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1
Introduction

It was a humid summer afternoon when I arrived at an industrial park on the out-
skirts of Shanghai to tour a solar photovoltaic (PV) firm. In the lobby of the main 
office building, glass displays advertised the latest technology breakthroughs, 
touting the firm’s efficiency records for converting sun to electricity with dif-
ferent solar technologies. Across town, in one of the firm’s manufacturing plants, 
robotic arms whizzed past in rapid succession to assemble individual solar cells 
into modules that would be mounted on residential rooftops in Europe. The firm 
I was visiting constituted part of a group of Chinese companies that had, in just 
a few years, multiplied global production capacity for renewable energy tech-
nologies while rapidly reducing costs. Over the course of ten years, global pro-
duction of solar PV modules had increased by a factor of 40, much of it driven 
by Chinese factories. By 2012, barely a decade after the first solar manufacturing 
plants opened in China, the nation accounted for more than 60 percent of the 
world’s solar manufacturing capacity.

Touring the Shanghai plant, I recognized that the ability to deliver ever more 
efficient solar panels at lower prices was emblematic of a broader phenom-
enon. The steady presence of research and development (R&D) teams in China 
suggested that the rapid rise of this nation’s renewable energy industries was not 
simply the result of greater investments in production capacity. Something else 
was at play, as well. Chinese firms were succeeding because they were innovating, 
and at a level not conventionally associated with low-​cost manufacturing.

In China’s leading wind and solar firms, R&D teams were preoccupied with 
technological improvements that would enable faster and cheaper manufac-
turing. Solar PV manufacturers all over China had installed “Golden Lines,” 
separate production facilities set up solely for R&D efforts, allowing engineering 
teams to work without interfering with manufacturing operations. Bringing 
mass production to emerging renewable energy industries was a feat not just of 
supportive government policies but also of technological innovation.

At the same time, a steady flow of foreign engineers through China’s economic 
development zones signaled that China’s rise as a center for clean energy indus-
tries also relied on technological capabilities that had originated in other parts 
the world. JA Solar, the firm I visited in Shanghai, had worked with Innovalight, 
a start-​up from Silicon Valley, to commercialize a new material for solar PV 
production—​a silicon ink. Innovalight had originally sought to become a solar 
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manufacturer in its own right. But the American firm lacked manufacturing 
skills and the type of financing and government support that would allow it to 
scale its technology easily. Innovalight ultimately signed a joint development 
agreement with JA Solar in Shanghai. After a year of collaborative research, the 
team successfully commercialized the technology, yielding a new generation of 
high-​efficiency panels.1

The collaboration extended beyond just JA Solar and Innovalight. Like 
many of its peers, JA Solar sourced components and production equipment 
from European firms such as Schmid, a German supplier of production 
equipment for the solar industry. Founded in 1864, Schmid produced saws 
for lumber mills and manufacturing equipment for furniture before devel-
oping printers for electronic circuit boards in the 1960s. In the early 2000s, 
the company became one of the first producers of designated manufacturing 
equipment for the solar photovoltaic industry, much of it eventually destined 
for Chinese plants.2

The solar modules rolling off production lines in the industrial suburbs of 
Shanghai were not solely the result of Chinese innovation. Yet neither were 
they solely the result of innovation outside China, as observers in the West 
often made it seem.3 The renewable energy firms dotting China’s economic 
development zones offered a model of industrial innovation that was at once 
global and local. The technological capabilities and R&D efforts underpin-
ning JA Solar’s solar panels and other renewable energy firms in China relied 
on a global network of highly specialized firms that collaborated on techno-
logical innovation. At the same time, these firms’ specialized skills remained 
deeply reliant on institutions, public resources, and government policies in 
their countries of origin. Their global partners made use of local, publicly 
funded institutions ranging from vocational training for small and medium-​
sized manufacturers in Germany’s Black Forest to government research 
programs underpinning the tech firms of Silicon Valley. Renewable energy 
manufacturers in China also relied on public support, as provincial and mu-
nicipal governments in China created a vast infrastructure for mass produc-
tion in the nation’s economic development zones. This infrastructure proved 
instrumental in allowing Chinese wind and solar manufacturers to focus on 
scale and cost in the commercialization of new technologies. The rise of this 
global division of labor in industrial innovation, and its links to changes in the 
organization of the global economy, national policies, and institutions form 
the subject of this book.

	 1	 Nahm and Steinfeld 2014, 297.
	 2	 Nahm 2017b, 83.
	 3	 Fialka 2016.
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A Global Division of Labor

This is a book about the development and persistence of distinct national in-
dustrial profiles in a global division of labor. My aim is to demonstrate that 
new opportunities for collaboration in the global economy have reinforced na-
tional patterns of industrial specialization in technological innovation and the 
institutions that support them. As I show in the chapters that follow, this is the 
case particularly in emerging industries, such as wind and solar, where the ab-
sence of incumbent firms would lead us to expect nations to break more readily 
with industrial practices of the past.

In the decades before international economic integration made it easier for 
firms around the world to work together on tasks ranging from innovation to 
production, differences in national capitalisms—​the institutions, actors, and 
relationships governing the domestic market economy—​yielded equally dis-
tinct national industrial profiles for innovation, production, and competitive-
ness. National economies specialized in inventing and producing different types 
of products precisely because domestic arrangements did not lend themselves 
equally to all types of competitive strategies.4 Entire industrial sectors were 
contained within national borders. Trade enabled the exchange of products and 
led to direct competition between economies that contained similar industries.

Economic globalization has changed this arrangement permanently. Many of 
the activities that make up the global economy now lie beyond the territorial 
reach of individual economies, challenging the primacy of states as organizing 
units for industrial sectors. These changes have been accompanied by concerns 
about the ability of states to preserve national differences in economic practices, 
industrial capabilities, and the institutions that support them.5 A core contribu-
tion of this book is to show not only that the forces of international economic in-
tegration continue to be mediated by distinct domestic institutions but also that 
they actually strengthen divergent national capitalisms over time. My central ar-
gument is that globalization causes a persistent and consequential divergence of 
industrial specializations and national institutions.

Let’s return to the example of the Shanghai solar manufacturer. JA Solar oper-
ated its manufacturing plants with a division of labor between firms from three 
different continents: from China, JA Solar contributed skills in manufacturing 
innovation; from Germany, Schmid delivered production equipment; and from 
the United States, Innovalight offered a novel material to increase the efficiency 
of solar panels. Although each firm maintained a set of skills in keeping with 

	 4	 See, for instance, Hall and Soskice 2001.
	 5	 For a review of arguments about convergence as a result of competitive pressures in the interna-
tional economy, see Berger 2000.
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traditional industrial strengths within its country of origin, the collaboration 
among the three companies made each individual specialization functionally vi-
able and economically successful in the emerging global solar industry.

The Chinese manufacturer did not replace the skills of its German and US 
partners with a set of capabilities established in-​house, even if the Chinese gov-
ernment openly wished for more national autonomy in technological innova-
tion.6 The firm focused, instead, on a set of core skills in commercialization while 
relying on partnerships with others to access expertise in the development of 
new technologies and production equipment that were not well supported in 
China’s domestic economy. These relationships between firms with comple-
mentary skills challenge prevailing expectations that the dynamics of our global 
economy undermine distinct national competitive strategies and the institutions 
that support them—​particularly those in advanced industrialized economies. 
They also suggest the need for a new account of the linkages between changes 
in the global economy, national institutions, and firms’ specialization in distinct 
sets of technological capabilities.

Changes in the international economy and their domestic effects have long 
been the subject of research in the social sciences. Throughout the 1980s and 
1990s, new digital technologies, changes in global financial markets, and the ev-
olution of international economic institutions spurred a reorganization of global 
production. This rise of cross-​national supply chains changed industries that 
had previously existed within national borders. Where national industries once 
rivaled one another, competition now shifted to contending networks, each of 
which linked or connected firms from industrial backgrounds and geograph-
ical locations.7 The present study contributes to these debates by offering a “shop 
floor” account of how the reorganization of the international economy made it 
easier for firms to enter new industries through ever-​narrower specialization 
while relying on collaboration with others to access skills that they no longer 
possessed in-​house or could source from their own domestic economy.

I employ the concept of collaborative advantage to capture the connection be-
tween these changes in the global economy, firms’ competitive strategies, and 
their engagement in domestic political economies. Collaborative advantage 
describes the creative process through which firms insert themselves into global-
ized production systems. Two types of experimental action enable firms to reap 
benefits from participating in the global economy (Figure 1.1). First, thanks to 
new opportunities for collaboration, firms can participate in a global division of 
labor that allows them to specialize. This economic manifestation of collaborative 
advantage captures the creative process through which firms identify and act on 

	 6	 Kennedy 2013.
	 7	 Camuffo 2004; Langlois 2002.
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opportunities to compete in global industries. Second and in turn, these new 
possibilities for specialization allow firms to repurpose existing institutions for 
application in new industries. This political manifestation of collaborative advan-
tage drives the persistence of legacy institutions within the domestic economy 
and causes their iterative reorientation toward new, global industrial sectors. As 
the two actions that constitute collaborative advantage, specialization and insti-
tutional repurposing together explain why distinct national industrial profiles 
persist in today’s global economy.

Economically, collaborative advantage describes the importance of specializa-
tion in the global economy. As I show in the case of wind and solar industries in 
China, Germany, and the United States, globalization has created new possibil-
ities for collaboration that relieve firms of the need to establish in-​house the full 
range of production and innovation capabilities required to bring a new product 
to market. The existence of other specialized firms has made it possible for these 
firms to access necessary skills through collaboration in global supply chains. 
Globalization has made it easier to find such partners, even if they are dispersed 
geographically. When collaboration enables firms to specialize, the skills re-
quired for innovation—​defined here as the process by which new and improved 
technologies are developed and brought to market—​are rarely organized within 
a single enterprise or even a single economy. Firms and the economies in which 
they are located no longer have to be self-​sufficient. They no longer need to be 
located near one another. What’s more, local strengths in a particular type of in-
dustrial activity no longer necessarily lead to the attraction of related skills into 
the local economy. Simply put, these firms are able to compete in global indus-
tries through specialization while relying on collaboration with others.

Politically, collaborative advantage manifests in the ability of firms to repur-
pose existing institutions for application in new industries. Rather than estab-
lish in-​house the full range of skills required to bring a new product to market, 
firms can pick among individual steps in the development, commercialization, 
and production process when strategizing how to enter new industrial sectors. 
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Firms use these new opportunities for specialization to make their way into new 
economic sectors that build on existing industrial capabilities within the firm 
and the domestic institutions that support them. Such institutions include the 
domestic financial sector, the labor market and vocational training institutions, 
and government programs to support R&D. Specialization allows firms to ap-
propriate and repurpose these resources to compete in new industries some-
times far removed from their founding or original purpose.

Although industrial legacies and the presence of different types of institutions 
constrain what types of activities can be carried out in different economies, 
institutions are not incapable of change. Under the right circumstances, they 
can be reinvented and support firms as they respond to new opportunities in the 
global economy. Globalization allows firms to repurpose existing institutions for 
new industrial contexts, presenting a set of resources for experimentation and 
adaptation. These resources, in turn, ignite imagination. Globalization allows for 
creativity and experimentation precisely because it has opened up new possibil-
ities for specialization. Domestic institutions no longer fully define how firms 
choose to enter new industries or which firms are able to do so.

The distinct national industrial profiles that I document in this book resulted 
from just such creativity and inventiveness. They built on domestic institutional 
resources while taking advantage of new opportunities for specialization. It is 
precisely because collaboration allowed for industrial specialization that firms 
in Germany were able to enter wind and solar industries that made use of tradi-
tional vocational training institutions and banking relationships. It was for the 
same reason that Chinese firms were able to break into global supply chains with 
R&D skills in commercialization: they experimented with the manufacturing 
infrastructure established since the beginning of economic reforms by China’s 
subnational governments. Collaborative advantage reverses the logic that has 
portrayed distinct national political economies as fundamentally threatened 
by the competitive pressures resulting from three decades of globalization: spe-
cialization and repurposing explain why globalization leads to persistent and 
consequential divergence of institutions and national industrial specializations 
over time.

In my opening vignette, we saw a set of firms with industrial specializations 
that depended on one another yet remained deeply grounded in domestic 
institutions in their home economies. By exploring this phenomenon through 
the lens of collaborative advantage, this book brings together two perspectives 
that have often been considered separately in research on globalization, tech-
nological innovation, and industrial specialization: a focus on the policies and 
institutions that influence firm behavior at the national and subnational level, 
and the analysis of changes in the global organization of production and innova-
tion. Collaborative advantage contests depictions of globalization as being solely 
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or even primarily about competition, and offers an interpretation of the na-
ture, drivers, and consequences of international economic integration through 
the lens of collaboration. Using the empirical cases of global renewable energy 
industries, I aim to show not just that collaboration is central to shaping the in-
ternational division of labor but also that it fundamentally changes how firms 
respond to the policies and institutions of the state.

While this book is not the first to link these debates, it offers a novel per-
spective on the mechanisms behind institutional endurance—​and on the na-
ture of globalization more broadly. Over the past three decades, explaining the 
consequences of globalization has become a central area of inquiry for scholars 
of political economy. One avenue of research has understood globalization pri-
marily as a process of reaping gains from international trade based on compar-
ative advantage. Grounded in the notion that factor endowments shape nations’ 
relative opportunity costs for specializing in the production of some goods over 
others, this position has focused on the circumstances that allow and prevent 
nations from realizing the benefits of greater economic integration.8 A second 
avenue of research, centered on increasing competition, has approached interna-
tional economic integration from a domestic perspective. Without refuting po-
tential gains from trade, such research has nonetheless focused on the constraints 
imposed on states by the international economy. Research in this tradition has 
examined what options remain for policymakers to respond to an ever more un-
predictable global economic context—​and how political choices shape the ability 
of domestic firms to engage the global economy.9

The analytical approach I have taken builds on these approaches and stresses 
both the interdependence of firms’ choices about participation in the global 
economy and the embeddedness of these firms in domestic institutions. I unpack 
not only how firms in emerging industries collaborate to develop new technol-
ogies, but also how such relationships change the ways in which firms engage 
domestic political economies. In particular, I make the point that international 
economic integration and distinct domestic political economies are not locked 
into a zero-​sum game in which states actively try to push back on global compet-
itive pressures to maintain national differences. By showing how specialization 
allows firms to engage the global economy in new ways that build on and support 
existing domestic institutions, this book instead makes the case for a firm-​based 
mechanism for institutional endurance.

The remainder of this chapter places governmental goals to create innovative 
domestic industries within the broader context of changes in the global economy. 
I argue that the reorganization of the international economy necessitates both a 

	 8	 Samuelson 1938, 265.
	 9	 Baldwin 2016, chapters 7–​8; Breznitz 2007, 4–​6.
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new understanding of technological innovation and a recasting of state-​business 
relations. I then briefly introduce the core empirical outcome explained in this 
book—​the development of distinct patterns of industrial specialization in wind 
and solar industries in China, Germany, and the United States—​and I sug-
gest that renewable energy sectors provide a particularly compelling analytical 
window into the drivers behind the global division of labor in technological 
innovation.

Innovation and the State in a Changing Global Context

The creation of innovative domestic industries has long captured the attention of 
policymakers. Government officials in China, Germany, and around the world 
continue to look to the United States—​and Silicon Valley in particular—​as a 
model of the powerful economic forces unleashed by technological innovation. 
The flow of political delegations through the district most known for its global 
technology giants demonstrates the importance governments worldwide have 
attached to technological innovation, and it reflects the status ascribed to the 
United States as a seedbed for innovative firms.10 Hoping to replicate the region’s 
success, governments have attempted to encourage similar clusters of high-​
technology enterprises at home.11 Silicon Roundabout in Britain, Silicon Saxony 
in Germany, and Optics Valley in China all exemplify the belief that firms ca-
pable of high-​technology innovation are critical to a modern economy and that 
governments play an important role in facilitating their creation.

In the postwar decades, governments in rapidly developing East Asian econo-
mies employed strategic intervention to encourage domestic enterprises to catch 
up with the innovative firms in the West. Underlying such government ambition 
was the notion that economic development entailed the progressive advance-
ment from commodity production to the invention and commercialization of 
new technologies. To help domestic enterprises compete with incumbent firms 
in global industries, the state channeled support to select industrial groups. As 
Alice Amsden documented in the case of South Korea, a set of performance 
requirements made government support conditional on the continuous im-
provement of R&D capabilities to avoid the corruption and rent-​seeking often 
associated with state subsidies.12 Through a mix of public and private efforts, 
Korean and Japanese conglomerates rose through the ranks of global electronics 

	 10	 Boudreau 2012; Kopytoff 2014; Traufetter 2013.
	 11	 Gunnar Trumbull has detailed state efforts to remake a domestic Silicon Valley in France. See 
Trumbull 2004.
	 12	 Amsden 2001, 8–​12.
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and auto industries, some eventually beating firms in advanced economies at 
their own innovative game.13

Governments in the West were also unwilling to leave innovation to market 
forces, a reluctance driven by reasons ranging from national competitiveness 
to national security. In the United States, the Cold War strengthened the im-
petus for public investments in R&D and helped lead to the eventual develop-
ment of new civilian technologies—​and the high-​technology clusters such as 
Silicon Valley that sprang up around them.14 Meanwhile, among European econ-
omies weakened by World War II, concerns about permanently falling behind 
the growing capabilities of the US economy drove state support for innovation. 
Public R&D funding for research institutes and enterprises aimed to encourage 
the competitiveness of domestic industries, particularly those of broader societal 
and economic importance. In addition to basic research and research with de-
fense applications, governments funded innovation in sectors from automobiles 
and aerospace to health and energy.

In advanced and developing economies alike, public support for innovation 
rested on the assumption that the invention of new technologies would attract 
industrial activities beyond innovation itself. In the postwar decades, technolog-
ical innovation often required the establishment of manufacturing facilities on 
site or nearby, as well as large numbers of suppliers who could successfully bring 
products from the laboratory to market. With their engineering teams focused 
on the various stages of product development and commercialization, large 
enterprises proved particularly capable of managing the linkages between these 
myriad R&D activities and local suppliers.15 Public support for R&D was driven 
not by concerns about which elements of a broader division of labor to establish 
within national borders, but by the expectation that investments in R&D would 
lead entire industries to locate domestically. Public support for innovation was 
thus the lynchpin of broader governmental initiatives for industrial development 
and economic growth more generally.

Since 2000, government delegations touring Silicon Valley have retained the 
hope that public support for innovation will create thriving domestic industrial 
sectors.16 High-​technology industries, the conventional wisdom has held, create 
jobs not just in R&D but also in a broad range of connected activities along the 
trajectory from lab to market, including in manufacturing. Public investments 

	 13	 Such accounts of the East Asian the role of industrial policy in the developmental states were not 
uncontested. See, for instance, Krugman 1994; Samuels, 1987; World Bank 1993.
	 14	 Lécuyer 2007.
	 15	 Chandler and Hikino 1997.
	 16	 There are, of course, economic benefits from high-​tech sectors even without the simultaneous 
attraction of supplier industries and manufacturing. For a study of the benefits of attracting high-​
tech industries into US urban economies, see Moretti 2012.
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in R&D in Germany have been expected to yield German industries that would 
compete, for instance, with French industries across the border.

Yet as my opening example of Shanghai’s solar PV manufacturer illustrates, 
the organization of the international economy differed from the situation faced 
by firms in postwar East Asian developing economies and their European and 
American contemporaries. Rapid economic development had established China 
as the world’s second-​biggest economy in just a few decades. Starting in the 
early 1990s, a series of novel digital technologies had made it feasible to physi-
cally separate early R&D and commercialization, as blueprints and production 
specifications could be electronically transmitted around the world. Many firms 
subsequently focused on core skills in the development of new technologies 
while moving production activities to low-​cost locations abroad.17 In the United 
States in particular, financial markets began to reward such restructuring: these 
shifts relieved corporations of the financial burden associated with the capital-​
intensive construction of new manufacturing facilities.18

But these changes were not one-​dimensional. Although the inventors of 
Silicon Valley were no longer geographically tethered to many commercial-
ization and production activities that used to occur within their four walls, 
policymakers continued to presume tight managerial and geographical linkages 
between innovation and production. The emergence of truly global supply 
chains transformed the connections between the activities required to bring new 
technologies to market: economic globalization made it easier to access a broad 
range of technologies and skills through collaboration, while it also dispersed 
these same technologies and skills geographically. Rather than establish in one 
place the full range of R&D capabilities required to develop, commercialize, and 
produce new technologies, firms began to specialize and make use of new oppor-
tunities for collaboration in their global networks. The fragmentation of produc-
tion and the rise of global supply chains further accelerated this process. Now 
capable of far narrower activities than the firms of the past, the players in this 
new global economy learned to access needed skills through collaboration. The 
United States continued to lead in the number of start-​ups created domestically; 
in the context of economic globalization, however, these start-​ups also proved 
far more likely to rely on technological capabilities located elsewhere to bring 
their products to market. Skills in commercialization and mass production, for 
instance, became increasingly rare domestically, as the center of global manufac-
turing shifted to China (Figure 1.2).

	 17	 Baldwin and Clark 2000; Berger 2005a, chapter 4; Sturgeon 2002.
	 18	 Gerald F. Davis documents how financial markets forged the restructuring of the US model of 
industrial organization beginning in the 1990s. See Davis 2009.
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The image of Silicon Valley as the paragon of innovation-​based economic 
success has remained prominent among policymakers around the world. Yet 
the global organization of production and innovation, the linkages between the 
activities required to bring new technologies to market, and the geography of 
actors involved in such activities had fundamentally changed since the postwar 
decades. If there was a lesson to be learned during my visit to Shanghai’s solar 
manufacturer, it was that the payoffs from government investments in techno-
logical innovation were no longer guaranteed to manifest domestically. This 
book examines the division of labor in technological innovation in this new 
global context.

Renewable Energy Industries in the New Global Economy

What drives national patterns of industrial specialization in an era when many of 
the activities that make up the global economy have shifted beyond the territorial 
reach of individual states? What can states do to support the growth of innova-
tive industries in their home economies within this new reality? How do firms 
engage their domestic economic institutions as they reach for new opportunities 
in global supply chains? I examine these questions through a comparative inves-
tigation of the development of wind and solar sectors in China, Germany, and 
the United States. Three factors make renewable energy industries a particularly 
compelling window onto these national patterns as they are unfolding.

First, wind and solar industries evolved after the reorganization of the global 
economy. Existing literatures have long examined the transformative effects of 
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globalization on innovation and industrial organization in legacy industries. 
Such research has attributed changes in the location of major industrial activities 
to the competitive forces of globalization. Some scholars have traced the impact 
of digital production technologies on the global organization of the computer in-
dustry.19 Others have examined the effect of globalization—​including the estab-
lishment of NAFTA, China’s WTO accession, and other changes in international 
economic institutions—​on the structure of the global auto industry.20

In contrast to established industries, whose origins long predate the reorgani-
zation of the international economy, firms that produced wind turbines or man-
ufactured solar panels did not reach scale-​economies until the early 2000s.21 By 
focusing on postglobalization industries, this book removes from the analysis 
the politically contentious process of restructuring legacy industries: put an-
other way, wind and solar sectors allow us to separate the effects of globalization 
on preexisting industries from the development of new industrial sectors that 
sprang up under globalization. My argument is that collaborative advantage has 
the strongest effect in industries lacking powerful incumbent firms and legacy 
production structures. It is here we see significant impact on the division of labor 
and domestic institutions.

Second, I focus on wind and solar industries because they are based on two 
very different underlying technologies. These technologies result in divergent 
production requirements, supply chain structures, and engineering challenges. 
Wind turbines, with many moving parts, long lists of components, and sophis-
ticated material needs, require complex production arrangements across a large 
number of firms. An average wind turbine contains components assembled from 
more than 8,000 individual parts, which are produced by more than 1,000 dif-
ferent suppliers.22 The production of solar panels, by contrast, comprises far 
fewer actors and thus has a much shorter supply chain. Manufacturing of crys-
talline silicon solar PV modules, the dominant technology in the solar industry, 
occurs in five major steps, sequentially arranged from the production of silicon 
through the cutting of wafers to the production of cells and subsequent assembly 
of modules. The production of solar panels based on second-​generation thin film 
technologies is concentrated even further in a single production line.23

Why do these differences matter? They help demonstrate that the argument 
presented here applies across technologies and supply chain structures. In the 
wind industry, international economic integration enabled the globalization of 
clusters of firms. Since many component parts of wind turbines are too heavy to 

	 19	 Baldwin and Clark 2000.
	 20	 Doner, Noble, and Ravenhill 2006; Thun 2006.
	 21	 Berger 2013b, 40–​41.
	 22	 American Wind Energy Association 2015.
	 23	 Shah and Greenblatt 2010, 77–​98.
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be shipped economically, assembly frequently occurs in close proximity to the 
final site of installations. Wind manufacturing firms and their suppliers there-
fore established clusters in close proximity to final markets around the world, 
not dissimilar to the car industry. The solar sector, by contrast, presents a case 
of transnational supply chains, in which different production steps occur in dif-
ferent parts of the world, and components are easily shipped from one location 
to another as they progress toward the final product. Comparing cross-​national 
patterns of technological innovation across two such different technologies 
and supply chain structures allows my research to isolate the influence of tech-
nology: if collaborative advantage in the global economy enables firms in a 
particular economy to specialize in similar technological activities across two 
different industrial sectors, then specialization must be the result of factors other 
than the technology itself.

Third and most important, renewable energy industries offer a particularly 
lucid empirical context for investigating the changing impact of state-​business 
relations on national patterns of industrial specialization. Arguably more than 
any other set of industries, renewable energy sectors have come to exemplify 
the aspiration of governments to cultivate domestic high-​technology industries 
through targeted state intervention over the past two decades. In 2014, more 
than seventy countries used subsidies and energy market regulation to stimulate 
domestic demand for renewable energy technologies. Advanced and developing 
economies from Algeria to Yemen set targets for the share of domestic energy to 
be generated from renewable sources. Globally, governments spent more than 
USD 5 billion on renewable energy R&D in 2014 alone.24

Government support for renewable energy industries has, of course, 
been justified by the need to switch to cleaner sources of energy for environ-
mental reasons. Concerns about climate change have motivated citizens and 
governments alike to encourage energy transitions away from fossil fuels.25 Yet 
few governments have supported wind and solar sectors solely on environmental 
grounds, despite their significance for combating the effects of climate change. 
Political support for renewable energy transitions and the public funds required 
to initiate and sustain technological change have depended on the promise of 
tangible benefits for the broader economy, in particular through the creation of 
domestic industries. These promised benefits took on added importance as clean 
energy industries became sizable global sectors. In 2018, the world spent more 
than USD 300 billion on low-​carbon energy technologies (Figure 1.3).

States that have successfully supported the establishment of renewable energy 
firms have been able to adopt more ambitious climate policies with the help of 

	 24	 REN21 2015, reference tables.
	 25	 REN21 2020.
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industrial coalitions and public support.26 Other governments have seen wind 
and solar sectors as purely export-​oriented industries, supporting them de-
spite a lack of any ambition to use them for domestic green energy transitions 
in the short term.27 As a consequence, these governments have justified the use 
of public funds for wind and solar industries by pointing to the potential for 
job creation, national competitiveness, and the need to target emerging high-​
technology firms in strategic industrial sectors.28 For these states, environmental 
benefits alone are not enough.

Despite their differences, governments pursued remarkably similar indus-
trial policy goals when they encouraged the development of renewable energy 
industries. In China, Germany, and the United States, the cases examined in this 
book, the state encouraged technological innovation through R&D policies, at 
least partly in the hope that the development of new wind and solar technologies 
would spur the growth of competitive domestic industries. But because electricity 
generated from renewable sources was not yet competitive with conventional 
sources of energy, governments in all three economies also employed subsidies 
and energy market regulation to create domestic demand for wind and solar 
technologies. Clearly, cross-​national differences existed in the implementation 
of such policies, in the size and duration of subsidies, and in the conditions for 
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	 26	 Laird and Stefes 2009; Meckling et al. 2015.
	 27	 Zhang, Andrews-​Speed, and Ji, 906–​8.
	 28	 Zysman and Huberty 2013, xi–​58.
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government support. Yet by combining push-​and-​pull, technology-​and-​demand 
approaches to industrial policy and technological innovation, governments in 
China, Germany, and the United States came to share something in common: the 
aspiration to create firms capable of inventing, commercializing, and manufac-
turing renewable energy technologies domestically.29

The core empirical contribution of this book concerns the persistent and con-
sequential divergence of national industrial specializations. Such divergence 
occurred despite similarities in state goals and industrial policies and, as men-
tioned previously, applied to both industries in spite of differences in under-
lying technologies and supply chain organization. Modern renewable energy 
industries emerged virtually simultaneously in China, Germany, and the United 
States, yet firms in each location established distinct industry profiles and dis-
tinct national patterns of technological specialization. A large literature in po-
litical economy has shown that sectoral dynamics and firms’ positions in global 
supply chains shape firms’ policy preferences, including on trade and domestic 
economic policy. This book, instead, explains why firms in different economies 
are more likely to choose different technological specializations within the same 
industrial sectors and, as such, achieve more prominence in some segments of 
the global supply chains than others.30

In the United States, wind and solar firms have typically taken the form of 
start-​ups with skills in the invention of new technologies, but with far fewer 
capabilities in the commercialization and production of these inventions. In 
2009, out of 100 solar PV firms operating in the United States, at least 73 were 
start-​ups working on the development of next-​generation solar technologies 
that lacked in-​house production capabilities.31 Few manufacturers existed in 
the United States with the exception of GE, a multinational producer of wind 
turbines that also relied on global suppliers for a large share of its components. 
By contrast, small and medium-​sized businesses with skills in the development 
of componentry and complex production equipment made up the majority of 
German wind and solar firms. Rather than invest in novel wind and solar tech-
nologies, these firms focused on what I call customization: the development and 
small-​batch production of equipment and early-​stage components to produce 
new renewable energy technologies. In 2010, more than 70 German firms were 
offering manufacturing lines for the PV industry, and more than 170 firms devel-
oped and produced componentry for the wind energy sector, compared to less 
than a handful of manufacturers of solar panels and wind turbines.32 In China, 

	 29	 Nemet 2009.
	 30	 See, for instance, Hiscox 2002; Lake 2009.
	 31	 Knight 2011, 176.
	 32	 Arbeitsgemeinschaft Windenergie-​Zulieferindustrie 2012; Germany Trade & Invest 2010,  
2011b.



16  Collaborative Advantage

meanwhile, large wind and solar manufacturers focused on the R&D required 
for commercializing and scaling novel technologies—​which I refer to as innova-
tive manufacturing in this book. As a result of such investments, Chinese firms 
became the first to bring wind and solar technologies to mass production. Far 
fewer firms prioritized the production of manufacturing equipment or the in-
vention of new technologies.33

As the example of the Shanghai solar PV manufacturer emphasizes, it was 
the collaboration among firms with such distinct technological capabilities that 
made each individual specialization functionally viable and economically suc-
cessful. Although policymakers aspired to create broad and diversified domestic 
renewable energy industries, the wind and solar sectors in China, Germany, and 
the United States established distinct constellations of firms with starkly different 
technical capabilities. With American strengths in invention, German speciali-
zation in complex components and production equipment, and Chinese mastery 
of commercialization and mass production, we have an example of an interde-
pendent and mutually reinforcing partnership.

Plan of the Book

The collaboration of American, German, and Chinese firms is deeply connected 
to broader changes in the global economy. These changes, often summed up 
simply as economic globalization, made it easier for goods, services, and ideas to 
travel between national centers of economic activity. They also restructured how 
new technologies are invented, commercialized, and produced. Yet any expla-
nation for the persistence of distinct national industrial specializations during 
this period of international economic integration also requires an account of the 
domestic political economies that structured firms’ attempts to build and main-
tain distinct capabilities. Understanding how firms in different economies have 
arrived at such distinct specializations in global industries requires an approach 
that places firms’ behavior in the context of both domestic institutions and the 
broader forces of economic globalization. The firm-​centered perspective offered 
here emphasizes the relationship between such changes, domestic institutions, 
and firm behavior. This book develops the concept of collaborative advantage 
to span a causal arch between new opportunities for collaboration in the global 
economy and the reinforcement of distinct national patterns of industrial spe-
cialization in technological innovation.

	 33	 For the concept of innovative manufacturing, I owe a great debt to many conversations with 
Edward Steinfeld, which led to the publication of a joint article on the subject. See Nahm and 
Steinfeld 2014.
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In Chapter 2, the first of four empirical chapters, I lay out the central em-
pirical phenomenon of this book and show how firms responded to industrial 
policies targeted at vertically integrated domestic industries in the context of 
economic globalization. This chapter highlights the similarity of industrial 
policy frameworks and state goals in the United States, Germany, and China. 
All three economies combined R&D policy with demand-​side subsidies in an 
attempt to create vertically integrated domestic wind and solar industries. I 
then show that firms have responded to such similar policies with distinct and 
far narrower sets of industrial capabilities. I make the case that the domestic 
links between innovation and production—​connections that prompted gov-
ernment policies—​are no longer guaranteed in the new global economy. In 
the United States, the empirical case with the strongest public investments in 
R&D, firms responded to industrial policy efforts by creating new capabilities 
in technological invention without linking such skills to domestic capacity in 
commercialization and production. In Germany, by contrast, small and me-
dium-​sized suppliers from the nation’s traditional industrial core responded 
to federal government industrial policy by creating new capabilities in cus-
tomization. In China, despite the efforts of the central government to en-
courage the development of upscale R&D capabilities in high-​technology 
sectors, firms responded by building distinct strengths at the intersection of 
manufacturing and R&D.

Chapter 3 expands on three elements of the central argument and places 
them in the context of broader literatures on globalization, technological in-
novation, and institutional change. I posit a theory about how opportunities 
for collaboration in the global economy have reinforced national patterns of 
industrial specialization. The chapter develops the concept of collaborative 
advantage to describe the creative process through which firms insert them-
selves into globalized production systems. It identifies two types of experi-
mental action that allow firms to reap benefits from participating in the global 
economy. Economically, collaborative advantage captures the ability for firms 
to specialize as a result of new opportunities for collaboration. Politically, 
these new possibilities for specialization allow firms to reuprose existing do-
mestic institutions for application in new industries. The ability to enter new 
industries through specialization shaped firms’ responses to national indus-
trial policies. Even where governments aimed at the creation of comprehen-
sive national industries, firms responded with narrow competitive strategies 
that built on existing skills and prior experience in other industries.

The chapter documents how collaborative advantage made its impact felt 
through experimentation with institutional legacies across China, Germany, 
and the United States—​a process that led to distinct industrial specializations. 
Firms chose specializations that were supported by existing economic 
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institutions, most of them established for other purposes before the emergence 
of renewable energy sectors. These institutions gained value in wind and solar 
industries precisely because they no longer had to support the full range of ac-
tivities required to invent and commercialize new technologies within national 
borders. The chapter then outlines three structural conditions for collaborative 
advantage: the rise of global supply chains, nonhierarchical patterns of indus-
trial organization, and opportunities for experimentation in response to state 
industrial policies.

Chapters 4–​6 apply the central argument to the three empirical cases cov-
ered in this book. The chapters show that the industrial specialization of these 
firms relied both on the use of domestic legacy institutions and on the ability 
to collaborate with global partners. Chapter 4 traces how entrants from legacy 
industries in Germany used public resources originally intended to support 
technological innovation in traditional sectors, including machine tools and au-
tomobile supplies. The story of these entrants explains why even German firms 
in new sectors such as wind and solar have reproduced historical patterns of flex-
ible specialization, customization, and small-​batch production. Chapter 5 turns 
to the case of China. I argue that wind and solar firms—​often in outright defi-
ance of central government goals—​relied on local support for large-​scale manu-
facturing in the process of industrial upgrading. Contrary to the ambitions of 
policymakers seeking to build autonomous domestic industries, these capabil-
ities were brought to bear on product development in collaboration with global 
partners. Chapter 6 makes the case that in the United States, a growing divide 
between an advanced R&D infrastructure and a declining manufacturing sector 
encouraged wind and solar firms to pursue invention largely divorced from pro-
duction. Most firms lacked the production capabilities to commercialize and 
manufacture their innovation in-​house and relied instead on the complemen-
tary strengths of global partners. In the United States, large public investments 
in renewable energy research have yielded the smallest industrial footprint of the 
three cases examined here.

Chapter 7 returns to my comparative analysis and asks what can be gleaned 
from these cases for our broader understanding of the role of government in in-
dustrial policy in fragmented, global sectors. I present comparative data from 
the automobile and electronics industries to show that even in legacy sectors, 
distinct national patterns of industrial specialization have shifted the nexus 
of innovation to global collaboration. I conclude with a reminder that global 
collaboration—​and collaboration with China in particular—​will continue to be 
essential to addressing the climate problem, now and in the future. Voices across 
the political spectrum in Washington have begun to advocate for economic 
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decoupling from China. Beijing, too, has amplified calls for technological self-​
sufficiency. Few industries have more at stake in these battles than those produ-
cing the clean energy technologies urgently needed to reduce global greenhouse 
gas emissions. The division of labor I outline in this book is not fixed or inevi-
table, yet, in the short-​term, it is highly unlikely that governments will be able to 
alter the relationships underpinning global renewable energy industries without 
jeopardizing global climate goals.



2
Varieties of Innovation in Wind   

and Solar Industries

On October 23, 2009, in a speech celebrating the 150th anniversary of the 
Massachusetts Institute of Technology (MIT), United States President Barack 
Obama warned that the United States risked falling behind in the “global clean 
energy race.” “From China to India, from Japan to Germany,” he argued, “nations 
everywhere are racing to develop new ways to produce and use energy. The na-
tion that wins this competition will be the nation that leads the global economy.”1

A few days after Obama’s speech, the Financial Times and Wall Street Journal 
both ran articles about the disappointing US competitive position in global re-
newable energy sectors. Their articles relied in part on a policy report published 
by an Oakland-​based energy think tank, The Breakthrough Institute, which cau-
tioned that in clean energy industries, China was “poised to replicate many of the 
same successful strategies that Japanese and South Korean governments used to 
establish a technological lead in electronics and automobiles. Those governments 
supported nascent companies with low-​interest loans, industry-​wide R&D, gov-
ernment procurement, and subsidies for private purchase of advanced technol-
ogies.”2 President Obama and the Wall Street Journal rarely agreed on much, but 
they were in lockstep on the notion of a global clean energy race. They also drew 
surprising parallels between the era of rapid economic development in postwar 
East Asia and the current period of investments in wind and solar power.

Their statements exemplified a view of national competitiveness and tech-
nological innovation that was widely held in media and policy circles, both in 
the United States and internationally. This view sees the world’s large econo-
mies as engaged in a race to dominate clean energy sectors; in this paradigm, 
winning such a race would require large government investments to build do-
mestic industry. Nations would have to be proficient both in innovation and 
production to achieve and maintain their lead. These expectations were neither 
new nor unique to clean energy sectors. They built on the experiences of the 
postwar global economy, when large conglomerate firms, capable of inventing, 

	 1	 The White House 2009.
	 2	 Harvey 2009; Johnson 2009.
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commercializing, and producing goods, formed the engines of technological in-
novation and national competitiveness.

As I argued in the previous chapter, the reorganization of the international 
economy since the 1970s demands a new understanding of how technological 
innovation is organized across firms and a recasting of state-​business relations in 
the process of creating innovative industries. The growth of global clean energy 
industries, which I detail in this chapter, provides the empirical context for this 
argument. The chapter rules out two common explanations for the persistence 
of distinct national profiles in the global economy: that governments pursued 
different industrial policy goals, and that they did so using different industrial 
policy tools.

In the pages that follow I make two central points. First, I show that a common 
political logic led governments in China, Germany, and the United States to con-
verge on similar policy goals and industrial policy tools. Public investments in 
renewable energy began as state initiatives to support scientific discovery; the 
scientific rationale behind such early support for renewable energy technolo-
gies was not immediately connected to expectations of economic results. That 
changed when improvements in wind and solar technologies opened up new 
prospects of economic growth and industrial development. As policymakers dis-
covered the economic potential of renewable energy sectors, public investments 
in R&D and subsidies for the deployment of clean energy technologies became 
easier to justify politically—​these investments now promised local economic 
returns, particularly in the form of manufacturing jobs. Governments subse-
quently combined policies to support R&D with demand subsidies, often explic-
itly tied to local content regulations and other means to attract local industrial 
activity. The need to provide political justification for public investments in re-
newable energy sectors yielded similar growth and employment-​focused indus-
trial policies across the three countries, irrespective of the underlying political 
system.

Second, I chronicle the central outcome I explain in this book: the persistent 
and consequential divergence of national industrial specializations in spite of 
these policy similarities. Even as governments pursued comparable industrial 
policy goals, their efforts yielded distinct national profiles in global industries. In 
the early 2000s, just after China’s World Trade Organization (WTO) accession ac-
celerated changes in the organization of many global industries, firms in China, 
Germany, and the United States chose different technological specializations and 
competitive strategies for participation in emerging wind and solar industries. 
The ascent of global clean energy was not, in fact, a race: these national profiles in 
global renewable energy sectors proved, on the whole, to be complementary, as 
different types of firms entered wind and solar sectors in each location and pur-
sued distinct competitive strategies.
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Scholars of globalization and comparative capitalisms have long been con-
cerned with the ability of states to protect distinct political economies from the 
forces of liberalization in the international political economy. I show here that 
such concerns are overstated. The persistence of national industrial profiles 
challenges the notion that government policies alone are the protectors of na-
tional differences and shows that global economic pressures do not, in all cases, 
chip away at the ability to organize distinct domestic industrial practices and 
competitive strategies. This is especially true when we recognize that cross-​
national differences in wind and solar sectors endured even as governments 
hoped to converge on similar industrial profiles in global renewable energy 
industries.3

Renewable Energy Policies in the Postwar Decades

In making the case that renewable energy policy transitioned from a scientific to 
a growth and employment rationale, I distinguish between policies aimed at sci-
entific exploration and green industrial policies that explicitly targeted growth 
and structural economic change. I use the phrase “industrial policy” here to refer 
to state initiatives whose primary goal is to increase economic output through 
changes to the composition of domestic economic activity. Industrial policies 
use the strategic allocation of resources to accelerate economic growth and fa-
cilitate structural change in the economy.4 As such, they differ from science and 
technology policy that prioritizes scientific discovery without short-​term eco-
nomic objectives, as well as from energy policies that focus primarily on the do-
mestic energy mix and do not emphasize the creation of industries engaged in 
the development and production of new energy technologies.5

Before wind and solar technologies reached sufficient maturity for commer-
cial application, public investments in wind and solar technologies primarily 
pursued scientific discovery. If science and technology funding had an economic 
objective, it was simply to prevent broader market failures in R&D.6 In the United 

	 3	 Scholars of globalization have long been concerned with the ability of states to protect distinct 
political economies from the forces of liberalization in the international economy. They have dis-
agreed over whether such competitive pressures lead to the convergence of domestic political econ-
omies or yield varieties of economic liberalization. Yet the literature on comparative capitalisms 
nonetheless pits global economic forces against the ability of states to craft distinct pathways into 
highly globalized industries. See, for instance, Höpner and Krempel 2004; Hsueh, 2012; Streeck 2009; 
Streeck and Mertens 2010; Thelen 2014.
	 4	 Definitions of “industrial policy” have ranged from any policy governing industrial activity 
to specific forms of public–​private collaboration. See, for instance, Dobbin 1994, 1–​2; Schneider 
2015, 2.
	 5	 Aklin and Urpelainen, 2018; Ornston 2013.
	 6	 Government approaches to R&D in the postwar period embodied the common notion of 
a linear relationship between scientific advances and the broader economy. Basic research was 

 



Varieties of Innovation in Wind and Solar Industries  23

States, the main engine of scientific discovery in the postwar decades was the 
federal government, which spent more than any other nation on wind and solar 
energy research.7 Many of the technological advances underlying silicon-​based 
solar cells and thin-​film photovoltaic (PV) applications emerged from federally 
funded R&D institutes and enterprise laboratories starting in the 1950s. Publicly 
funded research conducted in American universities enabled the spread of solar 
technologies from their initial application in the space industry to the grid-​
connected solar PV models that are widely available today. In the wind industry, 
research consortia led by US corporations made early efforts to apply aerospace 
technologies to the design of large wind turbines. These costly investments were 
almost entirely funded through federal government programs.8

The first solar cell was developed in AT&T’s Bell Labs in 1954, the same year 
that scientists at RCA Laboratories in Princeton, New Jersey, and at the US Air 
Force Aerospace Research Laboratory in Dayton, Ohio, published evidence 
showing that semiconductor devices could convert light into electricity.9 By 
1955, solar cells had reached 8 percent conversion efficiency under laboratory 
conditions, prompting a flood of speculative media reports about possible fu-
ture uses of “limitless” solar energy.10 In reality, applications were few and far 
between. In 1956, Bell Lab scientists calculated that the number of solar cells 
needed to power a single-​family home would cost more than USD 1.4 million, 
preventing any use of solar energy in large-​scale electricity generation.11

The high cost of solar cells was less of a concern in the space sector, where solar 
PV technologies found an early application as a power supply for satellites. In 
1955, President Eisenhower announced plans to launch US satellites into space, 
only to be defeated at the finish line by the Soviet Union, which launched two 
Sputnik satellites in 1957. In a scramble to find a reliable and lightweight power 
source for the American satellite—​batteries were bulky, heavy, and capable of 
holding only limited amounts of electricity—​Bell Lab’s solar cells offered a prom-
ising solution. The first US satellite partially powered by solar cells, Vanguard 1, 
was launched into orbit in 1958 and outlasted the Soviet satellites by several years. 
Vanguard’s battery failed after twenty days, yet the solar cells provided power 
until 1964.12 Despite such early successes, the market for solar cells remained 

expected to spark applied research, lead to development and commercialization, and eventually give 
rise to mass production and industrial development. Leyden and Menter 2018, 228. Stokes 1997, 10.

	 7	 International Energy Agency (IEA) 2008, 31.
	 8	 On the contributions of European research, see Heymann 1998. The role of US conglomerates is 
discussed in Righter 1996, 149–​69.
	 9	 Loferski 1993, 67.
	 10	 Deudney and Flavin 1983, 89.
	 11	 Perlin 1999, 36.
	 12	 Bailey, Raffaelle, and Emery 2002, 400.
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limited to satellites and other small, highly specialized applications such as solar-​
powered radios and calculators.13

If the 1950s heralded the modest beginnings of the modern solar PV in-
dustry, they marked the end of an era in the wind sector. In 1956, Jacobs Electric 
Wind Company went out of business; and Wincharger, a second large American 
producer of wind turbines, all but ceased production.14 Jacobs had manufac-
tured some 30,000 2–​3 kilowatt (kW) wind turbines since its founding in 1927; 
Wincharger, founded in 1935, had sold more than 400,000 small and afford-
able wind generators that could charge batteries used for lighting and radios.15 
Both companies supplied agricultural communities before electrification, 
building on a century-​long history of small US firms producing wind turbines 
for rural America. Overall, six million small wind generators are estimated 
to have operated in the United States between the mid-​nineteenth and mid-​
twentieth century.16 Their market rapidly eroded when the Rural Electrification 
Administration started subsidizing the construction of electric grids in agricul-
tural communities in 1935; by 1956, nearly all American communities were elec-
trified, leaving only a niche market for wind energy.17

By the time of the first oil embargo in 1973, neither wind nor solar energy tech-
nologies had been established as viable options for large-​scale electricity genera-
tion. The two oil crises of the 1970s added international urgency to the search for 
alternative energy sources and prompted widespread strengthening of research 
efforts. In the United States, as in many other large economies, the government 
responded by swiftly expanding domestic research efforts (Table 2.1). Supported 
by bipartisan agreement on the need to diversify the US energy supply, federal 
investment in renewable energy R&D enjoyed a resurgence, peaking in 1980—​
two years after the second oil shock—​at USD 1.3 billion.18

In 1974, immediately following the first oil crisis, the federal govern-
ment established a Solar Energy Research Institute (SERI) within the Energy 
Research and the Development Administration (ERDA), the predecessor to 
the Department of Energy (DOE).19 The federal government also coordinated 

	 13	 Perlin 1999, 35–​40. The main solar firm at the time, Hoffman Electronics, which produced 
solar cells for the Vanguard satellite based on a license to Bell Lab’s original solar technology, had 
four competitors in the United States: Heliotek (which also supplied solar power devices for space 
applications and eventually merged with Hoffman when both were acquired by Textron in 1960), RCA, 
International Rectifier, and Texas Instruments. In contrast to Hoffman and Heliotek, RCA, International 
Rectifier, and Texas Instruments were large corporations that had diversified into the solar sector from 
the radio and semiconductor industries. All three left the sector by the end of the 1960s, discouraged by 
the limited commercial market for solar PV. See Colatat, Vidican, and Lester 2009.
	 14	 Righter 1996, 102.
	 15	 Righter 1996, chapter 4.
	 16	 Bereny 1977, 167.
	 17	 Wolman 2007.
	 18	 Martinot, Wiser, and Hamrin 2005, 3.
	 19	 Loferski 1993, 74; Strum and Strum 1983, 134–​47.
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a national wind power research program, which allocated USD 380 million for 
the development of commercial wind turbines between 1973 and 1988.20 As part 
of the program, conglomerates from aerospace, energy, and defense industries 
were paid to design turbine technologies that could reach generation capacities 
of up to 7 megawatts (MW), larger than any of the turbines in commercial use 
today.21 Ultimately, however, the programs failed to yield a single viable turbine 
design. The original conglomerates closed their wind turbine divisions over the 
course of the 1980s.22

In Germany, as in the United States, the upheaval in global energy markets 
spurred by the oil crises of the 1970s made securing access to reliable and do-
mestic sources of energy a central government concern. Germany’s scarcity of 
domestic energy resources, together with its reliance on natural gas from the 
Soviet Union, fueled a particular sense of vulnerability.23 The state responded 

Table 2.1  Select Industrial Policies for Wind and Solar Sectors

United States Germany China

Technology 
Push

1973–​1988 US Wind 
Research Program

1991–​2000 PVMaT 
R&D Program

Since 1990s NREL 
R&D Grants

2008 American 
Recovery & 
Reinvestment 
Act: Loans

Since 2009 ARPE-​E 
Program

Since 1954 Industrial 
Collaborative 
Research (ICR) 
funding

Since 1974 Federal 
Energy Research 
Programs, renewed 
six times

Since 1986 R&D 
funding for applied 
research through “863 
Program”

2008 “Indigenous 
Innovation” Initiative

2010 “New Energy” 
included under 
Strategic Emerging 
Industries

Market   
Pull

1978 Public Utility 
Regulatory Policies 
Act (PURPA)

1992 Production 
Tax Credits (since 
then renewed 
seven times)

Since 1997 Renewable 
Portfolio Standards 
(thirty states by 
2012)

1990 Electricity   
Feed-​In Law

1998 Renewable 
Energy Sources 
Act (EEG)

2004 EEG Renewed 
(+ 2009, 2012,   
and 2014)

2003 Wind Power 
Concession Program

2006 Renewable 
Energy Law

2007 Feed-​In 
Tariff: Wind

2009 Feed-​In 
Tariff: Solar

2009 Golden Roofs 
Initiative

2009 Golden Sun 
Program

	 20	 Righter 1996, 158.
	 21	 Gipe 1995, 77; Righter 1996, 158.
	 22	 Ackermann and Söder 2002.
	 23	 Bahnsen 2013.
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by ramping up R&D efforts, albeit at a smaller scale than the United States had 
undertaken (Figure 2.1).24 Starting in 1977, a series of Federal Energy Research 
Programs (Energieforschungsprogramme) supported R&D for specific energy 
technologies, including wind turbines and solar PV.25 Despite a focus on man-
ufacturability, these programs failed to yield wind and solar technologies that 
were ready for mass production. Solar panels produced by participating German 
firms continued to perform poorly, and many large firms exited the sector in 
spite of government research funding.26

As in the United States, German research funding in the wind industry prior-
itized the development of large-​scale wind turbines and suffered a similar fate. 
A 3 MW turbine prototype commissioned by the German federal government 
in 1977 took six years to develop, consuming more than two-​thirds of federal 
funding for wind energy research in the 1970s and 1980s.27 The turbine encoun-
tered a range of technical difficulties before being dismantled in 1987. All in all, 
the turbine operated for just 320 hours over the course of three years, making it 
one of the most prominent failures of German science and technology policy to 
this day.28 In spite of the research efforts spurred by the 1970s oil crises, commer-
cially viable renewable energy technologies remained elusive.
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Figure 2.1  Selected Countries’ R&D Budgets for Renewable Energy (in 
Million USD).
Source: IEA Energy Technology RD&D Statistics, 2020

	 24	 IEA 2020.
	 25	 Bundesministerium für Wirtschaft und Technologie 2011.
	 26	 Lang 2003.
	 27	 Ohlhorst 2009, 97.
	 28	 Ohlhorst 2009, 96.
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The postwar decades demonstrated that wind turbines and solar panels could be 
used to generate electricity, not just in remote locations, but also in connection to 
commercial electricity grids. High production cost and reliability issues, however, 
confined both industries to a niche existence, leaving them unable to gain traction 
among commercial players and increasingly cut off from government support.

The Making of Industrial Policies

During the 1980s and 1990s, R&D support for wind and solar technologies was 
paired with public funding for demonstration projects and deployment. Although 
production costs declined and some of the technical challenges of early wind 
turbines and solar panels found solutions, these newer offerings remained uncom-
petitive with conventional sources of energy. Beginning in the 1980s, governments 
employed regulatory measures and subsidies to offset some of the cost disadvantages, 
enabling the first commercial wind and solar installations as demonstration projects 
for technologies resulting from publicly funded research programs. The combina-
tion of ongoing public investments in the development of new technologies and sub-
sidies for their commercial application shifted the goals of government engagement 
from scientific discovery to economic growth and national competitiveness.29 By 
the mid-​2000s, China, Germany, and the United States had arrived at remarkably 
similar industrial policy portfolios to support the creation of new renewable energy 
technologies and their deployment in domestic markets (Table 2.1).

United States

The transition from R&D as scientific endeavor to R&D as strategic support for 
industrial development was perhaps the most complicated in the United States, 
where the federal government had traditionally avoided the impression of eco-
nomic intervention in favor of particular industries. More generally, plans to sup-
port domestic renewable energy industries consistently caused heated debates 
along partisan lines. Even with these challenges, however, policies that supported 
the creation of domestic markets gradually took shape, complementing federal 
investments in renewable energy R&D.

