization—i.e., whether 

the firm supplies to industries beyond the wind industry, or whether the firm supplies multiple 

components. Wind companies experienced multiple mergers and acquisitions in the timeframe of our 

study (e.g., Suzlon, REPower, and Senvion) and following prior research we considered them as 

individually operating companies if they were not integrated and continued to operate under a 

different brand. 

 

3.2 Estimating the nature and direction of innovation 

We identified the anticipated long- and short-term research priorities using expert reports published 

by the International Energy Agency’s Implementing Agreement for Co-operation in the Research, 

Development, and Deployment of Wind Energy Systems (or IEA-Wind), in 2001 and 2013 (IEA 

Wind, 2001, 2013). IEA-Wind comprises key stakeholders involved in wind energy planning – 

including national government agencies (such as the U.S. Department of Energy) and industry 

associations (such as the Chinese Wind Energy Association). IEA-Wind conducts periodic 

assessments of experts to determine research, development, and demonstration needs for wind energy, 

which are then published in reports. From these reports, we identified innovation that will deliver in 

the short-to-mid-term (0–10 years) and long-term (10–20 years) range (details available upon request). 

After identifying the research and innovation needs, we conducted a natural language processing 

analysis of the content of patents to identify what firms and inventors aim to achieve from innovation 

and matched it to the direction of innovation based on the IEA-Wind outlook.  

 

To do so, we obtained patents from the Derwent Innovation Index using a rigorous keyword search 

for global wind energy patents. Our initial dataset comprised over 70,000 patents in wind turbine 
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components between 1998 and 2018 based on a detailed and previously tested keyword search of the 

patent text and its Cooperative Patent Classification (CPC) (Huenteler, Ossenbrink, et al., 2016; 

Huenteler, Schmidt, et al., 2016). We extracted patent information (e.g., title, abstract including 

translated abstracts, technology classification, priority country where patent was first filed, and date of 

application) on each of the firms. Our search methodology limits patent results to wind energy 

technologies and components and excludes innovative activities in other sectors from those suppliers 

and OEMs that are involved in multiple industries (e.g., large conglomerates like Siemens and GE). 

Although our approach yields patenting activity unique to wind energy, we expect our approach to be 

thorough as our analysis emphasizes on the content of the patent in its linkages to wind-specific R&D. 

12,975 patents corresponded to a supplier or an OEM in our dataset.  

 

Then, we used the text from the title and description (until the independent claim) of each patent to 

create a text corpus for natural language processing (NLP). We applied pre-processing techniques to 

the text corpus comprising the title and description text; (e.g., by removing redundant words in patent 

language such as “section” or “description” which are likely to be present in most patents, but do not 

add any significant meaning to the technical content of the invention). We also applied standard data 

cleaning approaches such as stemming words, removing punctuation and numbers, and removing stop 

words (commonly occurring words such as ‘an’, ‘the’, ‘if’ etc.). 

 

We used a multi-step approach to identify the focus of innovation and its linkages to long-term 

innovation. First, we used probabilistic topic modeling with Latent Dirichlet Allocation (LDA) to 

identify clusters of similar topics related to the technological focus of innovation. The LDA approach 

assigns a probability for patents to be associated with each topic. Based on IEA long-term research 

needs, we identified topics clearly associated with long-term research areas with at least 30% 

probability of being associated with long-term research needs. Second, we used the cooperative patent 

classification (CPC) system to identify long-term innovation. We mapped the CPC class with general 

topic areas, where we classified some as long-term research areas, based on IEA long term research 

needs. Third, we used a simple keyword count of the content of patents, where we counted keywords 

likely to be associated with long-term innovation needs. We classified patents to be linked to long-

term innovation if any one of the approaches mentioned above pointed towards long-term innovation. 

