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Abstract: Governments support clean technologies to advance both environmen-
tal goals and national competitiveness. By adopting environmental policies early
on, governments are argued to create durable competitive advantages for domestic
companies that develop clean technologies for export to late adopters. This paper
argues that policy competition between lead and follower markets conditions the
ability of governments to create durable competitive advantages in low-carbon
technologies. Depending on the complexity of the technology, we observe two pat-
terns of green industrial policy competition. In low-complexity technologies, such
as solar photovoltaics, follower markets are likely to adopt policies that support
manufacturing capacity to rapidly achieve price advantages from economies of
scale, with global supply chains intensifying this competition (“scaling up”). In
high-complexity technologies, such as electric vehicles, follower markets are
likely to adopt policies that support research and development to develop differ-
entiated high-tech products for export (“innovating up”). We also suggest that new
forms of interdependence in policy competition can affect the political sustainabil-
ity of lead market policies. Competition in scaling-up is more likely to undermine
political coalitions in favor of government support for low-carbon technologies,
while innovating-up dynamics embed political coalitions that support lead
market policies for low-carbon technologies.
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Introduction

Low-carbon energy technologies are transforming energy supply and demand
globally. In 2017, renewable energy sources represented approximately 70
percent of net additions to power generation capacity globally. Renewable
energy reached 10.1 percent of global electricity production by the end of that
year, excluding hydropower. Public policy has played an important role in hasten-
ing this clean energy transition by supporting innovation in, and the deployment
of, low-carbon technologies.!

In addition to mitigating climate change, governments promote the deploy-
ment of low-carbon energy technologies to boost economic growth and the inter-
national competitiveness of firms.? Research suggests that governments can use
policies promoting the innovation and deployment of environmental technologies
to create lead markets, providing opportunities for domestic companies to export
to late adopters.® The lead market strategy is, amongst others, central to the
German government's green industrial policy.* In addition, lead markets
provide an incentive for governments in follower countries to adopt similar poli-
cies to those introduced in the lead market, thus resulting in technology diffusion
and creating environmental co-benefits.

This paper addresses green industrial policy competition between lead
markets and follower markets, which we propose affects the political dynamics
of clean energy transitions.®> We argue that differences in the complexity of tech-
nologies embedded in products, a crucial yet understudied factor shaping clean
energy transitions, systematically affect the types of policies adopted by govern-
ments in follower markets.® For low-complexity technologies, such as solar photo-
voltaics (PV), we propose, governments in follower markets have an incentive to
adopt industrial policies designed to achieve competitive advantage through cre-
ating economies of scale —“scaling up.” In comparatively more complex technol-
ogies, such as electric vehicles (EVs),” on the other hand, governments in follower
markets have an incentive to adopt policies supporting the development of differ-
entiated high-technology products—“innovating up.”

REN21 (2018), 40-41.
Aggarwal and Evenett (2012); Rodrik (2014).
Janicke and Jacob (2004).
Pegels and Liitkenhorst (2014).
Quitzow et al. (2014).
For ease of exposition we use the terms “technology embedded in products” and “technologies”
interchangeably.
7 EVs refers to battery electric vehicles only.
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Our argument has implications for the pace and political sustainability of
energy transitions. In markets for products that incorporate less complex technol-
ogies, the scaling up of manufacturing capacity in follower markets can drive
falling costs and rapid diffusion of a technology.? While this has positive environ-
mental benefits, follower market policies carry the risk of undermining the political
coalitions that support clean energy transitions in lead markets, as value shifts to
follower countries. In high-complexity technologies, in contrast, cost reductions
occur at a slower pace than in low-complexity technologies, implying that
support for public investment in lead markets will be more durable as companies
are better able to maintain durable competitive advantage. In the next section, we
discuss how technological complexity shapes the policy responses of follower
markets, structuring policy competition between lead and follower markets.

Lead markets, global competition, and green
industrial policy

Governments have an incentive to enact industrial policies that capture the bene-
fits of promoting clean energy transitions domestically.® One proposed strategy for
capturing the benefits of policies is to create a lead market, defined as a market that
has a high degree of deployment early in the process of international technology
diffusion. Follower markets, by extension, are those that adopt a given technology
later than the lead market.!? A high level of deployment in lead markets also often
correlates with high rates of deployment growth.

Governments create lead markets by inducing firms to invest in new technol-
ogies.!! Lead markets also promise environmental co-benefits because they create
an incentive for governments in follower markets to promote products on the same
technology pathway. This can create a “California effect,” in which policies
promote more environmentally sustainable outcomes through competition
between governments in lead and follower markets.!?

The lead-follower market model applies to products involved in clean energy
transitions. For example, Japan, the United States, and other countries have
deployed small volumes of solar PV capacity since at least the 1980s. Germany

8 Kern and Rogge (2016); Meckling (2018).

9 Meckling et al. (2015); Aklin and Urpelainen (2018).

10 Cf. Beise (1999); Jinicke and Jacob (2004).

11 Jacob et al. (2005); Aklin and Urpelainen (2013); Zysman and Huberty (2014); Acemoglu,
Akcigit et al. (2016); Andrews-Speed (2016); Rogge and Reichardt (2016).

