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China has been very successful in creating conditions for industry localization in solar and wind energy
manufacturing. In terms of their competitiveness in foreign markets, however, Chinese solar photovol-
taics firms have shown significantly greater achievements than their counterparts in the wind energy
sector. Moreover, the success of China’s solar photovoltaics industry has come in spite of significantly
lower levels of domestic market support. The paper argues that technology-related factors and their

implications for international technology transfer are critical for explaining the different speeds with

Keywords:

International technology transfer
Demand-side policy

China

Wind power

Solar photovoltaics

which Chinese firms have been able to catch up in the two sectors. This is supported by a comparative
analysis of technology transfer in the two sectors.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Technological change is “at once the most important and least
understood feature driving the future cost of climate change miti-
gation” (Pizer and Popp, 2008, p. 2768). Trends in overall emissions
growth indicate that an increasing share of investments in climate
change mitigation will need to flow into infrastructure in devel-
oping countries. Better understanding the long-term patterns of
international diffusion in low-carbon energy technologies is
therefore crucial to inform related public policy.

Both developed and developing countries are supporting the
wider deployment of low-carbon energy technologies (IEA, 2015;
REN21, 2016). In a number of industrialized countries, early
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promotion of a national market was intended to spur techno-
logical innovation and provide local firms with a competitive
advantage (Janicke and Jacob, 2004). In a number of developing
countries, governments have hoped to benefit from the early
deployment of these technologies by attracting technology
transfer from abroad and, eventually becoming global or regional
manufacturing hubs. However, empirical evidence of the success
of demand-side instruments in terms of industry localization and
international competitiveness is mixed: In some cases, the for-
mation of a local industry was seemingly only possible in the
presence of strong domestic demand-side policies, as often
observed in wind turbines (Lewis and Wiser, 2007). In the case of
solar photovoltaics (PV), decisions on industry location seem to
depend less on domestic demand-side policies and more on
other aspects, such as economies of scale and the maturity of
supply chains (Goodrich et al., 2013). In this case, countries
adopting new demand-side policies often experienced increased
technology imports, with a local industry focusing mostly on
installation and operation and maintenance (O&M), while a few
large manufacturing hubs dominate supply. These differences are
epitomized by developments in China: Chinese solar PV firms
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have come to dominate global exports without depending first
on a significant demand-side policy at home (de la Tour et al.,
2011). Chinese wind firms, in contrast, have the world’s largest
wind market at home and relied entirely on the domestic market
to grow. Their performance on competitive foreign markets has
been relatively modest compared to US and European turbine
manufacturers (Gosens and Lu, 2014).

Thus far there has been relatively little systematic empirical
research on the effect of technology deployment policies on in-
dustry localization and international competitiveness (Bell,
2012), especially research comparing different technologies
(Huenteler et al., 2016; Hughes and Quitzow, 2017; Schmidt and
Huenteler, 2016). The original notion that ambitious demand-
side support offers domestic firms with a competitive advan-
tage in emerging environmental technology fields goes back to
Porter and van der Linde’s essay on the relationship between
environmental policy and national competitiveness (Porter and
van der Linde, 1995). The authors proposed that environmental
regulations, which anticipate international regulatory trends,
may confer domestic firms with an early mover advantage in the
affected sectors. Building on this, the literature on lead markets
for environmental technologies has shown that pioneering
demand-side policies have indeed frequently found imitators in
foreign countries, thus stimulating the global diffusion of the
corresponding environmental technologies (Beise and Rennings,
2005; Quitzow et al., 2014). It was, therefore, argued that the
creation of early demand could function as an important source
for the competitive advantage of domestic firms. However, the
recent developments in the wind and PV sectors suggest that the
relationship between ambitious demand-side policies, industry
localization and international competitiveness is conditional on
technology- and country-specific factors. Pegels and Liitkenhorst
(2014), for instance, argue convincingly that German market
support for renewable energy has been significantly more suc-
cessful in building a competitive advantage for German suppliers
in the wind energy sector than in solar PV. Simultaneously, China
has grown a competitive PV industry, while lagging behind in
terms of domestic deployment (Quitzow, 2015).

This paper analyzes the cases of wind power and solar PV in
China to explore what explains the differing outcomes in the two
sectors. The paper proposes a basic framework for the consider-
ation of technology-specific factors in the analysis of industrial
catching up processes in the wind and PV sectors. Of particular
importance, it is argued, are differences in the acquisition of
knowledge across technology fields with important implications
for the required international technology transfer mechanisms.
This is supported by a qualitative empirical analysis of knowledge
transfer mechanisms in the wind and solar PV sectors.

The paper proceeds as follows. Section 2 discusses the un-
derlying theoretical perspective of the paper. Section 3 in-
troduces the conceptual framework for the subsequent empirical
analysis and presents the data sources used in this paper. Section
4 provides a brief overview of developments in the solar and
wind energy sectors in China, which is followed by the presen-
tation of empirical results in Section 5. The empirical results are
discussed in Section 6. Section 7 concludes and summarizes the
main policy implications.

2. Theoretical perspective

This section discusses the theoretical perspective of the paper
based on the literature on technological capabilities and catching
up. It provides the rationale and underlying framework for a
technology-based comparison of industrial development in the
wind and solar PV sectors.

2.1. Technological capabilities and the role of home markets

According to the literature on technological capabilities and
catching up, successful industry localization in developing coun-
tries depends on the presence and continuous accumulation of
local capabilities (Cimoli et al., 2009; Bell, 2010; Bell and Pavitt,
1992).3 While deployment of technologies always requires a
certain level of 0&M capabilities, the available capabilities need to
go beyond O&M in order to foster a competitive industry* that
develops and manufactures technologies (Bell, 1990; Hansen and
Ockwell, 2014; Ockwell et al., 2014). Even in mature technologies,
manufacturers need to master continued technology adaptation
and incremental cost and performance improvements to compete.
These capabilities can only be acquired through international ex-
change and the time-consuming, purposeful process of learning
(Bell and Figueiredo, 2012; Gosens et al., 2015).

Whether or not firms in developing countries can catch up
without a large home market depends on the nature of this
learning process (Huenteler et al., 2016; Schmidt and Huenteler,
2016). If the learning process involves learning by using and
strong user-producer interaction, close proximity to the locus of use
is an imminent advantage. It requires what Huenteler et al. (2016)
refer to as “local learning”. In such a case, a large domestic market
can provide firms that exploit their ‘home market advantages’ —
e.g., in the form of lower transaction costs, lower transport costs,
and lower regulatory and institutional market entry barriers — with
the opportunity to experiment and learn, and thus to accumulate
relevant capabilities. If learning is mostly related to experimenta-
tion in the laboratory and the production facility, firms accumulate
technological capabilities even if they export all of their goods and
they barely interact with users. Hence the development of a
competitive local industry will not depend on the development of a
significant domestic market.