In the wake of the oil crises, the 1978 Public Utilities Regulatory Policy 
Act (PURPA) required electric utilities to purchase power from third-​party 
generators and to pay for such power at the rate of avoided cost. PURPA was un-
able to make renewable energy cost-​competitive unless state-​level policies accom-
panied it. Wide variation in implementation meant that in some states PURPA 

	 29	 Nemet 2009; Nemet 2019, chapters 4 and 6. A similar shift toward growth-​driven climate and 
environmental policy also occurred in international organizations. See Meckling and Allan, 2020.
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initially had no effect.30 When the first Gulf War shone a spotlight on alterna-
tive energy sources as a matter of national security, the Bush administration again 
raised R&D budgets. It also passed a production tax credit (PTC), the first federal 
attempt to close the cost gap between renewable and conventional sources of elec-
tricity through an incentive that rewarded the generation of wind power.31

Political conflict between Democrats and Republicans over renewable en-
ergy policy continued throughout the 1990s and 2000s, leading to volatility in 
both federal R&D funding and the availability of tax benefits.32 Between 1992 
and 2006 alone, the PTC for wind energy was renewed in five separate instances, 
often only for one or two years. On three separate occasions, the PTC expired be-
fore it could be renewed, leading to periods of up to nine months during which 
no federal support was available at all.33

The volatility of federal policy prompted state governments to step forward. 
States became a central force behind the creation of domestic renewable energy 
sectors and the prioritization of economic benefits in particular. Starting in the 
1990s, states began to require electricity retailers to source a percentage of elec-
tricity from renewable sources by enacting Renewable Portfolio Standards (RPS). 
The Massachusetts legislature passed the first RPS in 1997; by 2012, the number of 
states with RPS had grown to thirty.34 A second policy measure to encourage re-
newable energy demand, often used in conjunction with RPS, involved so-​called 
Public Benefit Funds (PBFs). By 2005, 23 states had passed legislation to establish 
PBFs for renewable energy, collecting some USD 300 million annually to provide 
low-​interest loans, equity investments, and funding for test centers, demonstra-
tion projects, and technical support.35 In addition, a number of states passed so-​
called net-​metering laws. These permitted commercial and individual owners of 
renewable energy installations to deduct any electricity supplied to the grid from 
their electric bills. By 2005, 38 states had passed such net-​metering laws, and an 
additional three states passed net-​metering legislation between 2005 and 2016.36

In contrast to earlier programs aimed at scientific discovery, these state-​level 
demand-​side programs prioritized industrial policy objectives that were not hard 

	 30	 Martinot, Wiser, and Hamrin 2005, 3–​4; Redlinger, Anderson, and Morthorst 1988, 182–​85. An 
early outlier was California, where PURPA, in combination with a production tax credit, led to lu-
crative long-​term contracts for wind power generation in the early 1980s. More than 15,000 turbines 
were installed between 1980 and 1986. The elimination of a host of additional tax incentives in 1986 
left PURPA as the only remaining support mechanism in California, and new installations came to a 
halt. See Harborne and Hendry 2009, 3583.
	 31	 Laird and Stefes 2009, 2625; Martinot, Wiser, and Hamrin 2005, 3–​4; Wiser, Bolinger, and 
Barbose 2007, 78.
	 32	 Laird and Stefes 2009, 2625.
	 33	 Karapin 2016, chapter 9; Wiser, Bolinger, and Barbose 2007, 79.
	 34	 Shrimali et al. 2012, 33.
	 35	 Bolinger et al. 2001, 84–​85; Martinot, Wiser, and Hamrin 2005, 10.
	 36	 Inskeep et al. 2016; Martinot, Wiser, and Hamrin 2005, 10; Menz 2005, 2404. These regulations 
were not uncontested, and utility companies in particular mobilized to revert support for renewable 
energy legislation that they saw threatening to their business model. See Stokes, 2020.
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to identify. To build the political coalitions necessary to pass renewable energy leg-
islation, many programs included local content regulations that directly aimed to 
attract economic activity. Particularly when regulatory measures were insufficient 
and public funds were required to stimulate the creation of demand, government 
programs often paired their renewable offerings with the promise of local jobs and 
economic activity.37 Measures included, for instance, preferential loans for renew-
able energy projects that required wind and solar equipment to be manufactured 
locally. Other states enacted RPS that required a percentage of renewable energy 
to be generated in-​state. In some cases, to meet RPS requirements, utilities had to 
use locally manufactured solar panels and wind turbines.38 A 2015 survey found at 
least forty-​four renewable energy programs in twenty-​three states that contained 
local content requirements, often in violation of international trade rules.39

Germany

In Germany, the transformation of renewable energy policy into industrial 
policy took place by accident. Lawmakers fundamentally underestimated the 
potential of their signature legislation, the 1990 Feed-​in Law, in the absence of 
existing renewable energy industries. Over time, economic justifications for re-
newable energy policy took center stage as domestic industries grew in response 
to Germany’s initial feed-​in tariff. Policymakers took seriously the growth po-
tential of the wind and solar sectors as export industries. The resulting program 
was more centralized than in the United States. The German federal government 
controlled all energy sector regulation, thereby avoiding the patchwork of state-​
level policies seen in the United States.

The 1990 Feed-​in Law extended long-​term subsidies to producers of renew-
able energy, combining previous technology-​push policies with an attempt to 
create markets for renewable energy technologies. It required utilities to connect 
renewable energy generators to the grid, and it mandated the purchase of their 
electricity at rates between 75 and 90 percent above average end-​user tariffs. The 
federal government estimated that the legislation would at most double renew-
able energy generation capacity on the grid.40 Between 1989 and 1995, installed 
wind generation capacity increased from 20 MW to 1100 MW, more than tripling 
overall renewable energy generation capacity on the German grid in defiance of 
original predictions.41 Yet precisely because the government initially depicted 

	 37	 Stokes and Warshaw 2017, 3.
	 38	 Mack et al. 2011, 11–​17.
	 39	 Meyer 2015, 1959–​60.
	 40	 Deutscher Bundestag 1990, 4.
	 41	 Advocate General Jacobs 2000; Lauber and Mez 2004, 602. Prior to the Feed-​In Law, Germany’s 
renewable energy generation capacity consisted of some 4,000 hydropower plants with a total gener-
ation capacity of 470 MW. Deutscher Bundestag 1990, 3.



30  Collaborative Advantage

the Feed-​in Law as a small and inconsequential change to electricity sector 
regulation, an unlikely alliance of environmental progressives and Christian 
conservatives seeking to support small hydropower plants in their home districts 
had convinced a majority of the Bundestag to support the legislation.42

The German utility sector, which had also missed the initial significance of 
the legislative changes, came to regard the Feed-​in Law as a threat to its business 
model. Forced to integrate a rapidly growing share of wind energy, utility compa-
nies launched a series of legal challenges in parliament and in the courts.43 These 
attempts to stop the creation of domestic renewable energy markets were de-
feated in the courts, and lobbying efforts also failed politically. After sixteen years 
of conservative government rule, the 1998 federal election awarded victory to a 
coalition of Social Democrats and the German Green Party, a long-​term cham-
pion of renewable energy. The new government set ambitious goals to increase 
the share of renewables on the German electric grid. Acknowledging the devel-
opment of domestic green energy sectors over the previous decade, government 
leaders now justified such goals in both environmental and economic terms.44

The coalition agreement between the two parties listed two key priorities: the 
creation of jobs through investment in sustainable growth and the “ecolog-
ical modernization” (ökologische Modernisierung) of the domestic economy to 
marry environmental and economic goals.45 In late 1999, the new government 
introduced a new demand-​side legislation for renewable energy markets.46 
Replacing the Feed-​in Law, the Renewable Energy Sources Act (Erneuerbare 
Energien Gesetz) determined specific rates for each energy source, rather than 
setting prices as a percentage of end-​user tariffs.47 The introduction of differen-
tiated demand-​side subsidies created rapidly growing market demand for solar 
PV technologies. Particularly after a 2004 amendment that further increased the 
rates for solar power, the German PV market expanded exponentially, turning 
Germany into the largest solar market in the world.48 Cumulative installations 
of solar panels grew from 370 MW in 2003 to 17,000 MW by 2010. Germany 
now accounted for nearly half the world’s total installed solar energy generation 
capacity.49

	 42	 Berchem 2006. Jacobsson and Lauber 2005; Laird and Stefes 2009. For a history of the German 
Green Party, see Mair 2001. On environmental politics in Germany more generally, see Hager 1995.
	 43	 Advocate General Jacobs 2000; Lauber and Mez 2004, 106–​8.
	 44	 Sozialdemokratische Partei Deutschlands and Bündnis 90/​Die Grünen, 17–​19.
	 45	 Sozialdemokratische Partei Deutschlands and Bündnis 90/​Die Grünen, 2.
	 46	 Bechberger 2000, 20–​26.
	 47	 For 2000, for instance, the legislation set a price of Euro 0.091/​kWh for wind power and 0.506/​
kWh for solar power. Bechberger, 46–​50; Dagger, 73–​76; Deutscher Bundestag 2000; Lauber and 
Mez, 610.
	 48	 Bruns et al., 208.
	 49	 Wind and solar data compiled by Earth Policy Institute 2020.
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China

The link between state support for renewable energy and economic growth object-
ives proved strongest in China, which identified wind and solar sectors from the be-
ginning as potential vehicles for industrialization and development. Encouraging 
the development of an indigenous wind industry, the Chinese government pursued 
a three-​pronged strategy: creating domestic markets, supporting R&D efforts by 
local enterprises and research institutes, and providing incentives for foreign firms 
to localize manufacturing and transfer technology to local partners. Throughout 
the 1990s, Chinese energy policy prioritized the establishment of a domestic wind 
industry over other emerging renewable energy technologies. Wind turbines had 
already been tested in large-​scale installations in California during the 1980s and 
remained far more affordable than solar power during this period.50 In 1994, the 
Ministry for Electric Power mandated the purchase of wind-​generated power from 
turbines installed on demonstration sites. Under the Ninth Five-​Year Plan (1996–​
2000), part of China’s policy practice of setting comprehensive economic goals in 
five-​year increments, government leaders added designated funds for wind turbine 
R&D to China’s 863 Program for applied research, introduced a 40 percent local 
content requirement for new wind power projects, and created a loan program for 
wind farm development through the State Development Planning Commission 
and the Ministry of Science and Technology (MOST).51 In the early 2000s, the cen-
trally funded 863 Program for applied research dispensed RMB 20 billion (roughly 
USD 3 billion) to research institutes and enterprises, including to startups such as 
Suntech and Goldwind, which would become some of China’s largest producers of 
wind turbines and solar PV technologies over time.52 Overall funding for the 863 
Program rose nearly fifty-​fold between 1991 and 2005.53

The creation of large-​scale markets for wind turbines subsequently improved 
China’s domestic capabilities. Starting in 2003, through the Wind Power 
Concession Program, the government provided subsidies for large-​scale wind 
turbine installations through a tender-​based bidding system. A clear sign of in-
dustrial policy ambitions, the government-​run program contained stringent 
domestic content regulations of up to 70 percent, as well as tax incentives to at-
tract foreign turbine manufacturers and their suppliers to China.54 More than 
3,350 MW of turbines—​many produced by foreign turbine manufactures in 

	 50	 China had extensive installations in hydropower, which had been used for rural electrification 
during the Mao years. In 1984, more than half of China’s counties had small-​scale hydro dams for 
local power generation. Technically, wind was China’s second renewable energy industry. China Yeh 
and Lewis 2004, 443.
	 51	 For a detailed timeline of wind power policy, see Lewis 2012, 68–​74; 2013. For an in-​depth anal-
ysis of China’s 863 program, see Zhi and Pearson, 2017.
	 52	 Campbell 2011, 3; Karplus 2007, 23–​24.
	 53	 Osnos 2009.
	 54	 Ru et al. 2012, 65; Wang Q. 2010, 705–​6.
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China—​were installed between 2003 and 2007. The Wind Power Concession 
Program rapidly transformed China into one of the largest wind markets in the 
world.55

In 2006, the central government declared “indigenous innovation” (zizhu 
chuangxin) a central goal of the Eleventh Five-​Year Plan (2006–​2010), after 
technology was primarily imported throughout the 1990s.56 In the renewable 
energy sector, indigenous innovation guidelines triggered the aggressive expan-
sion of renewable energy markets and strengthened support for domestic R&D 
activities. The central government passed China’s first renewable energy law, 
which provided a framework for introducing feed-​in laws similar to those in ef-
fect in Germany. The new law also set up the legislative basis for cost-​sharing 
mechanisms to retrieve the cost of renewable energy subsidies through rate-​
payer surcharges.57

In 2009, the central government eliminated individual feed-​in laws that had 
arisen in various provinces in the wake of the renewable energy law, and it in-
stead established China’s first national, unified feed-​in tariff for wind energy. 
China was now the world’s largest market for wind turbines, having doubled 
its cumulative wind power capacity from the previous year.58 At the same time, 
the first nationwide feed-​in tariff for solar energy created a small but growing 
domestic market for solar PV technologies, with additional subsidy programs 
available to support both residential customers and developers of utility-​scale 
solar PV installations.59 These subsidies for a domestic solar PV market went 
into effect after the global financial crisis had led many European governments 
to drastically reduce support for local solar installations—​a decision that had 
slowed global market development and caused overcapacity among China’s solar 
producers.60 After decades of wind turbines dominating the local renewable 
energy market, solar PV technologies were finally having their moment: cost 
reductions made these technologies more attractive for domestic use.61

By the mid-​2000s, China, Germany, and the United States had arrived at re-
markably similar industrial policy tools to support the creation of domestic 
renewable energy industries. In all three economies, governments combined 
support for renewable energy markets with public funding for R&D activities 
with the goal of creating domestic wind and solar sectors. As I lay out in the re-
mainder of this chapter, however, firms maintained divergent industrial profiles 

	 55	 Ru et al. 2012, 65.
	 56	 State Council 2006.
	 57	 Lewis 2013, 53.
	 58	 Data compiled by Earth Policy Institute, 2020.
	 59	 Campbell 2011, 8.
	 60	 For an overview of the effects of the global financial crisis on the solar PV industry, see Bartlett, 
Margolis, and Jennings 2009.
	 61	 Goodrich et al. 2013, figure 1.
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in global renewable energy sectors in spite of similar policy environments. The 
development and persistence of distinct national industrial profiles in wind and 
solar technologies is surprising, particularly if we consider the similarities in re-
newable energy industrial policy that these countries shared.

The Political Logic of Green Industrial Policy

By 2009, when President Obama invoked the notion of a clean energy race 
during his speech at MIT, renewable energy sectors had mushroomed into siz-
able industries. More than 159 gigawatts (GW) of wind power and 21 GW of 
solar PV had been installed—​equivalent to the generation capacity of roughly 
180 nuclear power plants. Such a feat was beyond imagination as recently as the 
late 1990s, when the high cost of wind turbines and solar panels limited their 
use to niche applications. Over the early 2000s, however, annual investment in 
renewable energy installations had steadily climbed, reaching USD 150 billion 
in 2009. Germany, China, and the United States constituted the world’s largest 
investors at the time. Public subsidies and regulatory incentives made much of 
this investment possible, helping offset some of the competitive disadvantages 
of new energy technologies.62 As governments eagerly eyed the growth trajec-
tory of renewable energy markets and the size of public investments, they began 
to shift their strategies. They were no longer content to be mere consumers of 
these resources, nor were they satisfied with attracting individual segments of 
global renewable energy supply chains. Instead, policymakers hoped to lead the 
way into a new future: by providing R&D funds and supporting market demand, 
firms would invest in technological innovation and ultimately co-​locate activ-
ities to commercialize and produce wind and solar technologies domestically.

The link between renewable energy policy and the promise of material benefits 
in the form of industrial development (and domestic manufacturing activities) 
followed a broader political logic. Among state initiatives promoting the reduc-
tion of greenhouse gas emissions, policies that pledged to support growth and 
employment attracted policymakers in part because they allowed for the crea-
tion of political coalitions organized around renewable energy by reaching be-
yond the usual suspects, or core groups of environmental advocates. Mobilizing 
this broader political support remained particularly important for policies that 
entailed large public expenditures. The formation of these coalitions also helped 
justify the additional financial burdens imposed on consumers of electricity, 
who were being asked to help offset the cost differential between traditional en-
ergy sources and higher-​priced wind and solar technologies. Simply put, green 

	 62	 REN21 2010, 13.
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industrial policies that achieved emissions reductions while simultaneously cre-
ating new sources of growth were easier to implement politically. They also pro-
vided an opportunity to create new interest groups in support of energy sector 
transformation.63 Public investments in the creation of industries that could in-
vent, manufacture, and possibly export wind and solar products also followed 
the goal of strategically positioning domestic economies in sectors with future 
growth potential.64

In his speech at MIT, President Obama gave voice to this ambitious outlook. 
He delivered his remarks against the backdrop of the global financial crisis of 
2009, which had prompted the US government to use stimulus spending to sup-
port domestic renewable energy firms in unprecedented ways. The American 
Recovery and Reinvestment Act (ARRA) included a specific tax credit for 
clean energy manufacturing, as well as loan guarantees for wind and solar 
manufacturers and training programs for workers in clean energy sectors.65 
Little about these programs could not be interpreted as targeted industrial 
policy: government resources were to be deployed with the explicit goal of 
accelerating growth and facilitating structural change in the economy through 
the support of select industrial sectors. These national green industrial policy 
initiatives implemented during the Obama administration followed on the heels 
of more widespread support for wind and solar industries at the state level. By 
the time Obama delivered his remarks at MIT, the majority of states had already 
implemented some form of renewable energy mandates, often directly tied to the 
promise of employment and growth.66

In Germany, the goal to utilize the clean energy transition as a path to broader 
industrial transformation became apparent in widespread comparisons to 
the German car industry. Automobiles had historically been developed and 
assembled by three domestic manufacturers—​BMW, Mercedes-​Benz, and 
Volkswagen. Up to three-​quarters of domestic vehicle production was des-
tined for export.67 In the mid-​2000s, policymakers argued that wind and solar 
PV technologies—​like cars before them—​could create domestic industries with 

	 63	 Breetz, Mildenberger, and Stokes 2018, 500; Meckling et al. 2015, 1170; Nahm 2017a, 711–​13.
	 64	 Additional considerations have led policymakers to consider manufacturing a sector of the 
economy worthy of political support. In addition to the role of manufacturing businesses in creating 
(unionized) employment and investing in R&D, policymakers and academics alike have questioned 
whether, in the long run, domestic strengths in innovation can be sustained without proximity to 
production capabilities. Particularly in the early stages of technology development, such views have 
assumed that geographical proximity between R&D and production activities helps commerciali-
zation and offers opportunities for learning that fuel further innovation. See, for instance, Ezell 
and Atkinson 2011a; Helper, Krueger, and Wial 2012; Pisano and Shih 2012; President’s Council of 
Advisors on Science and Technology 2012; Ramaswarmy et al. 2018; Sivaram et. al, 2020; Tassey 2010.
	 65	 Mundaca and Richter 2015, 1177.
	 66	 Stokes and Warshaw 2017, 1–​2.
	 67	 Ulrich 2017, 1.
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substantial export potential, justifying large public investments in domestic re-
newable energy markets. A 2005 cabinet decision on Germany’s sustainability 
strategy openly justified continued support for wind and solar sectors by ap-
pealing to the “tremendous export market that will permanently secure growth 
and employment.”68 In 2008, the Federal Ministry for the Environment predicted 
that green industries—​renewable energy but also recycling and energy efficiency 
technologies—​would surpass the German auto sector in their contribution to 
GDP by 2020. The notion of green industrial policy (ökologische Industriepolitik) 
became an established concept in Berlin policymaking circles.69

Industrial development objectives behind public support for wind and solar 
were perhaps most obvious in China, where renewable energy sectors were 
treated as potential export industries in the broader context of the nation’s ec-
onomic development strategy. In 2010, renewable energy sectors were included 
on a list of designated “Strategic Emerging Industries” (SEIs). The SEI initiative 
aimed to use a range of preferential policy treatments—​including low-​interest 
loans, tax breaks, and R&D support—​to forge the development of industrial 
sectors critical to future national competitiveness. The central government in 
Beijing encouraged firms to reduce dependence on international technology 
transfers and to fill remaining gaps in domestic supply chains, including in 
the production of advanced manufacturing equipment for renewable energy 
technologies.70 The Twelfth Five-​Year Plan for the solar PV industry called for 
80 percent of solar production equipment to be manufactured domestically by 
2015.71 Up until then, the domestic deployment of these technologies had been 
secondary, particularly in the solar industry, as the vast majority of solar produc-
tion was destined for export. The central government in Beijing hoped to use the 
window of opportunity provided by the emergence of new clean energy technol-
ogies to establish a strategic foothold in the industries of the future.

Innovation in Global Networks

Burgeoning global markets in China, Germany, and the United States—​created 
as a result of government policies outlined earlier—​provided incentives for firms 
to enter renewable energy sectors, leading the modern wind and solar sectors 
to emerge virtually simultaneously in all three economies. At the time, a recog-
nition of the links between innovation and national competitiveness—​and the 
related material benefits of growth and employment—​prompted governments 

	 68	 Bundesregierung 2005, 19.
	 69	 Bundesministerium für Umwelt 2008, 6.
	 70	 State Council 2010; US-​China Business Council 2013.
	 71	 Ministry of Industry and Information Technology 2012; National Energy Administration 2011.
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to advocate for the domestic establishment of virtually all economic activities 
related to wind and solar innovation. China, Germany, and the United States, 
the three largest investors in renewable energy in the early 2000s, were locked 
in a tight race for leadership in renewable energy. The image of the three na-
tions going head-​to-​head to attract and build domestic renewable industries 
dovetailed with a broader narrative, one that described nations in the global 
economy as locked into a zero-​sum competition for global market share and 
technological leadership. This latter view made a resurgence beginning in 2015 as 
the US–​China economic relationship deteriorated amid mercantilist sentiments 
and widespread calls for economic decoupling.72 The idea that national systems 
competed for leadership in innovative industries also pervaded business school 
literatures, which portrayed innovative firms as the result of unique conditions 
attributable to states. From this perspective, the pursuit of innovative firms, the 
ultimate source of national competitiveness, placed states in direct competition 
with one another.73

Historically, however, the development of global clean energy sectors does 
not conform to such views. Despite similar government goals and industrial 
policy tools—​firms in each geographical location established distinct industry 
structures and national patterns of industrial specialization. These national 
profiles in global renewable energy industries differed in the kinds of innovation 
and technological challenges they addressed, the type and size of firms that made 
up the majority of industrial activities, and the relationship between technolog-
ical innovation and manufacturing (Table 2.2). I distinguish in this book be-
tween these three types of R&D capabilities in the transition of new technologies 
from inception to market application. Underlying this categorization is a defini-
tion of innovation as consisting of both invention and deployment. Innovation 
encompasses both the development of new technologies and the subsequent 
changes and modifications required to bring such new developments to market. 
From this perspective, all three national specializations can be seen as constit-
uent elements of innovation, yet no single specialization can single-​handedly 
complete the innovation process without reliance on external capabilities.

I use the term “invention” to refer to the development of new technologies 
and the early stages between the laboratory and prototyping before commercial 

	 72	 Nahm, 2020.
	 73	 See, for instance, Porter 1990. Scholarship on innovation has shared the notion that nations 
remained capable of undertaking technological innovation fully within the domestic economy, even 
if they have differed in the types of innovation they were able to engage. Scholars of national innova-
tion systems, for instance, have long emphasized the influence of different constellations of domestic 
actors on the types of innovation that domestic firms can undertake. Institutional scholars, including 
in the tradition of research on the varieties of capitalism, instead proposed that domestic institutions 
lock economies into different types of innovation, sharply limiting the kinds of industries that can 
thrive in different institutional settings governing the domestic economy. Fagerberg and Sapprasert 
2011; Hall and Soskice 2001, 41; Vernon 1966.
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application. In fact, many inventions, including new types of printable solar 
cell technologies and novel wind turbine designs, never make it beyond the 
prototyping stage because they lack commercial application. “Customization” 
describes the R&D skills required for the development of production equipment 
and components that are not part of the process of invention, but instead con-
stitute necessary inputs into the commercialization of these novel technologies. 
Automated production equipment and early-​stage components for novel tech-
nologies share at least two common traits: they are generally not mass-​produced, 
and they require substantial customization and iterative adjustments. Examples 
of customization include automated production lines for new technologies or 
novel components that cannot be readily purchased as standardized equipment. 
“Innovative manufacturing” refers to the engineering skills required to scale and 
design these technologies for mass production, operating at the intersection of 
traditional R&D and manufacturing. Such innovation includes, for instance, the 
substitution of materials, redesign of particular components, and the reorganiza-
tion of internal product architecture.74

Literatures on technological innovation have treated this third set of capabil-
ities residing in the manufacturing process as primarily related to process inno-
vation, describing changes and improvements in the manufacturing process and 
the method of product delivery.75 Scholars of product innovation, in contrast, 

Table 2.2  Varieties of Innovation

Germany China United States

Type of 
Innovation

Customization Innovative Manufacturing Invention

Challenge 
addressed

Automation, 
production 
equipment, 
complex 
components

Commercialization, 
scale-​up of new 
technologies

Development of 
new technology

Firm Type Suppliers Manufacturers Start-​ups

Predominant 
Firm Size

< 2000 Employees > 2000 Employees < 500 Employees

Production 
Scale

Medium/​Low High Low/​None

	 74	 For a detailed discussion of innovative manufacturing and its relationship to broader theories of 
innovation, see Nahm and Steinfeld 2014.
	 75	 OECD 2005, para. 163.
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have focused on differences between radical and incremental innovation, the 
former introducing new concepts and technologies that depart significantly 
from past practice, and the latter improving gradually on existing designs.76 
More recent work has added the concept of architectural innovation, referring 
to changes in the overall architecture of a product that do not alter its underlying 
components.77 Yet the commercialization and production of new products in 
high-​technology industries often face challenges in the scale-​up to mass manu-
facturing. These challenges cannot be met through process innovation alone—​
they require changes to product design. When it comes to new technologies that 
lack standardized manufacturing processes, innovative manufacturing serves as 
an integral part of the innovation process.

Although China, Germany, and the United States each incorporated a mixture 
of firms with a range of industrial specializations, renewable energy sectors in 
each economy predominately focused on one of the three constituent elements of 
innovation noted previously. As Chapters 4–​6 discuss in detail, a number of large 
multinational firms operated in multiple locations, often entering wind and solar 
industries through acquisitions of smaller start-​ups as new energy technologies 
became promising fields of economic activity. Some manufacturers continued 
to exist in both Germany and the United States; China, too, was home to select 
firms focused on invention and customization. But the majority of industrial ac-
tivity in the United States, Germany, and China revolved around invention, cus-
tomization, and innovative manufacturing, respectively. Far from the notion of a 
clean energy race, firms in the three economies settled into complementary evo-
lutionary niches in global wind and solar industries, despite their governments’ 
similar industrial policy goals and broadly comparable policy tools.

In the United States, start-​up firms with capabilities in the invention of new 
technologies dominated wind and solar industries in the early 2000s. A number 
of multinational energy and defense firms had maintained wind and solar 
divisions in the 1970s and 1980s, but lack of market demand had prompted most 
to shut their renewable energy divisions.78 The majority of new firms entering US 
wind and solar sectors in the late 1990s and early 2000s were start-​ups seeking 
to lower the cost of renewable energy through the invention of new technolo-
gies. Many amounted to spin-​offs from universities and research institutes, often 
founded by university faculty or research affiliates seeking to commercialize 
technological breakthroughs. Patent counts reflect this focus on invention: US 
firms and research institutes account for approximately 25 percent of cumulative 
wind and solar energy patents until 2009, roughly twice the number of patents 

	 76	 Abernathy and Clark 1985; Abernathy and Utterback 1978.
	 77	 Henderson and Clark 1990. For an application of these concepts to the case of China, see Ernst 
and Naughton 2008.
	 78	 Colatat, Vidican, and Lester 2009; Heymann 1995, 349–​54.
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filed by China or the European Union.79 Clean energy patenting in the United 
States continually outpaced other large economies (Figure 2.2).

In the solar sector, many of the new US firms focused on the development of 
thin film technologies, which promised to lower prices by replacing silicon, an 
expensive raw material, with cheaper alternatives.80 Other firms experimented 
with new manufacturing processes and new types of solar technologies, in-
cluding cells that could be printed on paper and plastic.81 The Massachusetts-​
based company Evergreen had its beginnings in a radically new production 
technology developed at MIT that would allow wafers to be produced in one 
continuous piece, eliminating the silicon waste incurred in traditional pro-
duction methods that used a silicon block to saw off wafers.82 By 2009, out of 
100 solar companies operating in the United States, at least 73 were start-​ups.83 
Although fewer in number than in the solar sector, US wind start-​ups also sought 
to decrease the cost of wind energy with radically different designs. For example, 
Clipper Windpower proposed replacing a single turbine generator with several 
smaller generators to increase efficiency.84 Boulder Wind attempted to make 
obsolete gearboxes in turbine designs, and firms like Ogin borrowed principles 

	 79	 Bettencourt, Trancik, and Kaur 2013, 3.
	 80	 A particular concern among US scholars of China’s rise in renewable energy manufacturing 
has been the possibility of technology lock-​in. Declining prices for solar technologies as a result of 
China’s investments in manufacturing have made it increasingly difficult for new technologies to 
break into the market, even if they in principle offer better performance potential in the long run. See 
Hart, 2020.
	 81	 Morton 2006.
	 82	 Renewable Energy World 2000.
	 83	 Knight 2011, 176.
	 84	 Goudarzi and Zhu 2013, 199.
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from jet engines to develop alternatives to the traditional three-​blade design.85 
Others, such as a start-​up named Vortex, tried to eliminate blades altogether.86 If 
these companies thought about manufacturing at all, they did so to demonstrate 
the commercial feasibility of their designs through proof-​of-​concepts and proto-
typing. They did not focus on the production of mass manufacturing facilities 
dedicated to cost efficiency and scale (see Table 2.3).

In Germany, large numbers of small and medium-​sized suppliers from ex-
isting industrial sectors diversified into renewable energy sectors by zeroing in 
on customization, the development of complex componentry and production 
equipment. Interview data reveal that the absence of specialized suppliers in re-
newable energy industries had previously required wind and solar firms to re-
sort to improvisation, repurposing equipment and modifying components from 
other industrial sectors for application in wind turbines and solar PV modules.87 
Germany’s existing manufacturing firms possessed a rich fabric of capabilities 
applicable to the development of wind turbine components and production 
lines for the solar industry that could address these needs. German firms sub-
sequently responded to this opportunity by applying their niche capabilities to 
global renewable energy sectors. Firms entered from a variety of industries, in-
cluding machine building, automation and laser processing equipment, metal 
fabrication, and shipbuilding.

In one of my interviews, for example, I met the second-​generation head of a 
German machine tool manufacturer who wanted to diversify the business be-
yond the automobile sector. He explained that he was actively looking for an 
industry where the firm could use 70 percent of what it already knew and com-
plement it with 30 percent newly acquired skills to produce innovative technol-
ogies. Realizing that little automation equipment existed for the production and 
assembly of solar modules, where demand was rapidly growing, the tool manu-
facturing company entered the solar industry by building on its experience in 
the auto sector with new technologies in infrared and laser welding.88 The ma-
jority of renewable energy producers in Germany were much like this man. They 
represented firms from adjacent industrial sectors, and they were looking for 
new applications of the core skills and capabilities that they already possessed.

By 2011, VDMA, the German Engineering Federation, had listed more 
than 170 member firms active in the wind industry, only 10 of which were 
manufacturers of wind turbines. The vast majority of firms developed towers, 

	 85	 Boulder Wind Power 1999; Gertner 2013.
	 86	 McKenna 2015.
	 87	 Author interviews: CTO, German solar PV manufacturer, May 17, 2011; head of German oper-
ations, global equipment manufacturer, May 18, 2011; CEO, German equipment manufacturer, May 
10, 2011; CTO, German solar PV manufacturer, May 23, 2011; plant manager of German gearbox 
manufacturer, May 16, 2011; plant manager of German generator manufacturer, May 17, 2011.
	 88	 Berger 2013b, 135. Author interview, October 15, 2019.
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Table 2.3  R&D Activities, Select Wind and Solar Firms

Firm Background R&D Focus

USA

Innovalight 
(Solar)

Silicon Valley 
start-​up, 
founded 2003.

-​ R&D on silicon ink nanomaterial to increase cell 
efficiency, funded by DOE and NREL. Research 
with JA Solar (China), acquired by DuPont (2011).

MiaSolé
(Solar)

Silicon Valley 
start-​up, 
founded 2004.

-​ VC-​funded ($550 million) development of 
flexible thin-​film cell on stainless steel substrate. 
Experimental production line. Acquired by 
Hanergy, China (2012).

Ogin
(Wind)

Aerospace spin-​
off, founded 
2008.

-​ VC and ARPA-​E funding to develop jet-​engine-​
based high-​efficiency wind turbines. Some R&D 
and component development in China.

Makani
(Wind)

California-​based 
start-​up, 
founded 2006.

-​ Google-​backed R&D on kite-​based flying wind 
turbines to increase generation efficiency. Acquired 
by Google X in 2013 while still prototyping.

Germany

Schmid 
Group 
(Solar)

Family-​owned. 
Founded as 
foundry in 
1864.

-​ Background in circuit board printers, develops 
turnkey solar production lines (2001). R&D on 
selective emitter cell lines with Chinese partner 
(2009).

RENA
(Solar)

Private, founded 
in 1993.

-​ Applies R&D on semiconductor equipment to wet 
bench chemical processing equipment for solar. 
Currently work on passivated emitter and PERC 
cells.

Eickhoff
(Wind)

Founded 1864, 
equipment for 
mining sector.

-​ Uses in-​house foundry and background in 
gearboxes for mining to develop wind turbine 
gearboxes. Small-​batch production of ultra-​large, 
offshore gearboxes.

VEM 
Sachsenw.
(Wind)

Family-​owned 
machine 
builder, 
founded 1903.

-​ Background in generators, engines for streetcars. 
R&D on wind turbine generators beginning in 
1998. Small-​batch production of ultra-​large, off-​
shore generators.

China

JA Solar
(Solar)

PV producer, 
founded 2005.

-​ Founded by returning overseas Chinese scientists, 
focus on commercialization of high efficiency 
multi-​SI cells. First to apply silicon ink technology 
(with Innovalight)

CSUN
(Solar)

PV producer, 
founded 2004.

-​ Founded by returning overseas Chinese scientists, 
focus on commercialization of high efficiency 
mono-​ and poly-​SI cells. First to commercialize 
selective emitter cells.
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blades, mechanical components, hydraulics systems, and production equip-
ment for the wind industry.89 Similarly, in the PV sector, more than seventy 
firms offered production lines, automation equipment, coatings, and laser pro-
cessing machines. With roughly 41,000 employees in 2010, employment in solar 
PV equipment and component firms far surpassed the 12,000 jobs in Germany’s 
solar module manufacturers in the same year.90 Of the four vertically-​integrated 
solar manufacturers operating in Germany in 2011, only two remained in ex-
istence by 2014. Their combined annual production capacity amounted to less 
than a single Chinese PV manufacturing plant.91 The small number of domestic 
wind turbine and solar PV manufacturers made Germany’s renewable energy 
suppliers highly dependent on global markets. Export quotas of more than 
50 percent in the solar sector and up to 80 percent in the wind industry under-
score the tight integration of Germany’s wind and solar firms into global renew-
able energy supply chains.92

Chinese wind and solar firms, by contrast, focused on technical capabil-
ities in commercialization and scale-​up—​what I call skills in innovative 
manufacturing—​that neither US start-​ups nor German suppliers had established 
in-​house.93 The majority of wind turbine producers spun off from state-​owned 
or formerly state-​owned manufacturing firms. In the solar industry, firms were 
frequently founded by Chinese scientists educated in solar PV research labora-
tories abroad.94 When these firms entered wind and solar PV sectors in the late 
1990s and early 2000s, few manufacturers of wind turbines and solar panels were 

Firm Background R&D Focus

Goldwind
(Wind)

1998 Spin-​off 
from state-​
owned firm.

-​ � R&D on commercialization of gearless wind 
turbines to avoid maintenance associated with 
traditional gearbox designs. Collaboration with 
Vensys (Germany).

Mingyang
(Wind)

2006 spin-​off 
from electrical 
equipment 
firm.

-​ � R&D on commercialization of super compact drive 
turbines to lower maintenance cost, especially 
offshore. Collaboration with Aerodyn (Germany).

Source: Information compiled from company websites and public financial filings.

	 89	 Germany Trade & Invest 2010; Arbeitsgemeinschaft Windenergie-​Zulieferindustrie 2012.
	 90	 Germany Trade & Invest 2011b, c.
	 91	 Germany Trade & Invest 2011a, 2014.
	 92	 Fischedick and Bechberger 2009, 26.
	 93	 Nahm and Steinfeld, 2014.
	 94	 See Alexander 2013.
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producing at scale. While technology could be accessed in global networks, mass 
manufacturing knowledge was simply not available. According to Wu Gang, 
the founder of Goldwind, one of China’s first wind turbine firms: “Whole blades 
dropped off. The main shafts broke. It was really very dangerous.”95 Chinese 
firms subsequently concentrated their efforts on building R&D skills around the 
commercialization and rapid scale-​up of complex wind and solar technologies.

By 2012, China’s renewable energy firms accounted for over 60 percent of 
the global production of solar PV modules and nearly half of the world’s wind 
turbines (Figure 2.3).96 Seven of the ten largest solar manufacturers and four 
of the ten largest wind turbine producers in the world were Chinese firms.97 
The majority of these producers continued to license technology and source 
components and production equipment abroad.98 Site visits revealed designated 
engineering teams with advanced capacity to rapidly translate complex technol-
ogies into mass-​manufacturable products.99 Such tasks required improvements 
to process designs long associated with manufacturing innovation, but they 
also entailed changes to product designs—​to accommodate manufacturing 

	 95	 Osnos 2009.
	 96	 Earth Policy Institute 2020.
	 97	 Bebon 2013; IHS Solar 2013.
	 98	 Lewis 2013, 136–​37.
	 99	 Author interviews: Senior VP global supply chains, Chinese solar manufacturer, March 13, 
2011; CTO and director of R&D at Chinese solar manufacturer, August 26, 2011; head of China 
operations, European wind turbine engineering firm, January 13, 2011; CEO, European wind tur-
bine engineering firm, May 20, 2011; CTO, Chinese wind turbine manufacturer, August 29, 2011; 
CEO, Chinese solar cell manufacturer, August 10, 2011; president, Chinese wafer manufacturer, 
August 26, 2011. CEO, Chinese cell and module manufacturer, interviewed June 28, 2013. Nahm and 
Steinfeld 2014.
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requirements, to incorporate new materials and components, and to meet cost 
targets for final products.

The engineering teams devoted to innovative manufacturing frequently 
operated in a separate R&D division that looked solely at the challenges 
posed by scale-​up and mass production. At the wind turbine manufacturer 
Mingyang, for instance, out of 300 R&D staff in 2010, approximately one-​third 
of the engineers focused on developing new technologies, while two-​thirds 
worked on bringing existing technologies to mass production.100 Similarly, 
Trina Solar reported that out of 425 employees working in its R&D division in 
2012, just 79 focused on technology development; the remaining 346 engin-
eers devised solutions to the challenges of commercialization in a designated 
test facility with production lines solely dedicated to R&D.101 Even as the 
wage gap widened between urban workers in coastal and interior provinces, 
wind and solar firms maintained such knowledge-​intensive innovative manu-
facturing strategies in high-​wage coastal locations.102 For instance, Chinese 
solar PV manufacturers were among the first firms to employ fully automated 
production lines in response to such changes.103 Such feats, of course, would 
be hard to conceive without the makers of production equipment, predomi-
nately from Germany, who provided the basic machinery on which such in-
novative manufacturing capabilities could be applied.

Collaboration and Competition

While wind and solar sectors in China, Germany, and the United States devel-
oped rapidly and simultaneously throughout the early 2000s, the majority of 
firms in each location did not compete directly. Firms established distinct—​
and often complementary—​technological skills to carve out unique compet-
itive niches in global renewable energy sectors. In contrast to the notion of a 
clean energy race, these distinct national industrial specializations remained 
interdependent: none of the states examined in this book established all the 
technological capabilities required to invent, commercialize, and produce 
new energy technologies domestically. The capabilities required to bring new 
technologies from lab to market spanned the organizational boundaries of 
the firm, and the resources required to establish such capabilities cut across 

	 100	 China Ming Yang Wind Power Group Limited 2011, 54.
	 101	 Trina Solar 2012, 64–​65.
	 102	 Li et al. 2012, 62.
	 103	 Author interviews: CTO and director of R&D at Chinese solar manufacturer, August 26, 
2011; CEO, Chinese cell and module manufacturer, interviewed June 28, 2013. See also Nahm and 
Steinfeld 2014.
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national borders. Wind and solar industries were not nationally self-​sufficient 
in a particular type of innovation, nor did they distinguish themselves ac-
cording to each nation’s tier in the global economy. Rather, firms specialized 
in different activities that at one point might have all occurred under the roof 
of one enterprise, but now required collaboration across firms. In doing so, 
firms circumvented the traditional division of labor between industrialized 
and developing economies and transcended the national innovation systems 
expected to support them.

Before the reorganization of the global economy began in the 1980s, firms 
tended to have the capacity to translate between complex designs and manufac-
turing requirements within the four walls of their own company. In the postwar 
decades, this all-​in-​one-​approach had favored large enterprises as the primary 
drivers of economic growth and competitiveness. The core competitive advan-
tage of large enterprises had been precisely the ability to establish a broad range 
of engineering capabilities required for technological innovation and the com-
mercialization of new technologies. Such skills were either established within the 
four walls of the firm or, at the minimum, located in local clusters of third-​party 
suppliers that could provide such capabilities in close proximity. Moreover, large 
enterprises could make the capital, human, and financial investments required to 
establish this broad range of engineering capabilities in ways that smaller firms 
could not. By organizing manufacturing and R&D in close proximity to one an-
other, these firms coordinated and established critical linkages between inno-
vation and production capabilities in the early stages of product development, 
more efficiently transitioning new products from lab to mass production.104 
Only after products were reliable, manufacturing processes standardized, and 
price premiums from technological advantage depleted did production activi-
ties shift to developing economies—​countries with fewer technical capabilities, 
lower degrees of vertical integration, and less sophisticated market demand.105

In many cases, the relocation of manufacturing activity to developing econ-
omies through outsourcing and offshoring has removed the demand or need 
for such skills in advanced economies. It has created opportunities for manu-
facturing firms in developing economies to specialize in precisely the type of 
engineering capabilities that are required to prepare advanced products for 
mass manufacturing. Throughout the 1970s, US car manufacturers, competing 
with challengers from Japan and Germany, made more than 70 percent of their 

	 104	 Where scholars of East Asian economic development saw a need for the state to encourage the 
creation of such business in late-​developing economies, Chandler, in a study of the origins of large 
business in the United States, argued that the dominance of conglomerates in the US economy was a 
result of their competitive success. See Chandler 1977, chapters 3 and 9.
	 105	 Vernon 1966. For dynamic versions of product cycle theory, see Antràs 2003; Grossman and 
Helpman 1991; Krugman 1979.
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components in-​house, tightly integrating the development of new car models 
and the supply chains required to produce them. Reliance on external suppliers 
for the remaining parts was primarily an exercise in benchmarking internal pro-
duction costs and provided a means to respond to rapid fluctuations of demand 
that could not be met internally. Even as shifts in the global economy prompted 
outsourcing and offshoring, the lead firms in global auto supply chains firmly 
controlled the invention and commercialization of new technologies and the 
growing number of suppliers involved in producing them.106 In contrast to 
modern renewable energy sectors, national automobile industries remained 
firmly anchored in domestic political economies. They competed with firms 
from other countries that possessed a similar capacity to invent, commercialize, 
and produce new cars domestically.

Compare the integrated US auto sector of the 1970s to contemporary elec-
tronics firms such as Apple. Not only has Apple entrusted virtually all of its 
production to third-​party suppliers in Asia, but it also relies on these suppliers, 
most importantly Foxconn, to help prepare its novel product designs for mass 
production. While Apple stands out among its competitors for its ability to con-
duct product design activities in the United States, its ability to do so largely 
stems from its active involvement in the commercialization process in Asia. 
This involvement includes industrial design, the selection of components, 
changes to product design to meet manufacturing needs, and the ability to 
translate between the design and manufacturing process and a customer base 
in the United States.107 Like Apple, innovators in advanced economies not only 
rely on manufacturers for the production of their products but also, increas-
ingly, depend on their R&D capabilities to prepare product designs for mass 
production.

The idea of a clean energy race that I referenced at the beginning of this chapter 
is also based on such a template of technological innovation and national compet-
itiveness that Apple and others like it have revealed to be inaccurate. This template 
assumes the need for co-​location of activities related to the invention, commer-
cialization, and manufacturing for novel technologies. In contrast to the system of 
collaboration and specialization in wind and solar industries, governments often 
presumed that success in any particular sector required the full range of economic 
activities related to that particular sector to be located within national borders. 
The varieties of innovation that exist today in the wind and solar industries are 
therefore not novel in and of themselves, but relate to engineering skills that have 
long been required to invent new technologies and prepare them for commercial-
ization and deployment. What is new in the empirical cases that I describe is the 

	 106	 Sabel and Herrigel 2018, 235–​36.
	 107	 Pisano and Shih 2009, 119.
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fact that such skills are no longer all located in the same firm or region. What once 
occurred in a single enterprise or a domestic cluster of firms has now manifested 
in distinct national specializations in global industries that depend on one an-
other to develop new technologies.108

Conclusion

This chapter rules out two common explanations for the persistence of dis-
tinct national profiles in the global economy: that governments pursued dif-
ferent industrial policy goals, and that they did so using different policy tools. 
Instead, a common political logic led governments in China, Germany, and 
the United States to converge on similar policy goals and industrial tools: after 
policymakers discovered the economic potential of renewable energy sectors, 
they justified public investments in R&D and subsidies for renewable energy 
markets with the promise of economic growth and employment. This led 
governments to combine long-​standing policies to support R&D with subsi-
dies to create renewable energy markets, often explicitly tied to local content 
regulations and other means to attract local industrial activity and manufac-
turing jobs in particular. State efforts nonetheless yielded distinct national 
profiles in global industries. In the early 2000s, just after China’s WTO ac-
cession accelerated changes in the organization of the global economy, firms 
in China, Germany, and the United States chose different technological 
specializations and competitive strategies to enter emerging wind and solar 
industries.

Three broader implications follow from this phenomenon. First, as 
I have chronicled in this chapter, the national specializations in different 
types of R&D show that innovation no longer occurs entirely within national 
borders. Invention, customization, and innovative manufacturing, the three 
specializations highlighted in this book, constitute different elements of a 
single innovation process from lab to market that now spans national borders 
and the boundaries of the firm. Second, the complementarity of these national 
specializations in renewable energy industries belies the very notion of a clean 
energy race and the mercantilist approaches to green industrial policy that 
spring from such reasoning. Since firms in large part competed with other firms 
within the same economy but had competitive strategies that complemented 
those of firms in other countries, collaboration, not competition, lay at the heart 

	 108	 A growing literature on global innovation systems has examined the expanding spatial com-
plexity of technological innovation, including in renewable energy sectors. See, for instance, Binz 
and Truffer 2017, 1286; Markard and Truffer 2008; Wieczorek, Raven, and Berkhout 2015.
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of the development of global renewable energy sectors. Third and most impor-
tant, the phenomenon I describe in this chapter raises a central question to be 
examined in the chapters that follow: what mechanism explains the distinct na-
tional specializations of renewable energy industries in China, Germany, and the 
United States?



3
Collaborative Advantage and National 

Patterns of Innovation

In the last chapter I showed that governments in China, Germany, and the United 
States supported the development of renewable energy technologies—​and do-
mestic markets for their use and deployment—​not solely for environmental 
reasons, but also to encourage the growth of domestic industries. The economic 
motivations behind renewable energy policies were particularly pronounced in 
the three economies at the core of this book, by far the world’s largest investors 
in wind and solar energy in the early 2000s. Yet the aspiration to combine cli-
mate and economic objectives was not unique to the countries examined here. 
Governments from Brazil to Turkey made clean energy policies contingent on 
local industrial development, using local content regulations, tariffs, and gov-
ernment procurement programs to ensure that energy policies yielded local ec-
onomic results.1 Policies that pursued the dual objective of achieving emissions 
reductions while creating new sources of growth were easier to implement politi-
cally, and public expenses for such programs could be more readily justified.2 The 
prospect of growing export markets for renewable energy technologies—​part 
of the broader global shift away from fossil energy sources—​further prompted 
governments to prepare their domestic economies to seize the day, taking advan-
tage of potential opportunities.

Earlier I also dispelled the myth that a clean energy race emerged from 
such competing government goals. Despite a common political logic that led 
policymakers to pursue similar aspirations in their support for renewable energy 
technologies, firms entered wind and solar industries with different industrial 
specializations. In contrast to the competitive dynamic that pervaded polit-
ical rhetoric, firms in China, Germany, and the United States tackled different 
and ultimately complementary types of technical challenges as they sought to 
bring new energy technologies to market. Manufacturers of wind turbines and 
solar PV modules certainly competed with one another, as did suppliers for 
components and production equipment. But they also collaborated: within 
the global networks that enabled the commercialization of renewable energy 

	 1	 Kuntze and Moerenhout 2013, 30–​31; Lewis 2014, 14; Meyer 2015, 1957.
	 2	 Breetz, Mildenberger, and Stokes 2018, 500; Meckling et al. 2015, 1170; Nahm 2017a, 711–​13.
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technologies, no one national industry approximated the kind of self-​sufficiency 
that policymakers aspired to.

In this chapter I expand on the explanation for these outcomes. Why did 
Germany, China, and the United States arrive at distinct national profiles in 
global wind and solar industries? In accounting for the responses of firms to the 
policies of the state, I pay particular attention to firms’ choices about how to par-
ticipate in the global economy and their repurposing and adaptation of domestic 
institutions in that process. I describe two constituent elements of collaborative 
advantage that explain the persistence of distinct national industrial profiles in 
the global economy. First, because of new opportunities for collaboration, firms 
can participate in a global division of labor that allows them to specialize. Rather 
than having to maintain in-​house all the skills required to develop, commer-
cialize, and manufacture wind turbines and solar panels, specialization allows 
firms to focus on distinct and narrow sets of capabilities. Second, as a result of 
new possibilities for specialization, firms can repurpose existing institutions for 
application in new industries. Such institutional repurposing drives the persist-
ence of legacy institutions within the domestic economy and propels their itera-
tive reorientation toward new, global industrial sectors.

As a first step in this explanation, I examine two alternate conceptions of glob-
alization, contrasting those that primarily focus on the role of competition with 
those that emphasize the role of comparative advantage. I then offer my own 
view of globalization—​based on the concept of collaborative advantage—​and 
show why this explanation, centered on the role of collaboration, is particularly 
suitable to explain patterns of industrial development and institutional endur-
ance in emerging industries. I show how the impact of collaborative advantage 
was refracted through experimentation and repurposing of industrial legacies 
and divergent economic institutions in China, Germany, and the United States, 
leading to distinct national profiles in global renewable energy industries. The 
final section in the chapter sets the boundaries of the argument and outlines 
three structural conditions for collaborative advantage: the rise of global supply 
chains, nonhierarchical patterns of industrial organization, and opportunities 
for experimentation in response to state industrial policies.

Two Perspectives on Globalization

Over the past three decades, explaining the consequences of globalization has be-
come a central area of inquiry for scholars of political economy. Broadly defined 
as a process of greater international economic integration driven by technolog-
ical advances in transportation and the transmission of information, research in 
this field has examined the impact of increasing cross-​border trade in products, 
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international capital flows, and technological diffusion on matters of domestic 
politics ranging from development and economic policymaking to welfare 
policy and inequality.3 Perhaps not surprisingly, such scholarship on increasing 
economic interdependence—​irrespective of its substantive focus—​has offered 
vastly different perspectives on the fundamental nature of globalization itself.

One avenue of research has understood globalization primarily as a pro-
cess of reaping gains from international trade based on comparative advantage. 
Grounded in the notion that factor endowments shape nations’ relative opportu-
nity costs for specializing in the production of some goods over others, research 
in this tradition has focused on the circumstances that allow and prevent na-
tions from realizing the benefits of greater economic integration.4 In its most 
elemental approach, this view of globalization as the realization of comparative 
advantage assumes that nations trade in finished products, finding their niche 
in the global economy based on preexisting factor endowments. Relative factor 
intensities for final products determine the connections between national econ-
omies in the global economy. In this view, globalization is primarily an opportu-
nity to benefit from trade.

This view of the global economy has been challenged on its assumption 
that products continue to have clear national identities. Products now con-
tain multiple components and production stages—​each with different factor 
intensities—​that originate in multiple locations around the world.5 The final as-
sembly location of a product offers little analytical explanation of how globali-
zation connects different production locations, who is likely to benefit, or how 
exposure to the global economy shapes domestic interests.

Subsequent literatures on global value chains have offered a more nuanced 
perspective, examining globalization from the vantage point of global produc-
tion systems. In this view, globalization is primarily a process of progressive 
outsourcing, in which firms in advanced industrialized economies have shifted 
low-​value manufacturing and design activities to lower-​cost locations in devel-
oping economies.6 As the state features only peripherally in research on global 
value chains, globalization is primarily conceived of as a phenomenon struc-
tured and organized through the activities of firms, in particular by lead firms 
in advanced economies that control global chains hierarchically.7 This is not to 
say that states no longer matter: all global value chains connect at some point to 
the domestic contexts within which firms operate on the ground. The benefits 

	 3	 Baldwin 2016, 5–​6. Hall and Soskice 2001, 55. Kaplinsky 2013, chapter 6; Swank 2002, chapter 2; 
Zysman and Newman 2006, 5–​6.
	 4	 Samuelson 1938, 265.
	 5	 Frieden and Rogowski 1996, 36–​41.
	 6	 Gereffi 1994, 43.
	 7	 For a discussion of different modes of governance in global chains, see Gereffi 2018, 1–​39; 
Gereffi, Humphrey, and Sturgeon 2005, 83–​84.
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of globalization materialize within links among firms, and those firms that can 
respond flexibly to changing circumstances on the ground shape the structure 
of the international economic system. Nonetheless, the domestic environment 
holds secondary importance, even if globalization has important consequences 
for domestic growth and economic development.