We also conducted several robustness checks that are available upon request.  
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3.3 Linking the nature and direction of innovation and the location of suppliers GVCs 

We matched and analyzed the patents to individual suppliers (i.e., where the supplier was an assignee 

on the patent). While patents are by no means a complete reflection of the extent of research and 

development or innovation activities in a company, they do indicate the focus of innovation within 

the company. We used this mapping to analyze where innovation occurs, how it changes over time, 

and how the location of suppliers in the GVC affect the direction of innovation 

 

4. RESULTS 

4.1 Mapping the global value chain for wind energy 

Note: For details on the analysis in 4.1, please refer to (and cite) Surana et al., 2020. Our dataset builds on 

industry reports and captures data on 389 suppliers with over 1,600 supplier-OEM market 

relationships for 13 major OEMs occurring between 2006 and 2016 for 9 key components identified 

in industry reports (see Surana et al., 2020). The OEMs are located in Europe (e.g., Siemens), the United 

States (General Electric), Japan (Mitsubishi), and later in China (e.g., Goldwind) and India (Suzlon). 

The number of suppliers and countries associated with each component identified are indicative of 

the differences associated with the technology complexity—i.e., the knowledge intensity and difficulty 

of manufacturing each component (see Surana et al., 2020).  

 

Our analysis provides detailed insights on the wind manufacturing industry over time (2006 to 2016) 

by quantifying the supply relationships between suppliers and their large OEM partners in the GVC 

(see Surana et al., 2020).  

 

OEMs and suppliers were dispersed globally, but their relationships remained largely domestic, albeit 

with some exceptions discussed below. In our study period, 78% of suppliers (305 out of 389) were 

in countries that had a large OEM and 58% of relationships between OEMs and suppliers (1,239 out 

of 2,121) were domestic, i.e., involving suppliers and OEMs from the same country (see the full 

analysis in Surana et al., 2020)).  

 

Our analysis, detailed in Surana et al., 2020, suggests that starting in 2006, a domestic manufacturing 

supply chain initially developed in countries with large OEMs, which were the countries that also had 

the largest wind deployment markets in the study period (i.e. Germany, Denmark, Spain, United States, 

China, India, and Japan). The emergence of suppliers in new locations, especially in countries without 
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an OEM, relates to the technology complexity of the components. For low complexity components 

(i.e., towers and generators), suppliers from new locations in emerging economies emerged (including 

countries in Africa, Latin America, and Asia-Pacific regions). For high complexity components (i.e., 

blades and gearboxes), the emergence of new supplier countries was significantly lower, potentially 

because more complex products required suppliers with skilled manufacturing, higher absorptive 

capacity, and tacit knowledge that may be more difficult for suppliers originating in developing and 

emerging economies (Asheim and Coenen, 2005; Surana et al., 2020).  

 

4.2 Assessing the direction of innovation in the GVC 

In total, nearly 40% of the patents in the study period were from suppliers. Figures 1 and 2 show the 

short- and long-term wind patents filed by suppliers and OEMs in emerging economies (primarily 

China) and in industrialized countries (primarily EU, Japan, and the United States). These trends show 

three key features.  

 

Figure 1: Direction of innovation in suppliers and OEMs in emerging economies (primarily China) and industrialized 

countries (primarily in the EU, the US, and Japan) 

 

  
 

Figure 2: Evolution in the direction of innovation in suppliers and OEMs in emerging economies and industrialized 

countries. Note: data shows 3-year moving averages of patents based on application year and assignee 
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First, over the study period, the share of patenting focusing on long-term innovation was meaningful, 

but lower than that for short-term innovation for both suppliers and OEMs (about a third of supplier 

patents and less than half of OEM patents focused on long-term innovation) (see Figure 1). This is 

consistent with the idea that firms would prioritize short-term innovation to support current industry 

needs. Suppliers are more likely to focus on the needs set by the OEMs, which are in turn likely to 

engage more with long-term industry directions discussed in fora such as the IEA-Wind.  

 

Second, over the study period, emerging economies (primarily China) were somewhat behind 

industrialized countries in the focus on long-term innovation (see Figures 1a-b). In emerging 

economies, about a third of suppliers’ patenting activities and a quarter of OEM’s patenting activities 

focused on long-term innovation. In industrialized countries, about two-fifths of suppliers’ patenting 

activities and half of OEMs patenting activities focused on long-term innovation. While this 

cumulative trend partially agrees with prior research that suggests manufacturing shifts to China may 

have changed the direction of innovation (Awate, Larsen and Mudambi, 2012b; Awate, Marcus M. 