2.2. Technology life-cycles, capabilities, and learning

The literature on technology life-cycles has established that
technologies differ with regard to these characteristics of the
learning process. Resulting from this, capabilities and learning
processes that determine competitiveness differ significantly
across technologies (Abernathy and Utterback, 1988; Davies, 1997;
Magnusson et al., 2005). In particular, the literature provides evi-
dence for two contrasting types of technology life-cycles
(Huenteler et al., 2016): In mass produced goods, the growth and
maturation of technology is accompanied by the emergence of
dominant designs (Anderson and Tushman, 1990; Abernathy and
Utterback, 1988). Since the product design is more or less stan-
dardized throughout the industry, competitiveness is mostly
determined by capabilities related to efficient production, scaling
up, and the coordination of complex value chains (Utterback and
Abernathy, 1975). In contrast, complex products and systems never
reach a dominant design, and firms continue to improve and

3 Technological capabilities can be defined as “the skills—technical, managerial
or organizational—that firms need in order to utilize efficiently the hardware
(equipment) and software (information) of technology, and to accomplish any
process of technological change” (Morrison et al., 2008, p. 41).

4 In this paper, we follow the definition of international competitiveness as
employed by the European Commission in its Member States Competitiveness
Reports. It defines a country’s competitiveness as “the ability of its industrial sector
to maintain and strengthen its competitive position in the world market relative to
that of other countries focusing on price and cost developments of production and
other parameters potentially affecting the growth performance, market shares, and
investment and location decisions of firms in the industrial sector” (European
Commission, 2010).
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modify the product (Miller et al., 1995; Davies, 1997; Huenteler
et al, 2016). Products are often designed and manufactured on
demand for specific orders or even produced in one-off project-
s—such as nuclear power plants—in which no two projects are
exactly the same (Hobday, 2000). Even in later stages of the life-
cycle, competitiveness is determined by capabilities related to
system integration and product design, rather than capabilities
related to high-volume manufacturing and supply chain optimi-
zation (Magnusson et al., 2005). Table 1 provides an overview of the
characteristics of the innovation and production processes in the
two alternative models of the technology life-cycle.

As indicated in Table 1, the different life-cycle patterns are
linked to different forms of learning. In the field of mass-produced
goods an important emphasis is on learning-by-doing in the
manufacturing process, while complex products and systems rely
more heavily on learning-by-using and user-producer interactions.
Huenteler et al. (2016) demonstrate that patenting dynamics in PV
cells and modules largely adhere to the pattern observed in mass-
produced goods, while the field of wind turbines exhibits dynamics
which conform to the life-cycle model for complex products and
systems. More specifically, in the PV sector, patenting in the field of
product innovation was quickly followed by a surge in patenting in
process innovations. In the wind sector, patenting has not shifted
from product to process innovation but rather across different as-
pects of the product design. Building on these insights, Schmidt and
Huenteler (2016) suggest that technology-specific patterns of
learning and capabilities can be linked to different outcomes in
terms of industry localization. They do not explore in depth, how-
ever, how these differences are linked to different processes of
technology transfer and catching up.

2.3. Linking technology-specific life-cycles to modes of technology
transfer and catching up

In this paper, we build on the recent literature on technology
lifecycles, capabilities and learning in the energy sector and link it
to the literature on technology transfer and catching up. We pro-
pose that the different modes of learning that characterize inno-
vation and technological development in complex products and
systems, on the one hand, and, mass produced goods, on the other,

Table 1

translate into distinct opportunity structures for international
technology transfer and catching up in the respective technology
fields, leading to different outcomes in industry localization and
international competitiveness. In complex products and systems
user-producer interaction remains important even in later stages of
the life-cycle as product- or project design requirements and
component technology continue to change over time (Huenteler
et al,, 2016; Schmidt and Huenteler, 2016). Moreover, products
have important firm-specific attributes and are less reliant on
industry-wide standards. This makes the transfer of production to
foreign countries more challenging, and firms are much less likely
to move manufacturing away from large product markets (Davies,
1997; Miller et al., 1995). A strong presence in a home market is
often a prerequisite for export success (Lewis and Wiser, 2007).
Firms in late-comer countries are only able to catch up if they can
exploit their home market advantages to gain manufacturing and
design experience and have access to foreign design knowledge.
This in turn can only be accessed via direct transfer of knowledge by
foreign producers over a prolonged period of time.

In the field of mass produced goods, technology design has a
higher degree of standardization, and learning by doing in the
production process is key (Schmidt and Huenteler, 2016). Catching
up primarily requires access to up-to-date technological know-how
and related production equipment. Hence, technology transfer does
not require the direct involvement of manufacturing firms. The
transfer of tacit knowledge related to the production process may
be required in early stages of the transfer process but will rapidly
decline in importance once production and hence learning by doing
has been initiated in the recipient firm. This allows manufacturers
of mass-produced goods to geographically disconnect production
from product markets and to shift manufacturing facilities to the
locations that offer the best conditions for large-scale
manufacturing, often including low-wage countries (Vernon,
1966). Moreover, it offers opportunities for firms in follower
countries to catch-up more rapidly with lead firms, even when no
home market is present.

3. Empirical approach and methods

The arguments outlined in the previous section are tested based

Characteristics of the innovation and production processes in the two alternative models of the technology life-cycle.

Era of ferment Era of incremental change

Mass-produced goods

Complex products and systems

Competitive
emphasis on

Functional product performance Cost reduction

Innovation Revealed user needs and users*
stimulated by technical inputs

Product line

Pressure to reduce cost and improve quality

Functional product performance

Evolving user needs as well as internal and external technical
opportunities

Product variations that share common architecture but are

customized to user needs
Sequences of systemic and incremental component changes

Product R&D, learning-by-using

Large-scale plant tailored to particular product General-purpose plant with specialized sections located near user

or source of technology, little emphasis on economies of scale
Remains flexible: individual projects or small-batch production

Some sub-processes automated, but mostly requiring highly skilled

Diverse, often including custom Mostly undifferentiated standard products
designs
Predominant Frequent major product Incremental innovation in processes and
type of innovations materials
innovation
Important Product R&D, learning-by-doing Process R&D, learning-by-doing
sources of and learning-by-using
knowledge
Plant General-purpose plant located
near user or source of technology designs to realize economies of scale
Production Flexible and inefficient: major  Efficient, capital-intensive. and rigid: cost of
process changes easily accommodated  change is high
Production General-purpose equipment, Special-purpose, mostly automatic with labor
equipment  requiring highly skilled labor tasks focused mainly on monitoring and control labor

Source: Huenteler et al. (2016).
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on an empirical analysis of technology transfer to China in the wind
and solar energy sectors, presented in section 5. This section briefly
introduces the main categories considered in the empirical analysis
of technology transfer mechanisms in the wind and solar photo-
voltaics industries, linking these to the technology-related cate-
gories highlighted above. It then presents the scope of the empirical
cases considered and the methods of data collection that were
employed.