A second view of globalization, one centered on increasing competition, 
has approached international economic integration from a domestic perspec-
tive. Without necessarily refuting potential gains from trade, research in this 
tradition has pinpointed the constraints imposed on states by the international 
economy.8 Globalization limits the resources available to national governments, 
for example, as taxes cannot be raised without affecting the competitive posi-
tion of domestic firms. These constraints, in turn, are likely to lower taxes on 
mobile capital, causing immobile labor to shoulder a higher fiscal burden over 
time.9 Capital mobility similarly shapes the possibilities for industrial policy, as 
investors become unwilling to fund domestic firms if returns are higher else-
where.10 An open international economy also places labor, environmental, and 
other regulations under scrutiny that might affect the competitive position of 
domestic firms.11

A central question emerging from this body of research is the degree to which 
competitive pressures from the global economy have led nations to liberalize 
previously distinct institutions and economic practices. Thirty years after these 
debates first took shape, it has become clear that globalization has not leveled 
variation across national political economies. States have neither fully converged 
in the institutions that govern their economies nor come together in the patterns 
of industrial capabilities possessed by domestic firms.12 Far from a race to the 
bottom, in some cases international trade itself has caused a diffusion of stricter 
labor and environmental standards to developing economies that previously 
lacked such regulations.13

A large body of literature has examined the degree to which domestic 
institutions have slowed the impact of this competition. Focusing on advanced 
industrialized economies, Hall and Soskice, among others, have suggested 
that mutually reinforcing institutional arrangements lent stability to distinct 
varieties of domestic capitalisms in spite of global pressures to liberalize.14 

	 8	 At the core, this perspective argues that technological changes that underpin globalization and 
the fragmentation of global production have undermined state attempts to bolster national competi-
tiveness by denationalizing comparative advantage. See Baldwin 2016, 222–​79.
	 9	 Rodrik 1998, 87.
	 10	 Berger 2000, 54–​55.
	 11	 Locke 2013, 10.
	 12	 See, for instance, Breznitz 2007, 3.
	 13	 Distelhorst and Locke 2018; Vogel 1995, 5–​8.
	 14	 Hall and Soskice 2001, 38–​44. For an empirical critique of this argument, see Taylor 2004.
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Complementary institutions preserved distinct political economies, each suit-
able for different types of production and innovation activities. In “coordinated 
market economies,” such as Germany, the institutions that govern labor markets, 
financing, and employee participation in corporate governance created an en-
vironment best suited to industries that are based on slow-​paced incremental 
innovation. In “liberal market economies” such as the United States, where do-
mestic institutions foster labor market flexibility, well-​developed equity markets, 
and short-​term profit expectations, firms based their strategies on radical inno-
vation. Where changes in the international economy have created pressures for 
reform, distinct national political economies have nonetheless persisted through 
a process of economic liberalization—​a result of sticky institutions that are dif-
ficult to change against the opposition from vested interests and self-​reinforcing 
complementarities of domestic economic arrangements.15

Yet even if responses to the pressures emanating from the international 
economy did not level differences among national political economies and 
the industrial capabilities of domestic firms, historical institutionalists none-
theless pit global economic forces against legacy institutions and the political 
coalitions that support them.16 In Europe, for instance, economic competition 
and the growing reach of global finance has in some places triggered reform. 
In other economies, such as Germany, competitive pressures have led to a new 
institutional dualism: an industrial core of legacy sectors invested in existing 
institutions that suit the nation’s competitive strategies, and a rapid shift of re-
maining economic activity into spheres with fewer institutional constraints, 
such as services.17 Globalization, from this perspective, forges long-​term and 
consequential changes in the politics and possibilities of organizing domestic 
economies within the international system.

Rethinking Globalization

These theories of globalization as either competition or comparative advantage 
offer little guidance for understanding the industries at the core of this book. 
Consider the case of two manufacturers of wind turbine generators, one from 
Germany and one from China. In the spring of 2011, in an industrial park in East 
Germany, I asked the plant manager of the German manufacturer about compe-
tition from China. In the decade before our first meeting, China had become the 
largest manufacturer of wind turbines in the world, and Chinese firms were now 

	 15	 Thelen 2014, 14.
	 16	 Höpner and Krempel 2004; Hsueh, 2012; Streeck 2009; Streeck and Mertens 2010.
	 17	 Thelen 2014, 24.
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producing nearly all the major components required to make a turbine domesti-
cally, including the generators that constituted a core technology of the German 
manufacturer. To my surprise, the German plant manager did not appear partic-
ularly troubled by China’s growing wind industry, even as his German firm could 
not compete with Chinese suppliers on price. The plant in Germany, he said, had 
always been too small to mass-​produce turbine components, and trying to do 
so would have proven too expensive. The firm had begun to specialize instead 
in prototyping and early-​stage production of novel generator technologies, in-
cluding for offshore wind turbines. It then licensed these technologies to China 
when customization—​the core skill of the German producer—​was no longer 
needed.

During our conversation, I learned that a Chinese generator firm had recently 
bought such a license when the demand for a particular model exceeded the pro-
duction capacity of the German plant. For all their experience in customization, 
the German team had long dismissed as unworkable the use of the most cost-​
effective cooling technology in the generator design they licensed to the Chinese 
supplier. As I confirmed in China during a conversation with the licensee a few 
months later, the Chinese firm subsequently changed the production architec-
ture of the original model to accommodate the cheaper fan as it scaled up the 
model for mass production. The changes prompted a group of German engin-
eers to travel to China, and, eventually, to pay for this proprietary information 
through reverse licensing. The German firm also began sourcing fans from 
China.18

The traditional views of globalization outlined earlier do not adequately 
capture the relationship between these two manufacturers, one in a mid-​
sized German city with a similarly mid-​sized production facility, the other in 
a sprawling Chinese metropolis with the capacity to manufacture more than 
1,000 generators annually. The two firms were certainly not locked into the kind 
of cutthroat competition that some have come to expect from China’s integra-
tion into the global economy. Both firms held distinct roles and expertise in a 
division of labor that allowed the German manufacturer to build on core skills 
in customization and investment in new, cutting-​edge generator technologies, 
while the Chinese firm concentrated on the design changes required to lower 
cost and bring products to mass production. During my conversation with the 
German plant manager, I came to understand that the firm possessed neither the 
ambition nor the access—​to financing, infrastructure, training institutions, and 
broader technological skills—​that would be needed to compete with the Chinese 
supplier on scale. Still, their business model required that someone bring their 

	 18	 Interviews: plant manager, German generator manufacturer, May 17, 2011; executive, Chinese 
generator manufacturer, August 26, 2011.
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products to mass production after demand exceeded capacity at the plant. 
Licensing enabled the continued focus on customization in Germany.

Yet the two firms were not locked into a licensing relationship invoked in 
descriptions of globalization as progressive outsourcing, either.19 The German 
firm did not have a monopoly on value-​added design activities, nor did it enjoy 
full control over the supply chain. Instead, knowledge traveled both ways, in-
cluding from China to Germany. The German firm sent engineers to China to 
observe the performance of their product under conditions of mass production. 
Their newly acquired knowledge helped these German engineers design new 
generator models. Simultaneously, the Chinese firm benefited from new tech-
nologies developed in Germany. The connection between the two suppliers was 
neither arm’s-​length nor unidirectional.

Collaborative Advantage

To explain this phenomenon, I propose a third view of globalization based on the 
understanding that international economic integration has opened new ways for 
firms to collaborate. I employ the concept collaborative advantage to capture the 
connection between changes in the global economy and the endurance of dis-
tinct national industrial specializations. “Collaborative advantage” is shorthand 
for two types of experimental action that enable firms to reap benefits from par-
ticipating in the global economy: because of new opportunities for collaboration, 
firms can engage in a division of labor that allows them to specialize; and firms 
can choose competitive strategies for participating in global networks that allow 
them to repurpose domestic institutions and public resources.

Economically, collaborative advantage describes the importance of speciali-
zation in the global economy. Thanks to advances in transportation, the digital 
transmission of information, and more general acceleration of human mobility, 
globalization has made it easier for firms to find partners in the development and 
commercialization of new technologies. The existence of other specialized firms 
has made it possible to access key skills and capacities necessary for the develop-
ment of new technologies through collaboration in global supply chains, whether 
such collaboration occurs through licensing, joint development agreements, or 
relationships with global suppliers. These new possibilities for collaboration in 
the global economy have relieved firms of the need to establish in-​house the full 
range of production and innovation skills required to invent and commercialize 
new technologies.

	 19	 Petersen and Welch 2002, 160–​61.
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Historically, national borders defined clear boundaries for industries and col-
laboration between firms. Over time, innovation in transportation technologies, 
including the invention of steam engines and modern railways, put new markets 
within reach; the products generated by such national systems of production in-
creasingly found global customers. A third wave of economic integration sub-
sequently moved many of the activities that now make up the global economy 
beyond the territorial reach of states. It dispersed individual stages of innovation 
and production beyond national borders, it began shifting know-​how to devel-
oping nations that had previously been confined to the periphery of the global 
economy, and it allowed firms in advanced and developing economies to focus 
on a set of core capabilities.20 These changes coincided with the emergence of 
global supply chain networks as central vehicles for international economic inte-
gration, binding individual firms and national economies to the global economy 
and sparking the collaboration that is central to this argument.21

The forces that prompted much concern about exposure to heightened 
competition also made accessible a far greater range of collaborators with di-
verse sets of skills and capabilities. As I detail in my empirical chapters, German 
makers of production equipment were able to rely on Chinese wind and solar 
manufacturers not just as potential customers but also as partners, with research 
and development teams devoted to mass manufacturing—​expertise that was 
not available to the German producers domestically. Chinese manufacturers, in 
turn, found themselves freed up to prioritize research and development related 
to commercialization of new technologies, in part because they could access 
such technologies through global networks, including American start-​ups and 
German suppliers of production equipment. In the United States, where start-​up 
firms excelled at creating new technologies but possessed few resources for—​
and little prior experience with—​commercialization and production, global 
networks offered novel opportunities to bring products to market through col-
laboration. Quite simply, the distinct and highly specialized competitive strate-
gies of the two generator suppliers proved viable because these firms had found a 
way to work together.

Politically, collaborative advantage opens up new options for participa-
tion in the global economy, including those that repurpose existing domestic 
institutions and public resources. Faced with multiple opportunities for partic-
ipating in innovation in global networks, specialization allows firms to build on 
existing industrial capabilities. Although such skills undergo significant trans-
formation and augmentation in their application to new industries, they shape 
how firms take advantage of new prospects in emerging industrial sectors. 

	 20	 For a summary of the evolution of globalization over time, see Baldwin 2016, 5–​10.
	 21	 Henderson et al. 2002, 445.
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Globalization allows firms to match existing strengths and competencies with 
competitive niches in global industries. It enables them to choose among dif-
ferent specializations that present trade-​offs between skills and resources that 
firms already have or need to establish. Even when governments intervene to 
encourage the development of particular skills and industrial sectors—​for in-
stance, by emphasizing the importance of manufacturing jobs in renewable en-
ergy sectors—​firms can pursue alternative trajectories for participation in ways 
that would be impossible if the full range of innovative abilities had to be estab-
lished within an individual firm or even within a single domestic economy.

In choosing a strategy to join the global supply chains that now make up 
the global economy, firms are able to pick sets of technical skills that are well-​
supported in the domestic economy. Specialization enables experimentation 
with familiar public resources at the domestic level, many of which were origi-
nally established for legacy, not emerging, sectors. Such institutions include the 
domestic financial sector, the labor market and vocational training institutions, 
and government programs to support research and development. While indus-
trial legacies and the presence of different types of institutions constrain what 
types of activities are supported in different economies, institutions are not 
determinative: globalization allows firms to repurpose elements of existing 
industrial legacies for new industrial contexts, presenting resources for exper-
imentation and adaptation that can support firms in taking advantage of new 
prospects without fully prescribing their path. Specialization creates opportuni-
ties for creativity and experimentation because it has opened up new possibilities 
for participation in new industries. By forging an opening for collaboration in 
global networks, globalization allows firms to sustain and adapt existing skills 
and domestic economic institutions as they seek competitive niches in emer-
ging sectors. As I showcase in the wind and solar sectors, existing domestic 
institutions retain their value precisely because they no longer have to support 
the full range of activities required to invent and commercialize new technolo-
gies within national borders.

Political economy literatures have commonly described institutions as the 
main agents of path dependence. According to such research, institutions often 
obstruct the realization of private sector interests and are threatened by the com-
petitive pressures of the global economy.22 The argument advanced in this book 
reverses this causal logic. Collaborative advantage allows firms to choose indus-
trial competencies that draw on existing economic institutions at the domestic 
level, because specialization enables firms to craft new paths for participation 
in global industries. Even when national industrial policies explicitly tried to 
establish far broader sets of domestic capabilities, collaborative advantage still 

	 22	 Pierson 1994, 2000; Steinfeld 2010; Streeck and Thelen 2005.
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enabled wind and solar firms to revive domestic industrial specializations. To 
put it simply, new options for specialization reinforce existing local institutions.

Such a global division of labor is also self-​reinforcing. The incremental devel-
opment of industrial specializations creates more demand for collaboration: as a 
result of rapid economic and technological change, even the most capable firms 
struggle to supply all the skills required to remain competitive in the develop-
ment of new technologies.23 Not everything can be accomplished internally. 
The presence of specialized firms focused entirely on mastering individual steps 
along the trajectory from lab to market makes it harder for others to compete as 
generalists, and it thus creates incentives for firms to specialize and focus on core 
skills. Where firms and nations once prided themselves on being self-​sufficient, 
or islands unto themselves, globalization has challenged that outlook. It has ham-
pered firms’ ability to maintain comprehensive competitiveness, but it has also 
offered an array of bold new opportunities to rely on external actors as needed.

Wu Gang, the founder of Goldwind, one of China’s largest wind turbine 
manufacturers, explained things this way: There “was little reason to start from 
zero. Technology could be licensed, but manufacturing was not as simple. Early 
attempts were a terrible failure. Whole blades dropped off and the main shafts 
broke. It was really very dangerous.”24 Like many renewable energy firms in 
China, Goldwind had little ambition to reproduce capabilities that could be 
accessed through collaboration, particularly not if such duplicate skills entailed 
head-​on competition with firms in the United States and Europe. So Goldwind 
chose to focus its R&D efforts on commercialization and scale-​up to mass pro-
duction. Such skills were scarce in global networks and dovetailed with existing 
public support for mass production in China.

Because collaborative advantage freed up options for industrial specializa-
tion, renewable energy firms in Germany stepped forward to build on existing 
strengths in customization and automation. For the same reason, Chinese firms 
broke into global supply chains with skills in commercialization that responded 
to China’s domestic manufacturing strength but also added new competencies 
in innovation to improve scale-​up and mass production. The concept of collab-
orative advantage reverses the logic that has portrayed distinct national political 
economies as fundamentally threatened by the competitive pressures resulting 
from the reorganization of the global economy over the past thirty years. By 
providing new opportunities for collaboration, globalization causes persis-
tent and consequential divergence of such institutions and national industrial 
specializations over time.

	 23	 Sabel and Herrigel 2018, 231–​32.
	 24	 Osnos 2009, 55.
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Persistent Divergence of Domestic Institutions

Analyzing domestic institutions to explain cross-​national differences is a 
common practice within research on comparative capitalisms. Here I build on 
a long history of social science research that has explained the slow pace of in-
stitutional change at least partly as a result of institutional interdependence. 
The institutions considered in this book build on those arrangements that in-
stitutional literatures have long held responsible for preserving distinct national 
capitalisms.25 My framework departs from such analyses by showing that these 
institutions continue to be relevant in new, highly globalized industries because 
they provide utility to firms, not because institutional complementarities lock 
them into place. In its focus on new and emerging industrial sectors, the con-
cept of collaborative advantage offers a different view of globalization’s impact 
on the distribution of firm capabilities across global supply chains, and its re-
lationship to distinct domestic political economies. The political manifestation 
of collaborative advantage is that firms are able to choose much more freely 
which domestic institutions to rely on and support. Scholarship on comparative 
capitalisms has often described labor market institutions, institutions for social 
protection, and state-​industrial relations as locked into reinforcing complemen-
tarities. I show, however, that even if firms choose to work with and repurpose re-
sources at the domestic level, the ability to engage in global collaboration allows 
them to engage with domestic institutions far more selectively than in the past.

While this argument shares with other literatures an emphasis on the impor-
tance of legacies—​the outcomes I describe cannot be fully explained through 
causes that are contemporaneous with that outcome—​I offer a different mech-
anism that links the antecedent and the current phenomenon.26 Firms from legacy 
industries and extant economic institutions find pathways into new sectors not 
because of path dependence resulting from slow-​to-​change institutions, but be-
cause globalization has lent existing institutions new utility in different industrial 
contexts. Collaborative advantage allows firms to maintain a set of skills that are 
in keeping with traditional industrial strengths of their countries of origin, but it 
is the collaboration between them that makes each individual specialization func-
tionally viable and economically successful. In applying themselves to new eco-
nomic sectors through specialization, firms can repurpose domestic resources, 
institutions, and networks familiar to them from past industrial activities.27

	 25	 For an overview, see Hall and Soskice 2001, 1–​68.
	 26	 For a comprehensive discussion of the use of legacy-​based explanations, see Wittenberg 2015, 
367–​70.
	 27	 This view differs both from neoliberal and institutionalist accounts and builds heavily on 
Herrigel’s notion that industrial change is essentially a firm-​driven, creative process of adapting to 
changing circumstances while experimenting with existing resources. See Herrigel, 2010.
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The impact of collaborative advantage on the competitive strategies of firms 
is shaped by economic institutions that differ across national economies: dif-
ferent sets of domestic institutions are of course not equally suitable for all types 
of industrial specializations. The presence of distinct sets of domestic institutions 
therefore offers both constraints and new opportunities for the types of produc-
tion activities that are supported domestically. But because they can specialize 
and collaborate, firms are no longer fully constrained by domestic institutions; 
they do not have to let those institutions define their strategies for entering new 
industries. Instead, collaborative advantage lends utility to domestic institutions 
in new industrial contexts and presents a set of resources that do not have to be 
used together, at the same time, or even for the purposes for which they were ini-
tially intended. Institutions structuring domestic labor markets, training and ed-
ucation, financing, and research and development might have originated as part 
of interlocking domestic arrangements where institutional complementarities 
reinforce one another, but now they can function instrumentally, used by firms 
to enter new industries without necessarily adhering to their original purpose.

As I showed in the previous chapter, modern renewable energy industries 
emerged virtually simultaneously in China, Germany, and the United States. By 
the end of the 2000s, governments in all three economies had converged on the 
goal of developing comprehensive wind and solar industries that could invent, 
commercialize, and manufacture strategic energy technologies domestically. 
They also employed similar policy tools to achieve these objectives. Benefiting 
from the presence of collaborative advantage in wind and solar industries, firms 
responded with narrow industrial specializations that built on existing skills by 
repurposing existing institutions within the domestic economy. In the United 
States, start-​ups maintained capabilities in the invention of new technologies 
but rarely developed skills in commercialization and mass production.28 In 
Germany, wind and solar firms clustered around the development of production 
equipment and customized components, offering what I call capabilities in cus-
tomization.29 In China, large wind and solar manufacturers prioritized the R&D 
required for commercializing and scaling-​up of novel technologies, which I refer 
to as innovative manufacturing in this book.30 Only in the context of institutions 
that existed before the rise of wind and solar industries can one understand the 
effect of industrial policies on the development of distinct renewable energy 
sectors in China, Germany, and the United States.31

	 28	 Knight 2011, 176.
	 29	 Arbeitsgemeinschaft Windenergie-​Zulieferindustrie 2012; Germany Trade & Invest 
2010, 2011b.
	 30	 See Nahm and Steinfeld 2014, 294–​98.
	 31	 On institutions and the political economy of energy transitions more broadly, see 
Hochstetler, 2020.
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The persistent and consequential divergence of national patterns of industrial 
specialization resulted from aggregate firm decisions to compete by augmenting 
existing industrial strengths, actively renewing and repurposing different legacy 
institutions and public resources in each country. In Chapters 4–​6, I showcase 
three types of institutions that became central to the R&D activities of firms 
but are not usually considered part of the state’s repertoire for industrial policy 
intervention regarding energy or innovation (see Table 3.1): the role of legacy 
institutions in supporting innovation and production outside renewable energy 
policy, the role of ownership patterns and financial systems in driving techno-
logical specialization, and the role of skills and training institutions in shaping 
firm practices in wind and solar sectors. The main takeaway is not that these 
institutions differed across the three economies examined here, but that they 
maintained relevance as firms learned to repurpose them for application in novel 
industries, the result of new opportunities to specialize.

First, the case chapters highlight the role of legacy institutions in supporting 
innovation and production outside the realm of renewable energy policy. These 
institutions, founded to bolster domestic firms in the existing industrial core, 
included government programs to promote inter-​firm collaboration, public test 
centers for private sector research, legislation to help firms access technologies 
developed in research institutes (through licensing and other legal arrangements 
for technology commercialization), and subsidies for manufacturing. 
Collectively, such legacy institutions offered an impressive array of resources for 
different firm strategies, including innovation centered on manufacturing activi-
ties and more traditional R&D in laboratory settings.

Firms in all three economies used legacy institutions to support their R&D 
activities, but they applied them in new industrial sectors and reoriented them to 

Table 3.1  Institutional Resources for Specialization

Germany China United States

Innovation, 
Production

Collaborative research 
institutions for small 
and medium-​sized 
enterprises

Institutions for mass 
production

Technology transfer 
from university to 
private sector

Financial 
institutions

House banks & credit 
unions, small loans, 
patient capital

Development 
banks, large 
manufacturing 
loans

Venture capital, 
early-​stage 
funding

Skills, training, 
employment

Vocational training for 
production workers, 
long job tenures

Manufacturing 
engineering 
schools, migrant 
labor

University training, 
short job tenures
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operate beyond the parameters of whatever problem they had initially intended 
to address. In an environment of collaborative advantage, China’s institutions for 
mass manufacturing became the basis for R&D initiatives to support commer-
cialization and cost reduction—​they did not constrain or limit domestic firms to 
more traditional low-​value manufacturing activities. In Germany, institutions to 
support R&D in small and medium-​sized family businesses fueled far-​reaching 
transformations of products and competitive strategies as they entered the wind 
and solar sectors. US government support for technology spin-​offs from uni-
versities and research institutes, originally set up to support domestic com-
mercialization and the production of federally funded technologies, spurred 
a proliferation of start-​ups that increasingly looked to global partners to bring 
their technologies to market.

Second, the empirical chapters underline the role of ownership patterns and 
financial systems in driving patterns of technological specialization. Financial 
systems differ in their expectations about rates of return, the time frame within 
which investments must generate a profit, and the willingness to invest in novel 
technologies and practices. Ownership patterns reinforce such differences, 
as family-​owned firms, for instance, tend to have longer planning horizons 
than publicly traded firms with short-​term shareholder responsibilities. 
Financial institutions set clear limits on what types of activities can be funded 
domestically.

In renewable energy sectors, large-​scale manufacturing investments and long-​
term research and development programs lay beyond the scope of US venture 
capital funds and clashed with the financial incentives of publicly listed compa-
nies. Federal research funding became a central revenue source, instead, for firms 
trying to commercialize early-​stage technologies. In Germany, family-​owned 
businesses with access to capital from local house banks found ways to revive 
traditional strengths in automation: such endeavors entailed long development 
horizons and uncertain future payoffs that local banks were nonetheless willing 
to fund. Firms in Germany used the financial institutions of the preglobalization 
economy to fund their entry into postglobalization renewable energy sectors. 
In China, manufacturing firms repurposed large loans from state-​owned banks 
for the expansion of manufacturing capacity to set up research and development 
facilities dedicated to the rapid scale-​up and mass production of new energy 
technologies.

Finally, the empirical chapters to follow examine the role of skills and training 
institutions in shaping firm practices in wind and solar sectors. The develop-
ment of new technologies, together with the type of technological problems that 
industries chose to tackle, related directly to the types of proficiencies supplied 
by education systems and on-​the-​job training. While some training was organ-
ized internally, firms relied extensively on external institutions to meet training 
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needs.32 The original intent behind the creation of such training institutions, 
however, offered only limited information about what kinds of industrial spe-
cialization could be supported in an environment of collaborative advantage. 
For example, since manufacturing was not simply the execution of product de-
sign but also a site of critical research and development, vocational training for 
manufacturing assumed a new and weightier significance in a global system of 
cooperation.

The analysis of such domestic institutions to explain cross-​national differences 
is not unique to my work, of course. I am fortunate to build on a long history 
of social science research that has, at least partially, explained the slow pace of 
institutional change as a result of institutional interdependence. In particular, 
the comparative capitalism literature has described labor market institutions, 
institutions for social protection, and state-​industrial relations as locked into 
reinforcing complementarities. But by attending to new and emerging indus-
trial sectors, my theory offers a different view of globalization’s impact—​one 
that pays special attention to the distribution of firm capabilities across global 
supply chains, as well as to the relationship between firms and legacy institutions 
unfolding across distinct domestic political economies. While the institutions 
considered in this book build on those older arrangements that have long been 
viewed as responsible for the preservation of distinct national capitalisms, 
my framework departs from traditional analyses by showing how these 
institutions continue to find relevance in new industries, precisely because glob-
alization has allowed firms to repurpose them in support of narrow industrial 
specializations.33 Thanks to new opportunities for specialization in global supply 
chains, firms learned to choose for themselves which domestic institutions to 
rely on and support. Even if they opted to repurpose resources that were once 
part of a larger domestic whole, this ability to collaborate globally allowed firms 
to engage with domestic institutions far more selectively than in the past. Simply 
put, firms could now pick and choose.

Structural Conditions for Collaborative Advantage

If we think about globalization as primarily a collaborative phenomenon, we 
begin to see in a new way how firms respond to domestic industrial legacies and 
institutions, and we also begin to rethink or challenge existing views about the 
relationship between advanced industrial and developing economies. Consider 
the difference between the development of new technologies under conditions of 

	 32	 Berger 2000, 182.
	 33	 For an overview, see Hall and Soskice 2001, 1–​68.
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collaborative advantage and the vertically integrated company of the Fordist era, 
when even the rubber plantations for auto tires formed part of the same firm.34 
Creating new technologies requires invention and imagination, of course, but it 
has also always required improving product designs and production processes 
along the entire trajectory from lab to market, including in commercialization 
and manufacturing. The fragmentation of global production, the concomitant 
rise of global chains, and new opportunities for cooperation have distributed 
such capabilities across numerous firms in different economies. These firms are 
not necessarily located near one another, nor do local strengths in a particular 
activity necessarily draw related industrial activities into the local economy.

As firms in China and other middle-​income economies have attracted mass 
manufacturing, firms in advanced economies have in many cases lost the in-
frastructure on which skills related to commercialization can be established.35 
When different types of innovation are geographically and organizationally 
separated, R&D staff dedicated to inventing new technologies often lack the ex-
perience to anticipate what the production process will need. These teams rely 
instead on engineering capabilities residing in the manufacturer or supplier. 
What such firms have in common, however, is their increasing specialization in 
narrow sets of activities: they exhibit capabilities in different varieties of innova-
tion on the trajectory from lab to market.

Three factors distinguish an environment of collaborative advantage from 
the conventional characterization of innovation and manufacturing activities 
as sequential in timing, distinct, and hierarchical in skill requirements.36 First, 
under conditions of collaborative advantage, innovation and manufacturing 
activities are not sequentially organized. In contrast to product innovation in 
modular production networks, for instance, in which products are handed off 
to manufacturers only once they are fully standardized, collaborative innovation 
requires sustained interaction between different firms specializing in different 
steps of the innovation process.37 As my empirical chapters outline in detail, 
even licensing agreements, typically conceived as transactional interactions be-
tween innovative firms in advanced economies and manufacturers in developing 
economies, often require in-​depth interactions between engineers working in 
quite different fields.

	 34	 Galey 1979, 262.
	 35	 Pisano and Shih, in a variation on this argument, propose that the decline of manufacturing 
in the United States prevents firms from realizing their innovative potential in areas where manu-
facturing skills are essential to product innovation. Restoring competitiveness for US firms, in their 
view, requires a revitalization of the American manufacturing sector. Pisano and Shih 2012.
	 36	 This view has been particularly prominent in discussions of industrial upgrading, which de-
scribe a stepwise of progression of late developing economies into ever more complex activities 
through the strategic imitation of advanced industrial economies. Amsden 2001; Johnson 1982; Kim 
1997; Wade 1990.
	 37	 Sturgeon 2002; Whittaker et al. 2020, 21–​88.
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Second, when complex products and firm-​level specialization in different 
types of production and R&D activities require collaboration to bring a product 
to market, innovation and production activities no longer remain separate. 
Innovative ideas travel in multiple directions, from manufacturers to firms 
that invent new technologies, and from firms in middle-​income economies to 
firms in advanced industrialized economies.38 Within global networks, different 
specializations are interdependent to succeed economically, but these networks 
also require that teams learn from one another to remain viable in the long term.

Third, under conditions of collaborative advantage, no single link in the chain 
of production can be identified as the lead position. Consequently, economies 
and the firms within them cannot be easily grouped into global technological 
leaders versus those attempting to catch up. Fundamentally, a theory of collabo-
rative advantage calls into question the notion that industrial activities are struc-
tured along a single hierarchy of complexity and value from manufacturing to 
advanced innovation. While firms in advanced economies are still more likely 
to possess expertise in basic research and early-​stage R&D, the importance of 
innovation in manufacturing challenges those who would portray production 
merely as the execution of product design. Thanks to the dependence of highly 
specialized firms on external partners with complementary skills, engineering 
capabilities can no longer be organized or ranked hierarchically.39

Three structural conditions enable collaborative advantage, including in the 
renewable energy sectors at the core of this book (Table 3.2). In addition to the 
presence of potential partners for collaboration in global supply chains, firms’ 
ability to benefit from collaborative advantage relies on a form of industrial orga-
nization based on flat hierarchies and a lack of incumbent firms, as well flexible 
government policies that tolerate these firms’ divergence from industrial policy 
goals. The following paragraphs examine these conditions in detail.

At the most fundamental level, collaborative advantage was made possible by 
changes in the organization of the global economy that predated the emergence 
of wind and solar industries. The decline of vertical integration, the fragmenta-
tion of production, and the rise of firms organized in global supply chains created 
partners for collaboration. In the postwar decades, the core competitive advantage 
of vertically integrated firms in advanced economies consisted in the ability to es-
tablish the full range of engineering capabilities required for technological inno-
vation within the four walls of the firm, thereby making collaboration redundant. 
Large enterprises made the capital, human, and financial investments required to 
establish this broad range of engineering capabilities in ways that smaller firms 

	 38	 Helveston and Nahm 2019, 295; Nahm and Steinfeld 2014, 289; Sabel and Herrigel 2018, 
231–​33.
	 39	 Binz and Truffer 2017, 1286.



66  Collaborative Advantage

could not. By housing manufacturing and R&D capabilities under one roof, such 
enterprises coordinated and established critical linkages between innovation and 
production capabilities in the early stages of product development, effectively 
transitioning new products from lab to mass production.40 Only after products 
proved reliable, manufacturing processes achieved standardization, and price 
premiums from technological advantage were depleted, did production activi-
ties shift to developing economies—​those with fewer technical capabilities, lower 
degrees of vertical integration, and less sophisticated market demand.41

When President Obama announced in 2009 that the world’s nations were 
in a race for the biggest share of the clean energy economy, these traditional 
arrangements were under significant pressure—​and had been so for some time. 
Beginning in the 1990s, the rise of the internet suddenly allowed complex de-
sign blueprints to be electronically transmitted to faraway production locations, 
permitting firms to break the connection that had long required R&D and 
manufacturing to occur in close proximity during the early stages of product 
development. In subsequent years, new digital technologies made it increas-
ingly possible to standardize interfaces between different components. This 
improvement allowed firms to introduce modular product architectures where 
manufacturing was no longer the only outsourced activity: now the design and 

Table 3.2  Structural Conditions for Collaborative Advantage

Structural Condition Opportunities for Firms Impact on Renewable Energy 
Sectors

Global supply chains New partners for 
collaboration

Ability to specialize

Near simultaneous development 
of wind and solar industry 
in China, Germany, and the 
United States

Nonhierarchical 
industrial organization

Lack of incumbents and 
legacy production 
structures

Ability to readily enter 
global networks

Low/​no tariffs, open economy
Globalization did not prompt 

structural adjustment

Flexible government 
policies

Ability to diverge from 
official goals

Use of existing institutions 
and skills

Distinct national profiles

	 40	 Where scholars of East Asian economic development saw a need for the state to encourage the 
creation of such business in late-​developing economies, Chandler, in a study on the origins of large 
business in the United States, argued that the dominance of conglomerates in the US economy was a 
result of their competitive success. See Chandler 1977, chapters 3 and 9.
	 41	 Antràs 2003; Grossman and Helpman 1991; Krugman 1979; Vernon 1966.
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fabrication of entire components could be entrusted to third-​party suppliers 
without concerns about how these parts would eventually fit together.42

These new options for the organization of production and innovation challenged 
the primacy of large firms and opened new avenues for collaboration.43 At a time 
when the capital investments required for the construction of new manufacturing 
facilities increased rapidly, firms in advanced economies began to concentrate on 
research and development; and many moved production activities abroad. They 
spread their investment risk to suppliers and third-​party manufacturers located 
in developing countries with low production costs.44 As new digital technologies 
encouraged firms in advanced economies to reorganize their production strategies, 
financial markets rewarded such restructuring.45 For firms in developing econo-
mies, meanwhile, global supply chains lowered barriers to entry, permitting them to 
enter these supply chains for high-​technology products through the manufacture of 
foreign product designs, or through hosting foreign-​invested manufacturing facili-
ties. By the time renewable energy sectors began mass manufacturing wind turbines 
and solar panels in the late 1990s and early 2000s, the global system of production 
had shifted to global networks of firms, creating opportunities for collaboration that 
had not existed previously.

Collaborative advantage also required a form of industrial organization that 
allowed firms to freely enter such global networks. Literatures on global value 
chains have examined how technological complexity and the replaceability of 
suppliers shape hierarchy in global networks.46 I argue, however, that the degree 
to which industries benefited from collaborative advantage depended on their 
existing footprint and the role of incumbent firms. Research on economic glob-
alization has paid much attention to the role of competition and hierarchy in 
structuring the international economic order in legacy industries. Incumbent 
firms in such sectors often responded to economic globalization by defending 
existing production arrangements against global competition, raising barriers 
to entry for new competitors, and using their economic and political clout to 
govern global supply chains in their own best interest.47 Lead firms subsequently 
controlled supply chains, becoming powerful organizations that orchestrated the 

	 42	 Although the possibility of separating manufacturing and innovation (through offshoring and 
outsourcing) and the option to develop modular production architectures are separate developments, 
they are mutually influencing and driven by the same underlying technological developments. See 
Camuffo 2004; Langlois 2002.
	 43	 This paragraph draws heavily on Berger 2005a, chapter 4.
	 44	 Berger 2005b, 73; Ezell and Atkinson 2011b, 22.
	 45	 Davis 2009, chapters 1–​4.
	 46	 Scholars of global value chains have identified multiple governance forms with varying degrees 
of hierarchy and control by lead firms. See Gereffi, Humphrey, and Sturgeon 2005, 86–​87.
	 47	 Opportunities for collaboration are in general greater in sectors where incumbents are not orga-
nizing to resist the emergence of global chains. For a discussion of political strategies employed by 
firms confronting economic change, see Uriu 1996, 12–​15.
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complex task of coordinating activities among a growing number of firms across 
national boundaries. The presence of brick-​and-​mortar manufacturing plants, 
R&D facilities, and existing supplier relationships of lead firms thus determined 
when and how new firms were allowed to enter. Investments in existing produc-
tion arrangements structured whether and how firms were able to exploit the 
benefits of collaboration.

Collaboration was more readily accessible for firms in new industrial sectors. 
Wind and solar sectors, like other emerging industries, did not respond to the 
forces of globalization through economic restructuring and adjustment. From 
the beginning, renewable energy sectors developed within a new global eco-
nomic order: they lacked incumbent firms and production arrangements that 
predated economic globalization. Wind and solar industries, in particular, 
emerged beyond the influence that incumbent firms with existing assets held 
over the global division of labor in legacy sectors. Firms could insert themselves 
into global networks as collaboration lowered barriers to entry and invited the 
development of narrow, specialized skills. Collaborative advantage is not limited 
to emerging industrial sectors, of course, but perhaps it achieves its greatest vis-
ibility and use here—​in industries not weighted down by the legacies of a world 
before globalization.48

In renewable energy industries, the relationships through which firms en-
gaged collaborative advantage took a variety of legal and organizational forms. In 
some cases, firms with complementary engineering capabilities signed research 
agreements that anchored the nonhierarchical, mutually beneficial collabora-
tion firmly in a legal contract. In other cases, collaboration took place in supplier 
relationships between firms with complementary skills. Even contract manu-
facturing and licensing agreements—​supply chain relationships that are seen as 
far more hierarchical—​allowed for collaboration, multidirectional learning, and 
the participation of multiple firms in joint processes of product development.49 
Frequently, a single technological development required many such relationships 
at once.

The physical requirements of wind and solar production chains informed the 
organizational structure of these relationships. In the solar industry, the need 
for a limited number of production steps, a small number of suppliers, and 
components that could be moved in standard shipping containers catalyzed 
the emergence of transnational supply chains. Here, regional clusters of firms 
specialized in individual stages of the production process. In the wind industry, 

	 48	 I return to this question in the final chapter of this book, where I examine the application of 
collaborative advantage to global automotive and electronics industries. While the presence of ex-
isting, preglobalization incumbents has limited the ability of new firms to enter global supply chains, 
patterns of specialization and repurposing have nonetheless begun to emerge in these sectors.
	 49	 For an overview, see Gereffi, Humphrey, and Sturgeon 2005.
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where components were difficult to ship and assembly typically took place in 
close proximity to the final installation location, suppliers often established sec-
ondary manufacturing plants around the world. The development of such glob-
alized clusters—​in which firms from diverse global backgrounds convened in 
a number of settings—​nonetheless relied on collaboration, primarily between 
firms’ core research and development operations in their home economies. These 
varied relationships brought together knowledge and skills from diverse firms 
and far-​flung geographical locations. Despite advances in digital technologies, 
such expertise could not be fully codified in production equipment or design 
blueprints. Even if production machines and product designs now traveled more 
easily to faraway destinations, using, adapting, and improving technologies—​
let alone inventing new ones and producing them at scale—​continued to require 
tacit skills and close interaction. This knowledge spread across a wide number 
of firms, and it was coordinated in global networks organized around such 
collaboration—​networks that saw no need to defend or prop up preglobalization 
production arrangements made by incumbent firms.

A third requirement for collaborative advantage was space for experimentation 
as firms responded to state industrial policy through specialization and repur-
posing. The presence of collaborative advantage and its attendant opportunities 
for specialization offered firms new options for making use of industrial policies, 
many of which did not closely align with state goals. Compare contemporary wind 
and solar industries to the global auto sector of the 1960s and 1970s. For the late 
industrializers in Korea and Japan, auto manufacturing was primarily an exercise 
in emulation and reverse engineering, orchestrated by domestic conglomerates and 
encouraged by favorable industrial policies. Japanese and Korean auto firms had to 
compete with European and North American automakers who possessed broad 
technological skills and rich clusters of domestic suppliers. As East Asian devel-
opmental states funneled resources into select industrial sectors and made access 
to such resources dependent on meeting predetermined development goals, firms 
found themselves with few options but to establish the same range of technolog-
ical capabilities as the large industrial clusters in the West. Japanese and Korean car 
manufacturers in the postwar decades therefore had little choice but to develop the 
full range of skills required to invent, commercialize, and manufacture new vehicles 
in the domestic economy: those were the skills that their competitors in Europe and 
North America possessed. Industrial policies that encouraged domestic firms to 
compete by integrating vertically and by emulating the technological capabilities 
of foreign competitors formed the centerpiece of industrialization in Japan and 
Korea.50

	 50	 Johnson 1982, chapters 7 and 8; Kim 1997, chapter 5.
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As I showed in Chapter 2, government objectives changed little between the 
heyday of the East Asian developmental states and the early 2000s, when renew-
able energy sectors became the target of strategic state intervention. Research 
on state capacity among the East Asian late developers long emphasized the im-
portance of state autonomy for meeting policy goals, particularly in areas with 
strong distributional consequences, such as industrial policy, that are prone to 
capture by outside interests. Building on Weber, scholars have pointed to organ-
izational features of the bureaucracy as predictors of state capacity and effective 
industrial policy implementation. Hierarchically ranked offices, clearly defined 
administrative tasks, and meritocratic recruitment stood among the Weberian 
bureaucratic features that became central to explanations of good government 
among those East Asian developmental states that extensively employed indus-
trial policy to advance in the global economy.51

Governments in China, Germany, and the United States hoped to gain rel-
atively autonomous domestic wind and solar industries in return for large 
public investments in renewable energy. In one sense, these hopes were not real-
ized: firms responded with specialization and collaboration, not a turn to greater 
autonomy. Yet at least implicitly, these governments tolerated the creative use 
of resources they saw unfolding, as firms experimented with strategies to enter 
global renewable energy sectors. States continued to support wind and solar 
sectors through industrial policies, even if firms did not meet expectations about 
traditional trajectories of industrial upgrading. This flexibility of state industrial 
policies, which is necessary for collaborative advantage to function, contrasts 
sharply with that of the East Asian developmental states, which rewarded firms 
only when meeting government-​defined upgrading goals and withdrew sup-
port from those that failed to comply with official targets. The use of disciplinary 
mechanisms to encourage firms to meet predetermined upgrading goals, which 
Alice Amsden identified as an important factor in creating competitive firms in 
South Korea, likely would have prevented firms from participating in collabora-
tion outside the scope of government plans.52

Collaborative advantage thus presented a new set of constraints on the ability 
of industrial policies to direct domestic industries into particular competitive 
strategies as the ability to forge autonomous domestic industries came under 
threat. State industrial policies could encourage firms to enter new industries—​
and indeed provided critical incentives for doing so—​but states enjoyed far less 
leverage over firms’ choices of technological specialization and competitive 
strategies than before economic globalization. Although governments pur-
sued the goal of creating renewable energy sectors within national boundaries, 

	 51	 See, for instance Amsden 2001, 145–​47; Evans 1995, 12–​14; Wade 1990, 26–​27.
	 52	 Amsden 2001, 8–​12.
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industrial policies were unable to achieve these outcomes in the contemporary 
international economy. Governments in China and Germany failed to replicate 
the specialization they admired in those American start-​ups busily inventing 
new technologies. Yet the particular institutional resources available to those 
start-​ups prevented the Americans from emulating the R&D capabilities in com-
mercialization common among Chinese manufacturers, as well as the automa-
tion skills that German equipment suppliers had mastered.

Political economists have long debated the role of the state in driving domestic 
industrial outcomes. On the one hand, scholars have pointed to East Asian devel-
opmental states to argue that strategic industrial policy interventions can create 
thriving, innovative firms, even in locations with very little history of indus-
trial activity. Neoclassical economists have instead pointed to market forces and 
factor accumulation to explain the rise of East Asian firms. The framework I offer 
here suggests that industrial policy played a more nuanced role in driving indus-
trial outcomes in the three economies under investigation. Under conditions of 
collaborative advantage, governments were limited in their ability to initiate rad-
ical industrial transformation through sectoral intervention; for even in emer-
ging industries, industrial activities took the form of incremental variations on 
existing strengths, driven by firm experimentation.

I will revisit the role of experimentation in the final chapter of this book, 
where I show that the discrepancy between government goals and policy 
outcomes eventually led to a global backlash against collaboration. The trade 
disputes that have erupted between the European Union, the United States, and 
Chinese manufacturers of solar panels over the past decade exemplify the expec-
tation that large parts of solar supply chains should locate domestically. They cast 
light on a growing concern among policymakers about the economic returns on 
investments in industrial policy.53 The initial ability of firms to take advantage 
of collaboration in response to national industrial policies, however, was predi-
cated on their ability to experiment and engage in recursive learning with global 
partners without government interference.

Empirical Strategy

Before turning to the empirical cases, I need to mention the process of data col-
lection for this project. Sources for the remaining chapters of this book prima-
rily consist of archival documents, public financial filings, and a novel dataset 
of more than 250 interviews conducted between 2008 and 2019. In China, 
local government yearbooks provided an important information source on 

	 53	 For a summary of trade disputes in renewable energy sectors, see Lewis 2014, 22.

 



72  Collaborative Advantage

government institutions and served to cross-​check interview data. For the vast 
majority of claims made in this book, I cite documentary sources in addition to 
interviews. I conducted interviews with executives of wind turbine and solar PV 
manufacturers operating in China, Germany, and the United States, as well as 
their suppliers. I held additional interviews with representatives from wind and 
solar industry associations, both at the national and subnational level, in each of 
these locations.

In China, I met with civil servants at national and provincial-​level develop-
mental agencies, executives in local developmental zones that hosted renewable 
energy firms, chambers of commerce representing foreign wind and solar firms 
operating in China, and academics at government research institutes working 
on renewable energy technologies and wind and solar industry development. 
A final group of interviews was conducted with state-​owned banks, venture cap-
ital funds, and private investment firms with stakes in China’s renewable energy 
industries. In Germany, I interviewed government representatives in federal and 
state (Länder) ministries, officials working in funding agencies dispensing fed-
eral research funds, and government officials in charge of regional economic 
development initiatives. A second group of interview subjects included repre-
sentatives of lending institutions, including local credit unions and economic 
development banks. Community colleges and other training institutions are in-
cluded in this category. In the United States, I supplemented industry research 
with interviews at public utility commissions, regional development organiza-
tions, national laboratories, and nongovernmental organizations in support of 
renewable energy development. Through participation in a broader research col-
lective at MIT, I obtained access to an additional database of 264 interviews with 
small US manufacturers across a broad range of industrial sectors. I used these to 
test the application of my argument and the broader empirical patterns beyond 
the sectors I examine here in detail.54

For both wind and solar sectors, I compiled a list of companies from industry 
publications and official records. I sent interview requests to the fifteen largest 
wind and solar manufacturers in each location, as well as to suppliers of key 
components and production equipment. In the United States, I worked off a list 
of start-​ups. With few exceptions, company executives agreed to be interviewed 
on the condition of confidentiality. In some cases, I was able to conduct mul-
tiple interviews within the same firm, meeting with CEOs and heads of technical 
departments. When companies had close ties with suppliers and other firms 
in the process of bringing new products to market, I supplemented my list and 
scheduled additional interviews with their partners to better understand each 
firm’s individual contributions to product development and innovation. For a 

	 54	 See Berger 2013b; Locke and Wellhausen 2014.
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number of companies operating globally, I conducted separate interviews in 
each of these locations. While these subsequent interview subjects were selected 
according to their relationship with companies I had already visited, I submitted 
my initial interview requests for manufacturers and suppliers at random, based 
on lists compiled from industry publications (Table 3.3).

To keep company interviews consistent while also allowing respondents to ad-
dress the unique characteristics of their firm’s manufacturing and product devel-
opment process, I employed a semistructured interview technique. The core of 
each interview consisted of a series of questions about the product development 
process for two products the firm had commercialized within the past five years. 
After asking interviewees to walk me through the process by which the firms had 
brought each idea from the R&D stage to large-​scale manufacturing, I followed 
up with specific questions about workforce skills and technical capabilities, 
partnerships with suppliers and other firms, sources of capital and financing, 
and, finally, their reasons for choosing particular production locations. A large 
number of initial interviews were conducted between 2010 and 2012, covering 
developments in the wind and solar sectors up until that point. I have since made 
return trips to China and Germany at least once a year, most recently in January 
2020; and I have kept in touch with interview subjects to identify potential 
changes in firm strategies and specialization. Unless drastic changes occurred 
in firms’ strategies and industrial capabilities over time, I cite the first visit to a 
firm in the text. All interview subjects were promised complete confidentiality if 
needed, so I have removed identifying characteristics in the footnotes.

Table 3.3  Author Interviews in China, Germany, and 
the United States

# of 
Interviews

# of Firms 
Interviewed

Wind turbine manufacturers 31 24

Wind turbine component suppliers 25 20

Solar PV manufacturers 37 30

Solar PV component suppliers 39 22

Industry associations 23 n/​a

Government interviews 64 n/​a

Banks, venture capitals, investment 
firms

37 n/​a

Total 256 96



4
Industrial Legacies and Germany’s 

Specialization in Customization

In 2009, the German Ministry of Education and Research awarded an EUR 
40 million research and development (R&D) grant to a group of German solar 
firms. Comprising twenty-​nine solar manufacturers, suppliers, and nineteen 
research institutes in the Länder of Saxony, Saxony-​Anhalt, and Thuringia, 
“Solarvalley Mitteldeutschland” hoped to benefit from the same agglomeration 
effects as its namesake in California. Federal research funds were intended to 
support collaborative R&D projects among local firms with the goal of achieving 
grid parity for solar power by 2013. Subsidies and tax breaks for manufacturing 
in structurally weak regions in eastern Germany offered additional financial sup-
port to firms in the cluster.1

A mere year after winning the federal R&D support, observers raised doubts 
about the viability of manufacturers in Solarvalley. In 2010, Sunfilm, a producer 
of solar panels with two plants in the region, filed for bankruptcy. Operating 
losses mounted among other manufacturers.2 Q-​Cells, once Germany’s largest 
producer of solar cells, followed Sunfilm into insolvency during a devastating 
financial performance in 2012. The German weekly Der Spiegel proclaimed that 
the “bankruptcy of Q-​Cells [. . .] shows that the days of German solar cell pro-
duction are numbered.”3 Meanwhile, the Berlin daily Der Tagesspiegel wistfully 
remembered the days when Solarvalley was “a piece of California in central 
Germany,” referring not to the weather, of course, but to the enviable economic 
performance of tech firms in Silicon Valley.4

Solarvalley’s dramatic failure to live up to its Californian namesake distracted 
observers from another story quietly unfolding during the same period: the 
striking success of small and medium-​sized wind and solar suppliers and their 
role in the maturation of global renewable energy industries. Hidden in faceless 
industrial parks, these sectors sprang up around the development and manufac-
turing of components and production equipment for solar modules and wind 

	 1	 Aulich and Frey 2009; Bundesministerium für Bildung und Forschung 2017; Thüringer 
Allgemeine 2012.
	 2	 Stafford 2010.
	 3	 Schultz 2012.
	 4	 Hoffmann 2012.
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turbines. In 2011, the German Engineering Federation (VDMA), the industry 
association for the German mechanical engineering sector, listed more than 
170 member firms active in the wind industry. Only ten were manufacturers of 
wind turbines. The majority of firms instead developed and produced towers, 
blades, mechanical components, hydraulics systems, and production equipment 
for wind turbine manufacturers.5 By 2019, the number of VDMA member firms 
supplying parts for wind turbines had increased to 200.6 Similarly, in the solar 
photovoltaic (PV) sector, more than seventy firms offered production lines, au-
tomation equipment, coatings, and laser processing machines. With roughly 
41,000 employees in 2014, employment in solar PV equipment and component 
firms far surpassed the 12,000 jobs that had once existed in Germany’s solar 
module manufacturers.7 As of 2019, overall employment in German renewable 
energy industries reached 290,000, compared to roughly 800,000 workers in the 
German auto industry.8

Germany’s wind and solar firms were small, often family-​owned, and fre-
quently far from large urban centers, tucked away in small towns ranging from 
the Baltic Sea to the Black Forest. The transition of firms from Germany’s indus-
trial core into the emerging renewable energy sector was therefore far less visible 
than the highly publicized bankruptcies of prominent solar manufacturers or 
the ubiquitous wind turbine installations that signaled energy sector change, yet 
their capabilities in managing complex production processes with high degrees 
of customization were becoming central to the maturation of global renewable 
energy sectors. Already in the 1990s, before global renewable energy markets 
had fully matured, German renewable energy firms began to collaborate with an 
increasingly international customer base, particularly in China. Firms reached 
export quotas of more than 50 percent in the solar sector and up to 80 percent in 
the wind industry over the course of the 2000s.

This chapter chronicles the development of Germany’s networks of small and 
medium-​sized enterprises (SMEs) focused on R&D capabilities in customiza-
tion. I use “customization” to refer to R&D skills required for the development of 
production equipment and components that are not part of the process of inven-
tion but are necessary inputs into the commercialization of new technologies. 
Examples of customization include automated production lines for new technol-
ogies and novel components that cannot be readily purchased as standardized 
equipment.

As I discussed in Chapter 2, renewable energy policies pursued the goal of cre-
ating domestic renewable energy sectors capable of inventing, commercializing, 

	 5	 Arbeitsgemeinschaft Windenergie-​Zulieferindustrie 2012; Germany Trade & Invest 2010.
	 6	 Arbeitsgemeinschaft Windenergie 2019, 17.
	 7	 O’Sullivan, Lehr, and Edler 2015.
	 8	 IRENA 2018, 30; VDA 2019.
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and manufacturing technological breakthroughs flowing out of Germany’s 
R&D institutes—​precisely the types of firms that had failed so spectacu-
larly in Solarvalley. I show here that collaboration with global partners—​and 
the resulting opportunities for specialization—​actually allowed suppliers of 
components and production equipment to repurpose local institutions, so that 
Germany’s legacy manufacturing economy could focus on developing com-
plex components and manufacturing equipment for renewable energy sectors. 
Many SMEs from the traditional core of the German economy, the Mittelstand, 
played a central role in structuring the country’s entry into wind and solar sector 
and the energy transition more broadly. This view is often missed in accounts 
depicting Germany’s framework either as a top-​down vision implemented by 
policymakers over private sector interests or as the result of citizen activism fu-
eled by the environmental catastrophes of the 1980s.9

This chapter shows empirically that globalization led to a set of benefits for 
German wind and solar firms that I refer to as collaborative advantage. In par-
ticular, when German firms collaborated with Chinese firms, they identified 
new possibilities for specialization in global supply chains—​and began crafting 
new pathways into the global wind and solar sectors. Relationships with China’s 
manufacturing firms relieved smaller German firms of the burden of mastering 
all the activities typically required to develop and commercialize new energy 
technologies, especially those capital-​intensive mass manufacturing compe-
tencies that proved difficult to finance in Germany. Through partnerships with 
Chinese firms, German suppliers from a range of existing industrial sectors 
learned to diversify, entering the renewable energy sectors with niche capabil-
ities in customization and small-​batch production.

In the process, Germany’s wind and solar suppliers appropriated and 
repurposed a number of familiar public resources and institutions, many of 
which were originally established for legacy industries. I chronicle how the 
existence of this particular set of legacy institutions shaped the impact of col-
laborative advantage on the Germany economy and supported domestic wind 
and solar firms focused on customization. Political economists have long 
expressed concerns that the institutions underlying the German manufacturing 
economy—​including strict labor market regulations, firm ownership patterns, 
corporate governance structures, and domestic financial markets—​stifle in-
dustrial change.10 In fact, these institutions presented a set of tools that were 
used to support the R&D required to enter the renewable energy industries. 
Collaborative advantage enabled wind and solar suppliers to sustain the legacy 

	 9	 For a detailed analysis of the politics of Germany’s energy transition, see Hager and Stefes 2016.
	 10	 See Hassel 2014; Thelen 2014.
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institutions of the manufacturing economy; they became critical resources in 
support of the development of new industries (Figure 4.1).

This chapter begins with a discussion of industrial origins of Germany’s 
wind and solar firms, focusing in particular on machine tools, automation, 
and automotive sectors. It then outlines the learning process that firms navi-
gated in pivoting from their existing industries into new industrial sectors. The 
second half of the chapter focuses on the two key resources that enabled these 
developments: new opportunities for specialization as a result of collabora-
tion, in particular with China, and the repurposing of institutional legacies. It 
concludes by highlighting the political implications of this particular industrial 
composition within Germany’s renewable energy sectors, as firms used their 
membership in established industry associations to defend policy support for 
wind and solar sectors over time.

Building on Industrial Legacies

In 1990, when the German parliament began to debate the passage of the first 
Feed-​in Law (Stromeinspeisungsgesetz) to subsidize power from renewable 
sources, wind and turbines and solar panels remained niche technologies. Large 
multinationals, in Germany and elsewhere, had largely closed or sold their wind 
and solar divisions. In the shadow of federal government R&D programs that 
had targeted large industrial conglomerates for many years, the renewable en-
ergy sectors continued to be the modest domain of passionate environmentalists, 
who tinkered with new technologies in a makeshift fashion without much 
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government support. Policymakers only gradually discovered the economic 
potential of the wind and solar industries; and at least initially, they vastly 
underestimated the effects of renewable energy legislation. Their lack of adequate 
information proved to be a blessing in disguise: the inability of lawmakers to pre-
dict the rapid development of renewable energy installations—​and the concom-
itant growth of powerful industrial sectors—​ushered the ambitious renewable 
energy law past parliamentary scrutiny. The implementation of the Feed-​in Law 
on January 1, 1991, marked a critical transition from government-​supported re-
newable energy research to long-​term demand stimulation through the regula-
tory framework (Table 4.1).