Larsen and Mudambi, 2015; Lam, Branstetter and Azevedo, 2017; Dai, Haakonsson and Oehler, 2020; 

Hain et al., 2020), the temporal trends indicated in the next paragraph offer additional insights (also 

see Figures 1c-e). 

 

Third, in emerging economies’ suppliers and OEMs, patenting increased (or stabilized) over time, for 

both long-term and short-term innovation. In contrast, in industrialized country suppliers and OEMs, 

patenting activity first increased and then decreased for both long-term and short-term innovation. In 

2016, the share of long-term patents in emerging economies was nearly half for suppliers and a quarter 

for OEMs. The differences observed in emerging economies and industrialized countries add new 

insights to previous research that suggests a change in direction moving away long-term innovation 

with manufacturing shifting ‘east’. Past research may have looked at different time periods, specific 

countries, or only the OEMs and not the full GVC. It is also possible that once emerging economies 

(especially China) ‘caught up’, their long vs. short-term emphasis may resemble that of other 

industrialized countries. 

 

5. DISCUSSION  

This paper explores how the increasing globalization of the supply chain impacts the direction of 

innovation. We developed and analyzed an extensive dataset on component suppliers and applied 
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machine learning and text mining to estimate the direction of innovation using the technological 

content of patents of each supplier. Our findings make the following contributions to the literature 

highlighting the measurement of innovation as well as that of global value chains in a specific 

technology.  

 

Our firm-level analysis is a first of a kind study that maps the GVC for a specific clean energy 

technology over an extended period of time (see Surana et al., 2020 for details). We contribute to GVC 

literature that tends to focus on broad industries such as automobiles, electronics, etc. or on trade 

patterns in countries across industries. Our data-driven analysis and “micro-level” focus on both 

supplier firms and OEMs in wind energy can help understand changes in the GVC at the industrial 

level, where GVCs remain ‘heavily debated but hardly measured’ (OECD, 2018). 

 

Clean energy overall has only recently been studied in the context of GVCs (Cattaneo et al., 2013; 

Haakonsson and Kirkegaard, 2016; Zhang and Gallagher, 2016; Haakonsson and Slepniov, 2018). 

Within clean energy, we specifically contribute to the literature on wind energy that has so far focused 

on public policies or innovation in the context of OEMs and only recently recognized (through case-

based studies) the key role played by component suppliers (Kamp, Smits and Andriesse, 2004; Lewis, 

2011; Awate, Larsen and Mudambi, 2012a; Qiu and Anadon, 2012; Gosens and Lu, 2014; Haakonsson 

and Kirkegaard, 2016). Our focus on innovation in the GVC (i.e., including both) component 

suppliers and OEMs responds to the recent emerging literature integrating innovation systems 

research (with its focus on country and institutional context) with GVC research that recognizes the 

global features of manufacturing and innovation (Pietrobelli and Rabellotti, 2011; Haakonsson and 

Kirkegaard, 2016; Zhang and Gallagher, 2016; Jurowetzki, Lema and Lundvall, 2018; Surana et al., 

2020).  

 

Our analysis on the nature and direction of innovation emphasizes on the time-horizon of innovation 

in a specific technology rather than focusing on the direction of one technology over another (e.g. 

clean over fossil fuel-based energy). This is particularly important in the context of multiple clean 

energy technologies that are all essential for meeting long-term decarbonization targets. Each 

technology (such as wind, solar, etc.) has different innovation needs that need to be met to keep up 

with long-term deployment goals and each has its own nature and direction of innovation. In addition, 

our methodological approach using machine learning and patent data contributes to literature 
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analyzing and quantifying technological innovation in clean energy (Johnstone, Haščič and Popp, 

2010; Popp, Hascic and Medhi, 2011; Bettencourt, Trancik and Kaur, 2013; Choi and Anadon, 2014; 

Huenteler, Schmidt, et al., 2016), adding a novel measure for the time-horizon of innovation within a 

technology. 