3.1. Key concepts and definitions

The literature on international technology transfer includes a
range of studies on the determinants of technology transfer modes.
Taking a transaction cost theory perspective (Coase, 1937;
Williamson, 1979), many of these studies focus on the costs and
benefits for the supplier firm of choosing one particular mode of
technology transfer over another (for an overview see Reddy and
Zhao, 1990, pp. 297—298). Studies taking a knowledge- or
resource-based perspective on technology transfer also consider
the ability of the recipient firm to successfully adopt and put the
transferred technology to productive use. Studies from this school
of thought have recognized the role of technology characteristics in
influencing the choice of transfer mode. More specifically, the
relative importance of tacit knowledge to the technology in ques-
tion has been identified as an important influencing factor
(Hakanson and Nobel, 2000; Stock and Tatikonda, 2000; Tsang,
1997). Tsang (1997) argues that intrafirm transfer modes
involving a high level of direct human interaction are more effec-
tive than so-called arms-length transfer mechanisms. This is of
particular relevance for technologies with a higher degree of
complexity, which, as a result, require a significant degree of tacit
knowledge. Similarly, Stock and Tatikonda (2000) find that arms-
length transfer mechanisms are less effective in the presence of
high levels of “technology tacitness”. More recently, Lema and
Lema (2012) have distinguished transfer mechanisms according
to the degree of interaction between supplier and recipient.
Moreover, they point out that technology transfer mechanisms are
no longer always characterized merely by the flow of know-how
from the original technology supplier to the recipient, but that ar-
rangements, like collaborative research and development (R&D) or
mergers and acquisitions (M&A) with foreign firms, may involve
mutual learning and two-way technology flows between the
participating firms. They point out that the latter type of transfer
mechanisms have played an increasing role in the build-up of ca-
pabilities in the Chinese wind and PV sectors.

In this paper, the focus is not on the directionality of the tech-
nology flows facilitated by different transfer mechanisms. Instead,
this paper focuses on the scope and type of tacit knowledge that is
transferred from the supplier to the recipient, linking this to the
two technology types described in section 2. Firstly, it proposes that
the successful transfer of complex systems and products requires a
higher degree of tacit knowledge transfer than mass produced
goods.” Correspondingly, they depend on international technology
transfer mechanisms, which enable a large degree of tacit knowl-
edge transfer. We refer to this as the scope of tacit knowledge transfer
associated with the respective mechanism. Secondly, the two
technologies differ in terms of the type of knowledge transfer that
is needed. Catching up in the field of complex systems and products
requires international technology transfer mechanisms that facili-
tate the transfer of design- or product-specific knowledge. In the

5 For the purpose of this paper, the successful transfer of technology is defined as
the production and commercial exploitation by a firm of a technological artefact,
which was first produced and commercially exploited in a foreign country.

field of mass produced goods, on the other hand, process-related
knowledge transfer is more relevant than knowledge about
design features of the final product (i.e. solar modules or wind
turbines). Hence, knowledge transfer does not require involvement
of suppliers with comprehensive and specialized design knowl-
edge. In other words, not only the scope of tacit knowledge transfer
but also the type of tacit knowledge that is transferred differs across
these two technology types. Finally, in the case of mass produced
goods, we propose that the transfer of tacit, process-related
knowledge is more important in initial stages and is quickly
replaced by learning-by-doing within the recipient firm itself. In
the field of complex systems and products, technology transfer
processes take longer and require continuous transfer of tacit
knowledge, as designs are renewed and adapted over time.

Table 2 below lists and defines the mechanisms of international
technology transfer that we studied in this paper. We suggest that
the different types of international technology transfer differ in the
scope and type of tacit knowledge transfer that they facilitate. The
former is strongly linked to the degree of human interaction
involved in the process of technology transfer, as suggested in the
classification in Lema and Lema (2012). In this vein, intrafirm
transfer modes are likely to offer the largest scope of tacit knowledge
transfer. They facilitate the sustained cross-border interaction,
which is required for the transfer of tacit knowledge. Moreover,
intrafirm transfer modes, such as a joint venture or the establish-
ment of a foreign subsidiary, involves a comprehensive transfer of
corporate practices across different aspects of the technology and
its production. A similar scope of tacit knowledge transfer cannot be
achieved with arms-length transfer mechanisms, such as the pur-
chase of machinery or a technology license. Such one-off trans-
actions lack the sustained human interaction required for a
significant transfer of tacit knowledge. Accordingly, it has been
recognized that foreign direct investment is more suitable for the
transfer of complex technologies, which require “a prolonged and
sustained relationship to effect the transfer” (Baranson, 1970).

Simultaneously, it is important to acknowledge that in practice
arms-length market transactions often combine the one-off
transfer of physical or codified knowledge with a certain degree
of tacit knowledge transfer. For instance, the sale of production
equipment often includes not only the transfer of physical equip-
ment but also commissioning services. Another example is
licensing, which is frequently accompanied by training or quality
assurance agreements (WIPO, 2015). In this paper, we consider the
role of tacit knowledge transfer in the actual practice of these in-
ternational technology transfer mechanisms (rather than their
generic form). Nevertheless, we argue that such market-mediated
transfer channels lack the sustained interaction for significant
tacit knowledge transfer to occur.

Finally, joint R&D or design projects involving international
partners as well as the acquisition of human resources with foreign
experience are further channels for facilitating tacit knowledge
transfer. In both cases, knowledge transfer may take place at the
recipient firm’s technology frontier. Nevertheless, compared to
intrafirm mechanisms, the scope of tacit knowledge transfer is more
limited in terms of its impact on the recipient firm as a whole. The
international transfer of human resources is limited to the knowl-
edge carried by the individual professional and thus severely con-
strained as a channel for transmitting the comprehensive
technological know-how needed for the successful production and
commercial exploitation of foreign technology. Joint R&D activities,
while likely to involve repeated human interactions among the
partners, are limited by the project-based nature of the
interactions.

Regarding the type of tacit knowledge transfer, intrafirm trans-
fer mechanisms are also the most comprehensive, enabling the
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Classification and definitions of international technology transfer mechanisms used in this paper.