Initially, the growing domestic markets created as a result of demand-​side 
subsidies saved existing renewable energy manufacturers from bankruptcy. In 
the wind industry, the Feed-​in Law helped a number of small German wind tur-
bine manufacturers find stable financial footing after decades without reliable 
sources of demand. Experimental wind turbine start-​ups founded in the 1980s 
now found themselves empowered to increase sales and invest in upgraded pro-
duction facilities after years of makeshift operations.11 With the exception of the 
industrial conglomerate MAN, these firms had in common their small size, an 
experimental approach, and roots in the agricultural machinery sector.

As wind power generation capacity in Germany expanded in the decades 
after the introduction of the Feed-​In Law—​increasing between 30 and 50 per-
cent annually through the 1990s and slowing to annual growth rates between 6 
and 20 percent in the early 2000s—​a few additional manufacturers entered the 
sector.12 Jacobs Energie and DeWind emerged in the 1990s in response to new 

Table 4.1  Select Industrial Policies for German Wind and Solar Sectors

Germany

Technology Push Since 1954 Industrial Collaborative Research (ICR) funding
Since 1974 Federal Energy Research Programs, renewed six times

Market Pull 1990 Electricity Feed-​in Law
1998 Renewable Energy Sources Act (EEG)
2004 EEG Renewed
2009, 2012, 2014 EEG Modifications
2016 EEG reform, switch to auctions, “deployment corridors”

	 11	 Among the twelve firms with the most turbine installations in 1992, seven were from Germany, 
four from Denmark (Vestas, AN Bonus, Nordtank, and Micon), and one from the Netherlands 
(Lagervey). Company websites; Keuper, Molly, and Stückemann 1992, 21; Ohlhorst 2009; Schlegel 
2005, 33; Tacke 2003.
	 12	 Earth Policy Institute 2020.
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market opportunities. Vensys and Bard joined the industry in 2000 and 2003, 
bringing gearless turbines and offshore wind technologies to the market. On 
balance, however, the assembly of wind turbines was dominated by firms with 
origins prior to the Feed-​In Law; more than half of wind turbine manufacturers 
operating in Germany in 2010, for instance, were founded during the 1980s or 
earlier.13

Once the 2000 Renewable Energy Sources Act (EEG) increased electricity 
rates for solar energy to compensate for the high cost of solar technologies, 
solar firms, too, could rely on rapidly increasing domestic demand. As in the 
wind industry, these changes initially benefited existing solar firms. It also 
encouraged larger manufacturing firms such as Schott Solar and Schüco, 
founded as glass and window producers during the 1950s, to enter the solar 
business. After decades of challenging technological trajectories and uncer-
tain market environments—​factors that had prompted large conglomerates to 
divest their solar divisions—​the subsidies included in EEG once again made 
the PV industry desirable for large multinational firms. Firms like Bosch and 
Siemens, for example, entered the solar sector simply by taking over existing 
businesses.14

Although the wind industry in Germany had been on the upswing since the 
1991 Feed-​in-​Law, standardized production equipment had not been devel-
oped; and no supplier industry existed to support small domestic manufacturers. 
Companies bought components from related industrial sectors and repurposed 
them for wind turbines as best as they could. Since government R&D projects on 
large-​scale turbines in Germany and the United States had not yielded results, 
firms relied on an entrepreneurial, do-​it-​yourself approach as they applied engi-
neering principles to turbines of increasing size. Sönke Siegfriedsen, head of the 
German wind turbine engineering firm Aerodyn, describes testing new turbines 
in the absence of standardized measurement equipment as a process of placing 
increasing numbers of sandbags on the blades; he remembers worrying that the 
new blade designs would be unable to withstand the required force.15 In an in-
terview, the head engineer for another German turbine manufacturer explained 
that he “didn’t like coming to the office on Mondays during [the 1990s], because 
there would always be a message about a failed turbine somewhere. After every 
storm you would get a call about a failed turbine. We learned a lot from these 
problems, and it really taught us how to properly adjust specifications and im-
prove turbine designs.”16

	 13	 For a compilation of wind turbine manufacturers operating in 2010, see Germany Trade & 
Invest 2010. Founding dates according to company websites.
	 14	 Germany Trade & Invest 2011c.
	 15	 Siegfriedsen 2008, 58.
	 16	 Author interview, CEO of German engineering firm, May 20, 2011.
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Growing markets required firms to restructure their manufacturing opera-
tions and made such experimental approaches increasingly untenable. As sales 
volumes increased, firms had to replace the components they had previously 
borrowed from other industries and repurposed in a makeshift fashion; to do so, 
they turned to designated, professional solutions. Wind turbine manufacturers 
began searching for external expertise in the production and design of 
components such as gearboxes, generators, blades, towers, and control software. 
In the solar industry, the growing market demand for solar panels necessitated 
the development of specialized manufacturing equipment for wafer, cell, and 
module production.

During the early 1990s, small-​batch production and the prototyping of new 
cell technologies had occurred in the absence of specialized equipment suppliers, 
forcing manufacturers to modify production equipment from other sectors—​
particularly the microelectronics industry—​and to perform many production 
steps manually.17 While the production requirements for solar cells were less de-
manding than integrated circuits when it came to particulate contamination—​
solar production guidelines permitted the use of scrap silicon from the 
microelectronics industry—​using equipment from other sectors still presented 
enormous challenges. Wafers twice as thin as those used in semiconductors, for 
instance, required a redesign of all handling aspects of the production line to 
prevent breakage; and changing material purity requirements necessitated new 
production and testing processes to isolate impurities. With the rapidly growing 
demand for solar modules, repurposed equipment at best presented a stopgap 
measure. Ultimately, such repurposing could not support the manufacturing 
volume and the cost reductions that Germany needed to establish solar energy as 
a competitive source of electricity.18

Despite concerns that Germany’s high-​wage manufacturing economy would 
be unable to compete in the long run against fierce competition in increasingly 
globalized industries, it was precisely SMEs from Germany’s core manufacturing 
sectors that stepped forward to take advantage of opportunities in global re-
newable energy sectors.19 Germany’s Mittelstand possessed a rich fabric of firms 
with an array of expertise—​these firms proved well-​suited to support wind and 
solar manufacturers. They offered skills both in the production of components 
required in the wind sector and in the manufacture of production lines and auto-
mation equipment necessary in the solar industry.

Initially, the small size and ownership structure of German manufacturing 
firms left many of them reluctant to place bets on emerging renewable energy 

	 17	 Author interview, CTO, German solar PV manufacturer, May 17, 2011.
	 18	 See Crane, Verlinden, and Swanson 1996; Green 2001.
	 19	 Berghoff 2006; Seliger 2000.
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industries. For some firms, limited R&D resources precluded complicated devel-
opment projects unless commercial prospects were relatively certain; for others, 
a history of custom orders had established a practice of developing new products 
only after a customer had been identified. By establishing long-​term demand-​
side subsidies through the regulatory system, the 1990 Feed-​in Law and the 2000 
EEG provided the necessary investment stability and customer base to attract 
small and medium-​sized firms.20

The managing partner of a family-​owned supplier of automation equipment 
explained the reasoning behind the decision of many SMEs to enter the solar 
sector. His firm was heavily exposed to the auto industry, with 90 percent of their 
business coming from domestic automotive manufacturers. “We thought this kind 
of exposure to one sector in one market was very dangerous, so our team started 
thinking about sectors that we could diversify into,” he said.21 The firm hoped to 
find an industry where its core capabilities could be supplemented with additional 
skills to develop an innovative, competitive product. In early 2004, thanks to stable 
government policies and rapidly growing markets, the solar PV sector promised a 
significant demand for industrialization and low levels of automation. “Only a few 
firms were offering automated production solutions, and their processes were slow. 
We looked at what they were doing and thought we could do a lot better.”22

Germany retained a large manufacturing sector of similar SMEs, particu-
larly compared to other advanced industrialized economies, where the relative 
importance of manufacturing was rapidly declining. Between 1995 and 2005, 
the share of manufacturing value-​added increased slightly in Germany, from 
22.6 percent to 22.7 percent; in the United States, it dropped from 16.8 percent 
to 13.6 percent over the same period.23 A significant share of German manufac-
turing remained concentrated in the production of machine tools, automotive 
supplies, and automation and process equipment. In 1995, for example, the pro-
duction of machinery and equipment constituted 28 percent of manufacturing 
activity in Germany, making it the largest manufacturing subsector, ahead of 
fabricated metal products, chemicals, and food products. Overall, 6.3 percent of 
value-​added in Germany came from machinery and equipment manufacturing 
firms, compared to 3.5 percent in the United States. Metal products, machinery, 
and equipment together accounted for more than half of manufactured output.24 

	 20	 On policy stability and the development of German renewable energy sectors, see Grünhagen 
and Berg 2011; Lipp 2007; Mitchell, Bauknecht, and Connor 2006; Vasseur and Kemp 2011. For a 
discussion of policy stability and renewable energy sector development more broadly, see Butler and 
Neuhoff 2008; Couture and Gagnon 2010; Nemet 2009.
	 21	 Author interview, managing partner, Solar PV supplier, May 20, 2011; October 15, 2019.
	 22	 Author interview, managing partner, Solar PV supplier, May 20, 2011; October 15, 2019.
	 23	 OECD STAN Indicators, “Manufacturing Share of Value-​Added 1970–​2009,” 2013.
	 24	 Author calculations based on OECD STAN database, 2020. Machinery and equipment figures 
calculated using ISIC code C29T33.
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Small and medium-​sized enterprises played a significant role in these industries. 
In 2002, enterprises with fewer than 500 employees made up 98.2 percent of 
businesses and 38.2 of revenue in machinery and equipment manufacturing. In 
metal fabrication, 99.6 percent of firms and 38.1 percent of turnover came from 
small and medium-​sized firms.25

The vast majority of suppliers entered from these sectors that had long formed 
the heart of the German economy. In the wind energy arena, demand created 
by the 1990 Feed-​in Law attracted the first wave of component suppliers to de-
velop designated products for the wind industry, initially in collaboration with 
domestic manufacturers. These new suppliers included tower manufacturers, 
blade producers, manufacturers of mechanical components, and firms offering 
electrical components and control systems. Starting in 2004, after a EEG revi-
sion provided greater subsidies for offshore installations, firms began providing 
solutions specifically for wind turbine installations at sea.26 Most suppliers 
carried decades of manufacturing experience from multiple industrial sectors. 
EEW Special Pipe Construction was founded in 1974 as a producer of steel pipes 
for refineries before it began specializing in towers and foundations for offshore 
wind turbines in 2003.27 Back in 1926, SGL supplied wooden rotor blades for 
agricultural machines; decades later, the company began building expertise in 
fiber-​reinforced plastics, eventually becoming a blade manufacturer for modern 
wind turbines.28 Hansa-​Flex, HAWE, and HYDAC were producing hydraulics 
and lubrication machinery for a wide range of industrial sectors before devel-
oping designated applications for the wind industry.29 Stromag, founded in 
1932 as a manufacturer of conductor rails and electric rail material, specialized 
in the production of clutches and breaks for textile machines before shifting to 
offer pitch controls, break systems, and gearbox components to the wind energy 
sector.30

After the domestic solar market expanded in the early 2000s, the solar in-
dustry, too, witnessed an influx of supplier firms from existing industries. 
Centrotherm, Roth & Rau, Schmid, and Singulus began producing turnkey pro-
duction lines for crystalline solar cells; others targeted the manufacture of wet 
chemical benches, equipment for antireflective coating, and screen printers, as 
well as stringers and laminators for module manufacturing. Bürkle and Leybold 

	 25	 Günterberg and Kayser 2004, 8. In Germany, SMEs (Mittelstandsunternehmen) were tradition-
ally defined as enterprises with fewer than 500 employees and less than EUR 50 million in revenue. 
More recently, Germany has converted to the general EU definition, which defines SMEs as firms 
with fewer than 250 employees and less than EURO 50 million in revenue.
	 26	 Ohlhorst 2009, 196. Years of industry entry compiled from company websites.
	 27	 EEW 2013.
	 28	 SGL 2013.
	 29	 Flex 2013; HYDAC 2013.
	 30	 Stromag 2016.
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started offering thin film production lines; and firms like Reis Robotics, Schmalz, 
and Rofin began the production of automation and laser processing equipment 
for solar firms.31

As in the wind industry, these firms had previous experience in the machinery 
and equipment sectors. Founded in 1948, Centrotherm initially specialized in 
the manufacture of production equipment for microelectronics and semicon-
ductor firm.32 Bürkle supplied machinery to furniture, automotive, electronics, 
and glass firms for more than eighty years before supplying production equip-
ment to thin film solar firms.33 Schmid, founded in 1864, began the production 
of manufacturing equipment for furniture businesses in 1926, started manu-
facturing printers for electronic circuit boards in 1965, and entered the solar 
industry in 2001. In 2008, Schmid developed the first automated production pro-
cess for higher-​efficiency selective emitter cells in collaboration with a Chinese 
solar manufacturer. In 2011, Schmid’s production lines set the record for con-
version efficiency for monocrystalline solar cells.34 Schmid was representative of 
Germany’s renewable energy suppliers not just for its rich manufacturing history 
across successive industrial sectors but also for its location. Headquartered in 
Freudenstadt, a small town of red-​roofed houses dating to the sixteenth century 
on a high plateau above the Black Forest, the firm was far removed from both 
urban centers and the designated wind and solar clusters established by ambi-
tious regional governments.

Entering Wind and Solar Sectors

Germany’s wind and solar firms had direct roots in legacy manufacturing indus-
tries long at the core of the German economy. Technically, these were emerging 
industrial sectors that only became commercially viable as a result of regulatory 
policies in the 1990s and 2000s. Yet they were populated by firms with deep roots 
in existing industries, including the German auto sector, which policymakers 
had held out as an example. The profiles of Germany’s wind and solar suppliers 
therefore broadly resembled the overall industrial specialization of Germany’s 
manufacturing economy, which had historically prioritized customization, 
small-​batch production, and the complex manufacturing of components and 
production equipment.

Although their backgrounds in traditional industrial sectors provided many 
of these firms with the type of tacit knowledge they needed to produce intricate 

	 31	 Timing of industry entry compiled from company websites.
	 32	 Centrotherm 2016.
	 33	 Bürkle 2013.
	 34	 Schmid Group 2013.
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machines and components, applying these existing skills to the emerging wind 
and solar industries entailed a steep learning curve. To enter the wind and solar 
sectors and successfully develop new generations of products required these 
firms to be adaptable and flexible, as they learned to substantially modify their 
existing product lines and technological capabilities. R&D engineers described 
three main modes of learning among wind and solar suppliers.

A first group of firms entered wind and solar supply chains through what 
I call reengineering, essentially a process of modifying and repurposing ex-
isting technologies for new applications. Customers played an active role in 
the reengineering process by encouraging industry entry, providing product 
specifications, and often participating in the design process through collabora-
tive R&D. Reengineering existing technologies occurred in the wind industry, 
for instance, when Hedrich Vacuum Systems, a firm with decades of experi-
ence in the production of casting equipment, modified its cast resin technology 
for application in the manufacture of wind turbine blades from epoxy resins.35 
Similarly, SHW Werkzeugmaschinen, a firm with seventy years of experience in 
the manufacture of production equipment for large engines, reused its core tech-
nology, a milling head, in machines for the production of turbine housing and 
nacelles.36

Reengineering was particularly prevalent in the solar sector, where the sim-
ilarity between microelectronics (semiconductors) and crystalline PV cells 
encouraged numerous firms to use their capacities in semiconductor manufac-
turing as a platform to enter the solar sector. The resulting production machines 
shared many technological principles with their ancestors in the semicon-
ductor industry but applied them dynamically and creatively to new product 
applications.

In many cases, the initial entry of suppliers into renewable energy sectors was 
prompted by domestic manufacturers who had borrowed production equip-
ment from the semiconductor industry. While these improvised production 
lines were adequate as long as production volumes remained low, manufacturing 
quality sometimes varied; and experimental lines were unsuitable for mass 
production—​many of the steps had to be performed manually.37 An integrated 
solar manufacturer originally began development and production in the facility 
of a previously state-​owned East German semiconductor firm that had been di-
vided and sold off in separate pieces after German unification. As the firm’s chief 
technology officer (CTO) explained, in the late 1990s there simply was no com-
mercial equipment available for the large-​scale production of PV cells.38

	 35	 Hedrich Group 2013.
	 36	 de Vries 2011.
	 37	 Palz 2011.
	 38	 Author interview, CTO, German solar PV manufacturer, May 17, 2011.
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In order to bring the technology from lab to mass production, the firm de-
cided to use its local microelectronics industrial base—​which already boasted a 
history of large-​scale production—​by repurposing the existing knowledge and 
machinery within that arena for the budding solar industry. While the produc-
tion requirements for solar cells were less demanding than integrated circuits, 
in other ways using equipment from the microelectronics industry presented 
challenges. Thinner wafers required a redesign of all handling aspects of the 
production line to prevent breakage, and different material purity requirements 
necessitated the introduction of new production and testing processes to iso-
late impurities. After successfully experimenting with production lines retained 
from the semiconductor plant, the solar firm contacted some of the original 
equipment manufacturers and persuaded them to formally collaborate on the 
development of specialized solar production equipment.39

Although many manufacturers of production equipment initially resisted 
investing in product development for such young and emerging industries, the 
need for professional automation and manufacturing machinery in the solar 
industry presented a market opportunity too good to pass up. A manufacturer 
of wet benches for the semiconductor industry described how maintenance 
calls from solar firms whose teams were experimenting with semiconductor 
wet benches ultimately convinced the company to develop a product line spe-
cifically for the solar sector. This process not only entailed the design of a new 
product based on principles borrowed from the microelectronics industry but 
also necessitated new manufacturing strategies that would increase production 
speed while simultaneously allowing a greater degree of customization than 
was common in the semiconductor sector. The company eventually developed 
a modular production system that permitted higher manufacturing volumes 
while offering customers individual options for cell size and wafer thickness. It 
took the firm a year to design the first prototype to enter the solar sector, and an 
additional seven years to improve the product so that it could be mass produced. 
As the work progressed, the firm collaborated with solar cell manufacturers in 
Germany and, increasingly, with mass producers in China. Team members also 
worked closely with the Fraunhofer Institute for Solar Energy Systems (ISE) to 
further improve the firm’s technology.40

A second group of firms developed wind and solar components through a 
process of integration: firms borrowed principles from different industrial 
sectors and applied them in an original way to new products and industries. 
Integration often occurred through collaboration among firms with different 

	 39	 On the differences between microelectronics and solar PV in early mass production, see Crane, 
Verlinden, and Swanson 1996; Green 2001; Morris 2012, VI.
	 40	 Author interview, CEO, solar PV equipment manufacturer, May 10, 2011.
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core skills and capabilities. Occasionally, however, it took place within the same 
firm, through the integration of technologies and skills internally. Although 
principles from the original application of technologies and processes were here 
repurposed, the combination of different technologies resulted in the develop-
ment of new product designs.

In a fairly typical example, a small supplier of automation equipment used 
strategic learning and hiring to combine its core skills in the production of au-
tomation and testing machines for the auto sector with proficiencies from other 
industries. Trying to reduce its exposure to a single sector, the firm decided to 
diversify into solar module assembly, since very little automation technology 
for that activity was on the market; and much of the existing automation tech-
nology originally developed for the auto sector could be reapplied. While the 
firm reused about 70 percent of the technologies it had previously applied in the 
auto industry, it also integrated novel infrared and laser welding processes, as 
well as laser drilling technology originally used in dental offices. These dynamic 
additions allowed the firm to process cells contact-​free, an improvement that 
increased speed, reliability, and production efficiency, particularly in the hand-
ling of ever-​thinner wafers that were prone to breakage.41

In addition to hiring engineers with skills in laser welding and setting up 
training programs for existing R&D staff, the firm worked closely with laser and 
robotics suppliers during product development. The head of R&D pointed out 
the following:

A lot of these suppliers are just down the road. In that sense, we benefit from 
being in the Silicon Valley of the machine tool industry. They send engineering 
teams that can come for days, weeks, or months, and work on site with our 
engineers until the product works. It’s very different from working with global 
software firms, for instance, from whom we purchase testing and measuring 
software. If we have a problem there, we can call a call center, but those people 
don’t really know any more than our own staff.42

All in all, the firm took two years to develop a prototype and another two years to 
start delivering the first products to customers—​a lengthy process that occupied 
almost all of the firm’s R&D sources.

A third mode of industry entry, resizing, pervaded the German wind power 
sector. Resizing occurred when the application of an existing technology to a 
new industry required a radically different scale not just of production but also 

	 41	 Author interview, managing partner, solar PV equipment manufacturer, May 10, 2011; October 
15, 2019.
	 42	 Author interview, head of R&D, solar PV equipment manufacturer, May 11, 2011.
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of the product itself. Especially with mechanical parts, resizing often dictated a 
complete redesign of the product and the production process: structural loads 
and forces changed exponentially as the size of the product increased. As a con-
sequence, computer models had difficulty developing adequate specifications for 
new components, and trial-​and-​error approaches dominated product develop-
ment, as they do to this day.43

A manufacturer of gearboxes for wind turbines originally produced gearboxes 
for tunnel drilling machines in the mining sector. Although the core principles 
shared similarities—​both types of gearboxes needed to withstand strong forces, 
high operating temperatures, and, unlike cars, needed to maintain almost con-
tinuous operation for years or even decades—​gearboxes for large wind turbines 
required a completely new design. This remake needed to accommodate the 
structural requirements of the new size, new control software, a new logistics 
system to run operations, and new measuring and testing procedures; what’s 
more, it also needed to use different materials to prevent corrosion in off-​shore 
applications. Since gearboxes needed to meet the particular requirements of a 
wind turbine design, they almost always were developed in close cooperation 
with a future customer. Accordingly, for the firms’ initial gearbox and subse-
quent product generations, a wind turbine manufacturer supplied specifications 
for interfaces, noise levels, vibration tolerances, and other parameters. The 
gearbox manufacturer then developed a prototype in close consultation with the 
customer, who was also involved in testing and ramping up to volume produc-
tion. Although the firm possessed decades of experience in the gearbox industry, 
the development process for the first wind turbine generation lasted more than 
four years, with slightly shorter development times for subsequent product 
generations.44

A generator manufacturer described a similar process of bringing generator 
technologies from the shipbuilding and railways industries into the wind energy 
sector. In this case, space constraints and more stringent weight requirements 
inside the turbine prompted a redesign of the product and production line, a 
process repeated every time a larger turbine generation required exponentially 
larger components. The plant manager explained that for some components, the 
firm found ways to reuse parts from its railway and industrial engine business; 
but for others, the need for smaller and lighter-​weight structures and the reality 
of different climate conditions in wind turbine applications mandated the use of 
alternative materials and construction methods. In adapting existing technolo-
gies to the requirements of the wind turbine industry, the firm benefited greatly 

	 43	 Author interview, plant manager, gearbox manufacturer, May 16, 2011.
	 44	 Author interview, plant manager, gearbox manufacturer, May 16, 2011.
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from its proximity to local suppliers, who worked closely with the firm’s engin-
eers to adapt parts and components. As the plant manager explained:

We work with a local iron caster on making a part. Even with something as 
simple as iron casting we have to be careful. These firms make parts for all sorts 
of machines, so they don’t know what’s relevant and important in our business. 
For the first 100 parts or so we have to have an engineer work on site with them 
to make sure the part is optimized. For a small company like us, it’s much easier 
if the supplier is around the corner, because we can jump in the car and meet 
with them to discuss tolerances and fits.45

Collaboration and the Mittelstand

These unlikely entrants into Germany’s wind and solar industries succeeded 
in finding their customization niche because of collaborative advantage. 
Collaboration freed up options for specialization, allowing renewable energy 
firms in Germany to pick competitive strategies that built on their existing 
strengths in customization. If conventional wisdom predicted that small and 
medium-​sized manufacturing firms in a high-​wage economy would be threat-
ened by competition with China, the reality on the ground subverted this as-
sumption: precisely because of their engagement in China, these firms were able 
to survive. Relationships with Chinese firms allowed these companies to enter 
renewable energy sectors without having to set up mass manufacturing facilities, 
allowing highly specialized German firms to enter the marketplace.

In both the wind and solar power sectors, the development of new technol-
ogies necessitated large investments in time and capital, even if they allowed 
firms to draw on existing knowledge. Product development times of two to four 
years were standard among the majority of firms interviewed for this project, 
with an almost equal length of time recorded for each new product generation. 
For small and medium-​sized suppliers, the move into wind and solar sectors 
commandeered the vast majority of their R&D resources, preventing firms from 
working on product alternatives for different industrial sectors.46 In this con-
text, Germany’s small and medium-​sized supply firms were attracted to the wind 
and solar sectors as much by the stability of Germany’s renewable energy leg-
islation as by growing market demand. In both sectors, suppliers entered after 

	 45	 Author interview, plant manager, German generator manufacturer, May 17, 2011. I also visited 
the Chinese partner of the German firm and interviewed the lead R&D engineer, December 6, 2016.
	 46	 Author interview, engineer, robotics manufacturer, May 13, 2011.
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government support had switched to long-​term demand stimulation by passing 
the 1990 Feed-​in Law and the 2000 EEG.

In the solar sector, the availability of off-​the-​shelf manufacturing equipment 
for solar cell production—​attributable to the growing number of designated 
supply firms—​lowered barriers for entry for manufacturers both in Germany 
and abroad. In previous decades, field tests had struggled to replicate laboratory 
results. Manufacturing difficulties often led to large variances and degradation 
of solar cell performance over time. Before the development of designated pro-
duction equipment, assembling a solar production line comprised a makeshift 
combination of chemical baths, screen printers, furnaces, and other equipment 
borrowed from various industries.47 Advanced manufacturing equipment now 
permitted manufacturers to more reliably translate their R&D efforts into mass 
production and made it easier to reach scale economies. The greater consistency 
and standardization of manufacturing output—​including the development of 
industry norms for wafer and cell sizes—​further supported firm specialization in 
discrete steps of the supply chain, since the interfaces between different produc-
tion steps now enjoyed compatibility across producers.

In the 1980s and 1990s, wafers had to be cut from silicon ingots one at a 
time. In the early 2000s, the introduction of wire-​saws by equipment producers 
allowed 4,000 wafers to be cut simultaneously, reducing cost, time, and capital 
expenses.48 In the early 1990s, a single manufacturer was at best able to produce 
solar panels with a few kilowatts capacity annually. A mere decade later, a single 
production line could churn out solar panels with 66 MW of generation capacity 
a year. Although R&D efforts by universities, research institutes, and industry 
improved the conversion efficiency for multicrystalline cells by 15 percent be-
tween 1995 and 2005, advances in manufacturing technology allowed the price 
of solar PV systems to drop by more than 40 percent over the same period, far 
exceeding gains from increased conversion efficiency.49

In theory, the availability of off-​the-​shelf production equipment permitted an-
yone to produce solar cells with the flick of a switch. In practice, producers relied 
on extensive collaboration among solar firms, equipment producers, and re-
search institutes. To embed new technologies in production equipment, research 
institutes and solar firms shared the results of internal R&D efforts with equip-
ment producers. These firms had experience with automation technology and 
equipment manufacturing but, in return, often lacked knowledge of new solar 

	 47	 Morris 2012, vi.
	 48	 Swanson 2011, 543.
	 49	 Cell efficiencies over time gathered by NREL. See https://​www.nrel.gov/​pv/​cell-​efficiency.html 
(accessed November 12, 2020). Prices of solar PV systems over time compiled by Grau, Huo, and 
Neuhoff 2012, 23, figure 4.
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PV technologies. Solar manufacturers and equipment suppliers generally collab-
orated on extensive field-​testing of new equipment.

For solar firms, participating in R&D joint projects meant walking a tightrope 
between protecting proprietary technologies and accessing advanced automa-
tion equipment to commercialize these technologies. Investments in new pro-
duction technologies made little commercial sense to equipment manufacturers 
if they could not be marketed to other customers, so few were willing to build 
equipment exclusively for a particular solar firm. Additionally, through their 
collaboration with equipment suppliers, solar manufacturers could access tech-
nological contributions made by competitors and research institutes, a benefit 
many believed outweighed the disadvantages of making proprietary technolo-
gies available to the competitors. In interviews, solar firms emphasized the risk 
of missing out on important technological innovations when not collaborating 
with equipment suppliers, a possibility that deterred them from trying to manu-
facture equipment in-​house.50 The CTO of a producer of thin-​film solar modules 
summarized this point: “we often have internal debates over whether we want to 
be like Apple and follow a closed innovation concept, or whether we want to be 
more like IBM and use an open platform.”51 In the end, the firm decided to follow 
the IBM model in order to benefit from knowledge sharing through equipment 
suppliers.

Of course, once production lines had been installed in manufacturing facil-
ities, solar firms continued to improve and alter purchased equipment in ways 
they did not always share with equipment suppliers. Yet at the core of technolog-
ical innovation and the development of mature production technologies was a 
highly collaborative process in which equipment producers acted as a focal point 
for contributions made by a wide range of firms.

In Germany, such collaboration initially occurred domestically. As Germany’s 
domestic wind and solar manufacturers stagnated in size and were quickly 
surpassed in production capacity by large-​scale manufacturing facilities in 
China, demand for the latest wind turbine components and solar PV production 
equipment increasingly came from abroad. Small and medium-​sized German 
manufacturers of production equipment possessed neither the financial support 
nor the technological capacities to establish large solar PV manufacturing oper-
ations. At the same time, suppliers’ ability to develop manufacturing equipment 
required that they have access to engineering knowledge about mass produc-
tion. Although German manufacturers had initially triggered the rise of do-
mestic wind and solar suppliers, partners with complementary skills in mass 

	 50	 Author interviews: CTO, German solar PV manufacturer, May 17, 2011; head of German oper-
ations, global equipment manufacturer, May 18, 2011; CEO, German equipment manufacturer, May 
10, 2011; CTO, German solar PV manufacturer, May 23, 2011.
	 51	 Author interview, CTO, German solar PV manufacturer, May 23, 2011.
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production—​those with a need for the customization and small-​batch produc-
tion supplied by German SMEs—​were increasingly located abroad. For German 
suppliers, the most important sources of such complementary skills were 
Chinese manufacturers (Figure 4.2).52

In the solar sector, the German manufacturer of solar production lines 
Centrotherm had already begun selling its products to Chinese customers by 
2000. Similar partnerships quickly followed.53 Between 2000 and 2007, the ex-
port quota for German PV equipment producers rose from 10 to 51 percent, 
most of it destined for Chinese factories.54 In interviews, German equipment 
suppliers reported that the scale of production activities and access to large-​scale 
financing for manufacturing plants afforded their Chinese partners the option of 
setting aside considerable resources to test new production equipment. Several 
Chinese firms constructed demonstration facilities with full test production 
lines—​so-​called Golden Lines—​on which new technologies could be developed 
in collaboration with German equipment suppliers.55 An analysis of 178 Sino-​
German technology collaborations between 2010 and 2012 conducted by the 
German Ministry for Research and Technology revealed more than a dozen such 
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Figure 4.2  Germany’s Exports of PV Equipment to China, 1995–​2011
Source: UN Comtrade Database (no designated HS Code exists for PV equipment. As an 
approximation, I am using HS Code 854140 for “Photosensitive/​photovoltaic/​LED semiconductor 
devices” to track the growth in export value).

	 52	 Rothgang, Peistrup, and Lageman 2011; Rheinisch-​Westfälisches Institut für 
Wirtschaftsforschung and WSF Wirtschafts-​ und Sozialforschung Kerpen 2010; Seemann 2012.
	 53	 Nussbaumer et al. 2007, 109.
	 54	 EuPD Research data cited in Fischedick and Bechberger 2009, 26.
	 55	 Author interviews: CEO, Chinese solar manufacturer, August 10, 2011; CEO, Chinese solar 
manufacturer, August 26, 2011; chief engineer, Chinese solar manufacturer, March 31, 2015; head of 
research and development, Chinese solar manufacturer, January 7, 2019.
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interactions between German machine builders and Chinese renewable energy 
firms.56

More than mere customers, Chinese manufacturers became long-​term part-
ners in the development of production equipment for new solar PV technolo-
gies. In bringing new solar technologies from lab to market, China’s producers 
willingly assumed considerable risks in the development and application of new 
production technologies and materials. The rapidly growing demand for new 
production lines often allowed equipment manufacturers to apply new pro-
duction technologies first in China, relying on mass-​manufacturing skills of 
Chinese solar firms throughout the commercialization process. Centrotherm 
and Schmid, the two German equipment suppliers, experimented with the de-
velopment of production equipment for selective emitter cells but were unable 
to find German producers willing to partner on the commercialization of this 
new technology. In 2009, it was Chinese cell manufacturers who proved willing 
to collaborate with German suppliers on developing production equipment for 
elective emitter cells, adjusting their own production processes to test and op-
timize the new equipment with German engineers.57 In 2010, Roth & Rau, an-
other German equipment supplier, entered a similar agreement with a Chinese 
solar manufacturer to develop production equipment for a new thin-​film tech-
nology.58 Although Chinese manufacturers sourced basic production equip-
ment from domestic suppliers, production lines for the latest PV technologies 
continued to be developed in Sino-​German collaborations.59

China differed from other markets both in its aggregate demand for produc-
tion equipment and because the scale of manufacturing activities in individual 
solar firms far exceeded those elsewhere. In 2010, Suntech, a single Chinese man-
ufacturer, produced more solar modules than the top five German manufacturers 
combined.60 Finding new ways to manufacture cheaper, faster, and at greater 
scale dominated the value proposition of China’s solar firms. Working with 
equipment producers to achieve cost reductions on new production equipment 
constituted standard practice. In the words of the CEO of one of China’s major 
solar cell manufacturers, “Solar PV is not so much a technology as it is a manu-
facturing business.”61 As China’s solar firms took the lead in fully automating 
the production of wafers, cells, and modules, they continuously demanded new 

	 56	 Grune and Heilmann 2012.
	 57	 Neuhoff 2012, 156.
	 58	 Roth & Rau 2010.
	 59	 Author interviews: managing partner, German solar PV equipment manufacturer, May 10, 
2011; head of R&D, German solar PV equipment manufacturer, May 11, 2011; CEO of German solar 
equipment manufacturer, May 20, 2011.
	 60	 Germany Trade & Invest 2012, 26; Christopher Martin, 2010, “Suntech Boosts 2010 Solar Panel 
Shipments, Production Capacity on Demand,” Bloomberg, August 18.
	 61	 Author interview, CEO, Chinese solar manufacturer, August 10, 2011.
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production equipment and retrofits to existing manufacturing lines. Over time, 
Chinese solar producers thus became important partners to German equipment 
suppliers in the commercialization of new production technologies.62

In the wind industry, global turbine producers also partnered with German 
supplies in the commercialization of new technologies. As I mentioned ear-
lier, entrants to the wind sector came from a variety of industries and included 
manufacturers of control systems and software, producers of manufacturing 
equipment and machine tools, and steel and composite materials firms. Many 
of the new supplier firms possessed technical expertise and production expe-
rience that could be applied to the manufacture of wind turbine components. 
For example, a firm that for decades had supplied gearboxes for large tunnel-​
drilling machines in the mining sector wanted to reduce its exposure to a de-
clining mining industry in Germany. In 1992, the firm decided to develop the 
capabilities to produce gearboxes for wind turbines. In 1996, after four years of 
R&D, it was ready to enter mass production.63 Similarly, a generator supplier for 
trains and industrial motors decided to diversify its product portfolio, and in 
1998 began the development of a generator for the wind market.64

The growing wind industry supply chain permitted firms to restructure their 
manufacturing operations and to devote attention to core strengths. With the 
exception of Enercon, which to this day manufactures major components in-​
house in order to protect proprietary technologies, wind turbine manufacturers 
began to rely on the expertise of outside firms for the production and design of 
components such as gearboxes, generators, blades, towers, and control software. 
Turbine design and component specification remained with the turbine man-
ufacturer. The production experience that supply firms had gathered in other 
industries contrasted sharply with that of younger, smaller, and less experienced 
wind turbine manufacturers. The introduction of new production technologies 
by supplier firms—​including lean production practices borrowed from the auto-
motive sector—​reduced cost, permitted increased production scale, and enabled 
the fabrication of ever larger turbine designs without the technical failures that 
had plagued large-​scale turbines in previous decades. In interviews, suppliers—​
particularly in the generator and gearbox sector—​frequently pointed to lean 
production concepts such as just-​in-​time-​production, continuous improvement 
(Kaizen), six sigma, and the Toyota production model in explaining their contri-
bution to the wind energy sector.65

	 62	 Author interviews: CEO, Chinese solar manufacturer, August 10, 2011, CEO, Chinese solar 
manufacturer, August 26, 2011.
	 63	 Author interview, plant manager of German gearbox manufacturer, May 16, 2011.
	 64	 Author interview, plant manager of German generator manufacturer, May 17, 2011.
	 65	 Author interviews: plant manager of German gearbox manufacturer, May 16, 2011; plant man-
ager of German generator manufacturer, May 17, 2011; head of European operations of global tur-
bine manufacturer, May 19, 2011.
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Over the course of the 1980s, the majority of debates within the wind in-
dustry on wind turbine design had been settled; and almost all manufacturers 
had converted to the Danish model: they built turbines with three blades posi-
tioned upwind that could be rotated along their own axis to adjust for variable 
wind speeds.66 Aside from improving aerodynamics, the main remaining chal-
lenge was scale. Increasing the size of turbines meant exponentially larger loads 
and stresses on components, many of which could not be simulated well on 
computers. By combining the results of ongoing R&D efforts with new produc-
tion methods and technical expertise contributed by third-​party suppliers, tur-
bine manufacturers successfully increased the average rotor diameter from 30 
meters to 70 meters over the course of the 1990s, enlarging the area swept by the 
rotor blades by a factor of five and improving average generating capacity from 
250 kW to 1500 kW by the year 2000.67

German suppliers became a resource for an expanding global network of wind 
turbine manufacturers, increasingly seeking collaboration with foreign partners 
and competing with supply firms elsewhere. Aside from Denmark, which had 
long played a pioneering role in wind energy development, and Spain, which 
began subsidizing the large-​scale installation of wind turbines in the late 1990s, 
the most important foreign partners of German supply firms heralded from the 
United States and China.

In October 1997, Enron Corporation, an American electricity and natural gas 
company, purchased Tacke Windtechnik of Salzbergen. Enron had previously 
bought Zond, one of the few American wind turbine manufacturers remaining 
from the California wind boom in the 1980s, but experienced technical problems 
with the Zond turbine technology. The purchase of Tacke, which kept operating 
under its own name until GE took over Enron’s wind business in the wake of 
Enron’s accounting fraud scandal in 2001, gave Enron access to Tacke’s turbine 
technology and supplier network. Enron retired the Zond turbine technology, 
and Tacke’s 1.5 MW turbine became Enron’s workhorse wind energy product.68 
GE retained its relationships with German suppliers, in particular with Eickhoff, 
which had manufactured the gearboxes for the 1.5 MW Tacke turbine, but also 
with Winergy and Bosch Rexroth, the other large German gearbox suppliers, 
and VEM Sachsenwerke, a generator firm. It remained an active member of the 
VDMA’s wind chapter, participating in collaborative research activities to ad-
vance wind turbine designs.69 Over time, GE began sourcing components from 

	 66	 Musgrove 2010, chapter 6.
	 67	 Data from Bundesverband Windenergie. See http://​www.wind-​energie.de/​infocenter/​Technik. 
(accessed March 25, 2019.)
	 68	 Lewis 2013, 95; Windpower Monthly 1997. For additional details on GE’s path into the wind 
energy sector, see Chapter 6.
	 69	 VDMA website, http://​wind.vdma.org/​en/​article/​-​/​articleview/​599526 (accessed March 
15, 2019).
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other locations, adding suppliers from China (gearboxes and metal castings) and 
Brazil (blades).

The early model of collaborative relationships that originated in the German 
wind sector during the 1990s was now being applied globally and maintained 
through successive product generations. At the core, it brought together spe-
cialized expertise residing in companies around the world to develop and man-
ufacture ever-​larger turbine designs. According to GE’s chief wind engineer 
at the time, Vincent Schelling, GE has to “put the knowledge in the gearbox 
manufacturers’ hands. It would be better if we designed the gearbox and they 
built it, but we don’t have all the knowledge.” Likewise, Thomas Narath of 
Eickhoff stated, “Gearbox design is always a close cooperation between the tur-
bine OEM (original equipment manufacturer) and the gearbox suppliers. OEMs 
usually deliver the main product specifications and a conceptual design which 
our engineering team further develops into a final product design.” Narath 
added, it “also happens that gearbox development advancement points to a need 
for main chassis [i.e., wind turbine] design changes. This underlines the great 
value attached to regular exchange of ideas.”70 Cross-​border collaboration of the 
kind described here between GE and Eickhoff was singularly important to the 
maturation of wind energy technologies starting in the late 1990s.

Around the time that the United States became an important market for 
German wind turbine suppliers, Chinese firms also made their first foray into 
the wind energy industry. From the beginning, Chinese producers relied on 
a global supply chain for wind turbine components and entered collaborative 
relationships with specialized suppliers. Just as German gearbox manufacturers 
worked with GE to improve gearbox and turbine designs without co-​locating 
production, so Chinese firms also drew on expertise from abroad.71 Global sour-
cing lowered the level of local content for China-​assembled wind turbines to as 
low as 12 percent in 2002, though this percentage increased significantly as for-
eign suppliers set up manufacturing facilities in China and as domestic firms 
entered the industry over the course of the decade.72

Much as in the United States and Europe, these relationships with supply 
firms, joint venture partners, and license grantors were not a case of one-​
directional technology transfer. Although market access considerations and the 
complex regulatory environment in China certainly contributed to the willing-
ness of foreign firms to enter joint development agreements, such relationships 
frequently resulted in multidirectional learning that benefited the foreign 
partner. According to an engineer working for a German wind turbine design 

	 70	 de Vri es 2013; Windpower Monthly 2005a.
	 71	 Wang Z. 2010, 197–​203.
	 72	 Wang Z. 2010, 68.
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firm, the ability to learn from Chinese engineering teams as they reconfigured 
a product design for mass manufacturing constituted a key motivator for the 
German firm to jointly develop and commercialize a wind turbine, rather than 
simply selling a license.73 Even under licensing agreements, however, foreign 
firms found avenues to learn from Chinese wind turbine manufacturers. In the 
case of one generator licensed from a German supplier, for instance, the Chinese 
firm improved the original design through reconfiguration of the product ar-
chitecture, so much so that it licensed the improved generator design back to 
the German firm.74 In other cases, foreign firms tried to replicate capabilities in 
scale-​up and mass manufacturing outside of formal relationships with Chinese 
partners, setting up their own manufacturing facilities in China and poaching 
engineers from their Chinese competitors.75

For Chinese wind turbine manufacturers, an expanding Chinese domestic 
supply chain frequently complemented relationships with suppliers from 
Germany and elsewhere. While Chinese suppliers developed capabilities fo-
cused on cost, scale, and ease of manufacturability, German suppliers retained 
expertise in producing components for prototyping, small-​batch production, 
and commercialization. Engineers for wind turbine manufacturers indicated 
that they were relying on German suppliers in early stages of product develop-
ment. For large scale production, however, they switched to local partners, as 
innovation in the scale-​up to mass production does not center around techno-
logical improvement, but rather on changing product designs to accommodate 
lower-​cost manufacturing processes and materials.76

A long-​term collaborative relationship between the German turbine firm 
Vensys and the Chinese wind manufacturer Goldwind illustrates this dovetailing 
of skills. Lacking capabilities in mass production, Vensys entered into a part-
nership with Goldwind to commercialize a novel direct-​drive technology 
that Vensys had developed. Direct-​drive technology eliminates the need for a 
gearbox, which is one of the costliest turbine components and notoriously 
prone to technical problems. Vensys first licensed its technology to Goldwind 
in 2003, having previously only manufactured a small number of prototypes. 
From that point on, commercialization and the preparation for mass manufac-
turing took place in China. This was the case for a first 1.5 MW model as well as 

	 73	 Author interview, CEO of German engineering firm, May 20, 2011.
	 74	 Author interview, plant manager of German generator manufacturer, May 17, 2011.
	 75	 Author interview, head of China operations, European wind turbine manufacturer, September 
22, 2011.
	 76	 Author interviews: plant manager of German generator manufacturer, May 17, 2011; head of 
China operations, global wind turbine manufacturer, January 21, 2011; head of China operations, 
European turbine manufacturer, October 28, 2010; head of China, German wind turbine design firm; 
March 27, 2017; head of R&D, Chinese generator manufacturer, January 4, 2016.
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subsequent product generations.77 By 2008, the relationship between German 
and Chinese engineers had become so central to the development of the tech-
nology that Vensys sold a 70 percent stake to Goldwind over a number of other 
bidders. According to Vensys, Goldwind was chosen as a partner precisely for 
its capabilities in commercialization and large-​scale production. Upstream R&D 
for Vensys’s new turbine generations has remained in Germany, but the design 
changes to improve cost and manufacturability take place at the Goldwind facil-
ities in China.78 The two firms have maintained this division of labor nearly fif-
teen years after first establishing a relationship.79

Manufacturing Institutions and Green Energy Innovation

If collaboration allowed firms from Germany’s Mittelstand to apply their existing 
skills in customization, it also allowed them to repurpose existing institutions 
of the domestic economy. These legacy institutions of the German manufac-
turing economy retained value in wind and solar industries precisely because 
they no longer had to support the full range of activities required to invent and 
commercialize new technologies domestically. It is important to note here that 
these domestic institutions formed a particularly good fit for the strategies of 
those small and medium-​sized German firms that had found ways to collaborate 
with Chinese manufacturers. In the solar industry, German manufacturers that 
tried to compete with China directly struggled like their American counterparts 
to raise the financial capital to build manufacturing plants that could reach the 
necessary scale economies. Collaboration with Chinese firms was also diffi-
cult for German manufacturers of wind turbines such as Nordex, which estab-
lished relationships with local partners but were, over time, largely driven out 
of the Chinese market. Local competitors both underbid German firms on 
price, but local procurement rules also created additional obstacles for foreign 
manufacturers of wind turbines in China. Domestic institutions of the German 
economy offered little protection against these broader obstacles to competing in 
the Chinese wind power market.

Despite the eventual success of small and medium-​sized firms, Germany’s re-
newable energy legislation contained few provisions specifically targeting the 
development of dense supplier networks for wind and solar sectors. Initial renew-
able energy laws were not expected to lead to the development of large domestic 
industrial sectors. Subsequent changes to the Feed-​in Law and its successor, the 

	 77	 Vensys sold similar licenses to manufacturers in other markets but was not as closely involved in 
production and scale-​up with its other licensees.
	 78	 See Peters 2009; Vensys 2012.
	 79	 Vensys 2017. Author interview, Beijing, March 23, 2015.
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EEG, adjusted tariffs for different sources of energy to account for technology 
improvements. Specific provisions for small and medium-​sized firms were ab-
sent from later generations of renewable energy legislation, as well. Neither 
the original Feed-​in Law nor the EEG included local content requirements 
or loan programs for German wind and solar suppliers. For manufacturers of 
solar panels and wind turbines, grants of up to 50 percent of investment costs 
for capital-​intensive manufacturing plants were available as part of special de-
velopment policies for eastern Germany. Most solar PV manufacturers subse-
quently chose to locate in Berlin, Brandenburg, Mecklenburg-​Vorpommern, 
Saxony, Saxony-​Anhalt, and Thuringia.80 Such programs were of little use to 
existing small and medium-​sized producers of components and production 
equipment—​they remained deeply anchored in local supplier networks and 
needed to retool extant production facilities.

Just as demand-​side legislation provided little concrete assistance for firms 
seeking to enter renewable energy sectors, federal R&D funding for energy 
technologies also bypassed small and medium-​sized firms. A series of federally 
funded energy research programs (Energieforschungs-​programme), each of which 
offered a specific substantive theme within the field of energy technologies, and 
which ran between three and ten years’ duration, dispensed EUR 1.81 billion for 
renewable energy research between 1990 and 2005.81 Though they promoted ad-
vanced wind and solar research in Germany, these programs primarily targeted 
large firms and research institutes such as the Fraunhofer centers. An evaluation 
of research funded through the third Federal Energy Research Program, for ex-
ample, which ran from 1990 until 1996, included projects conducted by indus-
trial laboratories at Siemens, Bayer, Wacker Chemical, and Deutsche Aerospace, 
but revealed little participation from smaller firms.82

The situation improved by the time the 2000 EEG created large-​scale de-
mand for solar energy products. The firms carrying out these research activities 
now began to reflect the diversity of suppliers in wind and solar sectors. Among 
manufacturing firms that received federal R&D funding for renewable energy 
research, machine tool producers and manufacturers of electrical equipment 
(Elektrotechnik) constituted the two largest groups; they made up 13 percent and 
11 percent of firms, respectively.83 Despite the shift in federal research programs 

	 80	 Grants comprised incentives available through two separate programs: the Joint Task Program 
for the Promotion of Industry and Trade (Gemeinschaftsaufgabe), available in all of Germany 
depending on local economic conditions, and the Investment Allowance (Investitionszulage), 
designed specifically as part of the economic recovery program for Eastern Germany. See Germany 
Trade & Invest 2013.
	 81	 Bundesministerium für Wirtschaft und Arbeit 2005, 22; Prognos AG et al. 2007, 14; Sandtner, 
Geipel, and Lawitzka 1997, 260.
	 82	 Forschungszentrum Jülich 1993.
	 83	 Prognos AG et al. 2007, 204–​6.
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to include small and medium-​sized suppliers, federal R&D funds played only 
a small role in helping firms enter and compete in wind and solar industries. 
More than 70 percent of firms receiving federal funds for renewable energy R&D 
stated that they were already active in renewable energy sectors prior to partici-
pating in the programs. Forty percent of firms indicated that federal R&D funds 
were used to bolster existing R&D activities or had no influence on firm strategy 
at all. Fewer than 30 percent of firms used federal funds to enter new indus-
tries and markets.84 For the majority of firms, federal R&D support thus at best 
supplemented existing R&D infrastructures and resources.

Instead, supply firms made extensive use of resources, networks, and indus-
trial practices familiar to them from prior activities. Broad macroeconomic 
institutions, established long before the emergence of wind and solar industries, 
shaped firms’ strategies as they entered global renewable energy supply chains. 
The development of wind and solar supply chains contrasts with expectations 
that economic competition in highly globalized sectors would threaten the sur-
vival of such institutions.85 The ability of firms to insert themselves into global 
chains depended on their reliance on, and repurposing of, legacy institutions. 
This self-​insertion also made firms in emerging industries part of broader polit-
ical coalitions in support of such institutions. Firms participated in these existing 
institutional arrangements not because they lacked alternatives, but because 
these institutions provided resources for the specialized learning strategies they 
chose to pursue. Three sets of institutions in particular were repurposed by re-
newable energy firms.

First, wind and solar suppliers highlighted the importance of collaboration 
between their R&D engineers and their manufacturing workforce in developing 
technologies for wind and solar industries. For many products, such collabora-
tion and bidirectional exchanges were not just critical to improving the man-
ufacturability of new designs, but they also formed the core of trial-​and-​error 
based development processes that could not easily be modeled using computer-​
aided design (CAD) technologies. To foster collaboration between R&D and 
manufacturing staff, firms located their R&D teams inside or in close proximity 
to manufacturing operations. Almost all German wind and solar supply firms 
retained production activities close to their headquarters.86

In the opinion of executives, the skills and training of their employees—​
R&D engineers as well as manufacturing staff—​was as important to product 
development as the co-​location of such activities (if not more so). The recruit-
ment of highly skilled production workers and their continuous professional 

	 84	 Prognos AG et al. 2007, 262.
	 85	 Hassel 2014; Thelen 2014.
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development remained essential to the overall success of the operation. Without 
the appropriate skills and training opportunities, workers would be unable to 
identify problems within the product development process, suggest appropriate 
technical solutions, and implement these solutions together with R&D engin-
eers. The production and research activities in many small firms were so closely 
linked that some did not formally differentiate between R&D teams and their 
manufacturing staff. According to the director of R&D for one solar equipment 
supplier, all production staff had gone through industry-​specific training in 
Germany’s vocational training system, and most engineers had also completed 
an apprenticeship before entering university. Despite such rigorous practical 
training for production workers and R&D engineers, tacit knowledge acquired 
on the job was also considered critically important. “CAD and similar programs 
are unable to simulate the conditions that we find in our machines,” the R&D di-
rector said. “So what we do instead is to build the machine and then test it, tweak 
the parameters, and then test it again. A lot of this process is tacit knowledge. 
Our capital is the experience of our staff, and they didn’t gain this [experience] in 
university, they learned it on the job.”87

In finding, training, and retaining skilled workers, firms reaped the benefits 
of broader labor market institutions. Firms collaborated through interfirm 
networks and industry associations, maintaining programs for highly industry-​
specific vocational training in the form of apprenticeships and, increasingly, 
dual degree programs (duales Studium). The latter offered joint practical 
training and a university education at vocational universities (Berufsakademie). 
Together, firms ensured that individual companies continued to contribute to 
such programs by offering traineeships and extracted financial support from 
Länder and federal governments.88 These skills and training institutions did face 
challenges: firm participation in collaborative efforts declined over time, leading 
to calls for an “apprenticeship tax” (Ausbildungsplatzabgabe) for firms unwilling 
to contribute; and growing numbers of high-​school graduates were shut out of 
the vocational training system altogether as demand for apprenticeships con-
tinued to outstrip supply. From the perspective of manufacturing firms, how-
ever, the vocational training system continued to work well.89 In a 2012 survey of 
more than 14,000 firms conducted by the Association of German Chambers of 
Commerce and Industry (DIHK), manufacturers in machinery and equipment 
sectors planned to offer permanent positions to 80 percent of their apprentices; 

	 87	 Author interview, head of R&D, solar PV equipment manufacturer, May 11, 2011.
	 88	 Culpepper 1999; Ebner, Graf, and Nikolai 2013; Minks, Netz, and Völk 2011, iii–​v. On dual 
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84 percent of firms indicated that ensuring access to skilled labor was their prin-
cipal motivation for contributing to the vocational training system.90

At the same time, strong worker representation and employment protection 
legislation slowed employment turnover, even as a series of labor market reforms 
permitted more flexible employment contracts.91 Barred from organizational re-
structuring through large-​scale hiring and firing, German manufacturers instead 
invested in training their existing workforce, taking the onus on themselves to 
meet the skill requirements of new R&D and production activities.92 To retain 
experienced production staff during recessions and seasonal downturns, federal 
short-​time labor policies (Kurzarbeit) subsidized wages through policies akin to 
part-​time unemployment support.93 During the 2008–​2009 economic crisis, a 
survey conducted by the VDMA showed that despite a 25 percent drop in or-
ders, employment among VDMA member firms only shrank 5 percent, in large 
part due to short-​time labor subsidies.94 In 2009 alone, the federal government 
spent EUR 5 billion on short-​time wage subsidies for more than one million 
employees.95 In short: by offering resources for sector-​specific training and by 
ensuring long employment tenures, labor market institutions established well be-
fore the rise of large-​scale renewable energy industries had a lasting impact on the 
type of R&D activities that firms entering the wind and solar sectors could—​and 
did—​pursue.