 

Finally, our findings linking the direction of innovation with the location of manufacturing in the GVC 

suggest that manufacturing shifts to China did not directly translate to shifting away from long-term 

innovation, at least in the wind energy industry. These findings add to emerging theories on the 

linkages between location of manufacturing and innovation, that have so far been studied in industries 

such as optoelectronics (e.g., Fuchs and Kirchain, 2010; Fuchs, 2014; Yang, Nugent and Fuchs, 2016). 

 

Our findings highlight opportunities for the development of manufacturing in new areas and for 

generating employment and export opportunities in a growing industry. We specifically offer insights 

for public policy resulting from its emphasis on component suppliers who are important for 

technological innovation as well as economic development. These manufacturing suppliers are often 

small and medium businesses, which constitute the backbone of most economies (Department of 

Business, Energy, and Industrial Strategy, UK, 2016; US Small Business Administration, 2016). 

Suppliers in developed country markets face competitive pressures from products manufactured, 

often at lower costs, in emerging economies. Because these suppliers can often not compete on price 

(e.g., due to high labor costs), it is particularly important for them to continuously innovate and deploy 

new technologies to stay competitive in their home markets and to export. Policymakers need to 

ensure that adequate incentives are in place for both short-term and long-term innovation not only 

for OEMs but also for suppliers to stay competitive. 

 

6. CONCLUSIONS 

Our study takes the perspective of suppliers and develops a novel method that enables the 

assessment of the direction of innovation. Our approach contributes to emerging literature linking 

global value chains and innovation systems perspectives, with a first of a kind study that presents a 

detailed data-driven analysis of technological innovation in knowledge intensive and rapidly 

changing GVCs. Our research brings a strong focus on the relationship between manufacturing and 

innovation outcomes across the component value chain. Our novel, micro-level dataset and 

empirical findings can provide evidence for policy design for enabling sustainable transitions, 
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through domestic, competitive industries that provide local energy and economic benefits while 

simultaneously advancing technological innovation to achieve long-term climate goals. Our 

approach also opens up new pathways to developing new and automatized datasets on GVCs and 

the direction of innovation through advanced machine learning tools.  

 

However, as with all empirical studies, ours is not without limitations. We based our analysis on the 

location of innovation based on the headquarters of the suppliers or the OEMs, and we use the 

location of component supplier rather than the location of manufacturing (e.g., supplier subsidiaries 

in other countries) because of incomplete publicly available data on manufacturing especially for 

smaller firms. Comprehensive data on location of manufacturing relative to the GVCs may become 

available in the future through new data collection efforts (e.g., the Trade in Value Added indicators 

and the World Input-Output tables) and are being modeled in emerging research on global value 

chains (Ahmad et al., 2017). This approach may not be fully accurate for larger or diversified suppliers.  

 

Our novel measure for long- vs. short-term innovation using machine learning techniques and patent 

text data combined with wind energy reports needs additional verification in other contexts and time 

frames. Ideally, an evaluation after certain years would help in determining the actual contributions to 

long-term innovation, which can only be fully determined in retrospective. Moreover, our machine 

learning approach combined with patent data and wind specific reports needs further validation in 

other sectors than wind energy. We see exciting opportunities for future research to further develop 

our approach to establish a measure for the direction of innovation.  

 

Future work indicated by this research includes the need to remedy the marked absence of industry- 

or technology-level datasets for clean energy, for example beyond the largest OEMs for wind. The 

need to analyze these GVCs is evident in growing efforts, for example by the Organisation for 

Economic Cooperation and Development (OECD) (OECD, 2018), the World Bank (World Bank, 

2019), and many national level agencies. However, these broad efforts are useful for industry but 

insufficient to advance energy specific goals—our work is the first detailed analysis at a major clean 

energy industry’s GVC and provides evidence-based policy insights for coupling energy and economic 

development goals. 
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