12 Vogel (1995).
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established itself as a lead market, however, by deploying solar PV in significant
volumes in the early 2000s, with China and other markets subsequently adopting
policies that facilitated the deployment of solar PV at scale.!® Similarly, Denmark
emerged as the lead market in wind power, and played an important role in export-
ing wind turbines to other markets. Wind power capacity is now scaling up across
other markets. Finally, Japan, the United States, and increasingly China, are lead
markets in electric vehicles, while Germany has lagged behind.4

In this paper, we consider the implications of differences in the technologies
embedded in products for the kinds of policy competition that emerges between
governments in lead and follower markets.!> We argue a key variable—the degree
of technological complexity—affects the types of policies governments in follower
markets implement to support domestic companies. This variation in policy
choice, we propose, has important implications for the politics of clean energy
transitions. Domestically, the long-run transition towards the sustainable use of
energy requires stable support from coalitions of policy actors. This is particularly
the case in the energy sector, where there are powerful incumbents that are likely
to oppose threats to competitive advantage.'® Companies that benefit from
policies supporting a durable competitive advantage are more likely to support
those policies. Companies that are unable to retain a durable competitive
advantage, on the other hand, may choose to exit the market, thus reducing
the political support for continuing with policies supporting clean energy
transitions.

Internationally, the loss of competitive advantage can also lead companies
to support policies that protect domestic industry at the cost of increasing the
cost of renewable energy relative to traditional fossil fuels, as we have seen with
the application of trade remedies against imports of solar PV modules from
China.!'” Applying green industry policies to products that incorporate
technologies promising durable competitive advantage therefore matters in ensur-
ing the political coalitions endure that are required to create and maintain clean
energy transitions.

In the next section, we define the key concept of technological complexity
and discuss how low and high levels of technological complexity affect policy com-
petition. We then examine our argument, using the cases of solar PVs and battery
EVs.

13 Quitzow (2015).

14 Meckling and Nahm (2018).

15 See Lachapelle et al. (2017).

16 Fouquet 2016; Rennkamp et al. (2017).

17 Hughes and Meckling (2017); Meckling and Hughes (2017b).
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Technological complexity: low vs high

Promoting the global deployment of clean technologies is central to mitigating
climate change. Channels of diffusion include international trade and investment,
and knowledge spillovers from research and development.!® Patterns of diffusion
are also affected by differences in the types of knowledge embedded in technolo-
gies.!¥ The conventional view holds that industrialized economies develop knowl-
edge-intensive, differentiated products that diffuse internationally, and then
commodify as a technology matures.2’ More recent work suggests, however,
that differences in the characteristics of technology embedded in products, includ-
ing in clean energy technologies, such as solar PVs, affect patterns of technology
diffusion.?! Technologically complex products tend to induce competition over
design characteristics, while less complex technologies tend to lead to competition
over economies of scale and cost minimization.?? Indeed, it is possible that tech-
nologically complex products may never shift toward commodification and pure
price competition.

The difference in the complexity of technologies has implications for company
strategy. In general terms, firms seek to secure a durable competitive advantage by
implementing strategies that differ from their competitors, and that are difficult to
imitate.?3 Products that are more difficult to imitate are thus more likely to repre-
sent a source of long-term competitive advantage.?* Products that are more easily
imitated, on the other hand, are less likely to lead to a sustained competitive
advantage.

The ability to imitate is conditioned by factors such as the physical and human
capital embedded in products, and organizational practices involved in produc-
tion.?5 In addition, the characteristics of technologies embedded in products
also affect ease of replication. Products that have more easily replicable knowledge
or organizational practices can be imitated more rapidly, and thus have a greater
propensity toward price-based competition.?% Products with more complex knowl-
edge embedded in them, on the other hand, are less able to be replicated, and can
therefore represent a more durable source of competitive advantage.

18 Keller (2004); Gallagher (2014).
19 Huenteler et al. (2016).

20 Vernon (1966).

21 Huenteler et al. (2016).

22 Hobday (1997), 699.

23 Barney (1991), 102.

24 Grant (1991); Scherer (1992).
25 Barney (1991).

26 Porter (1990), 39.
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We propose that variation in technological complexity has implications for
another important phenomenon: differences in forms of policy competition
between governments in lead and follower markets.

Follower market policy: scaling up vs. innovating up

The type of policy used by governments in follower markets varies according to the
level of technological complexity of the product (see table 1).2? We differentiate
between government support for expanding manufacturing capacity, and govern-
ment support for research and development (R&D) to develop innovative and differ-
entiated products. For less technologically complex products, governments in
follower markets have an incentive to adopt policies that support the development
of manufacturing capacity to compete through economies of scale. This follows from
the effect that technological complexity has on the opportunities for companies to
enter into new markets. In the case of less-complex products, the creation of
demand inlead markets provides an opportunity for companies in follower countries
to export products to these markets. Given limited opportunities for differentiation,
however, producers in follower markets compete on price. If we assume that govern-
ments have an interest in supporting the competitiveness of companies in these new
markets, policies are likely to focus on achieving economies of scale. Empirically, this
suggests subsidizing production capacity to a greater extent than promoting product
innovation through R&D. Entering capital-intensive, large-scale manufacturing
affords emerging economies opportunities for industrial upgrading.?8

In contrast, companies in follower markets for high-complexity technologies
are more likely to compete through product innovation. For governments seeking
to support companies operating in high-complexity technology markets, we thus
expect them to assist product innovation through subsidies for research and devel-
opment, tax credits, and the funding of demonstration projects.?® Empirically, this
suggests that governments subsidize R&D to a greater extent than building man-
ufacturing capacity. Government policy plays in important role in promoting inno-
vation, as technological spillovers may lead the private sector to underinvest.3° As
lead market governments also have an incentive to support product innovation, we
expect subsidy competition among major economies, rather than price
competition.3!