Second, existing financial institutions and legacy firm ownership patterns 
allowed firms to compete in the wind and solar industries. Germany’s bank-​based 
financial system offered few opportunities to fund the commercialization of new 
technologies through venture capital. Government attempts to create a venture 
capital sector had failed repeatedly, as funds suffered losses and financiers shied 
away from investing in new firms and technologies.96 Of venture capital invested 
in Germany in 1996, for instance, only 7 percent supported seed and start-​up 
funding; more than 60 percent went to investments in large, established firms.97 
Even though the federal government injected nearly EUR 1.5 billion in venture 
capital funds between 2005 and 2006, overall venture capital activity remained 
at 0.06 percent of GDP, compared to 0.8 percent in the United States.98 In 2011, 
a little more than one-​third of venture capital financing came from (mostly 
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government-​funded) organizations headquartered in Germany.99 Not surpris-
ingly, a number of studies identified the financial system as the main obstacle to 
R&D activities of young, innovative firms in high-​technology industries.100

The scarcity of venture capital funding presented fewer barriers to existing 
firms seeking to diversify into wind and solar supply chains. Because, for most 
firms, developing wind and solar components amounted to a variation of their 
existing R&D practices, many could rely on funding sources they had used in 
the past. In doing so, some firms benefited from long-​term relationships with 
local credit unions, which agreed to provide loans after demand-​side subsidies 
had created stable market conditions for renewable energy sectors. Other firms 
reported either supplementing such loans with retained earnings or completely 
relying on internal funds for R&D activities. Among the firms interviewed for 
this project, only one CEO mentioned floating a bond to finance the construc-
tion of a new production facility, adding that “financing has never been an issue 
for us.”101 Wind and solar suppliers reflected broader trends among small and 
medium-​sized businesses: a 2010 survey among German firms that had re-
ceived federal R&D assistance found that nearly 69 percent of R&D activities 
were funded through earned income or retained earnings. Only 6 percent of 
R&D funds came from bank loans, with the rest coming through grants and 
subsidies.102

Although loans and retained income provided relatively modest sums for 
R&D projects, particularly when compared to the venture capital financing 
available to high-​technology firms in the United States and Israel, these funds 
had few constraints attached. They allowed firms to pursue long-​term develop-
ment strategies, and this mattered greatly. Taking up to four years to develop a 
complex equipment or component prototype was not uncommon, and many 
firms could not generate revenue from investments in renewable energy R&D 
until years after they made the initial decision to enter the wind and solar supply 
chains. Local credit unions, familiar with firms’ R&D practices, thus provided 
essential bridge funding. As credit unions stepped forward to finance long-​term 
development projects with firms that they knew, the income that these firms gen-
erated from activities in other sectors could be used to cross-​subsidize projects in 
ways that were simply not possible for newly established firms.

The high share of family-​controlled firms in Germany, particularly among 
small and medium-​sized businesses, further assisted firms seeking to diver-
sify into new sectors through complex, long-​term R&D projects. Over the past 
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twenty-​five years, the share of family-​controlled businesses among Germany’s 
100 largest firms remained relatively stable at around 20 percent, with signifi-
cantly more family control among smaller businesses.103 In 2002, more than two-​
thirds of firms with fewer than 500 employees were sole proprietorships.104 In 
interviews, the managers of wind and solar suppliers repeatedly emphasized how 
their owners’ commitment to preserving the businesses for future generations 
served to motivate diversification into emerging industrial sectors. That same 
commitment also made it strategically possible for these firms to reinvest profits 
in R&D projects. The plant manager at a German generator supplier explained 
that the family owners had not withdrawn funds from the business since the 
early 1990s, instead allowing the firm to reinvest its profits into the firm’s diversi-
fication from ship building into the wind turbine sector.105 The CEO of an auto-
mation equipment manufacturer discussed entering the solar business to reduce 
overexposure to the automobile industry by investing retained earnings when he 
took over the family business from his father.106 Long-​term planning horizons 
created a willingness to forgo immediate profits in favor of future returns, an 
outlook that sharply differed from short-​term strategies driven by the need to 
maximize shareholder profits.107

A third set of legacy institutional tools helped firms access capabilities and re-
sources outside the firm. The development of new technologies, components, and 
production equipment for wind turbine and solar PV industries posed challenges 
particularly to small and medium-​sized firms. Limited R&D resources, which 
had long prevented smaller firms from absorbing the new technologies generated 
by publicly funded R&D programs, constrained these smaller firms’ ability to 
develop new technologies, components, and equipment for emerging industrial 
sectors.108 For all the skills such firms had historically acquired—​proficiencies 
in the application of core technologies, as well as competencies in managing 
long-​term, complex, and trial-​and-​error-​intensive R&D processes—​the devel-
opment of products for wind turbine and solar PV supply chains required that 
they adopt new materials, components, production processes, and industry 
standards. Particularly among smaller, more specialized firms, the capabilities 
required to master such product development processes could not all be found 
or maintained within the four walls of the firm.
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The role played by external capabilities is perhaps best observed in the pro-
cess of integration, in which firms strategically chose new technologies and as-
sociated capabilities to complement their existing skills. At the same time, albeit 
less visibly, other modes of industry entry and subsequent product development 
processes also required competencies that firms did not possess in-​house. Their 
solution? In order to master specifications for new components, find materials 
capable of withstanding the stresses of new applications, and use novel produc-
tion processes, firms turned to external partners. For small and medium-​sized 
suppliers, such partners in many cases were larger wind turbine and solar PV 
manufacturers, initially domestically and subsequently in global supply chains. 
Other firms turned to universities, research institutes, and contract researchers 
for help. In a situation somewhat unique to Germany, however, many small and 
medium-​sized firms also collaborated with one another other, pooling resources 
and sharing capabilities across sectoral boundaries to meet product develop-
ment challenges.

In their reliance on external capabilities, small and medium-​sized German 
firms in the wind and solar sectors built on a long tradition of collaborative R&D 
in German industry. Starting in the late nineteenth century, German manufac-
turing firms organized themselves in research networks to find suitable partners 
for joint R&D projects. By 1939, just prior to World War II, nineteen such re-
search networks had been created. By 2011, 101 industrial research associations 
were facilitating collaborative research activities among member firms.109 Of the 
101 associations active in 2011, 91 focused on a single industry, including ma-
chinery and equipment manufacturing; chemicals, plastics, and rubber sectors; 
and the production of energy generation equipment. Ten research associations 
had an interdisciplinary focus. By 2011, a total of 50,000 firms had organized 
themselves into such associations.110

Although research associations relied on industry associations to find 
members, set up collaborative projects, and at least partially fund research through 
member dues, the state played a critical role in encouraging these joint efforts. 
In 1954, a Federation of Industrial Research Associations (Arbeitsgemeinschaft 
industrieller Forschungsvereinigungen) was established to facilitate interdisci-
plinary projects across sectoral boundaries and to represent the interests of re-
search associations to the government. In the same year, the Federal Ministry of 
Economic Affairs began supporting collaborative research projects through sub-
sidies and research grants.111 Initially, the main justification for federal support 
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for industrial collaborative research (Industrielle Gemeinschaftsforschung) was to 
level the playing field for SMEs, which were assumed to suffer from competitive 
disadvantage in an economy increasingly populated by large diversified compa-
nies. Over the years, however, as SMEs ceased to be regarded as structurally dis-
advantaged legacies and came to be understood as integral parts of Germany’s 
innovation economy, the reasoning behind continued support for collaborative 
research shifted to the creation of spillovers for the broader economy from en-
couraging R&D in SMEs.112

Despite these shifting motivations for state involvement in collaborative re-
search, the policies and institutional resources provided to foster such collabora-
tion remained relatively stable over time. At the core, state support for industrial 
collaborative research (ICR) meant R&D funding for research projects that in-
cluded partnerships among several firms and research institutes.113 Participating 
research institutes included universities, industry research institutes funded by 
industry associations, and nonuniversity institutions such as Germany’s large 
number of Fraunhofer and Max Planck Institutes. Funded projects were by def-
inition precompetitive: to qualify for funding, projects needed to focus on tech-
nologies and materials with multiple potential applications in a range of future 
products, rather than targeting the development of commercializable products. 
The results of ICR projects were shared among all members of participating re-
search associations, although direct involvement in the project was often neces-
sary for firms to be able to use these research findings.114

In contrast to other federal R&D funding schemes, firms designed these ICR 
projects without thematic requirements.115 As members of research associations, 
firms could suggest ideas for new projects at association meetings, find partners, 
and identify research institutes with expertise in solving the particular problem at 
stake. In finding partners for R&D collaboration, firms explicitly targeted colleagues 
with different technical capabilities, R&D resources, and priorities in product de-
velopment.116 Each project formed a planning group of participating firms, and 
that group defined the exact scope of the R&D undertaking, jointly submitting 
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applications for federal funding under one of the ICR programs. In addition to gov-
ernment grants, these associations funded projects through membership fees; and 
individual firms were expected to contribute funds, R&D staff, and equipment. In 
some cases, donations by larger firms made more costly R&D projects possible.117 
Industry contributions allowed relatively modest sums of federal government sup-
port to initiate much larger R&D efforts. In 2008, for instance, EUR 123 million in 
federal subsidies went to ICR funding; and a total of EUR 2.6 billion has been dis-
pensed since the inception of ICR programs in 1954. Estimates suggest that as little 
as 15 percent of funds spent on ICR projects came from government coffers.118

As firms from Germany’s traditional manufacturing sectors began to create 
products and components for the rapidly growing wind and solar industries, they 
relied on ICR programs to solve concrete technical challenges; and they benefited 
from relationships with other firms and research institutes established through 
previous participation in collaborative projects. Even in the absence of research 
associations established specifically for the renewable energy sectors, firms 
accessed federal ICR funding and entered interdisciplinary research networks 
through participation in one of the many associations set up for existing indus-
trial sectors. Within this open, bottom-​up structure for research collaboration, 
shaped largely through the input of individual member firms, partnerships in the 
wind and solar sectors manifested in a wide range of forms.119

For some firms, collaboration simply meant working closely with end-​
customers for products and components.120 Such relationships initially fo-
cused on wind and solar manufacturers in Germany, but increasingly they 
began to draw in international partners, as sizable renewable energy indus-
tries emerged in China and elsewhere. Other firms used ICR networks to fund 
collaboration with research institutes or used contacts from past joint projects 
to independently facilitate collaboration with external research centers. The 
CEO of a manufacturer for production equipment for solar modules, for in-
stance, recalled using such ties to establish a cooperation with the Fraunhofer 
ISE in Freiburg.121

In some cases, firms participated in projects set up by associations from 
other sectors. For example, the director of a research association for the ma-
chinery and equipment sector established by the VDMA described how 
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small suppliers and a multinational wind turbine manufacturer participated 
in interdisciplinary projects to develop new alloys that none of the partners 
could have created on their own.122 In other cases, firms formed still larger 
clusters, seeking funding both through regional development programs for 
high-​tech clusters (set up by the Federal Ministry of Education and Research) 
and through traditional ICR programs for individual projects conducted 
within the group. In Solarvalley Mitteldeutschland, the cluster that included 
a number of ill-​fated solar PV manufacturers, some ninety-​eight collabora-
tive projects conducted by members along the entire solar PV supply chain 
received state research support.123

In a survey of 60 firms in the solar PV industry, 72 percent of firms that had 
received public support for collaborative research stated that they would not 
have participated in the absence of government subsidies. Seventy-​four percent 
of all respondents reported participating in collaborative R&D efforts.124 Active 
research associations for a wide range of industrial sectors and government sub-
sidies for collaborative R&D both encouraged and maintained collaborative 
practices in Germany’s manufacturing industries—​practices retained by small 
and medium-​sized firms as they entered the emerging wind and solar sectors.

Small and medium-​sized firms from Germany’s legacy industries responded 
to policies for renewable energy industries by building on existing capabilities 
and by using institutions established in support of sectors that had long lain 
at the core of the German economy. Rather than abandon such institutions 
when entering new economic sectors, firms repurposed and applied these 
institutions to the global wind and solar sectors. In doing so, they used 
Germany’s distinct institutional infrastructure to compete in highly global-
ized sectors and expanded the political coalitions behind such institutions be-
yond the areas that had originally backed them. Globalization did not threaten 
the existing fabric of the German manufacturing economy. Instead, speciali-
zation and repurposing explain why globalization enabled Germany’s special-
ization in customization to over time.

Conclusion

In the shadow of the high-​profile bankruptcies of a number of German solar 
manufacturers—​precisely the type of firms that government policy had 
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supported when it prioritized invention in early R&D funding programs—​
suppliers of automation equipment and complex components created dense 
networks of firms focused on customization. The ability to repurpose core 
strengths for new applications within an environment of collaborative advan-
tage lent specialized suppliers remarkable flexibility.125 Collaborative advan-
tage in global renewable energy sectors allowed these suppliers to contribute 
skills to a wide range of product development processes with partners from 
around the world, making them increasingly independent from the fate of 
local assemblers.

I have argued in this chapter that collaboration with manufacturers from 
China enabled firms to pursue competitive strategies that aligned with legacy 
institutions of Germany’s domestic economy. Labor market and training 
institutions, the German financial system, and state support for collaborative 
research supported SMEs as they pivoted to new industrial sectors. The trajec-
tory of industrial development I have described points toward an interactive 
evolution of both firm specialization and institutional change. Firms entered 
new sectors in response to new opportunities for collaboration in global supply 
chains and found their competitive niche by repurposing domestic institutions 
and existing skills for application in new sectors. The fact that their turn to cus-
tomization mirrored the historic strengths of the German economy obscures 
the central role of learning and industrial change in this narrative. Firms were 
not simply borrowing from existing knowledge. They were actively learning and 
reinventing themselves.

The strong response of Mittelstand firms to state industrial policies shaped 
the trajectory of renewable energy policy. It underlined the divergent interests 
of firms that could exploit collaborative advantage and firms seeking to com-
pete with China head-​on. Highly dependent on an open economy, wind and 
solar suppliers used their political connections to maintain support for do-
mestic renewable energy markets while preventing trade barriers and other 
obstacles to collaboration. Between 2005 and 2009, installed solar capacity 
doubled every two years. Despite its perpetually gray skies, Germany now 
accounted for nearly half of the world’s installed solar PV modules, most of 
which they imported from China. This breakneck development speed raised 
concerns about the increasing cost and long-​term sustainability of domestic 
renewable energy markets.126

These networks of wind and solar suppliers, organized in politically well 
connected industry associations such as the VDMA, were vocal in their support 
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of continuing policies that favored domestic renewable energy markets. In addi-
tion to industry associations and environmental groups, Länder governments in 
regions with renewable energy manufacturing and deployment now lobbied on 
behalf of local industries.127 The decentralized nature of these renewable energy 
supply chains helped broaden the coalition of subnational governments opposed 
to drastic subsidy cuts and willing to block such legislation in the Bundesrat, 
Germany’s second chamber.

Because of this widespread policy support, successive government 
administrations at the federal level struggled to change the legislation. After the 
2005 federal election, the Conservative/​Social Democratic coalition government 
left the tariff schedule unchanged. In 2009, when a new Conservative/​Liberal 
coalition attempted to cut subsidies for solar energy in a revision to the EEG, 
several Länder governments blocked the amendment in the Bundesrat to pro-
tect the local economy.128 The federal government again tried to reduce subsi-
dies in 2012, provoking protests by subnational governments and widespread 
demonstrations in front of government offices in Berlin.129 Both instances 
resulted in a compromise between Länder governments seeking to protect local 
firms and the federal administration. Feed-​in tariff rates were reduced, but not 
by nearly as much as requested by the federal government.130 The core principle 
of the feed-​in tariff remained unchallenged until 2014, however, and electricity 
generated from wind turbines and roof-​top solar installations continued to re-
ceive above-​market compensation.131

Despite their successful campaign to protect the feed-​in tariff legislation, 
the interests of original equipment manufacturers and the domestic supply in-
dustry increasingly diverged. The Mittelstand had long been instrumental 
to maintaining and shaping industrial policy for the wind and solar sectors in 
Germany. Firms’ geographical spread and their powerful industry organiza-
tions added significant political weight to the broad coalition of renewable en-
ergy supporters. As the production of solar panels and wind turbines stagnated 
in Germany and suppliers increasingly depended on global markets, they used 
their political clout to defend positions that no longer aligned with domestic 
OEMs. In 2012, German manufacturers of solar panels called for trade barriers 
to prevent import competition from Chinese competitors, filing antidumping 
cases domestically and with the European Union.132 Protests by Germany’s com-
ponent suppliers and manufacturers of production equipment, who vehemently 
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and ultimately successfully opposed plans to enact antidumping measures, 
stemmed from the recognition that their contributions to solar technology de-
velopment now relied on collaboration with global partners.133 Not only did 
wind and solar suppliers from Germany’s Mittelstand use their political clout to 
maintain policy support for domestic renewable energy markets, but they were 
also instrumental in ensuring that these markets remained open to their Chinese 
partners.134

	 133	 Wessendorf 2013.
	 134	 Meckling and Hughes 2017.



5
China’s Specialization 

in Innovative Manufacturing

China has not always been an obvious location for innovation in clean energy 
technologies. For all the headlines generated by China’s ascent in the global 
economy, technological innovation has—​until recently—​rarely featured in 
debates about China’s role in global supply chains. Since the early 2000s, its 
share of global manufacturing output has more than tripled, from 6.9 percent 
in 2001 to over 25 percent in 2015—​surpassing the United States as the world’s 
largest manufacturer starting in 2010. Accordingly, observers focused on China’s 
low-​cost production environment to understand its contribution to the global 
economy.1 Chinese firms attracted attention not with their research and devel-
opment (R&D) capabilities, but with the sheer scale at which they manufac-
tured commodities for Western markets. In 2002, Wenzhou, an industrial city 
in Eastern China, produced 70 percent of the world’s cigarette lighters, single-​
handedly causing a trade dispute with the European Union.2 Even as Chinese 
firms quickly became proficient in the production of ever more complicated 
products—​China surpassed the United States as the world’s largest assembler of 
computer hardware in 2004, and in 2006 it became the world’s largest exporter of 
high technology products—​China’s role in the global division of labor was long 
understood in terms of its advantages in low-​cost production.3

China is an unexpected location for clean energy innovation for a second 
reason. Beginning in the mid-​1990s, a combination of rapid economic growth 
and lax environmental enforcement triggered an air environmental crisis of un-
precedented magnitude. Transportation emissions, industrial facilities, and coal 
power plants built to feed the energy demands of industry and a growing urban 
middle class spread a problem once confined to industrial centers in Northeast 
China to most of the coastal and interior provinces. Pollution levels in major 
cities at times exceeded conventional measurement scales, as official weather 
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reports continued to refer to pollution as “haze.” In 2015, an online documentary 
about smog and its public health effects in China gathered more than 200 million 
views before being banned from the Chinese internet after 48 hours.4

Amid this environmental catastrophe, China nonetheless became the location 
of the world’s largest clean energy industries.5 Over the past two decades, China’s 
renewable energy firms launched manufacturing facilities capable of producing 
more wind turbines and solar panels than the rest of the world combined. Between 
2000 and 2010, China increased the domestic production of solar modules from 
3 MW to 10,852 MW, while wind turbine manufacturing grew from 80 MW to 
almost 19,000 MW annually.6 By 2016, China accounted for 81 percent of the 
world’s manufacturing capacity for solar PV. It installed 42 percent of the world’s 
wind turbines that same year, virtually all of them manufactured domestically.7 
The conventional narrative that China is one of the world’s largest polluters 
is thus incomplete, if not misguided: it fails to take into account the dramatic 
developments in Chinese clean energy industry over the past twenty years.

This chapter chronicles the development of China’s renewable energy sectors 
to make two central claims: First, the chapter demonstrates that China’s role in 
global renewable energy industries was rooted in a set of R&D capabilities that 
I refer to as innovative manufacturing. Challenging views that have portrayed 
China’s rise in the global economy as a function of factor cost advantages, I show 
that China’s wind and solar manufacturers established R&D divisions focused 
on technical capabilities in commercialization and design for mass production. 
In the early 2000s, when Chinese wind and solar manufacturers first entered 
these emerging sectors, wind turbines and solar panels had never truly been 
mass-​produced. The rapid translation of new energy technologies into mass-​
manufacturable products required changes to product designs to accommo-
date new manufacturing equipment, the incorporation of new materials and 
components to improve efficiency, and modifications to product architecture 
to lower production cost. Because Chinese firms found core technologies ac-
cessible through collaboration in global supply chains, they used central gov-
ernment R&D funding to build capabilities that their foreign partners could not 
provide: specifically, the engineering and design skills required to prepare new 
technologies for commercialization and to implement mass production in nas-
cent renewable energy industries.

Second, and perhaps counterintuitively, this chapter shows that China’s par-
ticular variety of innovation relied on the adaptation and repurposing of local 

	 4	 Wong 2015.
	 5	 Guan et al. 2009.
	 6	 Earth Policy Institute 2020.
	 7	 Ball et al. 2017, 18; GWEC 2017, 16.
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government support for the manufacturing economy. China’s central govern-
ment in Beijing pursued a vision of industrial upgrading and economic devel-
opment centered on technological independence and vertical integration in 
domestic industries through the support of national champions. Yet the presence 
of collaborative advantage allowed wind and solar manufacturers to respond to 
such policies with the establishment of R&D skills that took advantage of local 
government resources for mass production, even when they did not explicitly 
target such industrial upgrading. Entrepreneurial firms identified opportunities 
for specialization beyond the scope of central government goals and deployed 
the tools available in China’s industrial ecosystem to advance their skills in 
commercialization. This ability of Chinese manufacturers to diverge from cen-
tral government goals was predicated on their close relationships with firms 
in Germany and the United States: collaboration relieved Chinese firms of the 
burden of developing the full slate of industrial capabilities required to invent, 
commercialize, and produce green energy technologies; and it paved the way for 
China’s particular specialization in innovative manufacturing (Figure 5.1).

Earlier I showed how, in Germany, small to medium-​sized enterprises (SMEs) 
from the traditional industrial core that entered renewable energy industries 
depended on demand from and collaboration with Chinese manufacturers. 
This chapter discusses the flipside of this partnership. In the presence of collab-
orative advantage, Chinese firms strategically exploited the divergence between 
the central governmental goals of technological independence and the local 
governments that continued to support mass production and that remained 
wary of investing in long-​term innovation strategies. Collaborative advantage 
allowed Chinese firms to become central nodes in technological innovation in 
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the wind and solar industries while taking advantage of a fragmented domestic 
industrial policy regime.

This chapter begins with a discussion of the links between China’s emerging 
wind and solar industries and China’s broader manufacturing economy. It then 
uses firm-​level data to explain the establishment of Chinese capabilities in in-
novative manufacturing—​R&D skills targeting the commercialization and rapid 
scale-​up to mass production. The second half of this chapter examines the role 
of collaborative advantage in enabling firms to specialize in innovative manu-
facturing. It then shows that collaborative advantage allowed renewable energy 
firms to build on and repurpose local government institutions for mass pro-
duction that diverged sharply from central governmental goals. The conclusion 
returns to the implications of China’s rise in renewable energy sectors for broader 
debates about industrial policy and economic development in highly globalized 
industries.

Scale-​Up Nation

In Chapter 2, I showed that a political logic led governments to connect green 
industrial policies with the expectation of economic co-​benefits in the form of 
growth and employment. These expectations soared the highest in China, which 
had always regarded renewable energy industries as potential sources of export-​
oriented development. Differences did occur in the timing of policy support for 
wind versus solar—​the central government had emphasized creating national 
champions in the wind industry since the late 1990s, while the solar industry in 
China had initially benefited the most from subnational subsidies for manufac-
turing and was not included in central government plans until 2009. Nonetheless, 
the government’s treatment of both industries mirrored the broader trajectory of 
economic development policy in China, which shifted from learning through 
the attraction of FDI to an emphasis on technological autonomy (Table 5.1).

The release of China’s indigenous innovation strategy in 2006 underscored 
the expectation that the Chinese economy would eventually invent and com-
mercialize homegrown technologies in key industrial sectors without foreign 
assistance. After technology imports had given way in the 1990s to technology 
transfers to Chinese firms, the central government declared the pursuit of “in-
digenous innovation” (zizhu chuangxin) a central goal of the Eleventh Five-​Year 
Plan (2006–​2010).8 China’s strategy of trading market access for technology 
had not achieved the desired results among domestic technology firms, and 
the leadership—​informed by a caucus of more than 2,000 scientists, engineers, 

	 8	 State Council 2006.
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and corporate executives—​decided that the nation was ill-​equipped to solve 
challenges independently in areas critical to China’s future development. These 
included energy, environmental protection, and health.9 Two documents issued 
by the State Council in January 2006—​the “Medium-​ and Long-​Term Strategic 
Plan for the Development of Science and Technology” (MLP) and the “Decision 
on Implementing the MLP and Improving Indigenous Innovation Capability”—​
laid out the central leadership’s intention to place indigenous innovation at the 
core of China’s developmental strategy.10

Apart from setting targets to further increase R&D spending to 2.5 percent 
of GDP and to reduce reliance on foreign technologies, the MLP selected a 
range of core industrial sectors for special treatment, energy among them.11 It 
supplied a list of government instruments for achieving such goals, including 
the procurement of domestic technologies, the development of domestic 

Table 5.1  Shifting Priorities for Science and Technology Funding

1988–​1995
R&D investment, 
technology imports

1996–​2005
First increase, then 
reduction of FDI 
dependence

2006–​
Promotion of indigenous 
innovation

	•	 Invest in R&D 
infrastructure

	•	Promote university 
spin-​offs

	•	Promote transformation 
of R&D into marketable 
products

	•	Promote establishment of 
high-​technology zones in 
new localities

	•	Attract research institutes 
to HTZs

	•	Attract foreign 
investment to HTZs to 
increase competitiveness 
of local tech firms

	•	Establish production 
bases for high-​tech 
industries in HTZs

	•	Encourage new 
technology-​based 
industrial sectors

	•	Since 2001, encourage 
HTZs to return to 
original mission, reduce 
FDI dependence and 
promote innovation in 
domestic firms

	•	Promote “indigenous 
innovation”

	•	Reduce reliance on 
technology imports

	•	Preferred government 
procurement for 
domestically developed 
technologies

	•	Encourage SME-​based 
technology clusters

	•	Encourage Chinese 
scientists and 
entrepreneurs to 
return to China from 
foreign universities and 
enterprises

Source: Heilmann, Shih, and Hofem 2013.

	 9	 Cao, Suttmeier, and Simon 2006, 38–​39.
	 10	 OECD 2008, 389; Schwag Serger and Breidne 2007; State Council 2006. See also: Xinhua, 2006, 
“China Outlines Strategic Tasks for Building Innovation-​Oriented Country,” http://​english.people.
com.cn/​200601/​09/​eng20060109_​233919.html (accessed May 10, 2021).
	 11	 Specifically, the MLP called for a reduction of reliance on imported technology from 50 percent 
to 30 percent by 2020, measured as spending on technology imports as part of overall spending on 
domestic R&D and foreign technology purchases. Ernst 2011, 24.

http://english.people.com.cn/200601/09/eng20060109_233919.html
http://english.people.com.cn/200601/09/eng20060109_233919.html
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technology standards, a range of tax benefits and subsidies for R&D, the im-
provement of intellectual property rights practices, the improved use of tech-
nology standards, and international collaborations to accelerate learning 
among domestic firms.12 Central science and technology (S&T) programs, 
including the so-​called 863 Program for applied research, received increased 
funding as a result, and funds for core research areas were adjusted accord-
ingly. The 863 Program now included ten focus areas, including energy tech-
nologies, and sought to further increase the proportion of funds supplied to 
enterprises rather than to universities and research institutes, which had long 
won the majority of grants (Table 5.1).13

In the renewable energy sector, the indigenous innovation guidelines stimu-
lated the aggressive expansion of renewable energy markets and increased sup-
port for domestic R&D activities. In 2006, the central government passed China’s 
first renewable energy law, which provided a framework for introducing feed-​in 
laws similar to those in Germany. The law also built the legislative foundation 
for cost-​sharing mechanisms aimed at recovering the cost of renewable energy 
subsidies through rate-​payer surcharges. The Medium-​ and Long-​Term Plan for 
Renewable Energy Development, issued in 2007, fixed targets for renewable en-
ergy markets in China that had been introduced in the renewable energy law: the 
plan mandated that 15 percent of energy demand must be met from renewable 
sources by 2020.14 It also called for the installation of 30 GW of wind turbines as 

	 12	 A short overview of the MLP guidelines for implementation can be found in OECD 2008, 390. 
Annex F (China’s Policies for Encouraging Indigenous Innovation of Enterprises) of the same volume 
lists policies in more detail. OECD 2008, 613–​30.
	 13	 Tan and Gang 2009, 2–​4.
	 14	 Lewis 2013, 53.

Table 5.2  Select Industrial Policies for China’s Wind and Solar Sectors

China

Technology Push Since 1986 R&D funding for applied research through “863 
Program”

2008 “Indigenous Innovation” Initiative
2010 “New Energy” included under Strategic Emerging 

Industries
2015 Made in China 2025 Initiative

Market Pull 2003 Wind Power Concession Program
2006 Renewable Energy Law
2007 Feed-​In Tariff: Wind
2009 Feed-​In Tariff: Solar
2009 Golden Roofs Initiative
2009 Golden Sun Program
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well as 1.8 GW of solar photovoltaic (PV), although both 2020 targets have since 
been revised to 200 GW for wind and 20 GW for solar, respectively.15 In 2009, the 
central government eliminated individual feed-​in laws set up in various prov-
inces in the wake of the renewable energy law and established China’s first na-
tional, unified feed-​in tariff for wind energy. China was now the world’s largest 
market for wind turbines, having doubled its cumulative wind power capacity 
from the previous year.16

At the same time, a first nationwide feed-​in tariff for solar energy created a small 
but growing domestic market for solar PV technologies, with additional subsidy 
programs available to support both residential customers and developers of utility-​
scale solar PV installations. For smaller installations, the Golden Roofs Initiative 
provided a subsidy of USD 2.63 per watt, covering up to half of the total installation 
cost. The Golden Sun Program reimbursed up to 70 percent of the installation cost 
for utility-​scale installations.17 These subsidies for a domestic solar PV market came 
after the global financial crisis had led many European governments to drastically 
reduce support for their local solar installations, a decision that had slowed global 
market development and created overcapacity among China’s solar producers.18 
Cost reductions in solar PV technologies made these technologies more attractive 
for domestic use after decades during which wind turbines had held sway over local 
renewable energy markets.19

As a result of the renewable energy law and its accompanying regulations, 
the period of the Eleventh Five-​Year Plan saw an unprecedented expansion of 
domestic demand for renewable energy technologies in China. Market oppor-
tunities and resources provided by the central government were increasingly 
restricted to domestic firms. Even though local content requirements for wind 
turbines were removed in 2009 and China’s feed-​in tariffs required no formal 
nationality requirements, foreign wind turbine manufacturers complained 
about being systematically excluded from government tenders and undercut 
by local competitors.20 These manufacturers—​many of which had established 
local manufacturing facilities in China—​argued that central and subnational 
governments were using the government procurement clauses within the indig-
enous innovation legislation to purchase from domestic firms.21 Many foreign 

	 15	 Campbell 2011, 6–​8; Lewis 2013, 53.
	 16	 Data compiled by Earth Policy Institute, 2020.
	 17	 Campbell 2011, 8.
	 18	 For an overview of the effects of the global financial crisis on the solar PV industry, see Bartlett, 
Margolis, and Jennings 2009.
	 19	 Goodrich et al. 2013, figure 1.
	 20	 See “China Shuts Out Foreign Businesses from Its $14 Billion Plan.” Business Insider, June 4, 
2009; Keith Bradsher, 2010, “On Clean Energy, China Skirts Rules,” New York Times, September 8.
	 21	 Liu and Cheng 2011, 25–​26.
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firms ceased to participate in public tenders and subsequently scaled down their 
planned investments in China-​based manufacturing facilities.22

Policies implemented after the release of the indigenous innovation guidelines 
aimed to close the remaining technology gaps between foreign firms and 
Chinese suppliers by encouraging the development of domestic capabilities. 
Government programs for international science and technology collaborations 
on wind and solar technologies, for instance, increasingly prioritized the aca-
demic exchange between universities and research institutes, rather than firms; 
and they no longer traded access to local markets in exchange for technology 
transfers.23 Direct subsidies for renewable firms were now tied to the successful 
commercialization of new technologies. Starting in 2008, for example, Chinese 
turbine manufacturers were eligible for significant financial support for the first 
fifty turbines of 1 MW capacity or more, as long as they were indigenously de-
veloped, certified, and connected to the grid.24 To consolidate the industry and 
increase technical standards among turbine producers, the Ministry of Industry 
and Information Technology (MIIT) in 2010 restricted the operation of turbine 
manufactures that could not produce wind turbines of 2.5 MW or more and that 
failed to meet a series of R&D and quality requirements.25

In the solar sector, which had received direct government subsidies only since 
the beginning of the Eleventh Five-​Year Plan, central government policies now 
emphasized the domestic manufacture of production equipment, which most 
Chinese solar firms had previously sourced from Europe and the United States. 
In 2010, when the State Council released a list of seven “Strategic Emerging 
Industries” to replace the old pillar industries that had traditionally structured 
industrial policy, not only were renewable energy technologies included but so 
also was advanced manufacturing equipment.26 This new emphasis on equip-
ment manufacturing subsequently pervaded the Twelfth Five-​Year Plan for the 
solar PV industry, released in 2012. That plan called for 80 percent of solar pro-
duction equipment to be manufactured domestically by 2015, a goal that has not 
been met and since made its way into numerous subsequent policy documents.27

The state goal of achieving technological independence belied both the reality 
in global renewable energy sectors and China’s domestic developmental tra-
jectory as the world’s largest manufacturer. By the time China’s first domestic 

	 22	 Author interviews: head of China operations, foreign wind turbine manufacturer, August 17, 
2011; general manager, foreign wind turbine manufacturer, August 30, 2011.
	 23	 See Zhao et al. 2011. The International Science and Technology Collaboration Program on New 
and Renewable Energy set up by NDRC and MOST in 2007 resulted in 103 collaboration agreements 
with institutions in 97 countries. See Tan and Gang 2009, 5.
	 24	 Lewis 2013, 72.
	 25	 Kang et al. 2012, 1913; Lewis 2013, 73.
	 26	 State Council 2010; US-​China Business Council 2013.
	 27	 Ministry of Industry and Information Technology 2012; National Energy Administration 2011; 
Wübbeke et al. 2016.
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producers entered the wind and solar industries in the late 1990s, two decades of 
economic reform had already turned China into a large manufacturing economy. 
Between 1978 and 1998, China’s per capita GDP had expanded nearly eighteen-​
fold, from RMB 381 to RMB 6,796, and it would double again within six years.28 
New rules on private ownership had enabled a gradual restructuring of the state-​
owned sector. In the countryside, economic liberalization and fiscal decentral-
ization in the 1980s had created incentives for rural governments to intervene 
aggressively on behalf of enterprises.29 Along the coast, special economic devel-
opment zones had proliferated, offering tax breaks, land deals, and development 
assistance to foreign investors and domestic manufacturers.

By 2003, fifty-​four national economic and technological development zones 
(ETDZs), fifty-​three national high-​technology industrial zones (HTZs), and 
hundreds of economic development zones managed by local governments were 
competing to attract investment in manufacturing and, increasingly, in high-​
technology industries.30 Manufacturing in China’s development zones initially 
focused on consumer goods, textiles, and shoes—​both Nike and Reebok sourced 
nearly half of their athletic shoes from Chinese factories in the late 1990s. By 
2004, China had become the world’s largest producer of electronics and commu-
nication equipment.31 Nearly two-​thirds of the world’s laptop computers were 
manufactured in China in 2005.32

The shift or expansion to high-​technology manufacturing occurred primarily 
at the hands of foreign firms, which had flocked to China’s economic develop-
ment zones in response to favorable investment policies. Between 1979 and 2000, 
China attracted USD 346 billion in foreign direct investment (FDI). Throughout 
the 1990s, China was second only to the United States on the list of the largest 
FDI recipients; 70 percent of FDI targeted the manufacturing industry.33 By far 
the largest sources of FDI were manufacturing firms in Taiwan and Hong Kong, 
which used China’s opening to foreign investment during the reform years to 
move labor-​intensive export production to low-​cost manufacturing locations in 
China’s coastal development zones. Sixty percent of FDI arriving in China be-
tween 1985 and 2005 originated in Hong Kong, Taiwan, and Macau.34 Eighty-​
eight percent of high-​technology exports during the 1990s were manufactured 
by foreign-​invested enterprises.35 Although empirical studies found mixed 

	 28	 China Statistical Yearbook 2007, chapter 3–​1.
	 29	 Naughton 2007, 271–​94; Oi 1995, 1136–​38.
	 30	 Naughton 2007, 304, 409–​10.
	 31	 Tomas Meri, “China Passes the EU in High-​Tech Exports,” in Eurostat: Statistics in Focus, 25/​
2009. Shoe manufacturing statistics cited in Landrum and Boje 2002, 84.
	 32	 In 2005, Taiwanese companies produced more than 70 percent of the world’s notebook 
computers, 85 percent of which were manufactured in facilities in mainland China. Yang 2006, 7–​12.
	 33	 Huang 2003, 6; Naughton 2007, 419.
	 34	 Naughton 2007, 413.
	 35	 Naughton 2007, 417.
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evidence of direct technology transfers to local firms as a result of China’s FDI-​
led development regime, foreign-​invested firms provided training opportunities 
for staff in economic development zones, pushed local governments to continue 
to provide incentives for mass production, and attracted large supplier industries 
for materials, production equipment, export logistics, and other complementary 
capabilities required for large-​scale manufacturing.36

China’s domestic renewable energy firms had their beginnings in this era of 
manufacturing expansion and functional upgrading in economic development 
zones. Although central government economic policymaking pursued the goal 
of creating high-​technology start-​ups and national champion firms with skills in 
the invention of new technologies, entrants into the renewable energy industries 
focused largely on building skills in the manufacturing of wind turbines and solar 
PV technologies. Whether firms spun off from state-​owned heavy machinery 
conglomerates, as proved common in the wind energy sector, or were founded 
by foreign-​trained returnees, as was the case in many of China’s solar firms, the 
legacy of mass manufacturing endured: It influenced hiring practices, templates 
for interaction with global supply chains, and the range of capabilities available 
to firms among local suppliers. As I lay out in detail in the remainder of this 
chapter, China’s wind and solar firms, instead of building R&D capabilities in the 
invention of new technologies, emphasized their engineering skills in scale-​up 
and mass manufacturing.

Even before the emergence of domestic wind energy markets and the rise 
of market demand for solar PV technologies in Europe, China’s national S&T 
policies created incentives for firms to enter these industries. The central gov-
ernment supported technology spin-​offs, provided funding for high-​tech R&D, 
and offered start-​up support in HTZs created as incubators under the so-​called 
Torch Program. The domestic demand for wind turbines, fueled by China’s 2003 
Wind Power Concession Program, by subsequent feed-​in tariffs, and by the rap-
idly growing export markets for solar PV technologies, further encouraged in-
dustry entry.

New wind and solar firms moved into the renewable energy sectors along dif-
ferent paths. Like Goldwind, China’s first domestic wind turbine manufacturer, 
many wind turbine producers amounted to spin-​offs from government research 
institutes or subsidiaries of state-​owned (or formerly state-​owned) enterprises. 
Goldwind began in 1997 as a spin-​off from Xinjiang’s Wind Energy Research 

	 36	 Huang has argued that China’s FDI-​led development strategy has crowded out local firms 
by providing investment incentives and favorable tax policies predominately to foreign-​invested 
enterprises. See Huang 2003. For a discussion of training and other benefits provided by foreign-​
invested firms, see Naughton 2007, chapter 17. Others have found mixed statistical evidence for di-
rect technology transfer from foreign investors to local firms beyond their Chinese subsidiaries. See, 
for instance, Hu, Jefferson, and Jinchang 2005; Lemoine and Ünal-​Kesenci 2004; Liu and Buck 2007.
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Institute, after the 863 Program provided funding for the development of small 
wind turbines with 600 kW capacity.37 In 2004, after domestic markets ex-
panded, Dongfang Electric began producing wind turbines with a license from 
German REpower. Dongfang was itself a subsidiary of China Dongfang Electric 
Corporation, a centrally owned enterprise with a wide product portfolio that 
included power generation equipment, transformers, railway engines, and 
power converters.38 Sinovel, a start-​up backed by Dalian Heavy Mechanical and 
Electrical Equipment Engineering Company, began producing 1.5 MW turbines 
in 2006 with a license from Germany’s Fuhrländer; it began offering a 3 MW tur-
bine a few years later, at a time when European producers were still testing their 3 
MW technology.39 China’s 2006 renewable energy law, which introduced feed-​in 
tariffs for the wind industry and created the prospect for long-​term growth in 
domestic markets, prompted other producers to follow. Mingyang, a privately 
owned supplier of switch-​gears, frequency converters, and pitch control equip-
ment for wind turbine manufacturers, began the production of its own 1.5 MW 
wind turbine in 2007.40

In the solar industry, Chinese scientists founded the majority of firms. Many 
of these scientists had received their training at the School of Photovoltaic and 
Renewable Energy at the University of New South Wales in Australia.41 Research 
funding dispensed by the central government and support for high-​technology 
start-​up firms in China’s High-​Technology Development Zones attracted these 
scientists back to China. Many returned to their hometowns to open solar PV 
firms right around the same time that manufacturers were springing up in 
Europe and the United States. Trina Solar, today one of China’s largest produ-
cers of solar wafers and modules, began as a solar PV installer for demonstration 
projects in 1997.42 Yingli Solar followed in 1998, setting up its first facility in 
Baoding.43 Suntech opened its first production plant in Wuxi in 2001.44 In 2004, 

	 37	 Osnos 2009. See also Chen Lei, 2011, “Goldwind: From Follower to Leader [金风科技：从
追风到引领],” http://​www.goldwind.cn/​web/​news.do?action=detail&id=201103310223342852 
(accessed January 19, 2014).
	 38	 Dongfang Electric Corporation was originally founded in 1956. See company website at http://​
www.dongfang.com.cn/​index.php/​business/​ (accessed January 19, 2014).
	 39	 Qin 2013, 598. See also Pu Jun and Wang Xiaocong, 2011, “Boom, Then Blowdown for Wind 
Energy’s Sinovel,” Caixin Online, November 21.
	 40	 China Ming Yang Wind Power Group Limited 2011. See also http://​www.mywind.com.cn/​
English/​about/​index.aspx?MenuID=050101 (accessed January 19, 2014).
	 41	 See Alexander 2013. Other solar firms recruited Chinese citizens from elsewhere in the world. 
Wan Yuepeng, CTO of Trina Solar, for instance, completed a PhD at Aachen University and worked 
for New Hampshire–​based equipment manufacturer GT Solar prior to returning to China. See 
http://​www.ldksolar.com/​com_​team.php (accessed March 27, 2013).
	 42	 Trina Solar, 2013, “TSL: Company Milestones,” http://​media.corporate-​ir.net/​media_​files/​irol/​
20/​206405/​milestones.pdf (accessed January 19, 2014).
	 43	 For a list of all national-​level high-​tech industrial zones established under the Torch Program, 
see Cao 2004, 648, http://​www.yinglisolar.com/​en/​about/​milestones/​ (accessed January 19, 2014).
	 44	 Ahrens 2013, 2–​3.
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after global demand for solar panels increased—​the result of improvements to 
Germany’s domestic subsidy regime for renewable energy—​a number of addi-
tional firms entered the industry. CSUN was established in 2004 in Nanjing as a 
subsidiary of the China Electric Equipment Group, a manufacturer of electrical 
transformers and advanced composite materials. JA Solar began manufacturing 
wafers in Shanghai in 2005.45

Although the majority of solar PV start-​ups did not share the same direct 
connections to manufacturing conglomerates that were common in the wind in-
dustry, executives at China’s solar PV firms did bring substantial experience from 
their time in existing manufacturing industries, in particular in electronics and 
semiconductor production. The chief technology and financial officers at LDK 
Solar, for instance, had previously worked for a range of semiconductor, glass, 
and solar manufacturers, including GT-​Solar and Saint Gobain, before joining 
LDK in 2007 and 2006, respectively. At JA Solar, the CEO and chief technology 
officer had managed factories for semiconductor firms such as SMIC and NEC 
before joining JA in 2008 and 2010, respectively. Similarly, the chief technology 
officer of Yingli had worked in chemical manufacturing before entering the solar 
industry.46

By 2012, China’s renewable energy firms accounted for over 60 percent of 
the global production of solar PV modules and nearly half of the world’s wind 
turbines.47 Seven of the ten largest solar manufacturers and four of the ten largest 
wind turbine producers in the world were Chinese firms.48 Tellingly, the majority 
did not focus on building capabilities in invention. Instead, they continued to 
license technology and source components and production equipment abroad, 
instead emphasizing the establishment of unique capabilities in scale-​up and 
mass production.

Innovative Manufacturing in Wind and Solar Industries

When the first Chinese firms entered the wind and solar sectors in the late 1990s, 
production technologies for these areas had not fully matured; and low produc-
tion volumes still allowed for experimentation and manual labor in bringing 
new technologies to market. Few foreign producers of wind turbines were 
manufacturing at scale, or if they were, they had begun doing so only recently. 
Engineering challenges in the commercialization of wind and solar technologies 
became critical in 2003, when the growing global demand for wind and solar 

	 45	 JA Solar Holdings 2007, 6.
	 46	 Information compiled from company websites and annual reports.
	 47	 Earth Policy Institute 2020.
	 48	 Bebon 2013; IHS Solar 2013.
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technologies no longer permitted trial-​and-​error approaches to mass produc-
tion. Successful commercialization necessitated advanced production capabil-
ities and tacit knowledge around design-​for-​manufacturing, yet Chinese firms 
still had to establish these skills in-​house.

Those who have studied innovation in mass production have largely looked 
at process innovation, referring to changes and improvements in the manu-
facturing process itself.49 Scholars have distinguished between such process 
improvements and product innovation, which refers to the introduction of 
new concepts and technologies that depart significantly from past practice.50 In 
emerging industries such as wind and solar, however, the commercialization of 
new products presented challenges in the scale-​up to mass manufacturing that 
could not be met through process innovation alone: changes to product designs 
were also needed. In the past, vertically integrated firms had translated between 
technological blueprints and manufacturing requirements within the four walls 
of a single company. As the global economy increasingly relocated manufac-
turing activities away from traditional centers of invention, it removed the need 
for such skills in firms that no longer possessed in-​house manufacturing facil-
ities. For manufacturing firms in developing economies, this removal opened 
the door to specialization, allowing a concentrated focus on precisely the type 
of engineering skills that were required to prepare advanced products for mass 
manufacturing.

The growing importance of capabilities in scale-​up and commercialization 
coincided with an increased emphasis on the development of domestic innova-
tive capabilities in China’s national S&T policy framework. Between 2000 and 
2006, China’s domestic spending on R&D increased from RMB 89.6 billion to 
RMB 300 billion; R&D intensity, still below the targets set in the Tenth Five-​
Year Plan, grew from 0.9 to 1.4 percent of GDP over the same period.51 Both the 
863 Program and a second research program, the 973 Program, named after its 
inception in March 1997, dispensed more funds for technology development; 
and both offered designated budgets for energy technology research. China’s 
863 Program budget for energy technology doubled in 2001, providing funding 
mainly for R&D on low-​carbon energy technologies.52 The 973 Program pro-
vided RMB 8.2 billion for basic research between 1998 and 2008, 28 percent of 
which went to projects that targeted technologies in the fields of energy, resource 
conservation, and environmental protection.53 Additionally, centrally funded 

	 49	 OECD 2005, para. 163.
	 50	 Abernathy and Clark 1985; Abernathy and Utterback 1978; Porter 1986; Tushman and 
Anderson 1986.
	 51	 Ministry of Science and Technology 2007a, 2–​3.
	 52	 Osnos 2009.
	 53	 Tan and Gang 2009, 4.
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state key laboratories, which had supported strategic research topics in univer-
sities since the early 1980s, could be located within private businesses starting in 
2007; and firms were encouraged to seek state key laboratory accreditation for 
their R&D programs.54 Overall, central government R&D appropriations for re-
newable energy research increased from RMB 21.1 billion in 1996 to RMB 104.8 
billion in 2008.55

From the beginning, producers of wind turbines and solar PV technol-
ogies took advantage of public R&D funding. Although such government 
grants increasingly stipulated the goal of technological independence, 
wind and solar manufacturers continued to collaborate with global part-
ners. Multiple global pathways made technologies available to them. In 
the wind industry, Chinese firms enjoyed access to turbine technologies, 
first, through licensing and joint development agreements with foreign 
manufacturers. The founder of Goldwind reasoned that there was no need 
to replicate existing technologies. When government programs encouraged 
domestic turbine development, Goldwind licensed a design from a German 
firm and used government R&D funds to build engineering capabilities in 
commercialization instead (Table 5.3).56 The vast majority of Chinese wind 
turbine manufacturers entered similar relationships with foreign partners 
to access turbine technologies. Among the thirty-​one largest wind tur-
bine manufacturers in China, at least sixteen entered license agreements 
with foreign firms, fourteen signed joint-​development contracts, six au-
tonomously developed wind turbine technologies, and three started joint 

	 54	 Ministry of Science and Technology 2007b; OECD 2008, 462.
	 55	 Cao and Groba 2013, 12.
	 56	 Osnos 2009; Vensys 2017; Author interview, Beijing, March 23, 2015.

Table 5.3  Goldwind Wind Turbine Collaboration

Year Program Goal Technology Source

1998 600 KW turbine Jacobs Energie, Germany (license)

2001 1.2 MW turbine (direct drive) Vensys, Germany (license)

2005 1.5 MW turbine (direct drive) Vensys Germany (license)

2010 2.5/​5 MW turbine (direct drive) Vensys Germany (joint development)

2012 10 MW offshore Vensys Germany (joint development)

Source: CRESP 2005; Ministry of Science and Technology 2007; Author Interview, Beijing, March 
23, 2015.
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venture operations. Seven firms had both joint-​development and licensing 
agreements with foreign firms.57

The second source of technology for China’s domestic turbine manufacturers 
involved global suppliers, many of which eventually established local production 
facilities in response to local content requirements.58 Foreign firms also began 
sourcing from Chinese suppliers and, in turn, helped these suppliers meet global 
technical standards.59

In the solar sector, Chinese scientists educated at the world’s top solar lab-
oratories founded the majority of firms. Research funding dispensed through 
the 863 and Torch Programs, together with support for high-​technology firms 
in HTZs, attracted these scientists back to China. The technological skills of 
foreign-​trained returnees obviated the need for licenses and joint development 
agreements common in the wind industry, but solar firms still tapped into global 
technology networks, in particular for production equipment. Foreign equip-
ment manufacturers quickly established Chinese sales networks.60 Foreign 
partners provided access to key technologies, capabilities, and components 
that Chinese wind and solar manufacturers could not establish in-​house. But 
they had less ability to help Chinese producers scale new technologies to mass 
production.

In such collaborations, China’s wind and solar firms focused their R&D efforts 
on building skills that could not be accessed in global supply chains: knowledge-​
intensive capabilities in scale-​up and mass manufacturing that I refer to as in-
novative manufacturing.61 These proficiencies built on existing manufacturing 
capabilities in China’s economic development zones, yet they traveled far beyond 
mere fabrication and assembly, utilizing engineering and design knowledge to 
translate complex technologies into mass-​manufacturable products. Innovative 
manufacturing included improvements to process designs long associated with 
manufacturing innovation, but also entailed far-​reaching changes to product 

	 57	 Compiled from Lewis 2013, 136–​37; Wang 2010b, 197–​203. Chinese wind and solar firms were 
generally able to obtain intellectual property through licensing and other legal arrangements with 
global partners. Perhaps in contrast to other industries, cases of IP theft were rare in China’s clean 
technology sectors. A prominent exception was a case involving the Chinese wind turbine manufac-
turer Sinovel and the US component supplier AMSC and its Austrian subsidiary Windtec. Initially 
entering a successful licensing relationship, AMSC discovered the unauthorized use of its software 
in Sinovel wind turbines after Sinovel refused previously agreed-​to purchases. AMSC alleged that 
Sinovel had stolen software source code to be used in Sinovel turbines, and Sinovel was eventually 
convicted of IP theft. Both companies suffered commercially as a result of the dispute, with AMSC 
losing a key customer and the majority of its revenue and Sinovel pulling out of major international 
markets. See Lewis 2015; Raymond 2018.
	 58	 Wang 2010b, 197–​203.
	 59	 Information retrieved from company websites; the China Wind Power Center database (http://​
www.cwpc.cn); Li 2011b; Windpower Monthly 2005a, 2005b, 2006, 2008.
	 60	 Nussbaumer et al. 2007, 109.
	 61	 For a detailed discussion of innovative manufacturing in China, see Nahm and Steinfeld 2014.

http://www.cwpc.cn
http://www.cwpc.cn


126  Collaborative Advantage

designs to accommodate manufacturing requirements and meet cost targets for 
final products. Engineering teams in China’s wind and solar firms met their pro-
duction and cost targets through the substitution of materials, the redesign of 
particular components, and the reorganization of internal product architectures 
to allow for better and faster manufacturability at scale.62

As executives repeatedly highlighted in interviews, most firms relied on global 
partners to access new technologies, so what set them apart from one another in 
the highly competitive wind and solar market was their ability to achieve higher 
speeds and lower costs in manufacturing.63 Heads of technical departments in 
wind turbine and solar PV manufacturing firms frequently discussed the im-
portance of design capabilities for achieving cost and speed targets in the com-
mercialization of renewable energy technologies, even when an external firm 
had originally developed those technologies. Many reported either significantly 
redesigning licensed turbine technologies or observing similar improvements in 
technologies licensed by local partners and competitors.

To specialize in innovative manufacturing was not a monolithic enterprise. 
Yes, these firms all needed advanced capabilities in product design; yet their 
work differed from the ideal of autonomous technology development that 
resided at the heart of Beijing’s indigenous innovation strategy. Chinese wind 
and solar firms engaged in learning and industrial upgrading, but they did so 
without developing the full range of industrial capabilities required to invent, 
commercialize, and produce green energy technologies. In spite of government 
plans to create autonomous local enterprises, China’s wind and solar firms devel-
oped highly specialized capabilities within collaborative relationships in global 
supply chains. Simply put, the firms opted for partnership.