Mechanism

Definition

Intra-organizational technology transfer
Foreign subsidiaries

Joint ventures
Outward M&A
Inter-organizational technology transfer modes

Trade in production equipment

Turnkey production facilities

Design licensing

Process licensing

Joint research and/or development (with foreign
firms or research institutes)

Investment by foreign companies in local subsidiaries. This enables the transfer of hardware and know-how. The
specific mix depends on what firm functions are transferred.

Formal cooperation between a foreign firm and a local firm involving the sharing of equity capital as well as risks and
profits. Even though subsidiaries typically result in significant technology transfer, certain know-how necessary for
the design of the product and the production process is often not shared with the joint venture.

Acquisition of foreign firm by a local firm, usually giving the acquiring firm full access to technology.

Production equipment produced in the supplying country is imported by the recipient. This is sometimes
accompanied by commissioning services and/or quality assurance contracts.

“Turnkey projects” refer to the case when the supplier is responsible for the implementation of the technology in the
recipient country, which means for example that manufacturing equipment is accompanied by engineers to transfer
the knowledge related to the operation and use of the machine. Thus, the level of transfer in turnkey projects is
broader than other forms of trade involving only the embodied product.

A legal contract where the technology supplier (licensor) transfers specific rights related to the design of a product to
the recipient (licensee) for a specific duration. It typically involves production and distribution rights as well as the
related technical information. It is frequently accompanied by some form of training.

A legal contract where the technology supplier (licensor) transfers specific rights related to a manufacturing process
step to the recipient (licensee) for a specific duration. It is frequently accompanied by some form of training.

R&D cooperation by a local firm with a legally independent foreign firm or research institute. The new innovations
and improvements resulting from the partnership are made under case-specific arrangements concerning the

intellectual property rights.
Human resources
Inter-firm transfer of human resources
diffusion of know-how.
Foreign education

Native or foreign employees with experience working for foreign firm move to a local firm and thus facilitate the

The foreign education of entrepreneurs and key employees can be transferred when these individuals return home

after studying abroad and apply the accumulated know-how in their home market through founding their own
business or working in existing businesses.

Training

Training of recipient firm’s employees by foreign partners.

Source: Lema and Lema (2012); Lewis (2013); Lin and Tao (2012).

transfer of both product- and process-related know-how. Other
mechanisms may be focused mainly or exclusively on either one or
the other type of know-how. While a training delivered in combi-
nation with a design license, for instance, is likely to focus on
product-related questions, the sale of production equipment would
be accompanied by services related to the process of production.
The relative importance of process- or product-related knowledge
within international research and development partnerships will
strongly depend on the partner and the aim of the specific project.
In the case of specialized design firms, the focus may be on
developing a new product design, while in other cases it may be
focused on optimizing an existing process.

Fig. 1 locates the different transfer mechanisms in terms of the
scope and type of tacit knowledge transfer that they facilitate. As
suggested by Lema and Lema (2012), it is understood that the
specific nature of each transfer mechanisms may vary in the
context of its practical application. Nevertheless, the graph pro-
vides an approximation of what is considered a typical case. We do

Joint development
with technology
suppliers

Design licensing
Product-related
knowledge
transfer

Foreign direct
Human Joint research and investrient (joint
resources development with int’l ventures, foreign
trfansf_:r i research centers subsidiaries,
oreign 2
education outward M&A)

Training

Process-related
knowledge

Process licensing
transfer

Trade in turnkey
) . production
Trade in production facilities

equipment

Scope of tacit knowledge
transfer to recipient firm

Fig. 1. Overview of international technology transfer mechanisms and the scope and
type of tacit knowledge transfer.

not consider transfer mechanisms, such as the trade in final prod-
ucts or components, which do not involve any significant tacit
knowledge transfer.

3.2. Empirical data

The empirical analysis in this paper focuses on the process of
technology transfer in the solar photovoltaics and wind energy
industries to China from the 1990s until the present. The starting
point of the analysis in both cases coincides with the process of
industry formation in China and focuses on technology transfer
processes involving firms that remain active in today’s industry. In
both industries, the phase of industry formation was preceded by
strongly state-controlled technology transfer processes. However,
in particular in the PV sector, the state-owned enterprises involved
during this phase of technology transfer are no longer relevant for
China’s current PV industry. Hence, this early phase of technology
transfer is not discussed in detail.

The empirical analysis followed a case study approach, drawing
on mixed data sources, as suggested by Eisenhardt (1989). Firstly,
we reviewed the existing literature on technology transfer in the
wind and PV industries and screened business reports of relevant
companies and news reports for information on technology
transfer. Secondly, we conducted a total of 27 interviews with ex-
perts in China and Germany (which was a main source of tech-
nology transfer to China in both industries). The interviews were
conducted in the fall of 2014 with experts from industry as well as
with researchers of relevant expertise. An interview guideline was
developed with different questions depending on the respective
expertise, which allowed for setting different focuses in the in-
terviews. Based on the interview results, a second review of
existing empirical data and literature was conducted to ensure a
triangulation of all findings and update relevant information.



R. Quitzow et al. / Journal of Cleaner Production 158 (2017) 122—133 127

4. Development trajectories in the wind power and solar PV
industries

Before presenting the empirical data on technology transfer in
section 5, the following section provides an overview of the overall
development trajectories in the wind and PV sectors both globally
and in China. Based on findings from existing literature, it high-
lights key differences between the two sectors.

4.1. Diverging development trajectories in the global wind power
and solar PV sectors

There is now strong evidence for the fact that wind power and
solar PV differ with regard to the role that home markets play for
innovation and the localization of industries (Huenteler et al.,
2016). Two recent, analogous econometric studies analyzed the
effect of deployment policies on domestic and foreign innovation in
wind power and solar PV. Dechezleprétre and Glachant (2014) find
that domestic wind power deployment policies had an effect on
innovation 28 times stronger than foreign ones. In contrast, Peters
et al. (2012) clearly find that foreign-based demand-pull policies
are at least as effective as domestic demand-pull policies in driving
patenting in PV cells and modules. In other words, cell and module
manufacturers have not been more responsive to demand-pull
measures in their home country than elsewhere.