27 Cf. Schmidt and Sewerin (2017).

28 Nahm and Steinfeld (2014); Nahm (2017).

29 Gallagher, Griibler et al. (2012); Rodrik (2014).
30 Rodrik (2014).

31 Gereffi (1994).
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Table 1: Scaling Up versus Innovating Up

Scaling Up Innovating Up
Technological complexity Low High
Follower market policy Support for manufacturing Support for R&D

Arelated and important question is what the effect of the emergence of Global
Supply Chains (GSCs) is on lead market-follower market dynamics. GSCs lower the
barriers for firms to enter a market by enabling them to specialize in particular seg-
ments of a supply chain,3? as they rely on global suppliers for sourcing key com-
ponents. This contrasts with new markets in which firms needed to develop
capabilities across the entire supply chain before entering. This also gave lead
markets longer time periods to capitalize on their first-mover advantage. We
suggest that GSCs have intensified leader-follower competition in clean technol-
ogy transitions.

The explanation advanced here centers on technological complexity. Two
other variables may arguably also affect the type of follower market policy: industry
maturity and country type. First, Vernon’s product cycle hypothesis suggests that
in an initial phase of industry development, market participants compete to estab-
lish a dominant design and compete based on product differentiation.3® Then,
once this dominant design is established, they compete to out-produce one
another in this dominant design, which results in price competition. If this
holds, we would expect follower market policy generally to be a “scaling up” strat-
egy in the long run. Second, the choice of follower market policy may be con-
strained by country type and related institutions and industrial capabilities.
Advanced industrialized economies are more likely to adopt an “innovating up”
strategy as are emerging economies. Both of these are important points that par-
tially complement our argument on technological complexity. We engage with
both in detail in the section Alternative explanations.

Technological complexity of solar PV and EVs

We examine our expectations through a comparison of the clean energy transitions
in the power and automotive sectors, with a focus on the cases of solar PV and EVs.
There are a number of differences between EVs and solar PVs. EVs are a final

32 Meckling and Hughes (2017a).
33 Vernon (1966).
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product that vehicle designers can vary across a wide range of performance and
visual parameters, for example, while solar modules—the central component of
solar PV systems—can be considered intermediate goods that vary in price and
quality, but are only weakly differentiated across performance and visual param-
eters. The industries are arguably at different stages of maturity, a point we return
to in the discussion. Here we focus, however, on a variable we propose is particu-
larly important in shaping policy approaches adopted by governments: the relative
degree of technological complexity.

A complex technology is “an applied system whose components have multiple
interactions and constitute a non-decomposable whole.”3* The degree of technolog-
ical complexity differs substantially across products.® Low-complexity technologies
are also associated with more rapid cost declines than more complex technologies,
with implications for the pace of the transition to clean energy technologies.3¢

The number of components used in manufacturing a given product is used as
a reasonable first proxy for the complexity of technologies, based on the assump-
tion that an increased number of components increases design and production
demands. It is likely to lead to greater challenges in product assembly, implying
greater transaction costs associated with coordinating production within and
between firms. Manufacturing a product with a smaller number of components
may be challenging for other reasons. For example, because it is capital intensive.
All else equal, a larger number of components should thus make the production of
a product more difficult to replicate than a product with fewer components.

Data on the number of components suggests solar PV systems are less techno-
logically complex than EVs. The supply chain for PV systems is based on polycrys-
talline silicon, the predominant technology, and consists of six key steps:
polysilicon, tools, wafers, cells, modules, and systems integration. In Life-Cycle
Analysis (LCA), solar PV systems, including the Balance-of-System, incorporate
modules, inverters, combiner boxing, cable housing, and mounting structures.3”
In contrast, while EVs are more simple than automobiles with internal combustion
engines, LCAs identify a larger number of components than is evidence for solar PV
systems, noting the presence of the electric motor, transmission, battery, inverters,
controllers and other electronics, capacitors, and regenerative braking systems, in
addition standard components such as tires, the chassis and so on.?®

34 Singh (1997), 339.

35 Malerba and Orsenigo (1997); Malerba (2005).

36 McNerney et al. (2011).

37 Pacca (2007)

38 Hawkins et al. (2012). For an explanation of EV technologies, see Larminie and Lowry (2012).
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With lower technological complexity and moderate capital intensity, solar PV
modules showed greater propensity to commodification. In particular, as global
production scaled up with the entry of China, solar modules became increasingly
commoditized, competing on price instead of product differentiation.3 A 2011
survey among developers and installers showed, for instance, that 57 percent of
respondents identified cost as the main purchasing criteria for solar modules.*®
Even product differentiation at the level of PV systems—which include modules,
mounting, inverters and other components—was not sufficient to counter the
commodification of solar PV.4!