China’s renewable energy manufacturers established two divisions within 
their R&D facilities. A first group of engineers targeted applied research on new 

	 62	 Author interviews: senior director manufacturing, Chinese solar PV manufacturer, March 21, 
2017; lead engineer, Chinese generator manufacturer, December 6, 2016; director of China office, 
German turbine supply firm, March 31, 2017; senior VP global supply chains, Chinese solar manu-
facturer, interviewed March 13, 2011; CTO and director of R&D at Chinese solar manufacturer, both 
interviewed August 26, 2011; head of China operations, European wind turbine engineering firm, 
interviewed January 13, 2011; CEO, European wind turbine engineering firm, interviewed May 20, 
2011; CTO, Chinese wind turbine manufacturer, interviewed August 29, 2011; CEO, Chinese solar 
cell manufacturer, interviewed August 10, 2011; president, Chinese wafer manufacturer, interviewed 
August 26, 2011. CEO, Chinese cell and module manufacturer, interviewed June 28, 2013. See also 
Nahm and Steinfeld 2014.
	 63	 Author interviews: R&D engineer, wind turbine manufacturer, March 24, 2015; senior VP 
global supply chains, Chinese solar manufacturer, March 13, 2011; CTO and director of R&D at 
Chinese solar manufacturer, August 26, 2011; head of China operations, European wind turbine 
engineering firm, January 13, 2011; CEO, European wind turbine engineering firm, May 20, 2011; 
CTO, Chinese wind turbine manufacturer, August 29, 2011; CEO, Chinese solar cell manufacturer, 
August 10, 2011; president, Chinese wafer manufacturer, August 26, 2011; CEO, Chinese cell and 
module manufacturer, June 28, 2013; head of R&D, Chinese solar manufacturer, January 7, 2019. See 
also Nahm and Steinfeld 2014.
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wind and solar technologies to meet and surpass the technological standards of 
foreign competitors, as intended by the central government programs. A second 
R&D division, by contrast, addressed the challenge of scale-​up and mass pro-
duction. It is in this second division that the most advanced Chinese wind and 
solar firms developed unique skills in bringing new technologies to market. The 
wind turbine manufacturer Mingyang in Zhongshan had 300 R&D staff in 2010; 
of those 300, only about one-​third focused on the development of new technol-
ogies. The majority of engineers worked on the types of design changes required 
to bring technologies to mass production.64 Similarly, Trina Solar, located in one 
of the manufacturing parks between Shanghai and Nanjing, reported that out 
of 2,488 employees working in its R&D division in 2015, only 842 focused on 
technology development. The remaining 1,746 engineers devised solutions to 
the challenges of commercialization in a designated test facility with so-​called 
golden lines, production lines solely dedicated to R&D.65

These two-​fold R&D activities explain why Chinese firms built strengths 
in bringing new technologies to market but were not able to match the early 
stage R&D activities of firms in other economies and thus remained dependent 
on foreign partners. Already in 2006, some of the world’s most efficient solar 
PV modules in mass production were being made in Chinese manufacturing 
facilities, even as China could not match the conversion efficiencies of foreign 
R&D laboratories in experimental setups.66 By 2015, the solar cells tested in 
Chinese laboratories still lagged in conversion efficiency, even if their distance 
to US and European technology had narrowed. Some of the most efficient solar 
modules in mass production, however, continued to roll off of Chinese pro-
duction lines.67

Interviews with plant managers, R&D engineers, and chief technology officers 
in the largest Chinese wind and solar manufacturers revealed differences across 
firms in the deployment of such capabilities. Innovative manufacturing skills 
among China’s wind and solar firms manifested in three different variants that 
resembled knowledge-​intensive variations of reverse engineering, contract 
manufacturing, and export processing—​manufacturing activities long at the 
center of economic development.68 These variations were not mutually exclu-
sive, and wind and solar producers often applied their engineering capabilities in 
multiple ways to solve the challenges of commercialization.69

	 64	 China Ming Yang Wind Power Group Limited 2011, 54.
	 65	 Trina Solar 2016, 89. Author interview, chief engineer, State Key Laboratory, March 29, 2015.
	 66	 Marigo 2007, table 1.
	 67	 Ball et al. 2017, 68–​69.
	 68	 The role of such manufacturing activities in economic development and industrial upgrading is 
discussed in Ernst and Kim 2002; Gereffi 2009; Lüthje 2002; Minagawa, Trott, and Hoecht 2007.
	 69	 The discussion of innovative manufacturing over the following pages draws heavily on a collab-
orative project with Edward Steinfeld. See Nahm and Steinfeld 2014, 294–​98.
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A first form of innovative manufacturing, here referred to as backward design, 
resembled traditional processes of reverse engineering. By creating versions 
of existing products that were simpler and cheaper to manufacture at scale, 
Chinese entrants outcompeted foreign incumbents by undercutting them on 
price. In contrast to conventional reverse engineering, however, in which ma-
ture technologies are copied and cost advantages stem from differences in factor 
prices and scale economies, Chinese firms cut costs through changes to product 
designs.70 Although backward design led to products that resembled the original 
archetypes, the new product versions could be scaled at lower cost and faster 
speed owing to the use of simplified components, cheaper materials, and better 
design for manufacturability. While backward design thus retained the core 
features of reverse engineering, it went a step further: firms created new products 
with distinct characteristics, rather than simply attempting to reproduce the 
original template.

Wind turbine technologies offered the perfect fit for backward design pro-
cesses. The large number of mechanical components, the importance of product 
architecture for the manufacturing process, and the sophisticated material 
needs of advanced wind turbines made these technologies particularly suitable 
for design improvements. Out of twelve Chinese wind turbine manufacturers 
interviewed for this project, nine reported having either improved licensed tur-
bine technologies through backward design or observed such improvements in 
technologies licensed by local partners and competitors. Yet even in the solar 
sector, where products possess far fewer components and are fabricated using 
nonmechanical production processes, manufacturers also used backward design 
strategies. One Chinese manufacturer of solar cells and modules reported buying 
a foreign equipment manufacturer to access technology and then reengineering 
parts for its production lines to save costs and time over equipment available do-
mestically.71 A competitor expressed frustration with the lack of speed exhibited 
by some foreign suppliers in adapting production lines to changing technology 
applications, and as a result shifted to local suppliers, who could more quickly—​
and cheaply—​improve equipment designs for new manufacturing needs.72 
Although such instances of backward design in the Chinese solar sector focused 
on rapid customization rather than scale, they retained the principle’s core fea-
ture: they improved on existing technologies through knowledge-​intensive 
manufacturing innovation.

	 70	 For a discussion of reverse engineering in economic development, see Amsden 1989, 2001; Kim 
1997; Kim and Nelson 2000.
	 71	 Author interview, senior VP global supply chains, Chinese solar manufacturer, March 13, 2011.
	 72	 Author interviews: chief engineer, State Key Laboratory, March 29, 2015; CTO and director of 
R&D at Chinese solar manufacturer, August 26, 2011.
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The ability of Chinese firms to rapidly move complex products toward com-
mercialization also manifested in the commercialization of new technologies. 
In many cases, such technologies originated from foreign partners who did 
not possess in-​house manufacturing capabilities, who could not manufacture 
the product at a commercially viable price, or who were deterred by the capital 
and tooling costs of commercializing new technology. In other cases, Chinese 
firms used such capabilities to commercialize their own product innovations, 
birthed in the technology development divisions of their R&D facilities. What 
these cases held in common was their reliance on production knowledge to re-
place, redesign, and substitute parts until the product could be manufactured 
at a commercially viable price. In contrast to contract manufacturing, which 
relies on firms in developing economies to manage only the production process 
of foreign-​owned designs and technologies, Chinese wind and solar producers 
improved the product designs themselves in the process of scale-​up to mass 
production.73

In a third variant of innovative manufacturing, the presence of production 
know-​how provided a platform for external innovators to integrate their tech-
nologies into existing wind and solar technologies already mass-​produced in 
China. But the firms supplying the technology were more than just high-​end 
component vendors who sold a product at arms-​length to a Chinese compet-
itor. Instead, vendors commercialized their technology in collaboration with a 
Chinese partner. The vendor contributed knowledge about a particular tech-
nology that might have applications to a product the Chinese manufacturer 
had already scaled up. The Chinese manufacturer, in turn, provided knowledge 
about production, about the use of existing production technology to apply the 
component technology at scale, and about projected improvements to the orig-
inal product as a result of these innovations.

Manufacturing as a platform for product development became especially 
common in the interaction between manufacturers and component suppliers 
who relied on customers not just for demand but also for the engineering skills 
and product knowledge required to integrate new components and materials.74 
As China grew into a hub of commercialization for the most advanced renewable 
energy technologies, Chinese firms used innovative manufacturing capabilities 
to find applications for novel components, materials, and production equip-
ment developed by global firms.75 Although the duration of such collaborations 
varied, six out of seven solar PV suppliers interviewed for this project reported 
working with Chinese solar manufacturers on the commercialization of new 

	 73	 For a discussion of noninnovative contract manufacturing in the context of the electronics in-
dustry, see Lüthje 2002.
	 74	 Author interview: CEO of American nanomaterial manufacturer, October 13, 2011.
	 75	 Neuhoff 2012.
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technologies. In the wind sector, suppliers of complex components such as 
gearboxes and generators similarly described collaborating with Chinese 
customers to integrate their largest and most advanced technologies.76

Innovative Manufacturing in Global Supply Chains

Although some firms expanded into multiple production steps and displayed 
different degrees of vertical integration, virtually no Chinese manufacturer es-
tablished the technological competencies to bring an idea to mass production 
without external input. The capabilities of renewable energy firms remained too 
narrow to autonomously develop and commercialize new technologies. In all 
three variants of innovative manufacturing, wind and solar firms relied on col-
laboration in global supply chains to access talents and resources they did not 
establish in-​house.

Initially, firms in China’s renewable energy fields relied on foreign firms to 
tap into the technologies required for industry entry. In the wind industry, 
Chinese firms had access to foreign wind turbine technologies through licensing 
agreements and joint development agreements with foreign manufacturers. Wu 
Gang, the founder of Goldwind, reasoned that there was no need to replicate 
existing technologies. When government programs encouraged domestic tur-
bine development, Goldwind licensed a design from Germany’s Jacobs Energie 
and used R&D funds to solve production challenges instead.77 The vast majority 
of Chinese wind turbine manufacturers entered similar relationships with for-
eign partners to access global technologies. Sinovel signed joint development 
agreements for a 1.5 MW turbine with Fuhrländer of Germany in 2003, followed 
by agreements with Austria’s Windtec for 3 MW and 5 MW turbines in 2007. 
Dongfang Electric purchased a license for a 1.5 MW turbine from Germany’s 
REpower in 2004 and entered a joint development agreement for a 2.5 MW tur-
bine with the German wind engineering firm Aerodyn in 2005.78 Nordex entered 
a joint venture with Ningxia Electric Power Group, and REpower set up a joint 
venture turbine assembly firm with North Heavy Industrial Group, both in 
2006.79

China’s domestic turbine manufacturers also sourced technology from 
global suppliers, many of which eventually established production facilities in 

	 76	 Author interviews: engineer, Chinese gearbox supplier, January 4, 2016; plant manager at a 
German gearbox supplier, May 16, 2011; plant manager at a German generator manufacturer, May 
17, 2011.
	 77	 Osnos 2009.
	 78	 See Zhang et al. 2009, 559.
	 79	 Compiled from company websites.
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China as foreign turbine manufacturers attempted to meet strict local content 
requirements. The early foreign suppliers to Chinese turbine manufacturers in-
cluded the Swiss multinational ABB; the German firms Euros, Bachmann, Jake, 
and VEM; the Danish blade manufacturer LM; and the Austrian control systems 
firm Windtec (now part of US-​based AMSC).80 FAG/​Schaeffler of Germany, 
a bearings manufacturer, opened a facility in China in 2006; Bosch Rexroth, a 
gearbox manufacturer, and SKF, a Swedish bearings multinational, followed in 
2008. As foreign turbine manufacturers set up facilities in China, they not only 
brought suppliers with them but also trained local firms. Gamesa of Spain opened 
its first facilities in China in 2005; Vestas opened a blade factory in Tianjin in 
2006, the same year that GE began the assembly of turbines in Shenyang. Nordex 
of Germany and Suzlon of India opened plants in Dongying and Tianjin in 2007. 
Foreign manufacturers began sourcing from local suppliers such as NTC, a gen-
erator producer, and Nanjing Highspeed Gear, a gearbox manufacturer, and in 
turn helped these suppliers meet global technical standards.81

Unlike China’s wind turbine producers, which entered the industry from a po-
sition of technology lag, many of the original solar companies were founded by 
returning scientists trained at the world’s top solar laboratories. The skills and 
training of these foreign-​trained returnees obviated the need for technology 
licenses and joint development agreements common in the wind industry. But 
solar firms still tapped into global technology networks, in particular for pro-
duction equipment. As I discussed in Chapter 4, the first German suppliers of 
cell and module production lines began selling their products to China’s solar 
firms as early as 2000. Other foreign equipment suppliers quickly followed and 
set up sales networks in China, particularly as European and US-​based solar 
manufacturers only slowly expanded production facilities.82

Many international suppliers of production equipment, particularly those of-
fering turnkey lines, went unchallenged by domestic competitors. As late as 2014, 
no producers of turnkey production lines existed in China, though a number of 
Chinese firms began to offer equipment that solar manufacturers could modify 
and connect to construct their own production lines.83 For complicated produc-
tion equipment and supplies—​including chemical vapor deposition equipment, 
screen printers, firing furnaces, and silver pastes—​Chinese firms continued to 
rely on foreign suppliers.84 Since solar producers from around the world sourced 
from and cooperated with the same producers of manufacturing equipment to 

	 80	 Wang Q. 2010, 197–​203.
	 81	 Retrieved from China Wind Power Center database (http://​www.cwpc.cn), Windpower 
Monthly, and Li 2011a.
	 82	 Nussbaumer et al. 2007, 109.
	 83	 de la Tour, Glachant, and Ménière 2011, 765.
	 84	 Ball et al. 2017, 137–​38.
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incorporate new technologies into their production machinery, sourcing equip-
ment from external firms was not just a way to access instruments and machinery 
that remained unavailable internally. It also offered access to global technolog-
ical developments and pooled knowledge—​resources that solar producers risked 
losing if they relied on production equipment developed in-​house.85

Collaboration remained essential to the viability of China’s specialization in 
innovative manufacturing, even as China’s wind and solar producers acquired 
ever more advanced technological capabilities. Challenging the notion that 
technological upgrading would entail moving beyond manufacturing to higher 
value-​added activities, renewable energy producers continued to rely on ex-
ternal capabilities through relationships with third-​party firms; but they invested 
in skills that could not be accessed in global supply chains. Such collaboration 
took place in a variety of legal relationships, ranging from joint development 
agreements to licensing contracts.

In a typical example, a German firm granted a license to a Chinese wind 
turbine supplier to produce a generator, one of the core turbine components. 
Because of engineering constraints, the German firm had been unable to incor-
porate the most cost-​effective fan model into its generator design. The Chinese 
licensee, however, in the process of scaling production of the licensed generator, 
redesigned the original model to accommodate the cheaper fan. The backward 
design capabilities of the Chinese firm permitted it to realize a product alterna-
tive that the German firm had dismissed as unworkable. Once the alternative 
was demonstrated to be feasible, the German firm agreed to pay for this pro-
prietary information through reverse licensing.86 In this case, the Chinese firm 
contributed production knowledge within a formal contractual relationship. In 
other cases, however, Chinese firms used their skills to develop cheaper, mid-​
level products that competed directly with the product archetypes and their orig-
inator firms.87 Particularly in the Chinese domestic market, many established 
multinationals were unable to engage in such cost-​driven design processes and 
lost market share to cheaper alternatives as a result.88

Innovative manufacturing capabilities also appeared in firm partnerships 
centered on the commercialization of new technologies. In 2009, for instance, 
a Chinese wind turbine producer acquired a ten-​year exclusive license for the 

	 85	 de la Tour, Glachant, and Ménière 2011, 764. Author interviews: CTO of solar PV manufacturer, 
May 23, 2011; head of research and development, Chinese solar manufacturer, January 7, 2019.
	 86	 Author interviews: plant manager, German generator manufacturer, May 17, 2011; executive, 
Chinese generator manufacturer, August 26, 2011.
	 87	 This phenomenon has occurred in other industrial sectors; see Brandt and Thun 2010; Ge and 
Fujimoto 2004.
	 88	 Author interviews: director of China office, German turbine supply firm, March 31, 2017; head 
of China operations at foreign wind turbine manufacturer, August 30, 2011; executive, foreign wind 
turbine manufacturer, November 11, 2011; head of China operations, foreign wind turbine manufac-
turer, August 17, 2011.
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manufacture of a groundbreaking, new-​to-​the-​world wind turbine design from 
a German supplier. The German firm selected the Chinese manufacturer from 
multiple potential partners, choosing largely on the basis of manufacturing cap-
abilities that would ensure reliability for the product, speed in commercializa-
tion, and marketable viability for the project as a whole.

Although the European firm developed this turbine design—​a new turbine 
technology that offered greater reliability and versatility through new and light-
weight components—​the design for manufacturability occurred during small 
batch production on the site of the Chinese manufacturer. Engineers employed 
by the Chinese firm made design changes to simplify tooling and assembly pro-
cesses and, in cooperation with other local firms, reduced costs by localizing 
sourcing and by introducing substitute materials. This particular turbine concept 
proved especially challenging, because its novel product architecture required 
all the components to be produced in-​house.89 Additional design adjustments 
were made during the process of scale-​up to accommodate requirements for 
mass production. Reflecting on the partnership, the head of the China office for 
the German supplier emphasized the importance of the skills brought by their 
Chinese partner. “The turbine is now completely different from the prototype 
because of the design changes that occurred in China to make it manufacturable. 
Nobody else was willing to take that risk, and willing to put in the time and effort 
to make this new idea work. It took seven years to get it right, but now they are 
doing very well with the product.”90

The cooperation between US-​based Innovalight and the Chinese solar cell 
manufacturer JA Solar illustrates the third variety of innovative manufacturing, 
in which a foreign firm relied on China’s manufacturing infrastructure as a 
platform for product development. A Silicon Valley start-​up founded in 2002, 
Innovalight developed a nanomaterial with potential applications in products 
ranging from integrated circuits and displays to solar PV. With Department of 
Energy funding and support from the National Renewable Energy Laboratory 
(NREL), the firm developed an understanding of how the nanomaterial, a silicon 
ink, might be applied in the solar PV industry. However, while Innovalight and 
NREL could determine how the material might improve a single solar cell, nei-
ther had the know-​how required to apply the material in a cost-​effective manner 
in high-​volume solar PV production. The firm was unable to raise the capital 
needed to build a solar PV production facility.91

	 89	 Author interviews: head of China operations, German wind turbine supplier, April 1, 2017 and 
January 13, 2011; CEO, German wind turbine supplier, May 20, 2011; CTO, Chinese wind turbine 
manufacturer, August 29, 2011.
	 90	 Author interview, head of China operations, German wind turbine supplier, April 1, 2017.
	 91	 Wang 2011.
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In 2009, nearly out of business, Innovalight found a partner in Chinese cell 
manufacturer JA Solar. Looking to gain an edge over its competitors, JA Solar 
made the decision to invest in the collaborative development of a component 
that could substantially improve the efficiency of its main product. After a year 
of joint R&D, the two firms announced the successful production of high-​
efficiency solar cells using Innovalight’s silicon ink technology. In 2010, the two 
firms signed a three-​year agreement for the supply of silicon ink, as well as a stra-
tegic agreement for the joint development of high-​efficiency cells.92 The process 
of joint development with JA Solar finally verified Innovalight’s silicon ink tech-
nology as a product capable of contributing value in solar PV. Now established 
as a legitimate player in the solar industry, Innovalight began licensing its tech-
nology to other solar manufacturers.93

Contrary to expectations that firms who worked together would become 
more similar over time, collaboration actually allowed firms to reinforce the dis-
tinctiveness of their different industrial practices. Technological cooperation 
allowed firms to jointly develop successive generations of renewable energy tech-
nologies, yet the fundamental division of labor remained durable over time. The 
US strength in invention, Germany’s specialization in complex components and 
production equipment, and China’s focus on technological innovation within 
commercialization and scale-​up were interdependent and mutually reinforcing.

The Manufacturing Economy

China’s wind turbine and solar PV producers made use of their nation’s national 
science and technology infrastructure to develop their skills in innovative manu-
facturing. At the same time, the technological learning underway within these 
firms relied heavily on the repurposing of institutions within the manufacturing 
economy. These institutions retained their value precisely because firms no 
longer had to be one-​stop shops: institutions no longer had to support the full 
range of activities required to invent and commercialize new technologies within 
national borders.

In contrast to science and technology funding, which often involved top-​
down administrative structures and directives set by China’s central government 
ministries in Beijing, resources for the manufacturing economy came largely 
from subnational governments. Often these resources were provided in outright 
defiance of central government plans, which had encouraged local governments 
to push firms toward invention.94 For China’s wind and solar firms, local policies 
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for the manufacturing economy provided an important supplement to the cen-
tral government’s focus on technological independence and its narrow definition 
of innovation as invention.95 Firms relied on local government support to con-
struct the physical manufacturing plants they needed to succeed in new forms of 
mass production, but they also repurposed that local support to establish new en-
gineering capabilities. Just as firms had utilized central government science and 
technology policies to respond to opportunities for scale-​up and commerciali-
zation, so entrepreneurial firms used resources for mass production provided at 
the local level for industrial upgrading in ways not anticipated by the state.

The importance of local government policy for industrial upgrading in 
the wind and solar sectors corresponds to the central role played by subna-
tional administrations in China’s political economy since the onset of eco-
nomic reforms. In the 1980s, a series of fiscal and administrative reforms had 
made local governments dependent on local tax revenue while granting them 
decision-​making autonomy in local economic affairs. Fiscal decentralization 
aimed to promote growth-​enhancing economic measures at the local level while 
carving out space for localities to experiment on economic policy.96 The central 
government sought to further encourage experimentation in local policymaking 
by evaluating local officials on a series of development outcomes, rather than 
prescribing the specific policies required to achieve those outcomes.97 In a word, 
they encouraged creativity. Even though fiscal decentralization underwent a re-
versal in the 1990s—​a move aimed at improving the revenue situation of China’s 
central government—​local governments continued to wield discretion in eco-
nomic governance and enjoyed considerable autonomy in the implementation of 
central directives, key features of China’s post-​Mao political economy.98

In addition to experimenting with local growth-​enhancing policies, subna-
tional governments also implemented and financed many national policies, 
including programs introduced under China’s indigenous innovation strategy. 
Research and development appropriations of the subnational governments rose 
in accordance with central government budget increases, growing from RMB 
10.6 billion in 1996 to RMB 69.9 billion in 2006.99 By 2015, R&D appropriations 
of the subnational governments had increased to RMB 338 billion, far surpassing 
the RMB 248 billion set aside by central government agencies.100
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Although the central government’s directives increasingly emphasized a 
broad reorientation away from the mass production of standardized commodi-
ties and toward an innovation-​based development strategy, local administrations 
remained primarily concerned with meeting immediate economic targets and 
raising local revenue. R&D appropriations at subnational levels were diverted 
toward programs that yielded more immediate economic results. In practice, 
this shift entailed supporting the manufacturing activities of local firms, often 
making financial support conditional on meeting production targets and tax rev-
enue requirements. Even as they implemented central-​level directives to support 
lab-​based R&D and product innovation, local officials quietly prioritized meas-
ures to enhance growth in their existing industrial base. If we look, for example, 
at the provincial implementation plans of China’s 2009 decision to support seven 
strategic emerging industries (SEIs), we find striking differences across locali-
ties, with local administrations picking between six and ten sectors and selecting 
local SEIs to match to the existing industrial base. In provinces such as Jiangxi, 
solar PV industries were included on this list; other localities disregarded re-
newable energy industries in their interpretation of the original directive.101 
The implementation of central government policies thus provided an oppor-
tunity for localities to adjust these policies to match their local needs. It seems 
important to note, however, that local economic policy did not always produce 
optimal outcomes. Embracing local development and rapid growth, some local 
policymakers also produced unintended negative consequences, most notably 
when localities refused to stop supporting industries already characterized by 
overcapacity and a lack of scale economies.

Wind and solar firms could access two sets of manufacturing resources 
at the local level. First, they benefited from investment incentives, such as tax 
breaks and discounted lands, that offered general support for the manufacturing 
economy. These financial incentives were offered relatively uniformly across 
China’s economic development zones and industrial parks and aimed to attract 
foreign—​and, increasingly, domestic—​investment. Second, firms benefited 
from the resources, institutions, facilities, and infrastructure provided by locali-
ties to support the existing local industrial base. Such institutions were regionally 
divergent, as they targeted the needs of specific industrial sectors in the local 
economy.

Although China’s HTZs, established under the Torch Program in the late 
1980s, provided incubator services for small and medium-​sized high-​technology 
enterprises, the economic constraints placed on local governments encouraged 
a reorientation toward mass manufacturing and export processing in these 

	 101	 For details about provincial SEI implementation plans, see US-​China Business Council 
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high-​technology zones. According to a 2013 study by Heilmann et al., out of a 
sample of fifty-​three HTZs, thirty-​nine deviated from their original purpose to 
promote domestic R&D activities and instead focused on mass production.102 
For local governments, high-​technology zones had become convenient vehicles 
to increase economic growth and tax revenues within their jurisdiction; produc-
tion, rather than innovation, appeared to many officials as the most promising 
use of HTZs.103 Although the original definition of HTZs excluded produc-
tion activities, China’s high-​technology zones became the fastest-​growing re-
gions precisely because of the manufacturing facilities that they successfully 
attracted.104

Accordingly, many of the preferential policies available to firms in China’s 
HTZs supported mass production rather than the construction of R&D labs or 
the creation of new ties to local universities and research institutes. Across most 
HTZs, firms were exempted from income tax for two years after becoming prof-
itable, after which their rates rose to a mere 7.5 percent for three years and topped 
out at 15 percent after that, a substantial discount on the 33 percent income tax 
imposed on businesses outside such zones. Additional tax benefits existed for 
foreign-​invested enterprises and firms producing “advanced technologies,” a cat-
egory that generally included wind turbines, solar panels, and their components. 
For newly established firms seeking to build manufacturing facilities, including 
those in wind and solar sectors, HTZs cut building taxes, accelerated planning 
permits, waived taxes and import tariffs on imported parts and equipment, and 
allowed rapid depreciation for high-​tech equipment.105

Localities further competed for investment by offering discounted land rates 
to firms seeking to establish manufacturing facilities.106 The development and 
sale of land for urban construction became one of the most important sources 
of revenue for subnational governments after fiscal recentralization in the 1990s 
reassigned a large share of overall tax revenue back to the central government.107 
In development zones, however, local officials were willing to forgo these profits 
on land because production facilities presented an appealing source of future tax 
revenue, and productive output remained an important factor in the cadre eval-
uation system. Because HTZ administrators knew about land (and tax) packages 
being offered by neighboring municipalities and were willing to match their own 
deals to compete, land prices became relatively uniform across development 
zones. Moreover, mandatory compensation levels for rural farmland converted 

	 102	 Heilmann, Shih, and Hofem 2013, 903.
	 103	 Breznitz and Murphree 2011, 78.
	 104	 Sutherland 2005, 91.
	 105	 Liu and Martinez-​Vazquez 2013, 4; Sutherland 2005, 95.
	 106	 Kremzner 1998, 628; Kroll, Conlé, and Schüller 2008, 191.
	 107	 For a discussion of land as a source of revenue for municipal governments, see, for instance, Lin 
and Yi 2011; Rithmire 2013; Whiting 2011; Zhao 2011.



138  Collaborative Advantage

to industrial use—​levels determined by the central government—​set a lower 
price boundary of sorts. A senior official at one of the Torch Program HTZs, 
Suzhou New District, explained:

If you represent a manufacturing company and they want to come to Suzhou, 
you will come to different investor parks. Suzhou New District will hopefully 
be one of them. But Wuxi and Changzhou will compete with us. Our function 
is to recommend Suzhou New District and try to persuade them to put their 
investment here. In Suzhou we have at least five national level investor parks. 
There are more than ten provincial and city level investor parks. So there are at 
least 15–​20 parks which are all competing. And that’s just Suzhou. The benefits 
that we offer are pretty much the same across industrial parks. We cannot lower 
the taxes because we are not allowed to subsidize that way. We can speed up 
approval and help firms with the bureaucracy. We cannot lower the electricity 
price because that’s not determined by us. Same with water. We cannot control 
the price for that locally. Wuxi and Changzhou give some subsidies to recruit 
high-​level talent employees, which is one way to attract firms. What we can do 
is to lower the price of land, but not indefinitely. The land is never free. That also 
is beyond our control. Before we transfer the land to the companies, we have to 
relocate the farmers on the land. And that requires quite a bit of money, as com-
pensation levels are centrally determined. After they are relocated, we need to 
tear down everything; and then we need to pay fees to the provincial authorities 
and the central government. So there is high burden for the local government, 
and we have to pass on that cost to some extent.108

As less and less agricultural land was available for industrial development in 
China’s sprawling HTZs, local officials grew increasingly selective about the 
kinds of industries targeted and the types of incentives offered to firms. High-​tech 
industrial sectors—​independent of central-​government guidelines that encour-
aged the preferential treatment of high-​tech firms—​were particularly sought 
after because they promised higher returns on smaller plots than the manufac-
turing of consumer products that had dominated economic development zones 
during the 1990s.109 To ensure that firms would rapidly contribute to the local 
economy, local administrations made tax breaks and land deals conditional on 
meeting production targets and revenue requirements. At times, firms were 
contractually obliged to build facilities with a predetermined manufacturing ca-
pacity by a particular date or risk losing government grants, tax reductions, and 
discounts on land prices. In other cases, local governments informally exerted 
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pressure on firms to rapidly scale production. The CEO of one European wind 
turbine engineering firm reported that a Chinese collaborator “constructed 
a 25,000 square meter facility practically overnight, because local officials had 
provided financial support and wanted to see results.”110 The president of a solar 
start-​up disclosed that steeply discounted land prices required meeting tax rev-
enue targets; otherwise, fines equal to the land discount would be imposed.111

Most of China’s wind and solar firms were established in the growing number 
of HTZs created under the Torch Program, building their manufacturing cap-
abilities in an environment that not only offered investment incentives but also 
encouraged rapid scale-​up and mass production. Goldwind built its first manu-
facturing facilities in a high-​tech industrial development zone in Urumqi’s 
Xinshi District, created under the Torch Program in 1994. There, Goldwind 
participated in a tax refund program for high-​tech manufacturing enterprises 
that returned RMB 15 million in taxes to local firms in 1999 alone.112 In 1998, 
the Baoding municipal government supported the creation of Yingli Solar in 
Baoding’s High-​Tech Industrial Zone with an RMB 166 million investment. 
The local administration required the establishment of 3 MW of production ca-
pacity, an ambitious goal for a single firm at a time when the United States, then 
the global leader in PV production, boasted a national production capacity of 
54 MW.113 Trina Solar relocated its operations to a Changzhou HTZ in 2002 to 
qualify for preferential income taxes, but it moved to a neighboring zone in 2004 
after its original tax discount expired.114 Canadian Solar and GCL Solar opened 
manufacturing facilities in Suzhou’s New District HTZ.115 Mingyang, China’s 
largest private wind turbine manufacturer, set up headquarters in the National 
Torch High Technology Industry Development Zone in Zhongshan, Guangdong 
province, in 2006.116 Mingyang subsequently opened manufacturing facilities in 
other parts of China, including in the Jilin High-​Tech Industrial Development 
Zone, a Torch HTZ, and Tianjin Binhai High-​Technology Zone, a state-​level 
HTZ that targeted renewable energy manufacturing.117 In 2010, after the com-
pany was listed on the New York Stock Exchange, its annual report disclosed 
RMB 111.1 million in cash grants by local governments to support R&D, the im-
provement of manufacturing facilities, and the acquisition of land.118
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High-​tech development zones and local government officials offered a range 
of additional services that encouraged local firms to rapidly increase production 
output. For firms setting up production facilities, the HTZ administrations acted 
as scale-​up consultants of sorts, fast-​tracking planning permits and navigating the 
Chinese bureaucracy not just for foreign investors but also for domestic ones.119 
More importantly, however, local governments offered access to financing, chan-
neling bank loans and other funding to firms in development zones. Local S&T 
offices often demonstrated willingness to invest directly in new energy firms, if only 
to show their commitment to central government directives on technological in-
novation. The grants and incentives described earlier are illustrative of this kind of 
investment.

The special focus on new energy industries in national S&T plans appealed to 
China’s state-​owned financial institutions, leaving them willing to lend to wind and 
solar companies. But local governments were critical brokers in such deals, par-
ticularly when the first wind and solar firms were founded. Loans were frequently 
guaranteed by municipal government entities or by local state-​owned firms that 
partnered with wind and solar firms. The city of Wuxi, for instance, invested USD 
6 million in return for a 75 percent equity stake in the solar PV producer Suntech 
in 2001, after the company’s founder, Shi Zhengrong, had compared offers from 
a number of local high-​tech development zones. To fund the rapid expansion of 
Suntech in the following years—​by 2006, Suntech ranked as the world’s third-​largest 
producer of solar panels—​local officials brokered a series of bank loans for the com-
pany.120 For a production facility launched in 2005, an RMB 200 million investment 
was financed through such connections.121 In 2007, Yingli Solar borrowed USD 
17 million from the Bank of China, backed by a local state-​owned firm.122 In 2009, 
Trina Solar secured a five-​year credit line of USD 303 million from a syndicate of 
banks to expand its manufacturing capacity.123 Not only was local government sup-
port critical in securing this loan, but local guarantees also allowed Trina to obtain 
waivers on loan conditions usually attached to large investments in high-​risk, emer-
ging industries.124

Access to large-​scale financing of course provided no guarantee for upgrading. 
Localities at times lent indiscriminately and contributed to overcapacity in 
global renewable energy markets. Between 2009 and 2011, the capacity utiliza-
tion of existing solar PV manufacturing plants fell from just over 60 percent in 
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2009 to just under 50 percent in 2011.125 Even though, in the aggregate, only half 
of China’s solar PV plants were running at capacity, solar PV firms continued to 
receive credit to expand their manufacturing facilities, preventing industry con-
solidation and protecting firms that were no longer able to compete.

Yet access to local financing also provided the basis for engineering capabil-
ities in innovative manufacturing: these funds guaranteed the infrastructure 
within which such skills could be applied, and they did so in ways that the limited 
central-​government R&D funding alone could not. Both during the infancy of 
the wind and solar sectors in the early 2000s and again after the 2009 financial 
crisis, wind and solar manufacturers in China successfully raised capital, even as 
funds dried up in the United States and Europe. Media reports suggest that the 
China Development Bank alone extended USD 29 billion in credit to fifteen solar 
and wind companies; others have calculated that China’s publicly listed wind and 
solar companies took out some USD 18 billion in loans with loan guarantees 
from municipal governments.126 Although little reliable information exists on 
what interest rates such deals entailed, it is safe to assume that at least some of 
these loans were provided at submarket rates.127

Although firms could not buy their way into the seasoned knowledge and par-
ticular engineering skills needed for commercialization, the availability of such 
funds for production facilities enabled the most capable of China’s wind and solar 
firms to forge ahead and specialize in innovative manufacturing. In interviews, 
the foreign partners of solar firms frequently praised the R&D conditions in 
Chinese manufacturing facilities, where access to capital allowed firms to ded-
icate entire production lines—​Golden Lines—​to testing and experimenting 
with new technologies under production conditions.128 Lacking such facilities 
themselves, R&D engineers in Europe and the United States struggled to obtain 
time slots during which they could conduct such tests using regular production 
lines.129

High-​tech development zones provided access to the financial capital required 
to build capabilities in mass production; at the same time, they also attracted 
the human capital necessary for leading expertise in rapid commercialization. 
Between 1990 and 2006, China’s S&T personnel—​defined in China as staff who 
spend at least 10 percent of their time in activities “closely related to the pro-
duction, development, dissemination, and application of knowledge in natural 
sciences, agricultural science, medical science, engineering and technological 
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science, humanities and social sciences”—​nearly doubled, from 23 to 41 million. 
Scientists and engineers constituted more than two-​thirds of S&T personnel. The 
share of such workers with university degrees increased from 10 million in 2000 
to 14.5 million in 2005, with a growing percentage of S&T workers employed by 
enterprises, rather than by universities and research institutes. By 2006, nearly 
half of S&T employees worked in large and medium-​sized enterprises, up from 
36 percent during the early 1990s.130

A disproportionate number of this young and educated workforce grav-
itated to high-​technology development zones. In 2000, for instance, when the 
first wind and solar firms were just beginning to engage in the commercializa-
tion of new technologies, enterprises in China’s Torch Program HTZs jointly 
employed a workforce of 7.5 million, a third of whom held university degrees. 
Although the Ministry of Science and Technology estimated only 30,000 staff 
with masters’ degrees and 4,000 graduates of doctoral programs at work in HTZ 
enterprises that year, the figures far exceeded average Chinese educational levels 
at the time.131 For wind and solar firms, HTZs thus presented a rich environ-
ment within which to recruit engineering staff, men and women who not only 
held above-​average levels of educational achievement but also came to the table 
with experience in mass production from a range of other sectors, including 
foreign-​invested firms that had come to China during the 1990s and settled in 
high-​tech zones.

In addition to such general incentives, local governments provided resources, 
institutions, facilities, and infrastructure to support the existing local indus-
trial base. Local conditions in high-​tech development zones remained relatively 
uniform in what basic resources they offered to attract investment and in the 
stipulations (scale-​up and mass production) they attached to their support.132 
Once localities had successfully attracted firms, however, a second set of pol-
icies and institutions stepped forward, supporting the activities of local firms 
in a more targeted manner. Such resources, policies, and institutions differed 
depending on the composition of the local economy. But they held something 
important in common: these policies supported rapid commercialization and 
mass production through the creation of new capabilities in the local economy, 
rather than through financing ever-​larger production facilities.

Municipal governments themselves were active agents in reinventing and 
structuring the local economy. They interpreted central directives to promote 
strategic industries in ways that supported the existing industrial structure. 
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Although many of the early wind and solar firms began in the proximity of their 
parent companies or near the hometown of their founders, municipalities later 
attracted supplier firms and companies from related industrial sectors to create 
cluster effects and synergies. Wuxi, the city where Suntech had its beginnings 
in 2001, attracted glass manufacturers, producers of production equipment, 
and firms supplying silicone and other materials required for PV production. 
Semiconductor firms, which rely on a production method that bears similarities 
to the process that produces a solar cell, also settled in local HTZs.133 Baoding, 
where Yingli had started the domestic solar PV industry in 2001, ultimately 
branded itself as a “green city,” attracting a wide range of renewable energy firms 
and suppliers with complementary capabilities to its local industrial parks. The 
local government also targeted foreign equipment manufacturers and compo-
nent suppliers at international conferences, including at the 2004 Global Wind 
Power Exhibit held in Beijing, less than 100 miles from the city.134

In other cases, particularly among late entrants, domestic wind and solar 
firms sought out high-​tech development zones specifically for their existing 
industrial base. A history of shipbuilding and the presence of related supplier 
industries, including bearings manufacturing, persuaded Sinovel to open its 
first manufacturing facilities in Dalian.135 Tianjin became a popular destination 
for domestic wind turbine producers after successfully attracting a wide range 
of foreign wind turbine manufacturers and their suppliers, including REpower, 
Sinovel, and Vestas.136 In Changzhou, where Trina Solar and EGing Solar were 
producing cells and solar PV modules, the municipal government counted 109 
firms that manufactured products and components for power generation equip-
ment, including transformers, inverters, electrical insulation, and switching 
equipment.137

The agglomeration economies born from local government coordination 
promoted collaboration between foreign and domestic firms. For domestic 
manufacturers seeking to upgrade their capabilities in manufacturing, however, 
these local economies also created supplier networks that allowed the purchase of 
large quantities of raw materials at short notice. They permitted close interaction 
with suppliers to fine-​tune equipment and adjust material composition to match 
product designs and manufacturing processes. For engineering teams seeking to 
accelerate product commercialization, regional economies thus offered a wide 
range of tools and partners focused precisely on the large-​scale production of 
renewable energy technologies. In interviews, firms confirmed the benefits of 
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these local environments. The president of a solar PV manufacturer explained 
his company’s chosen location as the result of a decision to operate in proximity 
to other solar PV manufacturers who were likely to have used production equip-
ment available: his engineering teams could acquire this equipment to cheaply 
test the manufacturing of their new product designs.138 Others emphasized the 
availability of local suppliers to collaborate on substitute materials or new equip-
ment design, describing how these partnerships enabled them to move rapidly 
through multiple configurations until the right setup was pinpointed.139

Beyond the benefits that firms naturally derived from agglomeration econ-
omies, specialization in local industrial composition also permitted local 
governments to design more targeted institutions to support firms in the pro-
cess of developing knowledge-​intensive capabilities. In contrast to the broad na-
tional educational reforms that increased the number of graduates from China’s 
engineering schools over time, local administrations created educational facil-
ities for vocational training and continuing education that matched the needs 
of their home firms. These local colleges did not aim to graduate engineers 
with doctoral degrees; rather, they focused on creating a manufacturing work-
force capable of understanding manufacturing blueprints while grasping the 
requirements of mass production. Regardless of whether such programs allowed 
firms to send existing workers for continuing education or trained high-​school 
graduates for manufacturing jobs, many of these vocational colleges, set up by 
local governments in China’s high-​technology institutes, collaborated with local 
firms. For instance, the municipal government in Changzhou set up a program 
for technological upgrading in manufacturing firms as early as 1997, around 
the time that Trina Solar was founded as a solar installation company. The city 
estimated that about 25 percent of local large-​ and medium-​sized enterprises 
had employees with Computer Assisted Design training (CAD), with a total of 
5,000 CAD-​trained workers in the city. To augment this number and promote 
advanced manufacturing skills in the local workforce, the city set up CAD dem-
onstration platforms, established training programs, and offered loans to local 
companies seeking to upgrade their manufacturing infrastructure and improve 
the skill level of their employees.140

Other locations with sizable renewable energy industries launched similar 
programs, including in Changzhou, Baoding, and Urumqi.141 In Wuxi, the local 
government founded a vocational college for S&T training in 2003. By 2005, the 
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school was offering applied vocational training programs for 6,000 students in 
collaboration with Suntech, Sony, and thirty-​seven other firms with facilities in 
the region.142 In some cases, local enterprises themselves took the initiative to 
set up such programs, collaborating with the local government and other firms 
for support. Spearheaded by Dalian Daxian Group, a supplier of electronic 
components, vocational training was offered in Dalian for electromechanical 
technicians, supplying workers with knowledge of mechanical components 
and electronic circuitry to local industrial sectors, including wind turbine 
manufacturing.143

At the same time that wind and solar manufacturers were rapidly increasing 
the average training levels of their educated workforce, they were increasingly 
automating their production lines to avoid the high turnover rates associated 
with unskilled labor. Although innovative manufacturing capabilities continued 
to reside in designated engineering teams and did not extend into the manu-
facturing workforce in the same way that advanced manufacturing capabilities 
in Germany did, the training of manufacturing staff permitted Chinese firms to 
translate design and process changes into manufacturing practice more rapidly. 
Efforts to increase the skills and training of local members of the existing work-
force thus complemented central government innovation policy, which focused 
on technology development but paid little attention to the types of skills required 
in commercialization and production.

In addition to promoting workforce training, municipalities supported 
the technology commercialization efforts of local firms by funding individual 
commercialization projects and improving the R&D infrastructure available 
in the local economy. Such R&D infrastructure included China’s 800 univer-
sities and 5,000 research institutes, 60 percent of which were located in close 
proximity to one of the high-​technology industrial zones.144 Many of these 
institutions set up laboratories working on technologies of importance to in-
dustrial sectors; municipal chronicles boast an increasing number of patent 
activities and journal citations for local research laboratories. In Baoding, for 
example, Hebei University of Technology established a School of Energy and 
Environmental Engineering in the early 2000s, after the arrival of Yingli and 
other renewable energy companies prompted the city to promote itself as a green 
technology cluster.145 Although almost all renewable energy firms indicate some 
connections to research institutes, collaborative R&D activities mostly occur 
with other firms.146
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Local programs focused not on laboratory research but on the commerciali-
zation of new technologies and the transition to mass production, thus, proved 
more central to the success of innovative manufacturing. Almost all localities set 
up municipal innovation funds, providing grants for innovation-​related activi-
ties in local firms. Often these grants funded activities to overcome challenges in 
the commercialization of new technologies, rather than to create such technolo-
gies themselves. Although most grants went directly to firms, localities also used 
the programs to publicly fund facilities such as test centers, thereby providing 
complementary capabilities for firms in the local economy.

In Dalian, the municipal government supported Sinovel in 2006 with the 
commercialization of a 1.5 MW turbine technology based on a license from 
a German firm. In the process, engineers adapted the turbine for deployment 
under harsh climate conditions with temperatures as low as -​40 degrees Celsius. 
Two local suppliers, Dalian Tianyuan Electrical Machinery and Dalian Wazhou 
Group, supplied components for the new turbine. The local government helped 
Dalian Wazhou construct a test platform for industrial-​scale precision bearings 
to aid the commercialization of new bearing designs. Beyond supporting the 
commercialization of wind turbine components, however, this testing platform 
enabled the commercialization of bearings for other local industries, such as 
shipbuilding and railway engines.147 In collaboration with Suntech, in 2006 the 
Wuxi government initiated a so-​called 530 Program, providing funds to attract 
Chinese engineering graduates back into local high-​tech development zones and 
offering grants of RMB 1–​3 million for the commercialization of promising tech-
nologies. By 2012, 876 local firms were participating in the 530 Program, and 
available funds had grown to RMB 2.5 billion.148 In Baoding, the provincial gov-
ernment funded the development of two public engineering centers in the local 
high-​tech development zone, a center of virtual engineering and an engineering 
center of blade development, both of which offered access to advanced computer 
workstations and test facilities. The government emphasized the importance of 
industry associations in setting up these facilities to meet the needs of the local 
industry and boost the competitiveness of local firms.149

Local government policies, training institutions, and innovation support 
programs did not add up to a comprehensive strategy for industrial upgrading. 
Rather, they presented ad hoc responses to the perceived needs of local indus-
trial sectors, to directives on innovation from the central government, and to 
the desire of local officials to promote economic growth. For wind and solar 
firms, these policies created a broad range of resources capable of bolstering 
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engineering capabilities and funding the expansion of manufacturing facilities. 
But just as central government policies had not deliberately created institutions 
to support the establishment of capacities in innovative manufacturing, so local 
governments and high-​tech development zones did not strategically choose 
capabilities in technology commercialization as an overt goal. At the local level, 
policymaking was instead driven by the much more immediate necessity of 
growing the economy through the rapid scale-​up and mass production of po-
tentially game-​changing technologies. China’s wind and solar firms utilized this 
manufacturing infrastructure to respond to new opportunities, laying their engi-
neering expertise in innovative manufacturing on top of a strong foundation of 
local institutions supportive of mass production. The specialization in innovative 
manufacturing entailed advanced capabilities in product design, yet it differed 
from the conception of autonomous technology development at the core of 
Beijing’s indigenous innovation strategy. Chinese wind and solar firms engaged 
in learning and industrial upgrading, but they did so without developing the full 
range of industrial capabilities required to invent, commercialize and produce 
green energy technologies. In spite of government plans to create autonomous 
local enterprises, China’s wind and solar firms developed highly specialized cap-
abilities within collaborative relationships in global supply chains.

Conclusion

Policymakers and industry associations in the West long suspected a cen-
tralized government effort behind China’s rise in renewable energy sectors. 
Political economists focused on China frequently raised an opposite set of 
observations: from the perspective of statist literatures on economic develop-
ment, which have provided a more nuanced perspective on the role of the state 
in fostering industrial upgrading, the development of innovative capabilities in 
China’s wind and solar sectors was unexpected because of the fragmentation of 
the Chinese state. Among other East Asian late developers, centralized and hi-
erarchical planning bureaucracies orchestrated targeted policy interventions 
to support technological learning and industrial upgrading. China lacked such 
centralized institutions.150 Although the central government in Beijing provided 
various incentives for technology transfer and the establishment of advanced 
R&D capabilities in Chinese firms, the responsibility for policymaking was dis-
tributed across numerous ministries and administrative levels. China lacked 

	 150	 On strategic government intervention among the East Asian developers, see Amsden 1989, 
2001; Evans 1995; Johnson 1982; Wade 1990.
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the institutions to implement the concerted policy effort necessary to prompt 
upgrading in high-​technology industries in a centralized manner.151

This fragmentation of industrial policy implementation was particularly vis-
ible in policies to promote domestic innovation, where different levels of gov-
ernment demonstrated divergent priorities. Central government plans called 
for the establishment of autonomous technological capabilities in virtually all 
segments of the wind turbine and solar supply chains.152 Literature on China’s 
decentralized development model focused on the ways in which incentives for 
local governments to create short-​term economic growth collided with these 
long-​term central government plans, creating an implementation gap between 
central goals and local outcomes.153 Divergent policy goals at subnational levels 
were here regarded as a threat to the implementation of central government pol-
icies, as they offered firms the option of shirking their duty by prioritizing short-​
term economic gains over long-​term policy goals.154

In this chapter, I have argued that collaborative advantage allowed Chinese 
wind and solar firms to use the fragmented industrial policy framework to es-
tablish knowledge-​intensive capabilities focused on preparing complex technol-
ogies for mass production. As in Germany and the United States, firms entered 
global supply chains with specialized capabilities that relied on collaboration 
with others. Although these skills fell short of government goals, they none-
theless represented a form of industrial upgrading. Chinese firms repurposed 
policies and institutions intended for the manufacturing economy to establish 
new knowledge-​intensive capacities within manufacturing itself, incrementally 
building on China’s industrial legacy of mass production. The state enabled such 
industrial upgrading among China’s wind and solar producers not only by pro-
viding the resources required for technological learning, but, as I have argued 
here, by attracting foreign-​invested high-​technology manufacturers into China’s 
economic development zones. The end result was the establishment of an indus-
trial ecosystem for mass production eminently capable of supporting a new gen-
eration of innovative manufacturing.

China’s wind and solar firms have achieved sustained growth despite 
divergent—​and often outright conflicting—​government policies, which have 
not followed the hierarchical, centralized, and highly disciplined template of 
the East Asian developmental states. And China’s renewable energy firms have 
avoided the main hazard associated with participation in such fragmented global 
production systems, namely the possibility of becoming trapped in low-​skill and 

	 151	 See, for instance, Huang 2002; Thun 2006, 52–​60.
	 152	 See, for instance, Ministry of Science and Technology 2012; National Energy Administration   
2012.
	 153	 Amsden 1989; Johnson 1982; Kostka and Nahm 2017; Nahm 2017.
	 154	 For a discussion of policy bundling in China, see Kostka and Hobbs 2012, 768–​70.
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low-​value activities within global supply chains.155 Instead, Chinese capabilities 
in scale-​up and commercialization have attracted global innovators, allowing 
Chinese firms to bring wind and solar technologies to market, even if they do 
not do so alone. At least in renewable energy industries, Chinese firms learned 
to compete on skills, not on labor cost. In consequence, wind and solar produc-
tion did not chase labor cost to cheaper manufacturing locations in the Chinese 
interior or in neighboring economies, even as wage differentials remained large 
and growing.156

At the same time, however, such upgrading-​within-​manufacturing required 
Chinese firms and regulators to assume risks. Participation in global processes 
of technology development required Chinese firms to make large investments 
in manufacturing capacity, often funded by state-​owned banks and local 
governments. In contrast to German suppliers of components and production 
equipment, which maintained customers in several industries despite small firm 
sizes, China’s investments were industry-​specific. In the wind and solar sectors, 
where demand continues to rely on demand-​side subsidies, the fate of China’s 
innovative manufacturers depends not just on their ability to innovate and fur-
ther reduce cost, but also on government policy in China and abroad. The global 
financial crisis, which led many European governments to cut or eliminate sub-
sidies for wind and solar products, created overcapacity in global renewable en-
ergy sectors. Antidumping legislation against Chinese solar panels has further 
threatened export markets, as have widespread calls in the United States for eco-
nomic decoupling from China.157 In times of crisis, Chinese firms were thus left 
with the most capital-​intensive part of the global innovation processes.

A number of firms have declared bankruptcy as a result. Suntech, for instance, 
exported 38 percent of its solar panels to Spain in 2008. By 2009, after the Spanish 
government had all but shut down its domestic support for renewable energy 
markets, Spanish demand accounted for less than 3 percent of Suntech’s rev-
enue.158 By 2013, the company, once the largest solar manufacturer in China, had 
filed for bankruptcy protection.159

Ultimately, the sustainability of China’s specialization in innovative manufac-
turing could depend on the ability of China’s manufacturers to apply their cap-
abilities in scale-​up and commercialization to a wide range of industrial sectors. 
Breznitz and Murphree, in a study on China’s electronics industry, found that 
manufacturers there also embarked on a manufacturing-​centric upgrading 

	 155	 Steinfeld 2004.
	 156	 In 2009, the wage gap between urban workers in coastal provinces—​where most of China’s re-
newable energy manufacturing is located—​and urban workers in interior provinces was 55 percent, 
up from 28 percent two decades earlier. Li et al. 2012, 62.
	 157	 US.International Trade Commission 2012.
	 158	 Ahrens 2013, 4.
	 159	 Bradsher, 2013b.
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trajectory.160 Thun and Brandt similarly found that in the machine tools and 
automotive sectors, Chinese firms benefited from engineering capabilities in ad-
vanced manufacturing.161 Germany’s small and medium-​sized wind and solar 
suppliers, which improved and adapted their core capabilities over decades and 
applied them to successive industrial sectors, illustrate that diverse strengths in 
manufacturing can, in principle, be the source of long-​term advantage.

The importance of manufacturing institutions for economic development 
and technological innovation was not lost on central government planners in 
Beijing, as the renewed push to support upgrading-​within-​manufacturing 
through China’s Made in China 2025 initiative illustrates. If the experience of 
China’s renewable energy industries is any guide, however, it will be up to entre-
preneurial firms, not the state, to identify new applications for advanced skills in 
manufacturing and use a broad range of institutions to support such strategies.