A similar picture emerges from studies analyzing the effect of
deployment policies on the competitive success of domestic firms.
On the one hand, comparative studies of wind power in different
countries find that domestic deployment policies correlate well
with industrial competitiveness.® Lewis and Wiser (2007) conclude
from a review of global wind power industry development that
domestic deployment policies are “a pre-requisite to achieving
successful localization” (p. 1855; italics added). Recent quantitative
studies of the PV industry, on the other hand, find that domestic
market size is not a good predictor of international competitiveness
(Algieri et al., 2011; ICTSD, 2010). Recent reports by policy think
tanks that explicitly compare deployment policy outcomes in the
solar PV and wind power industries arrive at the same conclusions
(Barua et al., 2012; Huberty and Zachmann, 2011). Using trade data,
Huberty and Zachmann (2011) find a correlation between domestic
deployment and international competitiveness in wind power, but
no such relationship in solar PV. They arrive at the conclusion that
using domestic demand as an industrial policy “may work for wind
turbines, but we find no evidence that it works for solar cells” (p.1).
Barua et al. (2012) conclude from a multi-country case study that
“domestic deployment is key to building ... domestic industries” in
wind power, whereas in PV “a large domestic manufacturing in-
dustry and significant domestic deployment do not necessarily go
hand-in-hand” (p. 2—3).” The differing role of geographical prox-
imity is reflected in processes of catching up of emerging econo-
mies in the two industries. In wind power, catching up almost
always involves significant support for a domestic market and often
required protectionist actions by governments (Lewis, 2007, 2012).
The cases of China, Taiwan, and Malaysia, in contrast, which
emerged as hubs of PV cell and module production without sup-
porting a significant domestic market, show that countries can
reach international competitiveness in PV manufacturing without
supporting local demand (Cao and Groba, 2013; Liu and Goldstein,

6 The market leaders of the four largest markets in 2010 — China, the US, India,
and Germany, were all domestic companies (BTM, 2011).

7 In 2011, the top five wind markets (according to cumulative installed capacity)
were home to 9 of the top 10 turbine suppliers, whereas in PV the top 5 countries
were home to only three.

2012). A more detailed comparison of development trajectories in
the wind and solar PV sectors can be found in Hughes and Quitzow
(2017).

4.2. Wind power and solar PV in China

China’s wind power sector is one of the often-cited success
stories of low-carbon energy development in emerging economies
(Dai and Xue, 2014; Lewis, 2013). Cumulative investments in the
sector have risen 100-fold between 2005 and 2014, and China now
leads the world in wind power installations, with 115 GW at the end
of 2014 (NEA, 2015). The creation of a domestic wind industry and
the accumulation of indigenous technological capacities has been a
central aim of the government ever since it started investing in
domestic wind turbine manufacturing in the mid-1990s (Lewis,
2013 p. 43), but it was only after the surge in capacity investment
in 2005 that China became a hub for wind turbine manufacturing
(Lewis, 2013; Ru et al., 2012). In 2005, China had only a few small-
scale turbine manufacturers and was strongly relying on foreign
companies. After 2007 the large Chinese manufacturers had accu-
mulated sufficient experience to be able to satisfy the increasing
demand on the local market. The share of foreign companies in
Chinese wind energy installations dropped from 75 percent in 2004
to only 12 percent in 2010 (Gosens and Lu, 2013). By 2011 four
manufacturers — Goldwind, Sinovel, United Power and Mingyang —
were already among the world’s top 10 wind turbine manufac-
turers with a total share of 26,7 percent of the world market and
hence continued growing in the following years (Zhou et al., 2012).

However, the growing share of the Chinese manufacturers in the
overall production capacity is to a large extent based on their strong
position in the national market where they have reached a share of
more than 90 percent. Observers have pointed out that China’s
wind manufacturers, though dominant in China, have not acquired
the technological capabilities needed to meet international quality
standards and hence to successfully compete on more mature
markets in OECD countries (Gosens and Lu, 2014; Schmitz and
Lema, 2015). Consequently Chinese firms only account for a small
share of global wind turbine exports, most of which has gone to
other developing countries, rather than into mature markets in
Europe and the United States (UNEP, 2014; Cao and Groba, 2013).
Lema et al. (2013) have pointed out that Chinese firms compete
mainly on price, continuing to lag behind major international
competitors in terms of reliability and design skills.

The evolution of the Chinese PV industry stand in stark contrast
to these developments, especially regarding the role of the home
market. While the Chinese wind industry developed based on the
domestic market, the Chinese PV sector became the global
manufacturing leader without a significant home market (Zhang
et al., 2013). Instead, Fu and Zhang (2011) have highlighted the
importance of investments in domestic R&D capabilities, which
have enabled Chinese firms to rapidly absorb and commercially
exploit foreign PV technologies. China’s share of global production
grew at an impressive rate, increasing from less than 2 percent in
2003 to 35 percent in 2007 and 58 percent in 2013 (de la Tour et al.,
2011; IEA-PVPS, 2014). Until around 2005, the industry was mainly
focused on cell and module production. After 2005, firms started to
move further upstream into wafers and ingots. Foreign demand
was the main driver of the Chinese PV industry in the formative
phase of development with more than 95 percent of the modules
being exported, mainly to Europe and North America. Due to this
dependence, the financial crisis and the cutback on policy support
for solar-based generation in the target markets had a strong
negative impact on Chinese manufacturers. This was further rein-
forced by the anti-dumping investigations, which started in the US
and Europe in the year 2011 (Zhang et al., 2013). The decreasing
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Table 3
Examples of key mechanisms of international knowledge transfer in the Chinese
wind energy industry.

Mechanism Examples

Goldwind: Vensys (2003)
Sinovel: Fuhrlander (2005),
Windtec (2006)

Xian Weide: Nordex (1997)
Yituo: Made (1997)

Vestas (2005)

GE (2006)

M&A Goldwind: Vensys (2008)
XEMC: Darwind (2009)
Sinovel: Windtec (2007)
United Power: Aerodyn (2007)

Design licensing

Joint Ventures

Foreign subsidiaries

Joint development involving technology
suppliers/design firms

Source: Lewis (2013); Gosens and Lu (2013); selected company reports.

demand for Chinese PV modules led to large overcapacities, and
from 2009 onwards the Chinese government implemented a series
of policy measures to stimulate local demand for solar PV. Conse-
quently, Chinese PV firms also started venturing into the segments
of system integration, installation, and project development, as
they began serving the domestic market (Zhang et al., 2013;
Quitzow, 2015). Despite the growth of the domestic market,
China still exported approximately half of its production in 2013
and remains the dominant international supplier of PV cells and
modules (IEA-PVPS, 2014).

5. Modes of technology transfer in the wind and PV sectors

The differing trajectories of industry development in China’s
wind and PV sectors are reflected in corresponding differences in
the use of transfer mechanisms both across the two sectors and
over time. The following section presents the results of the data
collected on transfer mechanisms in both sectors and describes
their evolution from an initial formative phase to the following
growth phase.