In this paper, we focus on policies implemented in follower markets. We dis-
tinguish between policies that focus on scaling up manufacturing, and those that
focus on promoting product innovation through research and development. In the
next section, we examine the four largest countries: China, the United States,
Japan, and Germany, for each technology/industry. These four countries are
major producers and consumers. Given their market size, they are engaged in
the large majority of global industries and their policy choices have major
impact on global patterns of competition. Our data on policies implemented in fol-
lower and lead markets is a mix of primary data drawn from government reports,
and secondary data in the form of policies implemented across major solar PV and
EV markets.*?

Scaling up: the solar industry

Solar PV is a key technology for the decarbonization of electricity systems. The
technology is projected to draw USD $2 trillion of investment between 2015 and
2040, second only to wind among all forms of power generation, according to
the New Policies Scenario of the International Energy Agency.*3

39 Binz, Tang et al. (2017).

40 Lutton (2011).

41 Mehta (2013).

42 Existing databases on energy-related policies are unsuitable. The International Energy
Agency’s (IEA) database on Energy Research, Development, and Deployment records R&D spend-
ing across different renewable energy technologies, but has missing data for key technologies, and
the amount of data that is available is insufficient to plausibly impute this data. The IEA’s Policies
and Measures Database classifies policies implemented by national and sub-national governments
on a technology basis, however entries are not commensurate, with some representing single
policy instruments and others incorporating packages of policies. This makes it implausible to
treat observations recorded in the database as equivalent for the purposes of frequency counts.
43 IEA (2015), 320.
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The growth prospects for the sector led producers in major economies to enter
the production of solar PV components. Substantial growth in solar PV installa-
tions began in Germany. Starting in the mid-2000s, both production and deploy-
ment then globalized rapidly, resulting in companies in a broader range of
countries to enter solar PV production. While Japan had deployed more solar PV
than Germany at an earlier stage, absolute deployment in Japan remained low. The
United States shows a similar pattern to Japan with early but very limited growth in
PV deployment. Between 2001 and 2010, the average annual growth rate in PV
capacity was also far higher in Germany, reaching 68 percent, compared to 27
percent for Japan and 34 percent for the United States.**

Lead Market Policy: Germany

Solar PV production and deployment increased rapidly in Germany in the early
2000s. By 2005, Germany accounted for about 40 percent of cumulative installed
solar PV capacity. As figure 1 shows, Japan remained a niche market despite its
companies’ early lead in solar PV manufacturing. In 2005, Japan had 28 percent
of installed capacity globally, with the United States standing at 3 percent.
Chinese installed PV capacity was 1 percent.*> In Germany, the economic benefits
associated with this growth in demand were also largely captured domestically.
German-based companies were responsible for 20 percent of global solar PV man-
ufacturing in 2005, producing 339 megawatts (MW). Japan-based companies, pro-
duced 833 MW, representing almost 47 percent of global cell production. Chinese
manufacturers stood at 128 MW, which represented just seven percent of total
production.*6

The lead that Germany had in deployment was created in large part because of
the milestone Renewable Energy Sources Act, enacted in 2000. Providing for a
feed-in-tariff, the policy was a major incentive for the deployment of solar PV.47
The feed-in tariff provided a fixed twenty-year tariff to installers of renewable
energy projects, providing strong incentives for renewable energy investments.

44 1IEA (2017).

45 BP (2014).

46 Data compiled by authors from Earth Policy Institute (EPI) with 1995-99 data from
Worldwatch Institute, Signposts 2004, CD-ROM (Washington, DC: 2005); 2000 data from
Prometheus Institute, “23rd Annual Data Collection - Final,” PVNews, vol. 26, no. 4 (April 2007),
8-9; 2001-2006 from Prometheus Institute and Greentech Media, “25th Annual Data Collection
Results: PV Production Explodes in 2008,” PVNews, vol. 28, no. 4 (April 2009), 15-18; 2007-2013
compiled by Earth Policy Institute from GTM Research, PV Cell Module Production Data, elec-
tronic database, updated June 2014.”

47 Laird and Stefes (2009).
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Figure 1: Cumulative installed PV capacity in Megawatts
Sources: EPIA 2011, IEA 2017, NEA 2017.

Total research, development, and demonstration (RD&D) spending for solar PV in
Germany averaged USD $137.4 million between 2000 and 2014, with a standard
deviation of USD $30.7 million dollars, and a maximum annual budget of USD
$191.9 million (2012), and minimum of USD $96.4 million (2002).48

As can be seen in figure 1, in terms of installed capacity, Japan and the United
States were early entrants into the solar PV market, but the rate of deployment pla-
teaued in both countries. In Japan, policies were initially implemented in response
to the 1970s’ energy crisis through the “Sunshine Project,” an RD&D program that
ran between 1974 and 1981, and included solar PV. The Sunshine Project was
superseded by the “New Sunshine Project” in 1993, which shifted the focus to stim-
ulating demand by subsidizing installation costs for households, easing regulatory
barriers, enabling the purchase of excess solar to power utilities, and other mea-
sures.?® In 2003, a Renewable Portfolio Standard was introduced, targeting a 2.3
percent share for renewable energy in power generation by 2010. The most signifi-
cant change came in the form of the 2012 Feed-In Tariff (FIT), which introduced
generous returns for investors in renewable energy. Solar installations represented
almost 90 percent of total projects registered under Japan'’s FIT, a situation the

48 This and other data on RD&D drawn from International Energy Agency RD&D Data (eISSN:
1726-6564 DOL: 10.1787/enetech-data-en). Total RD&D expenditure data, converted from current
prices in national currencies to US dollar Purchasing power parities (PPPs) in constant 2015 prices
using GDP deflators and 2015 PPPs.