	 160	 Breznitz and Murphree 2011.
	 161	 Brandt and Thun 2010.



6
Wind and Solar Invention in the 

United States

Driving along Interstate 10 from Los Angeles to Palm Springs gives the viewer 
a panoramic view onto one of the largest experiments in the commercial gen-
eration of renewable energy. As the freeway crosses into the Coachella Valley 
past an outlet mall and the Cabazon dinosaur museum, the California desert 
opens up to one of earliest wind farms in the United States. First installed in the 
1980s, some 4,000 turbines remain today of the original 6,000 that once dotted 
the moonlike landscape in the narrow channel between the San Gorgonio and 
San Jacinto peaks. The remnants of first-​generation wind turbines—​with their 
tripod-​like towers and two-​blade designs—​remind the visitor of the technolog-
ical ambition possessed by US engineers, a drive to create that long buttressed 
America’s reputation as a seedbed for technological innovation. Yet the turbine 
parts strewn across the California desert also evoke the rapid end of the first 
wind energy boom—​a frustrating closure caused by technical difficulties and a 
changing political environment in the mid-​1980s. Despite American strengths 
in aerospace design, US-​made turbines remained inferior to imported models 
in efficiency and reliability. Foreign manufacturers reaped most of the benefits 
from the initial wind farms in California.1

Three decades after the first wind turbines were installed on the San Gorgonio 
pass, the United States once again became one of the largest markets for wind 
and solar power in the world. In 2015, the United States accounted for 17 per-
cent of global wind turbine installations and 11 percent of installed solar photo-
voltaic (PV) capacity.2 Not unlike in the 1980s, US renewable energy industries 
maintained strengths in the invention of new technologies but established few 
capabilities in commercialization and production. To a far greater degree than in 
Germany or China, wind and solar sectors in the United States were populated 
by high-​technology firms that spun off from universities and research institutes. 
By 2009, out of 100 solar photovoltaic firms in the United States, at least 73 were 
start-​ups, and many of these were racing to commercialize thin-​film technologies 
that broke with the conventional use of silicon as the basic raw material for solar 

	 1	 Gipe 1995, 31–​36.
	 2	 GWEC 2017; IEA 2016.
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cell production.3 In the wind industry, US firms developed turbines that aban-
doned traditional designs, including gearless drivetrain concepts and small-​scale 
turbines based on jet engine technologies.4 Small in size and boasting advanced 
technological capabilities, these firms built up strengths in early-​stage research 
and development, but rarely did they establish capabilities in scale-​up and mass 
manufacturing. US multinational companies, which also entered American re-
newable energy industries, maintained a similar focus on inventing new technol-
ogies in their home operations, while offshoring or outsourcing much of their 
production to locations abroad. US industrial capabilities in renewable energy 
industries strongly targeted early-​stage R&D, without establishing the full range 
of skills necessary to bring new products from lab to market.

By 2008, the United States accounted for more than 61,000 renewable energy 
patents filed in US, European, and Japanese patent offices, roughly double the 
number of patents filed by German entities.5 In 2016 alone, US entities filed some 
5,000 clean energy patents with the US Patent and Trademark Office (USPTO), 
compared to 1,800 European patent applications and 300 from China.6 Still, 
local content rates for US wind turbines hovered around a modest 40 percent, as 
high-​value components—​gearboxes, metal castings, and turbine blades—​were 
imported from abroad. As late as 2017, local content rates for many internal 
components of the turbine remained as low as 20 percent.7 A 2011 study by the 
American Wind Energy Association (AWEA) estimated that European wind 
turbine manufacturers created three to four times as many jobs per megawatt of 
installed wind turbine capacity as their US counterparts, as local supply chains in 
Europe obviated the need for imported components.8 In the solar sector, where 
US firms and research institutes developed the foundations for virtually all of 
the main solar technologies in production today, US firms accounted for less 
than 5 percent of global manufacturing in 2010. New technologies were brought 
to market in other parts of the world, and key components for domestic solar 
PV manufacturing—​including wafers, thin film feedstock, and inverters—​were 
imported from abroad.9

The emphasis on early-​stage research and development (R&D) in US wind and 
solar industries is particular striking when we compare it to the manufacturing-​
based capabilities in Germany and China. German and Chinese renewable en-
ergy sectors attracted firms with a wide range of production skills, including 

	 3	 Knight 2011, 176.
	 4	 Bullis 2008.
	 5	 Bierenbaum et al. 2012, 6–​7. Bolinger 2013, 18–​19.
	 6	 Helveston and Nahm 2019, 796.
	 7	 Wiser 2017, 20.
	 8	 AWEA Manufacturing Working Group 2011; David 2009.
	 9	 Data compiled by Earth Policy Institute, 2020. The US maintained a positive trade balance in the 
production of manufacturing equipment and silicon feedstock. See GTM Research 2011.
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those specializing in component and equipment manufacturing, scale-​up, and 
mass production. At the most basic level, scholars have evoked theories of com-
parative advantage to explain American strength in invention and not produc-
tion.10 Proponents of this view have frequently cited examples like Apple, a 
company that used strengths in upstream R&D to generate economic benefits 
in the United States, even if production activities were mostly located in Asia.11 
Policymakers and industry representatives, meanwhile, claimed that the cost of 
labor in the United States prevented competitiveness in manufacturing. This ar-
gument was often made in conjunction with calls for trade barriers, following 
accusations that China and other Asian economies lowered their production 
cost through subsidies and lax environmental regulations.12 Yet this same argu-
ment, when posed against a German backdrop, failed to play out: for all the com-
petition from China and other economies with low factor prices—​competition 
that led to a series of high-​profile bankruptcies among German solar PV 
manufacturers—​Germany still retained a supply chain of highly specialized 
small and medium-​sized wind and solar suppliers with manufacturing facili-
ties. And it did so while remaining a high-​wage environment, in which hourly 
compensation for manufacturing workers in 2012 was nearly 50 percent above 
manufacturing wages in the United States.13 At the very least, then, the case of 
Germany suggests that high-​wage economies can in principle retain domestic 
production activities even in emerging high-​tech sectors. So why have US wind 
and solar supply industries built capabilities in early stage R&D without adding 
complementary skills in scale-​up and mass production?

In this chapter, I trace the development of US renewable energy sectors to 
show that new opportunities for collaboration in global supply chains made the 
co-​location of innovation and production activities in the United States unnec-
essary for the commercialization of new technologies. New options for indus-
trial specialization in the global economy allowed German and Chinese firms to 
maintain manufacturing-​based industrial specializations; in the United States, 
they had the opposite effect, helping firms cut ties with the domestic manufac-
turing economy. US investments in R&D and demand-​side subsidies created do-
mestic jobs in the installation and maintenance of wind farms and solar parks, 
but left a far smaller industrial footprint than the German and Chinese renew-
able energy sectors.

In the wind and solar sectors, American firms responded to renewable energy 
policies set at state and federal levels by creating R&D teams as spinoffs from 

	 10	 Kraemer, Linden, and Dedrick 2011; Mankiw and Swagel 2006.
	 11	 See, for instance, Bonvillian and Weiss 2015, 11–​12; Kraemer, Linden, and Dedrick 2011; 
Sturgeon 2002.
	 12	 US International Trade Commission 2011.
	 13	 Levinson 2014, 14.
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universities and research institutes and focused these teams on the invention 
of new technologies. I show here that firms made use of domestic institutions 
for technology transfer, including the Bayh-​Dole act of 1980 and subsequent 
legislation that permitted the licensing of federally funded research. They also 
repurposed funding institutions for R&D activities, often the only sources of 
income for start-​ups that had not yet found a pathway to commercialize their 
technologies. Firms were able to use such institutions, set up long before the 
growth of renewable energy industries, because collaborative advantage 
allowed them to enter the wind and solar sectors without domestic capabilities 
in mass production. A weak supplier base in adjacent industries reduced the 
number of firms with capabilities in scale-​up and mass production that could 
enter wind and solar supply chains.14 The United States’ industrial speciali-
zation in invention and its ability to collaborate with global partners thus left 
firms less willing to revitalize domestic institutions within the manufacturing 
economy (Figure 6.1).

The chapter proceeds with a discussion of structural trends in the US 
economy that favored the creation of start-​ups over the diversification of ex-
isting manufacturing businesses into renewable energy industries. It then 
describes the technological capabilities of these rapidly proliferating start-​ups 
before highlighting the role of collaboration in allowing these firms to use fed-
eral R&D institutions to shape the development of US renewable energy sectors. 
The conclusion returns to the political implications of this particular industrial 
specialization and argues that their small industrial footprint prevented these 
wind and solar firms from becoming forceful advocates for stable clean energy 
legislation.
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Innovation without Production

Measured purely in terms of public financial support, the United States spent more 
than any other advanced economy on wind and solar R&D.15 Many of the techno-
logical advances underlying traditional silicon-​based solar cells and thin-​film PV 
applications emerged from federally funded R&D institutes and enterprise labo-
ratories, making possible the spread of solar technologies from their initial appli-
cation in the space industry of the 1950s to the grid-​connected solar PV models 
widely available today. Even in the wind sector, where European researchers made 
many of the critical contributions that enabled the gradual increase of turbine ca-
pacity, research consortia led by US corporations made efforts to leapfrog to the de-
sign of large-​scale wind turbines in the wake of oil crises in the 1970s. These costly 
investments were almost entirely funded through federal government programs.16

Government support for R&D activities in universities, research institutes, 
and the private sector rested on two broad assumptions about the links be-
tween innovation and economic outcomes.17 First, public investments in R&D 
assumed that market failures justified state intervention. Since technological in-
novation creates spillovers that firms often have a hard time appropriating, the 
private sector is assumed to underinvest in innovation in the absence of govern-
ment intervention.18 In light of innovation’s central role in maintaining techno-
logical leadership, economic growth, and national competitiveness, the federal 
government in the postwar decades faced strong incentives to support techno-
logical innovation in the domestic economy.19

Second, underlying US public R&D spending in the postwar decades was a 
notion that a linear relationship existed between innovation and industrial de-
velopment. The invention of new technologies—​from this perspective, largely a 
function of sufficient investments in basic research—​was expected to trickle into 
the market by way of applied research and commercialization in domestic indus-
tries. Although the exact origins of this linear model are difficult to trace, the 
“belief that scientific advances are converted to practical use by a dynamic flow 
from science to technology has been a staple of research and development (R&D) 
managers everywhere.”20 A linear view of the relationship between innovation 

	 15	 International Energy Agency (IEA) 2008, 31. National Science Board 2018, Figure 6–​35.
	 16	 On the contributions of European research, see Heymann 1998. The role of US conglomerates is 
discussed in Righter 1996, 149–​69.
	 17	 In addition to such economic objectives, the United States of course also pursued environ-
mental concerns unique to the renewable energy industries examined here. Particularly in the 
postwar decades, much R&D spending pursued military goals that I do not examine here in detail, 
although early solar PV technologies found military applications in satellites, for instance. On the 
military origins of Silicon Valley, see, for example, Lécuyer 2007.
	 18	 Mazzucato 2016, 143.
	 19	 Boskin and Lau 1992; Romer 1994; Schumpeter 1934; Solow 1956.
	 20	 Stokes 1997, 10.
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and application also applied to the international division of labor. According to 
the theory of the product cycle, introduced by Vernon in the 1960s, only firms 
in advanced economies possessed the engineering capabilities required to de-
velop new technologies and to manage challenges in commercialization. Such 
firms further benefited from sophisticated domestic markets and consumers 
able to afford price premiums commanded by new technologies. Implicit in this 
theory was the assumption that close geographic and managerial linkages be-
tween invention and production were required in the early stages of product 
development. Only once products were reliable, manufacturing processes stan-
dardized, and price premiums gained from initial technological advantage had 
been depleted—​in other words, once products were fully commodified—​only 
then would manufacturing activities shift to developing economies with lower 
technical capabilities and less sophisticated market demand.21

In the wind and solar industries, public investments in basic research and 
government support for R&D peaked after the 1970s oil shocks but remained 
ahead of other nations from the postwar decades to the present. In the early 
1980s, supported by bipartisan agreement on the need to diversify the US 
energy supply, federal investment in renewable energy R&D peaked at USD 
1.3 billion.22 This unprecedented level of R&D funding for renewable energy 
technologies encouraged research into wind and solar technologies in univer-
sities, supported a growing governmental research infrastructure for energy 
technology (in the form of national research laboratories), and funded re-
search activities in US conglomerates from the aerospace, energy, and defense 
industries.23 While the programs failed to yield a single commercially viable 
turbine—​design flaws, manufacturing problems, and structural failures had 
cut short the operating hours of most of the turbines, and even when turbines 
did operate reliably, their efficiency remained far below expectations—​federal 
funding for research continued at levels far above those of other countries 
(Table 6.1).24

Although renewable energy budgets decreased during the Reagan presidency 
in the 1980s, national institutions for energy research that had been created 
during the oil crises survived the chopping block. SERI, the federal Solar Energy 
Research Institute, continued to advance renewable energy research throughout 
the 1980s despite budget cuts. In 1991, its broad mandate beyond solar PV 
earned it the designation as the National Renewable Energy Laboratory (NREL), 
one of seven such laboratories set up by the Department of Energy (DOE).25 

	 21	 Vernon 1966, 1979.
	 22	 Martinot, Wiser, and Hamrin 2005, 3.
	 23	 Righter 1996, 158.
	 24	 Ackermann and Söder 2002.
	 25	 NREL 2002, 2.
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NREL subsequently established a National Wind Technology Center in Boulder, 
Colorado, in 1993.26 The national laboratories provided demonstration sites, test 
centers, and accreditation for manufacturers, who came to rely on their highly 
specialized staff for technical expertise.27

The continuation of federal R&D funding and the maintenance and expansion of 
the energy national laboratories allowed the United States to maintain a global lead 
in renewable energy research (see Figure 6.1). Technological advances that origi-
nated in the federal R&D programs of the late 1970s, for instance, decreased the 
cost of solar PV technologies from USD 300 per watt in 1980 to USD 4 per watt in 
1992.28 The price for wind turbine installations dropped from USD 4,040 per kW in 
the early 1980s to an average of USD 1,340 per kW in the early 2000s, at least par-
tially as a result of technology improvements.29

Between 1974 and 2008, the US federal government spent USD 3.3 billion 
on solar PV research alone, significantly more than Japan (USD 2.1 billion) and 
Germany (USD 1.9 billion), the largest solar PV market in the world at the time. 
By 2018, the DOE had spent over USD 28 billion on renewable energy research, 
or roughly 18 percent of the research spending by the DOE.30 Such funds were 
awarded through a number of technology-​specific programs. Between 1991 and 
2008, for instance, the DOE invested USD 289 million in R&D for new solar 
technologies as part of the so-​called Photovoltaic Manufacturing Technology 
(PVMaT) program. A separate program targeted research on thin-​film tech-
nologies.31 In the wind sector, the DOE invested in research on offshore wind 

Table 6.1  Select Industrial Policies for US Wind and Solar Sectors

United States

Technology 
Push

1973–​1988 US Wind Research Program
1991–​2000 PVMaT R&D Program
Since 1990s NREL R&D Grants
2008 American Recovery & Reinvestment Act: Loans
Since 2009 ARPE-​E Program

Market Pull 1978 Public Utility Regulatory Policies Act (PURPA)
1992 Production Tax Credits (since then renewed 7 times)
Since 1997 Renewable Portfolio Standards (30 states by 2012)

	 26	 See http://​www.nrel.gov/​wind/​nwtc.html (accessed March 25, 2014).
	 27	 Harborne and Hendry 2009, 3582.
	 28	 Loferski 1993, 74.
	 29	 Wiser and Bolinger 2008, 21; Wiser, Bolinger, and Barbose 2007, 81.
	 30	 Clark 2018, 3–​4. Critics have argued that such funds nonetheless are insufficient to combat the 
climate crisis. See Sivaram et al. 2020.
	 31	 O’Connor, Loomis, and Braun 2010, 3–​14.
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turbine technologies, next-​generation turbine technologies, and research to im-
prove turbine reliability and grid integration.32

Although public investments in research allowed the United States to remain 
at the forefront in the invention of new technologies, broad structural changes 
in the US economy undermined the linear model that underpinned such public 
spending. Beginning in the 1970s, the decline of manufacturing sectors in the 
United States drastically reduced the number of domestic firms that possessed 
technological capabilities with potential application in wind and solar industries. 
Between 1999 and 2010 alone, the number of manufacturing establishments in 
the United States declined by 14 percent.33 The number of manufacturing plants 
that employed more than 1,000 workers dropped by half between 1977 and 
2007.34 Losses were particularly strong in the aerospace, semiconductor, ma-
chine tool, and automotive components sectors—​precisely the type of industries 
from which suppliers had entered wind and solar sectors in Germany.35 Between 
1998 and 2010, nearly 1,200 plants closed in the semiconductor industry, a de-
cline of 37 percent among facilities with more than 500 employees and a loss 
of 41 percent of medium-​sized plants with 100–​500 staff.36 In the machine tool 
sector, foreign penetration of the US market rose from 30 percent in 1983 to 
72 percent in 2008, with subsectors, including metal forming, reaching import 
rates of 91 percent. Domestic shipments for metal forming machines dropped 
by more than 50 percent between 1990 and 2009. Over the same period, the US 
aerospace industry lost 10 percent of mid-​sized firms and 28 percent of large 
firms with more than 500 employees.37 Although the United States remained one 
of the world’s largest manufacturers—​second only to China by dollar value of its 
output, and ahead of both Germany and Japan—​by the time renewable energy 
sectors became sizable global industries, much US manufacturing activity was 
concentrated in the hands of a few multinational firms. Growth in technology-​ 
or resource-​intensive sectors such as pharmaceuticals, medical devices, and 
petrochemicals masked declines in other industries.38

A multitude of factors contributed to these changes in the American manu-
facturing economy. China’s accession to the World Trade Organization (WTO) 
in 2001 increased import competition.39 Other factors were homegrown and far 
preceded the shifts in the global economy caused by China’s WTO accession. 

	 32	 Department of Energy 2006, 2017b.
	 33	 US Census Data cited in Yudken 2010, 2.
	 34	 Holmes 2011, 6.
	 35	 Pisano and Shih 2012, 8–​13; Whitford 2005, 2012.
	 36	 Yudken 2010, 7.
	 37	 Pisano and Shih 2012, 11–​12; Yudken 2010, 6–​12.
	 38	 Ramaswarmy et al. 2018, 21.
	 39	 For a discussion of the impact of changing US–​China trade relations on American manufac-
turing sectors, see Autor, Dorn, and Hanson 2012; Berger 2013b, 41–​44; Pierce and Schott 2014.



Wind and Solar Invention in the United States  159

Over the course of the 1970s, financial markets in the United States had rewarded 
large firms for outsourcing non-​core production activities; and falling tariffs 
and trade barriers subsequently permitted US multinationals to look to low-​
cost economies to find suppliers.40 The declining number of suppliers in the US 
economy had its basis, at least in part, in the difficulties small and medium-​sized 
firms faced when they tried to adapt to the reorganization of production in the 
global economy and the lack of state institutions that could facilitate such adjust-
ment. For instance, after decades during which metalworking manufacturers in 
the American Midwest essentially served as production buffers for larger firms, 
many were ill-​equipped to meet the new requirements in design and customiza-
tion imposed by their customers in the 1990s. Although in principle, small and 
medium-​sized firms were capable of making investments in new technological 
capabilities and design skills, they shied away from doing so in the face of eco-
nomic uncertainty, an absence of guaranteed markets, and little public institu-
tional support for technological upgrading in manufacturing.41

The accounting standards required to claim R&D tax credits, for instance, had 
traditionally favored technological innovation developed in traditional R&D 
departments over the type of incremental manufacturing innovation that would 
be involved in retooling a production facility for application in new sectors. 
Claiming federal R&D credits was an onerous reporting process, and many small 
and medium-​sized firms lacked designated R&D departments. For all the R&D 
funding available for early-​stage R&D, little public funding existed to upgrade 
existing technological capabilities.42 Few banks wanted to fund manufacturing 
investments in the absence of order guarantees, a reluctance that compelled 
suppliers who were willing to enter new sectors to rely on retained earnings for 
financing.43 Many struggled to do so. Firms willing to invest in emerging re-
newable energy industries also struggled to find qualified staff trained to handle 
increasingly complex machinery. In a survey on skills and training in manu-
facturing establishments, smaller firms with high-​skill demands reported sig-
nificantly more difficulty filling vacancies, suggesting that those firms willing 
to move into new emerging high-​tech sectors were not served well by existing 
skills, training institutions, and local community colleges.44

Among those that weathered the decline in the number of manufacturing 
establishments in the semiconductor, machine tool, and automotive supply 
industries, few were able to make the investments required to enter renewable 

	 40	 Davis 2009, 87–​96, 195–​200.
	 41	 Whitford 2005, 95–​120; 2012, 259.
	 42	 Author interviews: CEO of metal-​forming manufacturer, October 24, 2012; CEO of aerospace 
supplier, April 27, 2012.
	 43	 Berger 2013b, 115–​16; Cetorelli and Strahan 2006, 459.
	 44	 Osterman and Weaver 2013, 33–​35.
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energy industries. One steel manufacturer seeking to diversify into the wind in-
dustry stated that a contract to supply parts for a local offshore wind park would 
necessitate a USD 20 million investment in a new manufacturing facility, a risky 
investment in the absence of any guarantees that a contract would ultimately be 
awarded to the firm. Even with such guarantees, bank loans would be difficult to 
obtain, and the manufacturer’s only hope of finding external financing involved 
federal loan guarantees. At the time of my interview with this steel manufac-
turer, legal challenges and debates over subsidies had left the offshore project 
in limbo, yet this small manufacturer with fifty employees had already spent 
USD 1 million of retained earnings to prepare a bid.45 By the time construction 
commenced on the offshore wind park a few years later, a different supplier had 
been chosen, leaving the metal fabrication firm without a viable path to pay for 
its manufacturing facility.46

By comparison, a German manufacturer of similar components, whom the 
steel firm relied on for technical advice, received a USD 45 million grant for a 
USD 90 million facility from the German government and was able to secure 
three years of guaranteed orders from German turbine manufacturers prior 
to making the investment. Asked if any competitors were also trying to enter 
the wind industry, the steel manufacturer recounted how all twelve of his local 
competitors had gone bankrupt over the past two decades, as their core markets 
eroded and they failed to diversify into growing industries.

As I chronicled in Chapter 4, German suppliers from legacy industries entered 
the wind and solar sectors by applying core capabilities to new applications in re-
newable energy—​the production of components, materials, and manufacturing 
equipment required to bring new technologies to scale. In the United States, the 
declining number of manufacturing establishments had left fewer firms that 
could potentially do the same, particularly in sectors where firms had indus-
trial strengths applicable to wind and solar. Among those who remained, slim 
margins often prevented investments in new skills. Weak institutional support 
for repurposing and reinventing existing industrial capabilities—​these included 
the absence of local banks, training institutions, and collaborative research 
funds that had enabled suppliers in Germany to enter the renewable energy 
industries—​further prevented firms from entering new economic sectors.

Because broad structural change in the US economy had reduced the number 
of supply firms with industrial capabilities applicable to the wind and solar 
sectors, US wind and solar supply chains remained considerably less diverse than 
those in Germany and China. US strength in early-​stage research and develop-
ment manifested in large numbers of high-​technology start-​ups, yet the failure 

	 45	 Author interview, CEO of steel manufacturing firm, October 24, 2012.
	 46	 Cardwell 2014.
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of small and medium-​sized manufacturing firms to mobilize and enter the re-
newable energy supply chains left large gaps in the types of industrial capacities 
that could be accessed domestically. Ultimately, top-​down investments in tech-
nological innovation in universities and research institutes led to vibrant start-​
up activity but were not matched by an equally forceful mobilization of skills in 
commercialization and production.

Inventing Wind and Solar

The primary benefactors of public investments in research and development were 
start-​up firms with technological capabilities in the invention of new technolo-
gies. Even before legislation created the first domestic markets for wind turbines 
or solar panels, firms built on the strength of US research and development ac-
tivities by spinning off from universities and government research institutes in 
an attempt to commercialize recent discoveries. In contrast to the aerospace and 
defense conglomerates that had begun working on large-​scale wind turbines 
with the help of federal programs beginning in the 1970s, these new firms were 
small and specialized, growing directly out of publicly funded research. In 1974, 
entrepreneurs Stanley Charren and Russell Wolfe founded US Windpower as 
a spinoff from MIT’s Lincoln Lab. The MIT laboratory provided the core tech-
nology and the company’s chief engineer. US Windpower, later named Kenetech, 
began building a demonstration wind farm on Crotched Mountain in New 
Hampshire, long before the first large wind markets were created in the United 
States.47 Six years later, ESI, another turbine manufacturer, was established by 
two government engineers working at a wind turbine testing site set up as part of 
the national wind energy program in Rocky Flats, Colorado. The engineers left to 
launch their own company and licensed the technology from the federal govern-
ment.48 In the 1980s, Zond began building variable-​speed wind turbines based 
on a technology developed at and in collaboration with NREL. The firm was one 
of the few who had survived the rapid end of California’s wind energy boom in 
the 1980s; Enron eventually purchased it in 1997.49

In the solar sector, small firms produced solar PV cells for niche applications 
and benefited from state funding for utility-​scale demonstration projects.50 
Former employees of Spectrolab, a firm that had supplied solar modules for 

	 47	 Jeff Ackerman, 1981, “Putting the Wind to Work; Breeze Power Is Serious Business for Founder 
of Farm in N.H.,” Boston Globe, May 3. See also: MIT Lincoln Lab, “Spin-​Off Companies,” http://​
www.ll.mit.edu/​about/​TechTransfer/​spinoffs.html (accessed March 27, 2014).
	 48	 Gipe 1995, 71.
	 49	 Department of Energy 2003.
	 50	 West 2014, 7.
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space applications since the 1950s, founded Solec International in 1976. It was 
located in proximity to Caltech and NASA’s Jet Propulsion Lab in Pasadena, 
and it collaborated with both institutions on the improvement of terrestrial 
solar technologies throughout the 1980s.51 Solar Technology International, also 
founded by former Spectrolab employees, similarly participated in joint research 
with Caltech and the Jet Propulsion Lab to improve its solar PV technologies.52

With the exception of a brief period in the early 1980s, during which a com-
bination of federal and state-​level subsidies created short-​lived demand for wind 
power installations in California, renewable energy firms struggled with a lack of 
market demand. Even though California’s wind energy boom was not replaced 
by new domestic markets for renewable energy technologies until the early 
2000s, new wind and solar firms continued to be founded on technologies ori-
ginating in federally funded research. The first generation of terrestrial solar PV 
firms specialized in traditional silicon PV modules derived from earlier products 
for space applications. Beginning in the 1990s, a second generation of solar firms 
launched research on new solar PV technologies designated for grid-​connected, 
civilian applications.

In the early 2000s, both California and Texas passed renewable portfolio 
standards that required utilities to meet ambitious renewable energy targets, 
leading to large local markets for wind turbine installations.53 Fueled by regional 
investments in renewable energy, in addition to federal production tax credits, 
the United States ballooned to become the largest market for wind turbines in 
2005.54 A federal solar investment tax credit of 30 percent was passed as part of 
the 2005 Energy Policy Act and renewed in 2006 and 2008; together with state-​
level policies such as the 2007 California Solar Initiative, this tax credit led to a 
surge in US domestic demand for solar PV after decades of stagnation.55 By then, 
the introduction of generous subsidies for solar PV installations had created the 
world’s first large solar market in Germany. Other nations, most notably Spain 
and Italy, bolstered domestic solar demand in the years that followed.56

The expansion of global markets prompted a new wave of industry entry. In 
the solar sector, many of the new firms revolved around the attempt to commer-
cialize thin-​film solar cells. Although thin-​film cells promised to replace costly 
silicon as the basic raw material in solar cell production, complex manufacturing 
processes had kept thin-​film technologies prohibitively expensive. Firms such 
as Nanosolar and Nanosys, both founded in California in 2001, were testing 

	 51	 Colatat, Vidican, and Lester 2009, 5.
	 52	 Solar Technology International was purchased by the oil firm ARCO in the late 1970s and 
changed its name to ARCO Solar. Colatat, Vidican, and Lester 2009, 5; West 2013, 6.
	 53	 Bird et al. 2005, 1401–​2.
	 54	 Wiser et al. 2008, 4.
	 55	 Colatat, Vidican, and Lester 2009, 7; Solar Energy Industries Association 2014.
	 56	 Campoccia et al. 2009, 290–​91.
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alternate deposition technologies that could potentially reduce the cost of thin-​
film manufacturing. Heliovolt, established in Austin, Texas, in 2001, and Day 
Star, founded in Halfmoon, New York, in 2006, sought to solve the same problem. 
Konarka was founded in Massachusetts in 2001 as a spinoff from the University 
of Massachusetts, Lowell, to fabricate solar cells from flexible plastics.57 Scientists 
from NREL founded Solyndra in 2005, a company that used a deposition tech-
nology developed by NREL to build cylindrical, higher efficiency cells.58 In 2007, 
Emanuel Sachs spun off a new company, 1366 Technologies, to introduce new 
production processes for solar wafers.59 By 2009, at least forty-​six solar PV start-​
ups were operating in California alone.60

The wind sector also attracted a growing number of start-​ups. In 2001, former 
employees of the legacy wind turbine manufacturer Zond founded a new turbine 
manufacturer, Clipper Windpower, in California. Clipper proposed replacing 
a single turbine generator with several smaller generators to increase efficiency 
and reliability.61 In Florida, a manufacturer of superconducting magnets, diver-
sified into the wind energy business in 2002 and began developing gearless wind 
turbines.62 Ogin, a spin-​off from the aerospace sector, began designing new wind 
turbine technology in 2008, borrowing principles from jet engines to increase 
turbine efficiency.63 In 2009, NREL employees founded Boulder Wind Power to 
commercialize an alternative gearless wind turbine technology.64

Although American strengths in science and technology remained the envy of 
policymakers around the world, American capabilities in large domestic manu-
facturing sectors did not. Start-​ups were far more specialized than the vertically 
integrated firms that had formed the main engines of technology commerciali-
zation in previous decades. They shared with those older firms similar abilities 
in the invention of new technologies, yet few possessed skills in the commer-
cialization and production of wind turbines and solar panels.65 In the postwar 
decades, public investments in R&D had, at the very least, led to domestic manu-
facturing facilities for early product generations of new technologies. But these 
domestic links, which fueled the assumption that a linear connection existed 
between the invention, commercialization, and production stages, were finally 
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undermined—​as firms that specialized in the invention of new technologies 
were not accompanied by firms with equally strong capabilities in scale-​up and 
mass production.

In contrast to Germany and China, where large numbers of domestic 
manufacturers entered renewable energy industries in response to growing 
global markets, few domestic suppliers with diverse industrial capacities pop-
ulated the US wind and solar sector markets; and despite a number of notable 
exceptions, few large domestic manufacturers did, either. In part, uncertainty 
over domestic markets generated this reluctance within existing manufacturing 
firms. The patchwork of federal and state-​level regulations and the volatility of 
the US demand-​side policies deterred these firms from entering wind and solar 
industries. Faced with a costly retooling of their existing plants, the need to ac-
quire new skills to customize products for renewable energy industries, and 
supplier qualification processes lasting twelve months more, many small and 
medium-​sized manufacturers decided that investing in renewable energy sectors 
was a bet they’d rather not place.66 A study by the Lawrence Berkeley Laboratory 
on the effects of policy volatility in wind power found that uncertainty “in 
the future scale of the U.S. wind power market has limited the interest of both 
U.S. and foreign firms in investing in wind turbine and component manufac-
turing infrastructure in the U.S.” Short-​term extensions to policy support “may 
lower the willingness of private industry to engage and invest in long-​term wind 
technology R&D that is unlikely to pay off within a one-​to-​two year [cycle],” the 
report concluded.67 Renewable energy firms showed particular reluctance to in-
vest in states that had previously shown policy volatility in energy market regula-
tion, a problem exacerbated by uncertainty over federal policy support.68 Wind 
turbine manufacturers, which sought to localize component production to re-
duce transportation costs and currency risks, conceded that they were unable to 
guarantee long-​term order volumes necessary to attract local suppliers.69

The existence of global sectors with highly specialized skills—​including the 
German renewable energy suppliers focused on complex componentry and 
China’s firms with skills in commercialization and mass production—​absolved 
firms from having to co-​locate activities that used to be located within the four 
walls of the firm. Many firms that successfully entered US wind and solar supply 
chains were multinational corporations, less reliant on any particular market and 
able to draw on global supply chains for parts and manufacturing expertise. Such 
firms included the multinational equipment manufacturer Applied Materials, 
the silicon producer Hemlock, and the global bearings manufacturer Timken. 

	 66	 Rogowsky and Laney-​Cummings 2009, 13–​14.
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Their core competitors, however, resided outside the United States. Independent 
US suppliers operated only three out of ten blade manufacturing facilities located 
in the United States in 2009, with the majority of blade plants run by European 
wind turbine manufacturers who serviced the growing US market.70 Although 
more than 10,000 metal casting firms existed in the United States in 2010, not 
a single firm had retooled its manufacturing facilities to supply metal castings 
for wind turbines—​a gap that required turbine manufacturers to source castings 
for turbine hubs in Europe and Asia.71 Only two American firms were manu-
facturing wind turbine generators.72 Likewise, in the solar sector, the majority 
of suppliers were multinational corporations that had diversified into renew-
able energy industries. In addition to Applied Materials, which entered the solar 
sector through a series of acquisitions beginning in 2006, one firm, GT Solar, 
offered domestically manufactured turnkey production equipment.73 More 
suppliers existed in glass manufacturing, wire production, laser technology, and 
other areas in which products required little or no customization for the solar PV 
sector.

In the face of difficulties faced by small manufacturers, many firms that 
successfully entered US wind and solar supply chains from existing indus-
tries were multinational corporations, less reliant on any particular market 
and able to invest in new facilities without the need for external financing. 
Multinational corporations frequently entered the renewable energy sector 
through acquisitions of start-​up firms with promising technologies for select 
wind and solar components and production equipment. GE, perhaps the most 
visible example, entered the wind sector in 2003 by purchasing Enron’s wind tur-
bine division in the aftermath of Enron’s accounting scandal and bankruptcy in 
2003.74 Applied Materials, a multinational firm with forty years of experience 
in producing manufacturing equipment and software for the semiconductor 
industry, decided to enter the solar PV industry in 2006. The firm had already 
modified some of its semiconductor equipment for manufacturers of conven-
tional silicon-​based solar cells. Anticipating growing markets for thin-​film solar 
technologies, it embarked on a series of acquisitions to establish a solar PV divi-
sion that could serve both traditional silicon and thin-​film solar manufacturers. 
In 2006, Applied Materials invested USD 464 million to purchase Applied Films 
Corp, a producer of thin-​film deposition equipment.75 In 2007, it acquired two 
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European manufacturers of solar PV production equipment.76 In 2009, the US 
start-​up Advent Solar joined the Applied Materials portfolio.77 In addition to 
these acquisitions, the firm’s in-​house venture capital fund, Applied Ventures, 
invested smaller sums in start-​up companies whose technologies were not yet 
mature.78

Other multinationals followed Applied Materials’ diversification into renew-
able energy sectors. In 2011, Dupont Chemical bought the Silicon Valley start-​up 
Innovalight to expand its materials portfolio for the solar industry. As I men-
tioned earlier, Innovalight had previously received funding from NERL and the 
DOE to develop a silicon ink and first commercialized the technology through 
a joint development agreement with the Chinese firm JA Solar. Dupont’s ac-
quisition thus occurred after the technology was fully commercialized, thereby 
allowing Dupont to benefit from a decade of R&D activities without incurring 
technology risk.79 Dow Chemical, which had participated in federally funded 
research consortia to develop building-​integrated solar PV technologies and 
had received USD 20 million from the DOE for research into new types of solar 
arrays, struggled with delays in the commercialization of its technologies. In 
2013, Dow Chemical acquired NuvoSun, a California start-​up producing solar 
shingles for rooftop applications. NuvoSun’s technology was ripe for commer-
cialization, but the firm had struggled to fund the expansion of its manufac-
turing facilities to achieve scale economies.80

In the wind industry, growing domestic markets encouraged foreign wind and 
solar manufacturers to set up production facilities in the United States. Some 
of these manufacturers persuaded their European suppliers to join them. The 
Spanish wind turbine producers Acciona and Gamesa were among the first for-
eign wind firms to open manufacturing plants in the United States.81 Siemens, 
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which had opened a manufacturing site for turbine blades in Iowa in 2007, es-
tablished a full assembly plant in Kansas in 2010, one year after the American 
Recovery and Reinvestment Act had extended federal support for wind turbine 
deployment. Nordex of Germany started local production in the same year.82 
A number of European suppliers of turbine components established US manu-
facturing plants in the years that followed. These multinational suppliers in-
cluded the blade producer LM, the gearbox manufacturers Winergy, Hansen, 
and Moventas, and the Portuguese tower firm Martifer. Local manufacturers 
that diversified from other industries—​such as machine tool firm K&M, trans-
mission firm Brad Foote, and blade manufacturer TPI Composites—​remained 
the exception.83

Global Partners

US wind and solar firms made inventing new technologies a priority despite the 
absence of large domestic supply chains that could provide matching techno-
logical capabilities, components, and production experience. Where clusters 
of renewable energy firms emerged in the United States, they were frequently 
made up of start-​ups pursuing similar strategies, not functionally diverse groups 
of firms with complementary skills. In Northern California, for instance, the 
density of venture capital funds and research universities created advantageous 
conditions for start-​ups; but the area did not attract a network of vertically dif-
ferentiated suppliers.84 Instead, collaborative advantage—​and the ability to spe-
cialize because of new opportunities for collaboration—​allowed wind and solar 
firms in the United States to work with global partners on technology commer-
cialization and the scale-​up to mass production. In the best case, America’s re-
search and development infrastructure brought its fruits to market through such 
collaborative relationships, benefiting not just US firms and institutions but a 
range of global actors, each of which contributed skills and bore associated risks. 
In the worst case, start-​up firms failed to find complementary capabilities in 
global supply chains, abruptly ending the trajectory from lab to market even for 
promising technologies.

In the hunt for global partners, large multinational firms—​many of which 
had acquired start-​ups to enter renewable energy—​enjoyed an advantageous 
position. Many already benefited from global supply networks and possessed 
resources to manage their global links. Large firms could also internalize tasks 
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that they could not find in global supply chains or that local institutions did not 
support. GE, for instance, the only large US wind turbine manufacturer, entered 
the wind energy sector through the purchase of Enron’s wind turbine division 
during Enron’s bankruptcy in 2003.

This acquisition gave GE immediate access to the turbine technologies under 
Enron’s portfolio, including those of Zond, US Windpower, and the German 
manufacturer Tacke.85 Zond’s variable speed wind turbines, which had originally 
been developed at the University of Massachusetts, Lowell, and matured through 
collaboration with DOE and the national wind power program at NREL, pro-
vided the foundation for GE’s turbine business. Enron’s foreign assets, including 
the German manufacturer Tacke, further contributed patents, technologies, 
and supplier networks.86 In addition to taking on 1,600 employees and produc-
tion facilities in Germany and Spain, where large wind energy markets already 
existed, GE’s purchase of Enron’s wind energy division included turbine technol-
ogies that had been developed over decades of federal R&D support: GE was able 
to build on three decades of federally funded wind turbine R&D without incur-
ring any of the initial technological risks itself.87

Despite having ceased the in-​house development of utility-​scale wind 
turbines when federal research support dried up during the 1980s, the pur-
chase of Enron’s wind assets allowed GE to quickly become one of the largest 
wind turbine manufacturers in the world. By 2005, GE held 61 percent of the US 
market for wind turbines.88 To further improve its wind turbine technology, GE 
conducted both in-​house R&D and acquired start-​ups with specialized technol-
ogies. In 2011, for instance, GE purchased the tower manufacturer Wind Tower 
Systems LLC, to access its proprietary technology for the construction of low-​
cost wind turbine towers of more than 300 feet.89

GE retained the relationships with German gearbox suppliers such as Eickhoff, 
Winergy, and Bosch Rexroth, which had previously supplied Tacke. GE con-
tinued to source generators from VEM Sachsenwerke and maintained an R&D 
facility in Munich, Germany, to coordinate the development of new components 
with its European suppliers. Its membership in the German Engineering 
Federation’s (VDMA) wind chapter allowed GE to participate in collaborative 
research activities conducted among German suppliers.90 At the same time, GE 
began expanding its global supplier network, sourcing blades from Brazil and 
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metal castings and gearboxes from China, where it also maintained an R&D fa-
cility.91 Strong institutional and financial capabilities allowed GE not only to sys-
tematically identify potential suppliers and collaborators, but also made possible 
the assignment of engineering staff to the production facilities of its partners. 
A Chinese manufacturer that developed gearboxes in collaboration with GE re-
ported a permanent presence of GE design and manufacturing engineers on site 
to improve product designs and supervise manufacturing processes.92 Even as it 
advertised itself as the “American” wind turbine manufacturer, GE’s local content 
rates were among the lowest in the industry.

The resources to manage a global supply chain allowed GE to focus on as-
sembly and research in the United States while sourcing the majority of 
components internationally. Local content rates for GE turbines assembled in 
the United States remained lower than those of its foreign competitors, many 
of which had established local component production.93 As a consequence, 
approaches to reduce gearbox wear through novel lubricants, which GE’s pred-
ecessor, Zond, had developed in collaboration with NREL, were introduced and 
carried out in Chinese gearbox manufacturing plants.94 GE continued to par-
ticipate in federally funded research—​collaborating, for instance, with NREL 
and Virginia Tech on developing new blade designs through a project funded by 
ARPA-​E—​yet it was less dependent than other manufacturers on finding local 
partners for implementation of the results.95

Large suppliers such as Applied Materials maintained similarly global 
relationships to commercialize their products. In 2009, Applied Materials 
opened a solar technology R&D center in China, not primarily to source 
components, but to improve solar PV production technologies in collabo-
ration with China’s growing number of solar manufacturers.96 With US start-​
ups working on disruptive technologies not yet in mass production, Applied 
Materials looked to China’s 120 solar manufacturers to partner on the incre-
mental improvement of silicon and thin-​film solar PV technologies. In 2011, 
Applied Materials announced a new selective emitter product developed in its 
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R&D facility in China. The Italian firm Baccini, acquired by Applied Materials 
in 2007, contributed the underlying production technology, but this technology 
was subsequently tested and fine-​tuned in the manufacturing plants of Chinese 
PV producers, who used components and materials developed by Honeywell in 
the United States.97

Applied Materials found less success developing manufacturing technologies 
for thin-​film lines. A plan to build turnkey production lines for thin-​film cells—​
based on the core technologies of several US start-​up firms it had acquired—​
failed when falling silicon prices bolstered the competitiveness of conventional 
silicon cells.98 The firm’s 2010 exit from the thin-​film business effectively ended 
research and development on a technology that had received USD 300 mil-
lion in federal research funding.99 Because its thin-​film division was based on 
global relationships, the consequences of Applied Material’s exit reverber-
ated far beyond the United States. With few prospects for further technology 
improvements, early adopters of Applied Materials’ thin-​film production lines, 
such as the Chinese firm Suntech, closed their thin-​film divisions as Applied 
Materials shuttered its thin-​film division in China.100

Yet smaller wind and solar start-​ups also benefited from global supply chains 
to find complementary capabilities, even if their limited institutional and finan-
cial resources precluded the type of global supply chain management common 
to multinational corporations. Since venture capital funds were rarely willing to 
fund investments in capital-​intensive manufacturing facilities, and since start-​
up firms frequently lacked production experience, these start-​ups frequently 
sought knowledge in scale-​up and mass production, not access to technology, 
from global partners. Innovalight had received funding from the DOE and had 
collaborated with the NREL to apply its technology to the solar sector. Neither 
the federal research infrastructure nor the American solar industry could supply 
the type of production skills required to apply the silicon ink to large-​scale 
manufacturing. Before SolarWorld, a German solar manufacturer, constructed 
a manufacturing plant for silicon-​based solar PV technologies in 2008, almost 
all US solar plants were producing thin-​film solar PV technologies, which were 
incompatible with Innovalight’s product. A plan to build its own production fa-
cility faltered when venture capital funders refused to invest the sums required 
for a manufacturing plant.
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Ultimately, Innovalight, like many of its peers, looked to China for a partner 
to commercialize its technology.101 It joined forces with JA Solar, which had a 
production line designated to manufacturing research and the production cap-
abilities necessary to integrate Innovalight’s silicon ink. With few engineers and 
depleted finances, it is unlikely that Innovalight was able to conduct a system-
atic search for potential partners. Rather, JA Solar’s close connections to Silicon 
Valley facilitated the match. JA Solar’s CEO at the time, Peng Fang, had completed 
his PhD at the University of Minnesota, conducted research as a postdoctoral 
student at the University of California, Berkeley, and had worked for Applied 
Materials and the semiconductor firm AMD in Silicon Valley before returning 
to China.102 Innovalight’s CEO, Conrad Burke, was also a Silicon Valley veteran, 
suggesting that the two firms were able to broker a collaboration through the 
networks of Northern California’s start-​up clusters.103 The partnership between 
the two firms resulted in the successful commercialization of Innovalight’s sil-
icon ink technology, eventually leading to Innovalight’s acquisition by Dupont.

Other start-​ups followed a similar strategy, building personal ties to 
China in search of complementary skills—​albeit in componentry. Ogin, the 
Massachusetts wind turbine company that developed the jet-​engine turbine de-
sign, hired Lars Anderson in 2010; Anderson had previously managed the China 
business of Denmark’s multinational turbine manufacturer Vestas.104 Unable to 
find customized components for the novel turbine design in the US wind power 
supply chain, Ogin hoped its new CEO’s familiarity with the Chinese supply 
chain would help identify suitable suppliers.105 Ogin subsequently opened an 
R&D and component sourcing facility in Beijing to facilitate collaboration with 
Chinese partners.106

The CEO of a Silicon Valley solar start-​up that had opened a production fa-
cility within China with local partners explained that Northern California gave 
the firm access to trained engineers, test facilities, and the technological exper-
tise of universities and research laboratories. In China, however, the firm found 
manufacturing engineers with experience in the rapid scaling of new technolo-
gies. The density of solar manufacturers in China had also created a local market 
for used manufacturing equipment, which the firm could buy cheaply and sub-
sequently repurpose to test and produce its thin-​film technology. An abundance 
of local suppliers permitted the solar start-​up’s production engineers to easily try 
new materials and work with partners to improve the manufacturing process. 
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Although the CEO insisted that basic research should stay in Silicon Valley for 
the time being, he expected more and more research staff to move to the Chinese 
facilities, as cost reductions through improvements to the manufacturing pro-
cess were becoming more important over time.107

Although start-​ups were able to find partners in global supply chains, man-
aging R&D activities through such relationships posed considerable difficul-
ties for smaller firms. Evergreen, an MIT spinoff that began the development of 
string-​ribbon manufacturing technologies for solar wafers in the early 1990s, 
was unable to find US partners willing to adjust their production practices to 
Evergreen’s nonstandard wafer size. Evergreen’s string-​ribbon technology 
lacked the maturity to produce wafers in the standard formats expected by cell 
manufacturers, a disadvantage that prevented Evergreen from becoming a reg-
ular wafer supplier on the global component markets. In 2005, the firm partnered 
with Norwegian silicon producer REC and German cell manufacturer Q-​Cells to 
set up a manufacturing facility in Germany, where large solar markets existed 
at the time.108 For the R&D engineers at the small Massachusetts-​based start-​
up, however, such collaboration required countless trips to Germany, as incre-
mental improvements to the technology had to be tested and implemented in its 
manufacturing facility. Any changes to wafer production and size necessitated 
subsequent adjustments of the entire production line, including cell and module 
manufacturing. R&D engineers involved in the commercialization of the string 
ribbon technology maintained that the geographical distance between the part-
ners proved challenging for a small firm like Evergreen, slowing technological 
progress and preventing rapid—​albeit incremental—​ improvements.109

Despite more than USD 43 million in grants from the state of Massachusetts, 
Evergreen’s attempts a few years later to localize production in the United States 
failed, due to the continued high cost of the firm’s technology. Evergreen gradu-
ally moved its facilities to China in 2009, where it conducted R&D and produc-
tion in close proximity to a local partner, a manufacturer of cells and modules. 
Local suppliers of production equipment contributed to cost reductions for 
Evergreen’s proprietary production lines; a greater number of local firms offered 
opportunities for more rapid incremental improvements for the firm’s tech-
nology. Even with this change and a wide range of partners, however, Evergreen 
was unable to stay in business. In 2011, a Chinese investor bought Evergreen for 
USD 6 million in cash and 7.6 million in stock, a mere fraction of the state R&D 
funds and production subsidies that the firm had received in the United States.110
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Many start-​up firms depended on global partners to commercialize their tech-
nologies, yet global relationships were not the only reason US-​funded technolo-
gies were brought to market abroad. For the wind and solar industries, where the 
skills and expertise required to bring new technologies from lab to market often 
resided across multiple firms in far-​flung locations, attempts to single-​handedly 
manage the commercialization process could also result in failure. MiaSole, a 
Silicon Valley manufacturer of high-​efficiency thin-​film solar modules, had 
long struggled to scale the manufacturing of its technology. The start-​up had re-
ceived more than USD 500 million in venture financing since its founding in 
2004 but was unable to increase its production from 50 MW to 150 MW annu-
ally. In 2011, it hired manufacturing experts from INTEL to improve its manu-
facturing operations. Falling silicon prices, overcapacity in global markets, and 
difficulties raising further funds to expand its facilities compounded its produc-
tion problems. In 2012, the Chinese industrial manufacturer Hanergy bought 
MiaSole for USD 30 million, a fraction of the original VC investment. Although 
its facilities in California have remained in place for the time being, Hanergy 
has since begun to scale MiaSole’s technology in larger manufacturing plants in 
China.111

As is the case with most disruptive technologies, not all innovations were 
destined for success, whether firms managed to find global partners or not. 
Ultimately, changes in the global market environment, technology failures, lack 
of sufficient financing at critical development junctures, and high production 
costs prevented many innovations born of US research institutions from finding 
a home in consumer markets. Start-​up firms incurred risks in developing new 
technologies and bringing them to large-​scale production and deployment; 
many struggled to manufacture their products at a competitive price, even with 
the help of global suppliers. Prices for conventional wind and solar technologies 
were falling rapidly, as multinational firms with large manufacturing facilities 
entered the US market, raising longer-​term questions about problems of tech-
nology lock-​in and the ability of next-​generation energy technologies to com-
pete against the products now mass-​produced in China.112 The global financial 
crisis led many European governments to cut their renewable energy subsidies, 
causing renewable energy markets to decline in other parts of the world. The dis-
covery of large natural gas reserves in the United States lowered the price of fossil 
fuels there, increasing the price gap between renewable energy and conventional 
sources of electricity and offsetting the cost reductions in renewable energy tech-
nologies from previous decades.113 As a result, a wave of bankruptcies shut US 
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high-​technology solar firms, and wind turbine producers struggled to stay afloat. 
Evergreen Solar ceased operations.114 Solyndra, which had benefited not only 
from R&D subsidies but also from a sizable loan guarantee to build a large manu-
facturing facility, declared bankruptcy after the decline in global silicon prices 
eroded the competitiveness of its products and its venture capital investors with-
drew their support.115 SunPower and First Solar closed manufacturing facilities 
in the United States and abroad.116 Out of the 200 solar start-​ups that had re-
ceived venture capital funding by 2008, less than half were still operating as in-
dependent businesses by 2013.117 Where technologies did succeed in traveling 
the full trajectory from lab to market, they relied on federal support for R&D as 
much as on the contributions of firms in global supply chains. Gaps in domestic 
supply chains forced innovators to look outside the United States for engineering 
capabilities in scale-​up and mass production.

Institutions for Invention

The United States has long been the single largest funder of energy research in the 
world. In 2017 alone, the federal government committed USD 7 billion to energy 
technology research, development, and demonstration.118 As I have chronicled 
in this chapter, such public investments in research did not yield the same do-
mestic industrial development that innovation yielded in the postwar decades. 
Collaborative advantage allowed firms to focus on capabilities on invention, as 
they repurposed existing public institutions for research and development to 
enter renewable energy supply chains. These institutions were originally estab-
lished to funnel federal R&D funds into the development of new technologies 
that were assumed to attract complementary capabilities in commercialization 
and mass production into the US economy. Changes in the organization of the 
global economy severed those ties and allowed firms to enter renewable energy 
sectors without building the full range of skills required to take new technolo-
gies from lab to market. Institutions that were really intended to support much 
broader sets of industrial activities—​those that promoted the visits of world-
wide government groups to Silicon Valley referenced in the introduction to this 
book—​were instead used by firms to support specialization in invention without 
these the development of such complementary skills.
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The federal R&D infrastructure influenced the development of American 
renewable energy sectors in two central ways. First, American wind and solar 
firms—​start-​ups as well as the multinational companies that in many cases ac-
quired the smaller tech firms—​utilized the federal innovation infrastructure to 
access core technologies by deploying institutions for technology transfer dating 
back to the 1980s. As part of a series of legislative changes that eased the flow of 
technologies from universities to the private sector, the Bayh-​Dole Act of 1980 
permitted universities and research institutes to patent discoveries that resulted 
from federally funded research and to offer exclusive licenses to third parties. The 
Bayh-​Dole Act was just one of series of legislative changes that spurred increased 
university patenting and licensing over following decade.119 In 1965, fewer than 
200 patents were granted to American universities; by 1988, more than 1,000 
patents were granted to universities annually, as universities enjoyed permis-
sion to commercially exploit the results of their research through patents and 
licensing. By 1993, many US universities and research institutes had established 
designated technology transfer and licensing offices and jointly held more than 
4,000 active license agreements with firms, together generating USD 375 million 
in royalties.120

In Germany, a network of publicly funded applied research centers, the 
Fraunhofer Institutes, offered consulting services to private sector firms. The 
content of research collaborations was determined by the consulting clients, 
whose fees covered part of the cost. In renewable energy industries, such clients 
were manufacturers of equipment and components.121 In the United States, by 
contrast, the legislative framework to encourage technology transfer allowed 
wind and solar firms to access technologies created with the help of vast fed-
eral investments in renewable energy research. It also provided incentives for 
researchers to follow innovative technologies to private sector firms. The private 
sector did not set research priorities, however—​universities and federal research 
programs held that authority. Consequently, much research targeted the inven-
tion of new technologies, including the next-​generation solar PV technologies 
and novel turbine designs discussed at the beginning of this chapter.