5.1. Technology transfer in China’s wind energy sector

In the wind energy sector, knowledge transfer mechanisms
involving both a large scope of tacit knowledge transfer (i.e. intra-
firm transfer mechanisms) and those focused on product-related
knowledge transfer (i.e. licensing agreements and joint design
with specialized design firms) were dominant. Both types of
transfer mechanisms have evolved over time, mainly reflecting the
increasing sophistication of the Chinese wind energy industry as
well as evolving domestic content requirements. The overall focus
on these two types of transfer mechanisms remains stable over
time (see Table 3 and Fig. 2 for an overview).

In the formative, pre-industrial phase of wind energy develop-
ment (lasting until approximately 2000), technology transfer
mainly took place via government-orchestrated technology trans-
fer agreements. These took the form of government-backed
licensing agreements and joint ventures. A notable example of
the former are two government-funded licensing agreements
involving Goldwind as the recipient firm and German Jacobs (later
purchased by RE Power) and Danish Bonus (later purchased by
Siemens) as the suppliers of technology (Gosens and Lu, 2013;
Lewis, 2007). Major joint ventures were arranged between Span-
ish Made and Yituo, Denmark’s NEG Micon and Goutou and Ger-
many’s Nordex and Xi’an Aero Engine Corporation, (Gosens and Lu,
2013; Lewis, 2013). Both types of arrangements were accompanied
by training for Chinese staff to facilitate the transfer of needed
manufacturing know-how. This represented a key element of the

Outward M&GA ——m8™ >

Jointdesign

Foreign subsidiaries with
manufacturingin China

Foreign subsidiaries without

manufacturingin China 3

Training

Licensing

Joint
_—
ventures

1997 1998 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Fig. 2. Evolution of key international technology transfer mechanisms in the wind
energy industry over time.

“Ride the Wind” program, launched in 1997 with the aim of pro-
gressively increasing the local content in China’s wind energy
sector (Gosens and Lu, 2013).

In the following phase of early market formation, lasting until
approximately 2005, government-backed joint ventures were
replaced by fully domestic firms operating with private licensing
agreements, and a number of foreign subsidiaries were established.
Major Chinese wind turbine producers, like Sinovel, Dongfang,
Yunda/Windey and Goldwind, had licensing agreements with
mainly Danish and German technology suppliers (Chen et al., 2014;
Lema and Lema, 2013). Similar strategies were followed by a
number of Chinese component suppliers (Chen et al., 2014). Gold-
wind, China’s largest wind turbine producer, had licensing agree-
ments with the German RE Power and Vensys (Gosens and Lu,
2013). In addition, it ran an extensive training program for staff to
acquire and update their skills abroad and acquired skills by hiring
personnel previously employed by Chinese subsidiaries of foreign
wind turbine producers (Lewis, 2007).

Major foreign firms with subsidiaries in China during this period
included Vestas (Denmark), Gamesa (Spain), General Electric (USA),
and Suzlon (India). Despite increasing pressure to localize pro-
duction, none of these firms had established production facilities in
China before 2006, so that turbines were imported from the
country of origin. Also Nordex, which had produced turbines locally
in its joint venture with Xi’an Aero Engine Corporation, transitioned
to a fully foreign-owned subsidiary in 2004. Similarly, NEG Micon
ended its cooperation with Goutou after being purchased by Vestas.
The merger of NEG Micon’s and Vestas’ Chinese operations in 2004
was accompanied by a significant number of layoffs, enabling a
transfer of these human resources to domestic firms. In addition,
cooperation between these foreign subsidiaries and local compo-
nent suppliers is likely to have involved a degree of knowledge
transfer (Lewis, 2013).

With the passing of the Renewable Energy Law in 2005, China’s
market and industry entered a new phase of accelerated growth,
during which the domestic industry rapidly matured and increased
its market share. This went hand in hand with new forms of
technology transfer. Foreign firms under pressure to localize pro-
duction began establishing manufacturing lines, while a number of
domestic firms initiated joint development projects with foreign
partners. Cooperations between Chinese manufacturers and Euro-
pean design firms were established. In addition, a number of
players made acquisitions of foreign manufacturers and design
firms (Lema et al., 2013). Goldwind, for instance, took over Vensys
in 2008 (Lewis, 2013; Gosens and Lu, 2013). A number of other
firms have followed since (Lema et al., 2013). A number of these
purchases have been in the field of project development, aimed at
creating foreign markets for Chinese wind turbines, while others
were made to acquire foreign technology and know-how (Lema
et al., 2013; Tan et al., 2013).



R. Quitzow et al. / Journal of Cleaner Production 158 (2017) 122—133 129

Table 4
Examples of key international technology transfer mechanisms in the PV industry.

Mechanism Examples

Turnkey production facilities
Trade in production equipment
Foreign-educated entrepreneurs

Centrotherm (buyers not disclosed)
Talesun: Rena, Baccini; Trina: Centrotherm
Suntech: Dr. Zhengrong Shi (CEO);
Canadian Solar: Dr. Shawn Qu (CEO)
Trina: Pierre Verlinden (Chief Scientist);
Yingli: Dengyuan Song (Chief Technology
Officer)

Yingli: ECN (Netherlands); Suntech:
UNSW; Trina: Australian National
University

Inter-firm human resources
transfer

Joint research and development
with international research
centers

Source: Quitzow (2015); Zhang and White (2016); interviews and selected company
reports.

5.2. Technology transfer in China’s solar PV sector

Technology transfer in China’s solar PV sector has taken a very
different form than in the wind energy sector. It has revolved
around two major channels of transfer that played only a minor role
in the wind energy sector — trade in production equipment and the
return of foreign-trained Chinese professionals to China. At later
stages of industry formation, this was complemented by joint
research and development with foreign research institutes (see
Table 4 and Fig. 3 for an overview), rather than privately-owned
design firms. The transfer of knowledge from other manufac-
turers in the form of design license agreements played only a very
minor role. The limited licensing that did occur was focused on the
licensing of production process steps. Similarly, foreign-direct in-
vestment and outward M&A® have played a relatively minor role as
a mechanism of technology transfer. In sum, technology transfer in
the PV sector has been dominated by mechanisms, enabling the
transfer of process-related knowledge and with a more limited
scope of tacit knowledge transfer.

Similar to the wind energy sector, the very early stage of
development was dominated by government-orchestrated tech-
nology transfer. In the 1970s and 1980s, the government facilitated
the import of production lines from the US by four state-owned
enterprises: Kaifeng, Qinhuangdao Huamei, Ningbo, and Yunnan
Semiconductor. It also organized a joint venture involving the US
firm Corona (Zhang and White, 2016). While able to function as
counterparts to an emerging domestic R&D sector at a number of
Chinese universities, these firms and the product-specific know-
how they may have acquired no longer play a significant role in the
market today (Marigo, 2007).