49 Chowdhury et al. (2014).
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government sought to rectify with changes to the structure of the FIT implemented
in 2017 that was designed to rebalance growth towards other energy sources. Total
RD&D spending in Japan averaged USD $205.7 million between 2000 and 2014,
with a standard deviation of USD $104.6 million dollars, and a maximum annual
budget of USD $247.7 million (2013), and minimum of just USD $6.9 million
(2007).

The United States followed Japan’s pattern of early but slow growth in PV
deployment. A combination of federal and state-level policies stimulated solar
PV investments. In 2005, the federal Investment Tax Credit was introduced,
which reduced the capital cost for solar PV installations.?® It has been the main
government incentive for solar PV investments in the United States since.! In
the mid-2000s, states also increasingly adopted renewable portfolio standards
that obligated utilities to procure renewable energy projects.>? In addition, the
introduction of net metering policies helped drive growth in the market for
small solar installations. The United States also supported the producers of solar
PV technologies through incentives at both the federal and state level, including
through the federal Sunshot Initiative for RD&D.53 Total RD&D spending in the
United States was the highest of the lead markets, averaging USD $1.227 billion
between 2000 and 2014, with a standard deviation of USD $484.6 million dollars,
a maximum annual budget of USD $2.128 billion (2011), and minimum of USD
$778.6 million (2001).

Follower market policy: scaling up in China

The deployment policies implemented by lead markets created an incentive for the
Chinese government to support the development of manufacturing capacity in
solar PV cells and modules.>* A leading assessment of the Chinese solar PV indus-
try notes that “the goal traditionally has not been to invent a new type of solar cell
or to break a world cell-efficiency. Rather, it has been to gradually close the gap
between China and the West.”5 By 2016, solar PV modules produced in China
constituted 71 percent of the global total.

GSCs in the solar industry aided China’s emergence as a follower market spe-
cialized in solar module production. Data shows that Chinese producers imported

50 Stokes and Breetz (2018).

51 Ball et al. (2017).

52 Rabe (2007).

53 Deutch and Steinfeld (2013).
54 Nahm and Steinfeld (2014).
55 Ball et al. (2017), 78.
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polysilicon, the key raw material, from, for instance, the German firm Wacker.
They also imported significant equipment, particularly from German and U.S.
manufacturers.>® They thus outsourced technologically complex inputs, while
focusing on scaling up the less technologically complex solar PV modules. In the
absence of GSCs, China would have had to develop domestic industrial capabilities
for the complete supply chain, suggesting its emergence as a follower market
would have been later.

Over 2004-2008, the central government, as well as provincial governments
shifted to support domestic solar PV manufacturing in order to enable it to take
advantage of the growth in global solar PV demand in lead markets. China’s
tenth five-year plan (2001-2005) focused on developing an annual domestic man-
ufacturing capacity of 15 MW and included no details regarding research and
development. By the end of the eleventh five-year plan (2006-2010) module man-
ufacturing capacity increased to 8,700 MW, although the plan noted the need for
more solar PV-related R&D.5? This contrasted with the approach initially adopted
in its domestic market, where deployment incentives were weak, and total installed
capacity stood at just 300 MW in 2008.58

A wide array of different types of subsidies were provided, including, but not
limited to, tax incentives, direct investments in specific manufacturing lines, and
direct financial support for production inputs, such as electricity; provincial and
local governments often provided subsidies on top of those from the central gov-
ernment. Solar PV manufacturers also became eligible for financial support for
research and development, after the industry was identified in the Catalog of
Chinese High-Technology Products for Export in 2006. In terms of general
purpose, Ball et al. summarize that the Chinese solar industry “harnessed
China’s structural advantages as a manufacturing economy—advantages that
included low labor costs, lax environmental standards, and ready government
support for establishing factories—to scale up the production of solar
modules.”®® Estimates of R&D related spending on solar PV in China suggest
spending was modest. One estimate suggests government-only financing of
solar R&D from both the central and provincial governments between 2001-
2015 stood at USD $74 million, with a further USD $223 million in R&D funding
co-sourced from the public and private sectors, though the relative shares are
unclear.%°

56 Meckling and Hughes (2017a); Nahm (2017).
57 Ball et al. (2017), 86-7.

58 Zhang (2014), 907.

59 Ball et al. (2017), 109.

60 Ibid., 96-7.
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As a result, Chinese producers held 60 percent of the global module produc-
tion capacity by 2012. Meanwhile, the share of the two lead markets, Europe and
Japan fell to 9 percent and 8 percent of global module production capacity by 2012,
respectively.®! China’s entry into the market also led to price drops for modules up
to 64 percent in the two years prior to September 2012.52