These firms retained close links to research institutes and universities and 
were often physically located near the institutions that had hosted the orig-
inal research. First Solar (then named Solar Cells Inc.) was founded in 1990 
in Toledo, Ohio, as the first commercial manufacturer of thin-​film solar cells, 
a technology that reduced the use of silicon by depositing a thin layer of PV 
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material on alternate substrates. Its initial facilities were located on the campus of 
the University of Toledo, where collaboration between First Solar and university 
laboratories was funded by federal and state-​level research grants.122 Similarly, 
SunPower was founded in 1991 by a Stanford University engineering professor 
named Richard Swanson. SunPower’s core technology offered a new approach 
to creating high-​efficiency solar cells that used all-​back contacts to increase en-
ergy output. The research for the all-​back contacts at Stanford had been funded 
by DOE and NREL. SunPower financed its first facility with grants from DOE, 
the Electric Power Research Institute, and venture capital financing.123 In 1994, 
MIT professor Emanuel Sachs spun off Evergreen Solar to commercialize a new 
manufacturing technology for solar wafers. Evergreen employed a so-​called 
string-​ribbon technology to manufacture thin solar wafers without cutting them 
from large silicon blocks, thereby preventing material loss from wire-​sawing 
prevalent in traditional wafer manufacturing.124

In addition to providing core technologies, the US research and development 
infrastructure offered a financial lifeline for start-​ups that had already spun 
off from universities and research institutes but struggled to access funding. 
Throughout the 1990s, the absence of subsidies for the large-​scale deployment 
of renewable energy technologies in the United States made it difficult for start-​
up firms to generate revenue from their products. Financial institutions, in par-
ticular venture capital funds, resisted funding long-​term R&D without a clear 
prospect of market demand—​without government subsidies, even advanced 
wind and solar technologies were not cost-​competitive with fossil fuels.125 To 
stay afloat, the majority of start-​up firms continued to rely on government re-
search grants for funding and, as a consequence, few were able to invest in 
capital-​intensive mass production facilities as a result of their limited budgets. 
In the 1990s, SunPower collaborated with NASA to develop a solar-​powered 
airplane.126 Others, such as the wind turbine manufacturer Zond, worked with 
utilities to build small demonstration facilities.127 US research and development 
programs thereby became a lifeline for firms whose research had advanced be-
yond initial-​stage R&D but was not yet ready for mass production. Between 
1991 and 2008, the DOE invested USD 289 million in manufacturing R&D for 
new solar technologies as part of the PVMaT program. The program supported 
several solar PV start-​ups, including Evergreen, throughout the 1990s when 
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commercial markets were small.128 A separate program existed for thin-​film cell 
technologies. In the wind sector, too, federal funds remained critical to keeping 
firms afloat.129 For instance, Zond, one of two wind turbine manufacturers that 
had survived the end of California’s wind power subsidies in the mid-​1980s, re-
ceived DOE funding for research on large wind turbines in 1995.130

Unlike German family-​owned businesses, US start-​ups did not have long-​
standing relationships with local banks. The United States also lacked the public in-
frastructure and policy banks that funded manufacturing expansion in China. Few 
US financial institutions were willing to invest in emerging, high-​risk renewable 
energy sectors. This changed in the early 2000s, when prospects for global renew-
able energy markets rose—​the result of government policies in the United States 
and elsewhere. This rosier outlook, in turn, encouraged venture capital funders to 
support renewable energy start-​ups, especially in the solar sector. The percentage 
of government R&D funding as a share of overall investment in solar energy tech-
nologies dropped from 90 percent in 2001 to less than 10 percent in 2007 as private 
investment increased exponentially.131 Global venture capital investment in clean 
energy technologies multiplied from USD 200 million in 2000 to USD 2.5 billion 
by 2007; US-​based venture capital funds investing in US start-​ups accounted for 
82 percent of overall VC investment in renewable energy. Some 150 renewable en-
ergy start-​ups received venture capital funding in Silicon Valley alone.132 By 2011, 
US venture capital firms invested USD 11 billion in American clean technology 
businesses, compared to USD 9 billion globally.133 The combination of global 
markets and domestic capital prompted a new wave of industry entry, particularly in 
the solar sector, where cumulative federal R&D funding had continually surpassed 
investments in wind turbine research and new technologies were ready for com-
mercialization.134 New entrants clustered close to major research institutions and 
venture capital firms, with California and Massachusetts emerging as two centers of 
start-​up activity.

But venture capital funding for the renewable energy industry remained in-
sufficient to meet capital needs. After peaking in 2008, venture capital invest-
ment decreased, dropping to USD 2 billion by 2013. The number of renewable 
energy start-​ups that successfully vied for funding dropped from 75 in 2007 to 24 
in 2013. Increasingly, venture capital funds focused on later-​stage technologies 
and avoided early-​stage projects with long development horizons and uncertain 
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future payoffs.135 Against a backdrop of waning enthusiasm—​coupled with 
widespread doubt about the ability of energy start-​ups to produce the returns 
common in the software industry—​wind and solar start-​ups continued to ex-
periment with federal R&D programs and other federal subsidies to stay afloat. 
ARPA-​E, a federal program to support the commercialization of high-​risk en-
ergy technologies, provided USD 130 million to 66 start-​up firms and university 
labs in its first round of funding, including the MIT spinoff 1366 Technologies 
and the wind turbine manufacturers Ogin.136 Other firms received grants and 
technical assistance from NREL and the DOE, which supported, for instance, 
Clipper’s work to develop a turbine for low wind speeds between 2002 and 
2006, covering half of the USD 19 million in R&D expenses to develop a pro-
totype.137 Similarly, DOE’s Thin-​Film Partnership program, first established in 
the 1990s, funded the pilot production of thin-​film modules through 2008.138 
The American Recovery and Reinvestment Act provided USD 1.3 billion in loan 
guarantees to four solar start-​ups—​Solyndra, 1366 Technologies, Abound Solar, 
and SoloPower—​to help fund investments in production facilities.139

Although venture capital funds played a critical role by allowing start-​up firms 
to test and improve their early-​stage products after they had left their home uni-
versities and research institutes, the basic technologies of most start-​up firms 
sprang from federally funded research. Not only did federal R&D support en-
courage the development of new renewable energy technologies but federal re-
search grants provided an important source of revenue for start-​ups that had not 
yet found markets for their technologies. For further testing and improvements 
to their technologies, firms relied on resources and technical expertise provided 
through national laboratories. Investments in the riskiest technologies—​very 
early research in fields with no clear market application—​were thus made by 
the state. Venture capital funders wanted little part of this action. They shied 
away from investing in the highest-​risk early-​stage R&D, as well as the capital-​
intensive manufacturing facilities required for scale-​up and mass production. 
Instead, they supported technologies that had achieved sufficient maturity to 
leave the university and that had an established path toward commercializa-
tion.140 Ultimately, the large number of start-​ups in the US wind and solar sectors 
responded to renewable energy policies by using legacy research institutions of 
the federal government.
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US strengths in innovation without capabilities in scale-​up and mass produc-
tion did not result from global competitive pressures and the disadvantages of a 
high wage environment. Strong research and development institutions did not 
by themselves result in broader industrial outcomes because federal policies were 
not complemented by policy support for the type of bottom-​up industrial change 
that brought production capabilities to China’s and Germany’s renewable en-
ergy supply chains. Absent an industrial base of firms with skills applicable to the 
commercialization and production of wind and solar technologies and lacking 
the types of institutional support—​including skills and training institutions, fi-
nancing, and collaborative research opportunities—​that could help smaller 
firms apply their capabilities to new industrial sectors, the US start-​ups relied 
on collaboration in the global economy to reproduce historical strength in the 
invention of new technologies.

Conclusion

Just as the wind and solar sectors in Germany and China reproduced the in-
dustrial capabilities of the broader economy by employing collaborative ad-
vantage, so US R&D capabilities also benefited from policy support beyond the 
domain of renewable energy policy. US renewable energy firms used broad in-
stitutional support for high-​technology research, including a legal framework 
that facilitated spinoffs (and licensing of the results of federally funded research) 
and a large venture capital community willing to invest in high-​risk technology 
projects. These resources allowed for large numbers of high-​technology start-​
ups, the majority of which focused on the development of disruptive renewable 
energy technologies that had originated in federally funded research programs.

Federal and state-​level policies jointly created large markets for wind turbines 
and solar PV technologies, yet US start-​up firms were not accompanied by com-
prehensive domestic supply chains focused on scale-​up and manufacturing. 
A weak supplier base in adjacent industries reduced the number of firms that 
could enter wind and solar supply chains. Absent a vibrant industrial base 
and lacking the types of institutional support—​including skills and training 
institutions, financing, and collaborative research opportunities—​that could 
help smaller firms apply their capabilities to new industrial sectors, the United 
States reproduced its historical strength in the invention of new technologies 
without creating the vertically integrated industries that had originally moti-
vated public spending on R&D.

The presence of collaborative advantage allowed firms to look for part-
ners with complementary skills outside the United States. Firms in Germany 
and China possessed precisely the types of skills required to bring new energy 
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technologies to market, and many American firms relied on global partners to 
commercialize their technologies. In practice, however, such global linkages 
proved easier to maintain for large, multinational corporations than for the high-​
tech start-​ups that spun off universities and research institutes. Firms like GE 
and Applied Materials, which could quickly enter new industrial sectors through 
the acquisition of start-​up firms, systematically matched their own capabilities 
with complementary skills in global supply chains. For smaller start-​up firms, 
finding such partners required considerably more effort. With limited financial 
and human resources, such global collaborations were equally hard to maintain 
over time.

Governments around the world have attempted to replicate American 
strength in technological innovation. Despite outsized public investments in 
renewable energy research and development, however, the US specialization 
in invention has not generated vertically integrated domestic industries. In 
2016, some 777,0000 Americans were employed in renewable energy sectors, 
making wind and solar some of the fastest growing sources of employment in 
the country. But less than a quarter of employment in the wind industry and a 
fraction of jobs in the solar sector were related to manufacturing.141 The vast ma-
jority of jobs resided in the construction, operation, and maintenance of wind 
turbines and solar panels—​products that in most cases contained technologies 
originally invented in the United States, but commercialized and produced in 
other parts of the world. New options for industrial specialization in the global 
economy allowed German and Chinese firms to maintain manufacturing-​based 
industrial specializations. In the United States, by contrast, integration into 
global networks of innovators enabled firms to cut ties from the domestic manu-
facturing economy.

The fragmentation of domestic wind and solar sectors into firms with varying 
business interests and different domestic ties prevented US renewable energy 
industries from mounting a concerted lobbying effort in support of favorable 
policies against the opposition from vested interests.142 Start-​ups without cap-
abilities in commercialization, multinational firms reliant on global markets 
and international suppliers, and international manufacturers without roots in 
the United States pursued individual political strategies. A key consequence of 
the American prioritization of invention over commercialization was the no-
tably small size of the US manufacturing lobby in renewable energy sectors. In 
the wind industry, local content rates for US-​manufactured wind turbines—​
even though they gradually increased over time—​remained below 50 percent, 
even as the United States became the largest wind power market in the world. 
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Local content rates improved after 2012, as larger turbine sizes over time made 
transportation more costly and motivated manufacturers to produce closer to 
end market. Yet they remained well below the rates of 80 or more achieved in 
Germany and China, and in some cases they dipped as low as 20 percent for indi-
vidual turbine components.143

In the solar sector, where US firms and research institutes developed the 
foundations for virtually all of the main solar technologies in production today, 
US firms accounted for less than 5 percent of global manufacturing in 2010. 
New technologies were brought to market in other parts of the world, and key 
components for domestic solar PV manufacturing—​including wafers, thin-​film 
feedstock, and inverters—​were imported from abroad. Although employment in 
renewable energy sectors has soared over the past decades, only a small share of 
this workforce today is employed in the development, commercialization, and 
production of wind and solar technologies. The DOE estimated that, in 2016, 
373,807 Americans worked at least part-​time in the solar industry, yet only 
18.5 percent of employment was in manufacturing. The majority of solar jobs 
revolved around the installation of solar PV facilities, trade, and services for the 
solar industry.144

The fragmentation of industry interests appeared, among other ways, in the 
failure to mount an effective campaign supporting public subsidies for domestic 
renewable energy installations. Production tax credits for the wind industry and 
investment tax credits for the solar industry—​the key federal incentive programs 
to create market demand for renewable energy technologies—​had been no-
toriously volatile for decades. Even as the domestic markets for wind turbines 
and solar panels grew, they did not fully stabilize. After years of expirations and 
renewals, the Obama administration renewed the Production Tax Credit for 
three years in 2009. Again, it was not made permanent; and its renewal was as 
contested in 2012 as in previous years. The PTC was renewed for one year the 
day after it expired in 2012, yet wind turbine installations slowed dramatically 
in 2013.145 The tax credit lapsed for 11 months in 2014, before a five-​year exten-
sion and gradual phase-​out of the wind tax credit was passed with bipartisan 
support in 2015.146 But the damage was done: the uncertainty of previous years 
had already caused a number of turbine manufacturers, including the start-​up 
firm Clipper, to close facilities and lay off staff.147 In the solar sector, a 30 percent 
investment tax credit had been extended for eight years (starting in 2008) after 

	 143	 AWEA Manufacturing Working Group 2011; David 2009; Nahm and Steinfeld 2014, 292.
	 144	 Department of Energy 2017a, 37–​39.
	 145	 Barradale 2010, 7699; Schwabe, Cory, and Newcomb 2009, 8. Christopher Martin, 2013, “U.S. 
Wind Power Slumps in 2014 after Tax Credit Drives 2012 Boom,” Bloomberg, October 31.
	 146	 Department of Energy 2015, 38; Mai et al. 2016.
	 147	 Diane Cardwell, 2012, “Tax Credit in Doubt, Wind Power Industry Is Withering,” New York 
Times, September 30.
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several one-​year-​renewals.148 In 2015, the solar investment tax credit was ex-
tended by five years. The extension stipulated a gradual phase-​out in line with the 
policies for the wind industry.149

Divergent interests among start-​ups seeking to find ways to commercialize 
their technologies, established manufacturers, and developers who relied on 
cheap imported products also affected trade policy. In the wind sector, a coa-
lition of US manufacturers filed a trade complaint against wind turbine tower 
companies from China in 2011, leading the International Trade Commission to 
approve antidumping tariffs in 2013. While the move was applauded by firms 
with tower manufacturing capacity in the United States, developers of wind 
farms warned that tariffs wouldn’t solve the broader problem of insufficient do-
mestic manufacturing capacity.150 In 2010, a coalition of solar manufacturers 
initially succeeded in calling for trade barriers against Chinese solar panels—​
making their voices heard against the opposition of solar developers and con-
sumer advocates. A “Coalition for Affordable Solar Energy” was not able to 
prevent the tariffs, which were implemented in 2012. As Chinese manufacturers 
shifted their manufacturing locations to Malaysia and Taiwan to avoid the tariffs, 
US solar manufacturers appealed. In 2014, the US Department of Commerce 
and the International Trade Commission expanded the geographical scope and 
increased the tariffs in response to the request.151 While the national industry 
association for the solar sector, the Solar Energy Industries Association (SEIA), 
had remained neutral in the initial trade cases, it now began to side with installers 
in opposition to domestic manufacturers. It did so, for instance, in the case of 
Suniva, a Georgia-​based solar start-​up that in April 2017 filed a petition with the 
US International Trade Commission to seek protection from import competi-
tion. SEIA subsequently issued a statement warning that further tariffs would 
threaten 88,000 jobs in the US solar industry due to price hikes for imported 
panels.152

Historically, strong links between public investments in R&D and the do-
mestic production of at least the early versions of a new product ensured some 
commonality of interests among firms in a particular industry. Globalization—​
and the distribution of different types of innovation and manufacturing capabil-
ities across global supply chains—​severed the link between public investments 
in the invention of new technologies and the growth of domestic manufac-
turing sectors and fragmented the political strategies of domestic firms. The ab-
sence of a manufacturing coalition in support of renewable energy policy in the 
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United States is of course not inevitable. In the long-​run, the creation of sup-
portive manufacturing institutions in the United States may well change the di-
vision of labor in future green industrial sectors, and indeed there is no shortage 
of proposals for such institutions. In the short-​run, however, meeting climate 
policy goals in the United States will require reliance on technologies that may 
originate domestically but are at least in part manufactured abroad, which makes 
ambitious climate policy both harder to pass politically and more difficult to sus-
tain against the opposition from vested interest.



7
Conclusion

For all the urgency surrounding climate change and its potentially catastrophic 
effects, governments have supported clean energy transitions not just for en-
vironmental reasons, perhaps not even primarily so. The tendency to link cli-
mate actions with economic goals has not fundamentally changed over the past 
two decades. In China, the Made in China 2025 Initiative has continued to pro-
mote the development of export industries for clean energy technologies. Like 
China, Germany has begun to pass policies to electrify its transportation sector, 
not just out of environmental concerns but also to maintain competitiveness 
of the domestic auto industry. In the United States, debates around the possi-
bility of a Green New Deal have explicitly linked climate policy to broad eco-
nomic development strategies. In Chapter 2, I showed that political support for 
public investments required to initiate technological change in the energy sector 
have long depended on the promise of broader economic benefits, in partic-
ular through the creation of domestic renewable energy industries. Against the 
backdrop of such common political goals, why have nations maintained diver-
gent patterns of industrial specialization and distinct constellations of firms? In 
the cases examined in this book, governments did not employ fundamentally 
different industrial policy strategies to support domestic industries, nor did 
they shield the domestic economy from the forces of globalization to differing 
degrees.

This book argues instead that the key to explaining the persistent and conse-
quential divergence of national patterns of industrial specialization is an under-
standing of globalization as primarily a process of collaboration. Globalization 
allowed for two types of experimental action that enable firms to reap benefits 
from participating in the global economy: the ability of firms to specialize, 
thanks to new opportunities for collaboration, and their ability to repurpose ex-
isting institutions of the domestic economy. Rather than having to maintain in-​
house the skills required to develop, commercialize, and produce wind turbines 
and solar panels, collaboration allows firms to focus on distinct and narrow sets 
of capabilities. Under these conditions, even when governments aim to create 
comprehensive national industries, firms respond with narrow competitive 
strategies that build on existing skills and prior experience in other industries. 
As I have shown in the empirical chapters, specialization also allows firms to ap-
propriate and repurpose existing institutions in the domestic economy as part 
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of their effort to compete in new industrial sectors, even when these institutions 
were originally established to support other sectors of the economy. The impact 
of collaborative advantage is therefore refracted through distinct institutional 
legacies, yielding distinct national profiles in the global economy. The concept of 
collaborative advantage at the heart of this argument reverses the conventional 
wisdom that has portrayed distinct national political economies as threatened by 
competition in the global economy. By providing new opportunities for collabo-
ration, globalization allows for persistent and consequential divergence of both 
domestic institutions and national industrial specializations over time.

Findings

Political economists have often portrayed globalization as a phenomenon of 
increasing international competition, one with major consequences for the 
ability of nations to organize distinct domestic political economies. In my third 
chapter, I developed a theoretical approach to understanding globalization that 
positions collaboration firmly at the center of firms’ engagement with the global 
economy. I argued that the forces that have prompted concern about height-
ened competition also put within reach of domestic firms a far greater range of 
collaborators with diverse skills and capabilities. German equipment produ-
cers were able to partner with Chinese wind and solar manufacturers on R&D 
projects that required production skills not available domestically. Chinese 
manufacturers were able to work with US start-​ups to access core technologies 
and focus their R&D efforts instead on scaling the production of such technol-
ogies, often on German-​made production equipment. The distinct strategies of 
renewable energy firms in different parts of the world became possible precisely 
because the firms found ways to work together.

Central to this book is collaborative advantage, a concept I use to capture 
the connection between changes in the global economy and the endurance of 
distinct national industrial specializations. The presence of collaborative ad-
vantage in renewable energy sectors allowed renewable energy to find part-
ners for the development and commercialization of new technologies. On the 
whole, advances in transportation and information technologies made it easier 
to forge these partnerships, though establishing such connections was certainly 
more straightforward for some firms than others. China’s manufacturers could 
lure global partners with the promise of a large and rapidly growing domestic 
economy. American start-​ups often lacked international links and relied on far 
more informal networks to find counterparts for collaboration. Nonetheless, the 
very existence of other specialized firms in renewable energy sectors allowed 
wind and solar firms to access capabilities necessary for the development of new 
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technologies in global supply chains. Collaboration thereby relieved firms in 
these postglobalization industries of the need to establish the full range of skills to 
bring their products to market and freed up new opportunities for specialization.

Those opportunities, in turn, empowered new strategies for entering renew-
able energy industries, including the decision to repurpose existing domestic 
institutions and public resources. In choosing strategies to enter the rapidly 
growing renewable energy sectors in the late 1990s and early 2000s, firms picked 
technical skills that made use of existing industrial capabilities, could not easily 
be bought or licensed in global networks, and enjoyed robust support from ex-
isting institutions in the domestic economy. German firms seized the opportu-
nity to develop designated production equipment and off-​the-​shelf components, 
Chinese manufacturers identified a need for skills in scale-​up and mass pro-
duction, and US firms recognized the invention of new technologies as their 
leading edge. Of course, not all firms in each economy followed these patterns 
exactly: multinational firms at times established a broader range of capabilities, 
primarily through acquisitions of smaller firms. Some specialized renewable en-
ergy firms broke with national blueprints, including some manufacturers in the 
United States, start-​ups in Germany, and makers of production equipment in 
China. Nonetheless, the majority of wind and solar firms focused on innovative 
manufacturing in China, customization in Germany, and the invention of new 
technologies in the United States.

Firms relied on the appropriation and repurposing of familiar public re-
sources at the domestic level—​many of which were originally established for 
legacy industries well before the emergence of renewable energy as a viable in-
dustrial sector. These institutions retained value in wind and solar industries pre-
cisely because they no longer had to support the full range of activities required 
to invent and commercialize new technologies within national borders. This was 
perhaps most obvious in the case of China. Chinese manufacturers learned to 
use the resources of the production economy to capture a sizable share of global 
markets through manufacturing innovation, even though domestic institutions 
did not support the invention of new technologies to the same degree. German 
equipment producers, collaborating with Chinese partners, boldly built on a set 
of legacy institutions that many saw as threatened by the competitive forces of 
globalization, including vocational training institutions, a financial sector cen-
tered around local banks, and research and development (R&D) support for the 
traditional Mittelstand of small and medium-​sized businesses.

The impact of collaborative advantage is best studied at the level of the shop 
floor, from the perspective of the firm. In Chapters 4–​6 I examined the emer-
gence of a global division of labor, tracking how firms responded to state indus-
trial policies and which public resources became most important to them in this 
process. By placing the firm as the center of inquiry, I found that they relied on 
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a far broader range of state-​provided resources than is commonly associated 
with industrial policies for renewable energy sectors. Traditional tools of in-
dustrial policy—​subsidies, R&D funding, and regulation—​allowed the state to 
mobilize interests behind emerging industries and to encourage firms to enter 
new sectors. Under conditions of collaborative advantage, however, such sec-
toral intervention did not fully determine firms’ technological specializations. 
Nor, for that matter, did sectoral industrial policies provide sufficient support to 
allow them to do so. Rather, firms carved out space for experimentation in their 
responses to state industrial policies, imagining new ways to specialize and col-
laborate with others—​while at the same time repurposing existing institutions 
and public resources for application in new industries.

In Germany, where federal policies created large domestic markets for wind 
turbines beginning in the early 1990s and for solar PV modules beginning in the 
early 2000s, small and medium-​sized suppliers from the machine tools, automo-
tive, and equipment manufacturing sectors entered renewable energy industries 
in large numbers. Government support for renewable energy markets provided 
incentives for entry, while collaboration with Chinese manufacturers made it 
possible for these firms to prioritize narrow, competitive specializations in cus-
tomization. Skills, training, and labor market institutions, local banks, and an 
infrastructure for collaborative industrial research supported these firms as they 
applied their capabilities to new industrial sectors. These supportive institutions 
had not been established for the purpose of encouraging firms to enter renew-
able energy industries, of course. But they found new life when they enabled 
firms from Germany’s legacy industries to respond to novel opportunities cre-
ated by federal energy policies, thereby building new constituents in support of 
legacy institutions.

Central government policies in China encouraged the emulation of advanced 
R&D capabilities of foreign companies through R&D funding and by fostering 
technology transfers from foreign-​invested firms. Although domestic wind 
and solar producers participated in central government science and technology 
programs, they used government support to establish engineering capabilities 
in manufacturing. Firms found a helping hand in their endeavors from China’s 
infrastructure for mass manufacturing, which subnational governments often 
maintained in disregard of central government preferences for advanced R&D. 
The ability to access components and technologies in global supply chains per-
mitted China’s firms to repurpose domestic support for R&D and local policies 
for manufacturing. The end result was the creation of powerful engineering cap-
abilities in scale-​up and commercialization, neither of which had been mastered 
in other parts of the world.

While wind and solar firms in Germany and China established innovative 
capabilities very closely linked to production activities, renewable energy firms 
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in the United States focused on the invention of new technologies, often without 
locating scale-​up and commercialization domestically. Regulatory and tax poli-
cies supported the creation of domestic markets, yet industrial policy for renew-
able energy industries primarily took the form of R&D funding for universities 
and national laboratories for energy research. Also in the United States, speciali-
zation allowed firms to take advantage of legacy institutions. Start-​ups made use 
of institutions for the licensing and commercial spin-​off of technologies born 
of federally funded research—​institutions created through series of legislative 
reforms dating back to the 1980s. But these firms were often unable to access 
skills in scale-​up and mass manufacturing in their home country, requiring them 
to hunt for global partners in order to bring their technologies to market.

Comparative literatures on innovation often share the notion that innovation 
occurs in distinct national industrial ecosystems. Such research assumes that firms 
are relying on the institutional arrangements of the domestic economy to establish 
different types of innovative capabilities, but it is within the domestic economy firm 
that resources, capabilities, and market opportunities are combined and coordi-
nated. Such coordination takes the form of tight organizational links between R&D 
and manufacturing in early stages of product development and relies on the re-
sources of the broader economy to create knowledge within the firm.1 Although ex-
isting scholars part ways over which elements of industrial ecosystems stand as most 
important for innovation outcomes, most still agree that the capabilities required 
for innovation are established, combined, and coordinated by firms embedded in 
the domestic industrial base.

Renewable energy industries have not followed these core assumptions in 
the literature. In both industries, firms collaborated to develop new products 
with distant partners, leapfrogging, obviating, or reversing the traditional se-
quence of innovation activities. In doing so, wind and solar firms circumvented 
the traditional division of labor between industrialized and developing econo-
mies and transcended the national economies expected to anchor and support 
them. Perhaps counterintuitively, globalization allowed firms to craft such dis-
tinct and specialized paths for participation in wind and solar industries. In the 
United States, start-​ups maintained capabilities in the invention of new technol-
ogies, but rarely developed skills in commercialization and mass production.2 
In Germany, wind and solar firms clustered in the development of production 
equipment and customized components, offering expertise in customization.3 In 
China, large wind and solar manufacturers focused on innovative manufacturing 

	 1	 Hall and Soskice 2001; Nelson 1993; Vernon 1966.
	 2	 Knight 2011, 176.
	 3	 Arbeitsgemeinschaft Windenergie-​Zulieferindustrie 2012; Germany Trade & Invest 
2010, 2011b.
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capabilities required for commercialization and scale-​up.4 National diversity in 
the structures of production and in firms’ industrial strengths did not result from 
the state’s ability to successfully protect the domestic economy from the compet-
itive pressures of globalization or sticky institutions constraining firm behavior. 
The persistent and consequential divergence of national patterns of industrial 
specialization emerged from aggregate firm decisions to compete through the 
augmentation of existing industrial strengths, actively renewing and repur-
posing domestic legacy institutions and public resources in the process.

Collaborative Advantage in Comparative Perspective

Three structural conditions enabled collaborate advantage in renewable energy. 
As I laid out in Chapter 3, these sectors benefited from the presence of potential 
partners for collaboration in global supply chains, from firms’ ability to engage 
in collaboration owing to flat hierarchies in global supply chains and a lack of in-
cumbent firms that could prevent access for newcomers, and from governments 
that tolerated firms’ divergence from stated industrial policy goals.

As I have argued, these structural conditions are more likely to be present 
in sectors that developed after the reorganization of the global economy in the 
1990s—​my central reason for selecting renewable energy industries for this 
study. The near-​simultaneous development of wind and solar industries in China, 
Germany, and the United States allowed for the emergence of global supply 
chains that were necessary for specialization. Over time, such specialization be-
came self-​reinforcing, as vertically integrated firms would have had to compete 
with highly specialized firms across the full range of activities to invent, com-
mercialize, and produce new wind and solar technologies. The lack of incumbent 
firms in renewable energy sectors allowed new entrants to take full advantage 
of new opportunities for collaboration. As I noted in Chapter 3, incumbents in 
other sectors often responded to globalization by defending legacy production 
structures, raising barriers to new competitors, and controlling access to global 
supply chains. Wind and solar sectors instead found ways to experiment. As a 
result, large discrepancies often existed between industrial policy targets and the 
responses of firms, but governments tolerated firms’ divergence from their goals.

The structural conditions for collaborative advantage are, of course, not 
unique to wind and solar. A growing body of research suggests, for instance, 
that Chinese firms have been able to acquire knowledge-​intensive manufac-
turing capabilities in the auto and electronics sectors, forging similar patterns 
of global collaboration even in cases where incumbent firms seek to protect 

	 4	 See Nahm and Steinfeld 2014, 294–​98.
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preglobalization arrangements. In the automobile industry, among others, the 
engineering capabilities of Chinese firms have allowed them to create products 
particularly suited for China’s “middle market” (based on cost and function-
ality).5 Although China’s automakers are not outcompeting global incumbents 
for high-​end products, the changes to product designs to reduce cost and op-
timize functionality are not entirely different from the findings presented here, 
even if their improvements in design and manufacturing process target mid-​
tier markets. The ability of Chinese automotive suppliers to build such capabil-
ities marks an unintended consequence of the sequencing of China’s economic 
reforms, which first focused on nurturing domestic manufacturing capabil-
ities before allowing foreign direct investment and trade liberalization.6 At the 
same time, Western incumbents, established long before the opening of China’s 
economy to foreign firms in the 1980s, prevented Chinese firms from moving 
into desirable parts of the supply chain.7 The impact of collaborative advantage 
in China’s auto sector was therefore limited by the presence of incumbent firms 
and nonhierarchical forms of industrial organization.

In today’s automotive sector, incumbent firms appear to be losing—​however 
gradually—​their ability to control global supply chains.8 Technological change, 
including the growing importance of electronics in engine control and safety 
equipment, has made auto manufacturers dependent on collaboration with 
suppliers who offer expertise that automakers historically did not possess (nor 
did they need to). These changes have only accelerated in the transition to elec-
tric vehicles, which introduced new components, including batteries and electric 
drivetrains. The division of labor in the electric vehicle sector now bears some 
resemblance to what I have outlined in the renewable energy sectors, as Chinese 
firms have applied their capabilities in innovative manufacturing to focus on 
scale-​up and mass production. Relying on the same domestic resources that 
buoyed aspiring wind and solar manufacturers, Chinese firms now control more 
than two-​thirds of the global production capacity for lithium-​ion batteries while 
rapidly reducing the associated costs.9

State goals of building comprehensive industries wholly within na-
tional borders—​particularly in industries deemed critical to national 
competitiveness—​continue to resemble claims about a “clean energy race” that 
we heard from governments in the mid-​2000s. China’s share of global produc-
tion capacity for electric vehicle batteries is similar in scale to China’s role in 
solar PV, but it presents a far different threat to the legacy industries that form 

	 5	 Brandt and Thun 2010.
	 6	 Brandt and Thun 2010, 1571.
	 7	 Brandt and Thun 2016, 88–​90.
	 8	 Sabel and Herrigel 2018, 236.
	 9	 Helveston and Nahm 2019, 794.
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the backbone of advanced industrialized economies elsewhere. In an interview 
with The Financial Times, Bruno LeMaire, France’s finance minister, has argued 
that “the auto industry is vital to Europe’s industrial base. But if it has to import 
batteries, which account for about 40 percent of the cost of an electric vehicle, 
Europe risks losing the value-​added part of the production chain and the techno-
logical knowhow that stems from it. . . . Mobility is a matter of sovereignty.”10 As 
China reemphasizes its goals of technological independence in the Fourteenth 
Five-​Year Plan, the European Union has forged ahead with initiatives to establish 
a domestic battery industry to reduce reliance on China.11 If the development of 
wind and solar technologies is any guide, however, such industrial policy goals 
are likely to clash with the economic reality on the ground.

While the politics surrounding the global division of labor in the auto in-
dustry clearly differed from early renewable energy sectors—​advanced indus-
trial economies were fighting for the survival of existing vertically integrated 
industries rather than competing for future ones—​governments faced a similar 
divergence between state goals and industrial outcomes. Germany has thus far 
failed to attract significant battery manufacturing despite government goals to 
reduce dependence on Chinese imports, yet German suppliers are again spe-
cializing in production equipment and complex components. A 2019 trip to a 
solar supplier I first visited in 2011 revealed that the firm had since used its ex-
perience in the development of complex production equipment to develop test 
equipment for electric vehicle engines. As demand for new production equip-
ment in the solar industry had flattened over time, the firm had shifted much of 
its production to the electric vehicle sector, where it was building equipment for 
new assembly plants around the world.12 In the United States, which lost much 
of its battery manufacturing industry, start-​ups have nonetheless developed new 
battery chemistries that promise to surpass current lithium-​ion technologies in 
performance.13 This suggests that globalization created new opportunities for 
collaboration in the automotive sector, yet these changes were more easily per-
ceived as an economic loss when compared to the vertically integrated domestic 
supply chains of the past. It remains to be seen whether governments will allow 
for firm experimentation in response to state industrial policies, the third struc-
tural condition of collaborative advantage.

The electronics industry has a shorter history than the automotive sector and 
has witnessed a more wholesale shift of global manufacturing capacity to East 
Asia.14 Research on electronics and semiconductor firms in China suggests that 

	 10	 Hall and Milne 2019.
	 11	 Nahm 2020; Tang 2020.
	 12	 Author interview, managing partner, Solar PV Supplier. October 15, 2019.
	 13	 Zaleski 2019.
	 14	 Pisano and Shih 2009, 2012.



192  Collaborative Advantage

engineering capabilities in manufacturing allowed local firms to improve and 
reengineer existing products.15 Similar to the dynamic I describe in the wind 
and solar industries, electronics and semiconductor manufacturers were able to 
build such capabilities with the help of local governments, which, due to lim-
ited resources, favored investments in the improvement of existing technologies 
over high-​risk technology ventures. Research shows that Chinese firms in these 
sectors mixed established technologies to come up with new solutions, a tactic 
that might have to do with the existence of global incumbents in the electronics 
and semiconductor industries that predated Chinese entrants. Collaborative 
advantage would predict that such innovation should also be grounded in the 
ability to access technology in global supply chains and build on the continued 
support of local governments for mass production. Over time, innovation by 
Chinese firms in these industries may well turn out to be an integral step along 
the trajectory from lab to market innovation, as Chinese firms build unique 
strengths in commercialization and mass production to outcompete manufac-
turing capabilities in other parts of the world.

This book explains the persistent and consequential divergence of national 
patterns of industrial specializations by examining China together with two 
advanced industrialized economies. Comparing the contributions of German 
and American firms allowed me to identify the role of China’s renewable energy 
manufacturers in collaborative processes of innovation, a role that, in turn, per-
mitted German and Chinese firms to enter the wind and solar industries with 
highly specialized skills. How do Chinese capabilities in innovative manufac-
turing stack up against those of other developing economies? Collaborative 
advantage would predict that firms in other economies should also use collab-
oration to incrementally build on existing industrial legacies. It is possible that 
China—​with its large domestic market, its extensive support for manufacturing, 
and its ability to bring partners for collaboration within arm’s reach of local firms 
by attracting foreign direct investment—​is uniquely equipped to establish en-
gineering capabilities in manufacturing. But can such upgrading through the 
repurposing of industrial legacies be replicated in other contexts?

One possibility might be that variations in the existing manufacturing activi-
ties of domestic firms affect the specialization of producers. Chapter 4 described 
how wind and solar suppliers carried Germany’s industrial legacy of customiza-
tion and small-​batch production into new economic sectors. Differences in local 
industrial capabilities, public resources, and institutional support should affect 
upgrading trajectories in developing economies, as well. In Malaysia, the com-
bination of flexible labor policy and state investments in training institutions 
attracted semiconductor firms that specialized in making rapid changes to 

	 15	 Breznitz and Murphree 2011; Murphree and Breznitz 2020.
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production volumes. Semiconductor firms in Penang took advantage of oppor-
tunities for collaboration by building on existing strengths in managing such 
volatility among local producers.16 The Malaysian state encouraged local firms 
to develop skills in chip design and early-​stage R&D, yet firms built on ex-
isting strengths to respond to niche markets instead. For instance, producers of 
technology-​intensive test equipment for flexible production processes utilized 
local expertise in rapid scale-​up and scale-​down of production. Although semi-
conductor manufacturers who specialized in managing volatility were the early 
collaborators and customers of such equipment producers, their products were 
eventually sold into global markets.17

Another scenario, and one that possibly applies to a larger number of econo-
mies, could be that few industrial capabilities exist locally, or that such capabil-
ities remain concentrated in a few sectors shielded from the broader economy. 
The central argument of this book implies that in such cases, the establishment 
of innovative manufacturing skills should be significantly more difficult: even 
at its best, industrial policy can only mobilize firms to incrementally improve 
on existing strengths. The framework presented in this study correspondingly 
suggests that firms in this situation are not without recourse, however: they can 
access manufacturing capabilities through collaboration and still find pathways 
into global industries. In Vietnam, for instance, the state spent much of its re-
sources on the state-​owned sector, which targeted extractive industries, pro-
vided little revenue or skill upgrading, and remained shielded from the broader 
economy. In spite of these state preferences, a growing number of private sector 
firms in software and services such as e-​commerce moved into global supply 
chains through higher-​value activities, without possessing capabilities in phys-
ical manufacturing.18 These firms creatively redeployed resources and policies 
aimed at the state-​owned sector, relied on investment from overseas Vietnamese, 
and worked with global partners to move into new industries.

India’s strength in software and services without accompanying proficiencies 
in mass production might represent another case of innovation without pro-
duction. With half of the population employed in agriculture and a small manu-
facturing sector that historically struggled to compete despite low labor costs, 
Indian firms built on their strengths in elite education to enter global supply 
chains. Sixty percent of India’s GDP stemmed from firms in services and soft-
ware.19 Possibly as a consequence of weak domestic manufacturing capabilities, 
Suzlon, a global wind turbine manufacturer headquartered in Pune, entered the 
wind industry not through capabilities in production, but through aggressive 

	 16	 Samel 2013.
	 17	 Samel 2013, 71.
	 18	 Chirot, Anh, and Steinfeld 2012; Chirot 2016.
	 19	 Iyer and Vietor 2014, 8–​13.



194  Collaborative Advantage

foreign acquisitions funded by its founder, a local textile magnate. Established 
in 1995, Suzlon purchased R&D subsidiaries in Germany and the Netherlands 
as well as European gearbox, generator, and blade manufacturers by 2007.20 
Recent research on India’s solar industry—​a key target of Modi’s attempts to spur 
the development of a domestic manufacturing sector—​confirm the difficulty of 
establishing mass production capabilities in this context. Although the absence 
of domestic legacies in India’s mass production likely precluded the possibility 
of upgrading trajectories akin to China’s, collaborative advantage nonetheless 
opened opportunities for the nation to participate in innovation—​through col-
laboration for firms unable to draw on local manufacturing strengths.21

Prospects for Collaboration

Arguments about national diversity in the global economy are not new to 
scholars of political economy. Globalization—​the increasing interdependence 
and integration of national economies in global markets—​has led many to ask 
whether competitive pressures, emulation, and the diffusion of best practices in 
the global economy will ultimately lead to the convergence of national produc-
tion structures, regulatory institutions, and economic policies. In the 1980s, the 
weakness of the American economy and the strong performance of firms from 
Japan and Germany—​economies organized around very different relationships 
between the state, society, and business—​raised questions about whether such 
national differences were here to stay, or whether distinct national practices 
would eventually give way to global convergence.22

Scholars have since pointed to a range of factors that could shield national 
economies from such pressures. Some have suggested that the importance of do-
mestic markets leaves significant room for continued differences in the organiza-
tion of production.23 Others have argued that mutually reinforcing institutional 
arrangements lead to divergent but stable national political economies, each 
suitable to different types of production activities.24 Yet differences in domestic 
politics and institutions have continued to allow even small, developing econ-
omies to craft divergent paths toward the establishment of domestic high-​tech 
firms in global economic sectors.25

	 20	 Lewis 2007.
	 21	 Behuria 2020, 2.
	 22	 For an overview of the debates about national diversity in the global economy, see Berger 1996.
	 23	 Wade 1996.
	 24	 Hall and Soskice 2001.
	 25	 Breznitz 2007.
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Such scholarship on the diversity of national capitalisms has concerned it-
self with options for the state to protect domestic industrial practices from the 
pressures of the global economy. Central to this book is an argument that, in ef-
fect, turns this older position on its head. The global economy is less a threat than 
an opportunity for collaboration that allows firms to survive, and in many cases 
to flourish, by maintaining distinct industrial capabilities. In the case of wind 
and solar industries, this remained true even as governments sought to locate 
new activities domestically, effectively encouraging some degree of convergence 
in domestic industrial activity. Such goals took the most obvious form in China, 
where central government policy very deliberately encouraged the development 
of R&D capabilities similar to those of firms in the West. Yet China’s wind and 
solar firms, defying these instructions, chose to improve their proficiencies in 
scale-​up and mass production.

In Germany and the United States, governments also hoped that demand-​side 
subsidies, R&D support, and tax credits for manufacturing in renewable en-
ergy industries would lead to the development of industrial capacities along the 
full trajectory from early-​stage R&D to mass production. But in practice, this 
hope played out differently. In Germany, small and medium-​sized suppliers of 
components and manufacturing equipment found far more success by applying 
their strengths in customization and small-​batch production to wind and solar 
industries than German manufacturers of solar panels, which competed with 
China’s innovative manufacturing skills head-​on. In the United States, beset with 
a weak supplier base, federal R&D support allowed for the renewal of histor-
ical strength in early-​stage R&D but did not lead to a broad revival for domestic 
manufacturing. Distinct national strengths in different industrial activities 
remained, even in new economic sectors where the absence of global incumbents 
offered firms myriad options for specialization.

Empowered by collaborative advantage in the wind and solar industries, in-
ternational economic integration and distinct domestic political economies 
found themselves in a strong position. They were not locked into a zero-​sum 
game in which states had to actively push back on global competitive pressures 
to maintain national differences. Entering new industries through collabora-
tion allowed firms to choose industrial specializations that were reinforced by 
existing economic institutions, most established for other purposes before the 
dawn of renewable energy sectors. By showing how firms picked competitive 
strategies in the global economy that built on and were buttressed by existing 
domestic institutions, I have made the case for a firm-​based mechanism for insti-
tutional endurance: institutions survived because globalization lent them utility 
in a diverse array of industrial contexts.

The flip side of this equation, however, may be that different economies are 
not equally suitable to all types of industrial activities. If the specializations that 
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firms choose have roots in past practices, and if sectoral intervention can only 
incrementally change how firms take advantage of opportunities in new indus-
tries, then governments cannot easily encourage firms to match the skills of for-
eign competitors. Tensions between state goals and economic outcomes became 
apparent in each of the three cases examined here. The gap between the promise 
of vertically integrated industries and the reality of economic specialization had 
political consequences.

In the fall of 2012, the bankrupt California solar start-​up Solyndra filed a law-
suit against the three large Chinese solar manufacturers. The suit alleged that 
Trina, Yingli, and Suntech had conspired to drive Solyndra out of business by sel-
ling their panels below cost in the US market. The defendants, the suit claimed, 
“employed a complex scheme, in collaboration with each other and raw material 
suppliers and certain lenders, to flood the United States solar market with solar 
panels at below-​cost prices.” Coordination among trade associations, govern-
ment, and the Chinese solar manufacturers had prompted the decision to “ex-
port more than 95 percent of their production and dump their products in the 
United States to achieve market domination.”26 The 2011 Solyndra collapse had 
followed a string of bankruptcies in the US solar sector. Because it had received 
USD 500 million in loan guarantees from the US federal government—​that is, 
taxpayer money—​Solyndra’s failure attracted particular attention. Republicans 
quickly accused the Obama administration of granting loan guarantees for po-
litical reasons. An evaluation conducted by the Department of Energy later 
found that Solyndra had misrepresented the true state of its financial affairs to 
the government on several occasions. Concerned about the politics of a US jury 
trial, China’s solar manufacturers eventually settled the case for a fraction of the 
damages cited in initial court filings without admission of guilt.27

Regardless of the accuracy of the allegations, the lawsuit captured broad 
sentiments about globalization, China’s role in renewable energy industries, 
and the prospects for US competitiveness. The suit claimed that Chinese gov-
ernment support was behind the dominant role of Chinese renewable energy 
manufacturers in global markets, reflecting arguments also made in other trade 
cases against China at the time. The suit affirmed notions about China as a highly 
coordinated industrial policy regime, capable of strategically mobilizing its var-
ious administrative branches in pursuit of aggressive state goals to dominate 
emerging industries. Finally, the suit made the case that the cost advantages of 
Chinese firms were devastating to US innovation—​and that such cost advantages 
had their basis in nothing but generous state subsidies and differences in factor 
prices.

	 26	 Winston & Strawn LLP 2012.
	 27	 Friedman 2015; Publicover 2016.
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Around the same time, manufacturers of solar panels in Germany and the 
United States started to call for trade barriers to prevent import competition 
from China.28 The theory of collaborative advantage suggests that such measures 
are unlikely to lead to the establishment of innovative manufacturing capabilities 
in the West. Collaborative advantage requires a combination of global collabo-
ration, local ecosystems for mass production, and central government science 
and technology policy for success to be realized. Trade barriers work against this 
type of activity and could effectively ban Chinese solar panels and wind turbine 
components from entering Germany and the United States. Such barriers might 
even encourage the relocation of some manufacturing activities. Absent similar 
industrial ecosystems and institutional legacies, renewable energy producers in 
the West, “supported” by these trade barriers, will probably not be able to rep-
licate the engineering specializations of their Chinese competitors in the short 
term.29

Even worse effects could be felt in the collaborative processes of technology 
development that currently span geographical and organizational boundaries. If 
opportunities for global collaboration, as I have argued, enable firms to focus on 
existing strengths while relying on partners for complementary capabilities, then 
trade barriers undermine the very basis on which firms participate in wind and 
solar sectors. The protests of Germany’s component suppliers and manufacturers 
of production equipment, who vehemently opposed European Union plans to 
enact antidumping measures against China’s solar producers, stemmed from 
their recognition that their contributions to solar technology development 
relied on collaboration with these Chinese partners.30 Although US news outlets 
in 2013 somewhat gleefully reported the bankruptcy of one of China’s largest 
solar manufacturers, Suntech, the troubles besetting the Chinese solar industry 
had consequences for technology development in the United States, as well.31 
Applied Materials, the US-​based manufacturer of production equipment that 
had invested large sums in thin-​film solar research, all but shut its solar PV di-
vision after its Chinese partners ran into trouble, ending lines of research origi-
nally funded by US government grants.32

Today, each trajectory of industrial specialization lives or dies based on a firm’s 
ability to access complementary capabilities in other parts of the world. Tensions 
between those who successfully find a niche in global industries and those who 
suffer from competition in global markets are unlikely to dissipate anytime soon. 
Differences among these specializations are visible, for instance, in job creation 

	 28	 Bullis 2012.
	 29	 Helveston and Nahm 2019.
	 30	 Meckling and Hughes 2017; Wessendorf 2013.
	 31	 Plumer 2013; Bradsher 2013b.
	 32	 Tibken 2012.
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numbers and the relative ease or difficulty that firms face when trying to enter 
global networks. US start-​ups created far fewer domestic jobs than their Chinese 
partners or German suppliers. Even if renewable energy sectors yielded employ-
ment in installation and maintenance, the lack of a sizable domestic solar manu-
facturing sector in the United States sparked political discontent. Insertion into 
global firm networks was also easier for highly networked German firms and 
Chinese manufacturers, whose large domestic market naturally attracted foreign 
partners, than it was for small US start-​ups without such support.

Although new opportunities for collaboration broadened the range of firms 
capable of engaging a global division of labor, they did not eradicate concerns 
about national competitiveness, the global distribution of growth and employ-
ment, and the economic returns from domestic industrial specializations. While 
policymakers may not be able to change the fundamental risks and rewards of 
each of these specializations, there is a role for the state in helping firms partici-
pate in global networks. The challenge might not be to preserve distinct national 
structures of production against the pressures of globalization or to prevent com-
petition through trade barriers and import tariffs, but rather to make certain that 
sufficient numbers of domestic firms can apply their capabilities to new opportu-
nities in global industries. Governments should be advised to craft policies that 
allow for the creative repurposing and firm experimentation that I described in 
my empirical chapters, without shuttering access to global partners in the mis-
guided hope that new activities will spring up domestically.

Globalization and Climate Change

There is currently little evidence that governments will heed such advice. In 
China, the controversial “Made in China 2025” policy has dropped from public 
discourse, but the underlying ambition—​technological independence and 
global dominance in strategic industrial sectors—​has continued to guide pol-
icymaking in Beijing. China’s Fourteenth Five-​Year Plan has renewed ambitions 
to reduce dependence on foreign technologies, called for China to overtake the 
United States economy by 2035, and laid out goals to become a global leader in 
innovation for key industrial sectors.33 In Europe, antiglobalization platforms 
helped populist parties gain ground in parliaments across the continent. While 
collaboration with China on energy and climate formed the top of the polit-
ical agenda during the Obama administration, the 2016 presidential election 
in the United States gave rise to a neomercantilist mindset in Washington that 
saw engagement with the global economy as a zero-​sum game. Already during 

	 33	 Tang 2020.
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the Obama administration, voices across the political spectrum in Washington 
began making the case for economic decoupling from China, arguing that eco-
nomic integration had not in fact led China to align with Western political norms 
and economic practices. The COVID-​19 pandemic has significantly accelerated 
such tendencies, highlighting not only the vulnerability of the world’s economic 
supply chains to external shocks, but also strengthening mercantilist calls for na-
tional self-​sufficiency in China, the United States, and elsewhere. There is little 
indication that a Biden administration is planning a drastic course reversal on 
these issues.34

Few industries have more at stake in these battles than those producing clean 
energy technologies, including the wind turbines and solar panels discussed in 
this book, but also electric vehicles and lithium-​ion batteries that are increasingly 
needed for electric cars and on-​grid storage. As a result of its specialization in 
innovative manufacturing, China has increased its share of global solar PV pro-
duction from less than one percent in 2001 to over 60 percent of the world’s solar 
panels today. China now makes more than one-​third of global wind turbines, 
it is the world’s largest producer of electric cars, and it commands more than 
two-​thirds of global production capacity for lithium ion batteries.35 In large part 
because of China’s unprecedented investment in manufacturing in these sectors, 
the cost of clean energy technologies has fallen sharply. Since 2009, prices for 
wind turbines and solar panels have decreased by 69 percent and 88 percent, 
respectively, making these technologies increasingly competitive with conven-
tional sources of energy. This is particularly the case when they are deployed in 
conjunction with battery storage, where China’s massive investments in new 
manufacturing capacity have also led to rapid cost declines.36

As a global problem of unparalleled dimensions, climate change requires a 
global response, including in the invention, commercialization, and produc-
tion of technologies that can forge deep decarbonization. In the United States 
and Europe, policymakers frequently attribute China’s rapid rise in clean energy 
industries to illegal industrial policies, including forced technology transfer, 
unfair subsidies, and intellectual property theft. Such accusations have led to a 
series of problematic policy responses, including the ongoing tariff battles with 
China, both in the United States and in the European Union. Missing from 
such conversations is an understanding of Chinese manufacturers’ critical 
contributions of knowledge and innovation to the development and commer-
cialization of clean energy technologies that I have outlined in this book.

	 34	 Farrell and Newman 2020.
	 35	 Helveston and Nahm 2019.
	 36	 Lazard 2018.
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We already have many of the technologies needed to begin making rapid 
progress toward reducing carbon emissions, and recent cost reductions of solar 
and wind—​at least in part attributable to Chinese firms—​mean that meeting cli-
mate goals is becoming ever more affordable. The geography of wind and solar 
supply chains—​some of the first industries to emerge after globalization led to a 
wholesale reorganization of the global economy in the 1990s—​makes collabo-
ration with China fundamental in any effort to avoid the worst consequences of 
climate change—​and, indeed, beneficial to the United States. Meeting the goals 
of the Paris Agreement will require net-​zero emissions by 2050 and substantial 
reductions before then. Given the limited remaining carbon budget, emissions 
must have peaked and begun declining by 2030 at the latest. Transportation and 
power sectors should be decarbonized by 2035 to meet global climate goals.37 It 
is unrealistic to expect that any other economy will be able to replicate or surpass 
China’s capabilities in innovative manufacturing and build comprehensive do-
mestic clean energy industries within that dramatically short time frame. This is 
especially the case in light of the unique institutional framework and industrial 
legacies that have supported the development of these skills in China over the 
past thirty years.

As I have shown in this book, collaboration made possible the development 
of the contemporary renewable energy sectors, including partnerships among 
American innovators, German equipment manufacturers, and Chinese produ-
cers with their skills in rapid scale-​up and cost reduction. Trade battles and wide-
spread talk of decoupling have begun to undermine these relationships, even as 
we need them now more than ever—​to bring new technologies to market quickly 
and efficiently and to deploy them at the scale required to meet our shared cli-
mate challenge. If it proves successful, the current pushback against the global 
division of labor that has undermined the development of clean energy sectors 
would also thwart human progress on decarbonization, making it highly un-
likely that global warming will be contained to levels that allow us to continue life 
as we currently know it.

Zero-​sum approaches to engaging the global economy also obfuscate what 
countries stand to gain from such relationships beyond the core benefits of col-
laborative advantage. This is certainly true for US renewable energy industries, 
which have suffered losses as a result of trade barriers to Chinese technologies 
first put in place under the Obama administration and then extended under the 
Trump and Biden administrations. Such trade barriers have not brought manu-
facturing “back” to the United States. The removal of these barriers and the 
restoration of open trade relationships is imperative to meeting global climate 

	 37	 IPCC 2018.
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goals. And addressing these grand challenges will continue to require advances 
in science and technology. For the United States, this means building on 
strengths in invention through investments in R&D. Yet the new technologies 
that result from such efforts must eventually be commercialized and brought 
to mass production. Working with German equipment producers and Chinese 
manufacturers is, for now, the fastest way to bring these technologies from lab 
to market.

The global division of labor in the industries at the core of this book is not, of 
course, fixed or inevitable. Collaboration with China means working with and 
learning from Chinese partners, but in the long run, it can also take the form of 
new US efforts to improve domestic competitiveness, including in segments of 
the clean energy supply chains that are currently not well-​supported in the US 
(and German) economies. American competitiveness in these sectors could im-
prove with the help of new resources for domestic firms. These could include, for 
example, new domestic infrastructure banks to finance manufacturing projects, 
renewed investments in US vocational training and technical colleges, and stable 
regulatory frameworks to support domestic markets for clean energy technol-
ogies. Resources like these take on even more importance when we note that 
China, too, continues to engage in technonationalism and to pursue national 
self-​sufficiency in key technology areas.

Yet only long-​term investments in clean energy industries will allow the 
world to change its relationship with China in these industries without jeopar-
dizing global climate goals. Even then, it is unlikely that entire value chains for 
complex energy technologies would ever lie entirely within national borders. 
As trade conflicts between China and the United States threaten efforts to 
strengthen global ties in clean energy industries, we risk losing sight of the 
climate challenge confronting our world—​and risk missing the narrow re-
maining window we still have to sufficiently reduce global carbon emissions. 
Collaboration and a global division of labor in these industries is currently the 
most promising path toward rapid global decarbonization, but it does not pre-
clude investments to shift the balance in these relationships over time. For now, 
we cannot solve the climate crisis without collaboration with China, and the 
politics surrounding the COVID-​19 pandemic have made such collaboration 
even more difficult.

Over the past forty years, scholarship on globalization has examined possi-
bilities for the state to protect distinct national practices from the competitive 
pressures of the international economy. If recent developments are any guide, 
globalization itself may stand in need of protection in a world where collabo-
ration is both misunderstood and undervalued. Tensions among political 
promises, economic opportunities, and domestic outcomes are inherent to 
the globalization process, but today they threaten to undermine international 
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economic integration even where it has led to widespread benefits. The abrupt 
end to the world’s first economic globalization in the early twentieth century 
should remind policymakers that progress is reversible. Nowhere would the end 
of collaboration be more consequential than in the clean energy industries we 
urgently need to solve our global climate crisis.
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