A second phase of development began in the late 1990s. In
response to European market developments as well as a number of
rural electrification programs in China, a number of Chinese en-
trepreneurs created a set of privately-owned module
manufacturing firms in the late 1990s. The major firms founded
during this period were Yingli, Suntech, Canadian Solar and Trina.
Some with professional experience in the US or Australian PV
sector, these entrepreneurs imported production equipment from
the US and Europe (Marigo, 2007). These pioneer firms also

8 1t should be noted that processes of industry consolidation in the solar pho-
tovoltaics sector beginning with the financial crisis in 2008/2009 have also included
a series of merges and acquisitions involving Chinese firms. Generally, these have
been seen as decisions aimed at capturing market share, promoting vertical inte-
gration and increasing the global scope of firms and building up non-Chinese
manufacturing capacity to avoid trade barriers. Technology transfer has not
figured as a prominent motivation. See for instance “Mergers between PV Com-
panies Driven by International Integration and Expansion Strategies”, Energy Trend,
25.7.2015. Accessed on 13.7.2016 at http://pv.energytrend.com/price/20150725-
9170.html.
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Transfer of human resources and
foreign ed

Tradein production

1997 1998 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Fig. 3. Evolution of key mechanisms of international technology transfer in the Chi-
nese PV industry over time.

collaborated with German certification bodies to improve the
quality of their products. In a few exceptional cases, leading
German PV suppliers even supported this process (Quitzow, 2015).
This allowed these manufacturers to sell Chinese modules under
the German manufacturers’ brand name on the German supply-
constrained market (Hug and Schachinger, 2006).

As the sector matured internationally, turn-key production fa-
cilities became available on the international market. Beginning in
2006, this further reduced the technological barrier to entry for
China’s second wave of PV firms. These firms often did this with
little or no expertise in the PV sector, building merely on their
general manufacturing know-how and the support and training
offered by the turn-key suppliers. In addition, a larger number of
foreign-trained Chinese and non-Chinese professionals joined
major PV firms, occupying important positions in the realm of
technology development and marketing. Examples include the
Chief Technology Officers who joined companies, such as Sunergy,
Solarfun and JA Solar, between 2005 and 2007 (Zhang and White,
2016). First-tier producers, like Trina and Yingli, also engaged in
cooperation with foreign research institutes, most importantly the
School of Photovoltaic and Renewable Energy Engineering at the
University of New South Wales (UNSW) in Australia. Early on, this
was primarily focused on introducing know-how and processes
developed at UNSW to those firms. As the sector continued to
advance, these cooperation agreements began focusing on the
development of new cell concepts and processes in joint develop-
ment programs. Examples include the development of Yingli’s
flagship Panda-series solar cells, which were developed in coop-
eration with ECN in the Netherlands. At this advanced stage, a small
number of licensing agreements focused mainly on process steps
were also signed between PV manufacturers and international
research centers (Quitzow, 2015).

6. Synthesis and discussion of results

Based on the detailed description of technology transfer
mechanisms in the previous section, this section provides a brief
synthesis and discussion of the main results of the paper, linking
technology-related patterns to the different development trajec-
tories observed in China’s wind and solar PV sectors. It then briefly
discusses other possible explanations for the differing outcomes.

6.1. Technology transfer patterns, industry localization and catching
up

As the results of the comparison show, technology transfer in
both the wind power industry and the solar PV sector does indeed
conform to the predicted patterns (see Fig. 4 for a stylized com-
parison of the main technology transfer mechanisms in the wind
energy and solar photovoltaics industry). Chinese firms in the wind
power industry have relied on transfer mechanisms with heavy
involvement of supplier firms over prolonged periods of time. This
has enabled the transfer of a high degree of product-specific tacit
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knowledge. In the PV industry, transfer mechanisms have mainly
facilitated the transfer of process-related knowledge and the scope
of tacit knowledge transfer has been comparatively lower.

A key channel for technology transfer in the PV sector has been
the international trade in production equipment. This equipment
has been produced and sold by independent equipment providers,
especially from the US, Germany, Switzerland and to a lesser degree
Japan, rather than manufacturers of PV modules or cells (Hughes
and Quitzow, 2017). While an important number of these equip-
ment suppliers are based in large markets like Germany, they are
not directly involved in the production of PV modules or systems.
Hence tacit knowledge transfer facilitated by these suppliers was
limited to process-related aspects. Product-specific knowledge held
by solar PV manufactures has not played a significant role in
enabling the build-up of capabilities in China’s PV industry. Tacit
knowledge has also been transferred via human resource transfers
and in cooperation with international research institutes and cer-
tifiers. Compared to transfer mechanisms utilized in the wind en-
ergy sector, these are far more limited in scope.

In the wind power industry intra-firm mechanisms have
remained the dominant modes of transfer, albeit with important
changes over time. While joint ventures were the dominant form of

Wind

transfer in the early stage of Chinese industry development, this
has given way to the creation of direct subsidiaries by foreign
producers and purchases of design licenses in the subsequent stage
of industry formation and, later, outward M&A activities by Chinese
firms (i.e. the acquisition of a number of mainly European tech-
nology suppliers and design firms). Product and design-specific
knowledge, provided by other turbine producers and specialized
design firms in the form of joint ventures and joint development
projects, has been central to transfer processes and remains so over
time. Moreover, the use of outward M&A for the purchase of other
manufacturers and design firms at later stages in the industrial
development process indicates that Chinese firms, still lacking
significant sales in international markets, are seeking to access
product-specific knowledge developed via user-producer in-
teractions in those markets.

6.2. Alternative explanations

Below we discuss a number of alternative explanations for the
observed geographical patterns of industry location in the wind
power and solar PV industries, building on the central factors
highlighted in Porter’s diamond model (Porter, 1990). While these
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Fig. 4. Stylized comparison of the main international technology transfer mechanisms in the wind energy and solar photovoltaics industries.
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factors contributed to the observed divergence between China’s
solar and wind industries, we argue that they complement rather
than replace technology-specific factors as explanation for the
observed divergence in technological trajectories.

6.2.1. Input factor costs

Firstly, it might be argued that factor conditions in China are
more favorable for competition in the PV sector than in the wind
sector. Key advantages that have been cited in this regard are an
abundance of low-cost, semi-skilled labor as well as relatively easy
access to capital for investment in the export-oriented
manufacturing sector. Given the relatively higher importance of
these two variables in the PV sector, this may offer one explanation
of the competitive success of China’s PV sector firms. This advan-
tage is further enhanced by the high modularity of PV systems and
relatively low shipping costs for PV modules and cells, which pro-
vides a stronger case for exploiting factor conditions in China than
in the wind sector (Peters et al., 2012). However, labor costs only
represent a relatively small fraction of the cost of a PV module, so
that this can represent at best a partial explanation of Chinese
competitive success in the PV sector. The relatively minor impor-
tance of country-specific input factors in explaining China’s price
advantage in solar PV manufacturing is confirmed by a recent
assessment of what drives regional trends in the sector (Goodrich
et al,, 2013).