The rise of China as a solar manufacturing hub drove a series of trade conflicts
in both Europe and the United States, focused on Chinese PV cells and modules.®?
Solar producers in Europe and the United States in particular struggled with
Chinese import competition, seeking trade protection against Chinese solar
imports. At the same time, several solar module manufacturers, especially in
Europe, went bankrupt.5* Between 2010 and mid-2017, ten trade disputes
emerged in the solar industry, with a total of seventeen disputes relating to renew-
able energies more broadly.%® These were trade remedy cases that were directed at
subsidies and/or price dumping. China was one of the parties in all solar-related
cases, whereas the other party was the United States, the European Union, Canada,
India, or Turkey. The EU-China and the U.S.-China solar disputes were the two
most prominent cases, resulting in a minimum price and imports quotas in the
European Union and tariffs in the United States.%6

Innovating up: the EV industry

Numerous technologies contribute to the decarbonization of the transport sector,
including fuel cell and hybrid EV technologies, increased efficiency in internal
combustion engines, and biofuels. While EVs retain a small share of the total per-
sonal vehicle market, representing less than one percent of total annual sales in
most markets, EVs have also emerged as the leading technology, based on
policy support in many countries and growth prospects.6”

The diffusion of EVs shows a pattern of deployment that follows lead and fol-
lower market dynamics, with the United States and Japan combined representing
62 percent of the global stock of EVs in 2009 (figure 2), while Germany represented
four percent and China eight percent in 2010, respectively. Reflecting this, the

61 Mehta (2013).

62 IRENA (2013).

63 Lewis (2014).

64 Mehta (2013).

65 Center for Economic Policy Research (2016).

66 Hughes and Meckling (2017); Meckling and Hughes (2017b).

67 Two exceptions are the Netherlands and Norway, where the 2015 market share of battery elec-
tric and plug-in hybrid vehicles was 23.3 and 9.7 percent respectively.
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Figure 2: Battery EVs, stock by country, 2005-2015 (thousands)
Source: International Energy Agency. 2016. Global EV Outlook 2016: Beyond One Million Electric
Cars. Paris: IEA: 35.

stock of BEVs in Japan in 2010 was 3,520 vehicles, 3,770 vehicles in the |United
States, 1,009 vehicles in China, and just 250 vehicles in Germany. By 2015,
China reached 30 percent of the global stock of EVs, while the United States
stood at 28 percent, and Japan at 10 percent; Germany lagged at four percent of
the global market. The Chinese stock of registered EVs was over 225,720, with
70,930 in Japan, 210,330 in the United States, and 30,560 in Germany.5®

EVs are more complex technologically than solar PV modules, although they
have substantially fewer components than ICEs. Below we introduce policies sup-
porting EVs in key lead markets, followed by a description of policies in Germany,
which is the main follower market, trailing EV deployment in all other major pro-
ducer markets.

Lead market policy: the United States and Japan

The United States and Japan are categorized as lead markets, given their deploy-
ment patterns as shown in figure 2. China has also been adopting policies to
become a lead market. Government support in each country heavily influenced
EV deployment. The U.S. government, for example, adopted technology policies
supporting the commercialization of EVs in the midst of the 2008-2009 economic

68 IEA (2016), 20, 35.
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crisis, including subsidies for RD&D and consumer incentives. The American
Recovery and Reinvestment Act of February 2009 in particular provided invest-
ments into RD&D funding and retooling, to thereby establish a domestic battery
industry. The Emergency Economic Stabilization Act of 2008 had already
created a consumer tax credit for EVs, which was further expanded by the
ARRA. The federal government also negotiated a tightening of fuel economy stan-
dards, which created demand for the deployment of electric cars. In August 2009,
the Obama administration committed USD $2.4 billion for RD&D, as well as for the
manufacturing of batteries and EVs.%° The majority of the funds had been allocated
by the end of 2011. This compares to an estimated USD $100 million for consumer
tax credits for alternative vehicle technologies (excluding hybrid) between 2010
and 2014.7°

The Japanese government also supported EV innovation and deployment. The
“Next-Generation Vehicle (NGV) Strategy 2010” was announced soon after
the commercialization of the Mitsubishi MiEV (2009) and Nissan Leaf (2010).
The strategy included a headline target for NGV penetration, along with plans
for batteries, upstream resource development, infrastructure, power systems,
and international standardization. It also included support for RD&D activities
focused on, for example, improving the efficiency of the powertrain, research
into lithium-ion and other battery technologies, and the development of smart-
grid technologies. By 2014, financial support was included in the national
budget.”! The 2014 budget included measures to promote research and develop-
ment into new vehicle technologies, such as new battery technologies (3.1 billion
yen in 2015; USD $30 million??), and lithium-ion batteries (2.5 billion yen; USD $20
million). In addition, 10 billion yen (USD $90 million) was allocated to subsidize
consumer purchases of EVs, fuel-cell vehicles, plug-in hybrid electric vehicles, and
clean diesel vehicles, with the stated goal of reaching the target for new car sales.

China’s role in the market for EVs is different to that of solar PVs. While specific
R&D figures are not available, data suggests that the Chinese government has
focused on supporting innovation in key EV technologies at an early stage, in
addition to policies designed to support the deployment of EVs domestically.
The “Development Policy for the Automobile Industry,” released in 2004 noted
that industry should begin to invest in EV and battery technologies.”® During the
ninth Five-Year Plan (2001-2005), EVs were included in the key technology

69 White House (2009).

70 Joint Committee on Taxation (2010).

71 Yoshida (2015).

72 Exchange rate for all foreign currencies of 16 March 2018.
73 Wang and Kimble (2011), 318.
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research and development plan (“Program 863”), which focuses on power
systems, batteries, and other areas.” Support for R&D was extended into the
tenth five-year plan, from 2001-2005, including support for research and develop-
ment into components such as the battery, electric motor, and electric control
systems.”®> NGV technology development was also included in the eleventh and
twelfth five-year plans, which noted support for the development of core compo-
nents such as motors and batteries.”®

The Chinese government also focused on EV deployment through the use of
pilot cities, most notably through the 2009-2012 “Ten Cities, Thousand Vehicles”
program that provided subsidies for the purchase of public fleet vehicles. The
program was extended to include purchases by private consumers from 2013.77
This was coupled with an array of incentives put in place by local governments
in these areas, including concessional loans from state banks for investing in the
EV market, or upgrading production lines.”® In 2012, under the Energy Efficient
and Alternative-energy Vehicle Industry Development Plan (2012-20), this target
was updated to five hundred thousand EV sales by 2015, and five million in sales by
2015.7 Incentives were increased in 2013-15 to include both government pur-
chases and individual buyers of vehicles, with the size of the subsidy determined
by the range of the vehicle in the case of EVs.8? Cities and regional governments
offered additional incentives, including the right to gain a car registration, as well
as further consumer subsidies on top of those provided by the central govern-
ment.8! The government also introduced a preferential tax policy that reduced
the taxes associated with new vehicle purchases, and ownership taxes.??

Follower market policy: innovating up in Germany

Germany is a follower market in the EV sector—in terms of both deployment and
supply of electric vehicles. Germany responded to innovation policies in lead
markets by subsidizing RD&D. In total, Germany provided EUR 1.5 billion in
EV-related R&D funding between 2009 and 2013. The economic stimulus
program of March 2009, the “Konjunkturpaket II,” offered EUR500 million (USD

74 Yuan et al. (2015), 301; Zhang et al. (2017), 70.

75 Gong, Wang, and Wang (2013); Li, Long and Chen (2016).
76 Yuan (2015), 301; Li, Long and Chen (2016), 36.

77 Ou (2017), 35-6.

78 1bid., 40.

79 Zhou, Ou, and Zhang (2013), 876.

80 Ou, Lin, et al. (2017).

81 Wan, Sperling, and Wang (2015), 117.

82 Li, Long, and Chen (2016).
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$614 million) of RD&D funding until the end of 2011. The 2009 National
Development Plan for Electric Mobility declared the goal for Germany to
become a lead market for EVs, aiming to deploy one million EVs by 2020.83 In
May 2011, the government approved the Government Program on Electric
Mobility, which provided a further EUR one billion (USD $1.23 billion) RD&D
funding until the end of 2013.84 The RD&D investment in EVs was a major depar-
ture from Germany’s innovation strategy for advanced transport technologies.
Public RD&D funding was almost exclusively focused on hydrogen fuel cells.
Since the oil crises of the 1970s, the government had supported R&D for hydrogen
to some extent.?® In 2006, the federal government expanded its efforts through the
ten-year National Innovation Program on Hydrogen and Fuel Cells.2¢ By contrast,
it only marginally supported RD&D for lithium-ion batteries prior to 2009.87 While
the German government subsidized R&D, we found no evidence of subsidies for
retooling production lines or building new manufacturing capacity.28

Germany’s follower role in EVs contrasts with its lead role in solar. Unlike in
the solar case, a coalition of technology challengers did not emerge early on in the
case of electric mobility. The Big Three German automakers—BMW, Daimler, and
VW—had coordinated around diesel as the low(er)-carbon engine technology for
the mid-term outlook, betting on hydrogen fuel cells for the long-term.%9
International competitive developments in Japan, the United States, and China,
however, eventually galvanized interest among producers and policymakers to
increase RD&D for EVs. In justifying its RD&D policy for EV technology, the gov-
ernment explicitly stated the need to catch up with the public investments of
China, the United States, and Japan in EV RD&D and manufacturing.®°
Policymakers were aware that the country was catching up with a global technol-
ogy trend. The German policy strategy purposely delayed deployment of EVs by
not providing incentives for consumers to purchase EVs until 2016. It was thus
not developing economies of scale by expanding manufacturing, but focused
instead on RD&D. The first German EV, BMW’s i3, came to market in late 2013.
All major German producers had electric models in their fleet by 2016. By compar-
ison, the first battery-electric vehicle for the global mass market was the GM Volt,
which began sales in early 2011.

83 Bundesregierung (2009).

84 Ibid. (2011).

85 Garche et al. (2009).

86 Bundesregierung (2006).

87 BMWi (2013), 6.

88 https://www.foerderinfo.bund.de/elektromobilitat.
89 Meckling and Nahm (2018).

90 BMWi et al. (2009), 2.
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Germany’s emergence as a follower in EVs hinged on the existence of GSCs.
Despite its broad set of industrial capabilities, the country had no lithium-ion auto
battery production when EVs entered the global market. Global battery production
was concentrated in Japan and South Korea. BMW was the first German carmaker
to launch a mass-market vehicle, the i3, in 2013. Its battery cells are produced by
Japan’s Samsung.®! In a similar vein, the emergence of the US as a lead market
depended on the availability of battery cell imports from Japan.