6.2.2. Domestic competitive environment

The intensity of domestic competition is considered another key
factor influencing competitiveness of national industries in Porter’s
diamond model. We argue that this is not likely to represent an
important factor for explaining the differing outcomes in the wind
and PV sectors. The absence of a significant market for PV systems
in China prior to 2009, on the one hand, and fierce competition in
the wind energy sector, on the other, would suggest that domestic
market conditions were in fact more favorable for the competitive
success of Chinese wind energy firms. Firm strategy and structure
might appear to offer a more plausible explanation, as the PV sector
is dominated by privately-owned firms while China’s wind energy
sector is largely controlled by state-owned firms. Among the large
producers only Goldwind, albeit the most successful Chinese wind
turbine manufacturer, is now partially privately-owned. Never-
theless, it lags far behind all the major Chinese module producers in
terms of its share of global exports.

6.2.3. Related industries

The existence of related industries and the corresponding sup-
plier structures represents a further success factor in building a
strong system of innovation and production. This idea is closely
related to the concept of absorptive capacity, which proposes that
the ability of firms to absorb and utilize knowledge depends in part
on their prior knowledge in related fields as well as more generic
organizational capabilities for learning.

This line of argument is supported by a recent study, which finds
a link between the strength of the semiconductor industry and
manufacturing success in the solar PV industry, albeit without
considering China in the sample (Choi and Diaz Anadon, 2014).
Building on these findings, it might be argued that Chinese success
in the PV sector stems from the existence of relatively strong
related industries. China’s strength in electronics manufacturing
coupled with substantial investments in the build-up of knowledge
in the field of semiconductors might represent two such enabling
factors for the PV industry. However, China has lagged behind other
countries in Asia in the semiconductor industry, including Taiwan,
Korea, Japan and Malaysia, but overtook these countries very
quickly in the solar PV industry. Moreover, China’s wind turbine

manufacturers have also built on existing capabilities in heavy in-
dustry and manufacturing of electric generators (Lewis, 2012).

In sum, these alternative explanations raise a number of valid
points. Nevertheless, they offer at best partial explanations of the
diverging development trajectories observed in China’s wind and
solar PV sectors. We argue, that these explanatory variables need to
be complemented with technology-specific variables to offer a
more complete picture of industrial localization and international
competitiveness in the two sectors.

7. Conclusions and policy implications

Developing countries increasingly adopt policies to promote
low-carbon energy technologies with the hope to attract technol-
ogy transfer from abroad and, eventually becoming global
manufacturing hubs. Experience from the wind industry, e.g., the
successes of the early-movers Denmark, Germany, Spain, and India
in the 1980s and 1990s, had suggested that a strong and stable
market support scheme was the pre-condition for building indus-
trial leadership in the low-carbon energy field. This heuristic is now
being called into question by the rapid emergence of
manufacturing hubs that developed to serve export markets rather
than domestic markets, i.e. in the solar PV industry.

China epitomizes the differences between the two technologies.
While the country just recently started developing a national
market for solar power, it has taken the lead in global PV
manufacturing and dominates exports to all major markets. In
contrast, China’s wind industry has almost exclusively relied on the
domestic market to build local manufacturing capabilities and
struggles to export into mature markets in Europe and the United
States. This paper sought to explore the reasons for these differ-
ences, using a comparative analysis of China’s catching up pro-
cesses in wind and solar energy. Our results suggest that the
differences can be traced back to differences in the nature of the
two technologies, as manifested in the distinctly different modes of
international technology transfer. These have led to differing out-
comes in terms of industry localization and international compet-
itiveness. Alternative explanations, like differences in input factor
costs, the domestic competitive environment, and existing related
industries across the two sectors, do not offer a sufficient basis for
explaining the divergence in development trajectories.

These findings suggest that the competitive advantage that
China has developed in PV manufacturing may also be more
vulnerable than the competitive advantage that European and
American firms still enjoy in the wind power industry. Current
advantages may be largely related to the larger scale of production
combined with a broader enabling environment for low-cost
manufacturing rather than more lasting, technology-based advan-
tages. While European or American firms are unlikely to compete
with Chinese firms on this basis, this may offer opportunities for
firms in other emerging countries, including India, as China con-
tinues to advance economically and begins to lose its factor cost
advantage. Others have argued that China’s capabilities in scaling-
up manufacturing and translating new technologies into cost
competitive commercial products represent a unique competitive
advantage (Nahm and Steinfeld, 2014). Our findings would suggest
that these capabilities are relevant mainly in the field of mass-
produced goods. Moreover, they may lose in importance at more
advanced stages of the technology life-cycle, as processes become
increasingly standardized across the industry and factor costs gain
a stronger influence on total cost.

For the wind power industry, it seems to imply that the geog-
raphy of production will remain more geographically dispersed, not
only due to logistical challenges but due to the nature of innovation
and technological change and the strong importance of user-
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producer interactions. At the same time, it indicates that the
development of a local industry is unlikely to occur in the absence
of a strong home market. This suggests the persistence and further
consolidation of a number of relatively stable regional production
hubs.

In addition, our research results offer more general insights for
policy makers considering the promotion of future emerging
environmental technology sectors. The findings offer a novel
framework for distinguishing between different types of sectors,
linking these differences to the dynamics of innovation and inter-
national competition. This in turn raises important questions on the
nature of potential first-mover advantages to be derived from
ambitious market support for emerging technology sectors. The
rapid process of technology transfer in the area of mass-produced
goods implies a different set of challenges from the inertia of
complex assembled products. Specifically, industrial policy target-
ing first-mover advantages in export markets are likely to be more
stable in complex assembled products, while late movers have
better chances to catch-up in mass produced goods if they can
successfully exploit economies of scale.

In addition, investments in a domestic market are key to
building up industrial capabilities in complex assembled products
and should be coupled with the promotion of intra-firm technology
transfer mechanisms. In other words, policies promoting coopera-
tion between foreign and domestic firms to serve the domestic
market are likely to contribute to the process of catching up. In the
area of mass produced goods, policies might focus on stimulating
investment and entrepreneurship in the sector, while offering
particular incentives to citizens active in the industry abroad.
Moreover, incentives for international cooperation in research and
development are likely to offer important benefits to the local in-
dustrial sector. That said, these technology specific considerations
only represent one of several success factors. Hence, the specific
design and ambition of industry promotion efforts should also
build on other important variables, such as input factors, the exis-
tence of related industries and the size of the home market.
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