Lead markets for EVs in the United States, Japan, and China thus incentivized
other producer countries, notably Germany, to push product innovation for global
export markets. We thus observe a pattern of producer subsidy competition. To
date, the competition largely unfolds along a north-north axis. Only the United
States, Japan, and Germany export EVs to the global market. China pursues an
import-substitution strategy by producing largely for the home market, though
with export ambitions. It remains to be seen whether China’s strategy of industrial
upgrading in the automobile industry will prove sufficiently successful to enter into
direct technology competition with advanced industrialized economies. Given the
size of its home market, China is in any case capturing a large share of global EV
production.

Alternative explanations

Industry maturity and country type offer alternative explanations for the outcomes
that we observe, as discussed above. Here we engage with these alternative—and
partially complementary—explanations in light of the empirical cases.

The solar and EV industries are arguably at different levels of industry matu-
rity. However, our analysis focuses only on the early stage of industry development,
in which follower countries enter. In the solar industry, this period was approxi-
mately six years: from Germany’s 2000 FIT to China’s manufacturing push
around 2006. In the EV industry, we observe a similar time span between early
movers and followers. The United States leveraged its 2009 stimulus package to
enter the EV industry, while Germany followed with increased R&D in 2011 and
purchase incentives for domestic market development in 2016. The two cases
thus focus on the same early period of industry development. Nonetheless, it
remains to be seen how government policy evolves in the EV sector as the industry
matures.

Previous work, however, suggests that differences in the characteristics of
technology embedded in products, including in clean energy technologies such

91 Shahan (2016).
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as solar PVs, affect patterns of technology diffusion.®? Technologically complex
products tend to induce competition over design characteristics even as the tech-
nology and industry matures, while less complex technologies tend to lead to com-
petition over economies of scale and cost minimization.?3 Indeed, it is possible that
technologically complex products may never shift toward commodification and
pure price competition.

As regards country type, there is certainly evidence that cross-national differ-
ences shape patterns of technology diffusion, and we are sympathetic with these
arguments. Hochstetler and Kostka, inter alia, find that the trajectories of wind and
solar power development in Brazil and China were affected by different institutions
in the two countries, and the way this affected the incorporation of industries, as
well as their characteristics.”* We thus agree that economies differ in industrial
capabilities and institutions, and this matters for the types of policies they can
adopt in global policy competition. Investment in R&D can also be affected by
broader political interest in energy-related issues, as occurred in the 1980s in
the United States, and indeed elsewhere, as R&D increased rapidly following the
oil shocks of the 1970s.95

Yet the evidence does not support the contention that national institutions are
more powerful an explanation for the observed differences in the cases examined
here. The EV case, for example, shows that China is a leader in the development of
electric vehicles, which requires competitive strategies based on product differen-
tiation, in addition to price. While Germany is indeed competing on technological
innovation, China does both—compete on scale and increasingly so on innovative
products, suggesting the classic understanding of Germany as a knowledge-inten-
sive economy, and China as an economy with cheap labor but low innovation, no
longer holds. Follower governments can also decide just not to support companies
in a given industry. Indeed, that is a what we would expect to occur if, for example,
Germany had been late in solar PV. This suggests national institutions functioning
rather as constraints on the choice set available in follower markets, rather than
determining those choices. We discuss this further in the cases of lithium-ion bat-
teries and hydrogen fuel cells below.

To conclude, we are not arguing that national institutions are irrelevant—
rather that in the cases examined here they appear to constrain the policy
choices available to in follower countries. Below we suggest that future research

92 Huenteler et al. (2016).

93 Hobday (1997), 699.

94 Hochstetler and Kostka (2015).
95 Nemet (2009).
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needs to better identify the specific national institutions that allow follower coun-
tries to pursue scaling up or innovating up strategies.

Conclusion

This article addresses the competitive dynamics of global energy transitions. The
lead market hypothesis has shaped thinking on green innovation and industrial
policy. Early adopters of environmental regulation are thought to be able to
capture competitive advantages by exporting clean technologies to the global
market. We proposed that differences in the complexity of technology embedded
in products conditions the ability of lead markets to capture the economic benefits
from being a first mover. In low-complexity technologies that lend themselves to
commodification, we hypothesized that governments in follower countries have
an incentive to focus on “scaling up” manufacturing capacity to achieve compet-
itiveness through economies of scale. Policy competition in solar PV has followed
this pattern. While major producer countries maintained low levels of RD&D
investments, followers, notably China, made major investments into expanding
manufacturing capacity. This led to rapid price declines in solar modules. In com-
paratively more complex technologies, in contrast, we proposed that market com-
petition will focus on product differentiation. This gives governments an incentive
to implement policies that focus more heavily on RD&D strategies that allow
“innovating up” of follower producers. Policy competition in EVs has centered
around innovation strategies and public RD&D investments in both lead and fol-
lower markets.

We identify three areas for future research. First, studies should further probe
the generalizability of the argument that we developed inductively from the solar
PV and EV industries. A “scaling up” pattern appears to be emerging in lithium-ion
batteries, for example, which are a key component of EVs. While Japan and Korea
were the lead markets for the technology, China has followed with significant
support for expanding the manufacturing of battery cells and packs.% Similar to
solar PV, it is plausible that global competition in current-generation battery pro-
duction will center on price. Producers may eventually enter trade disputes over
increasingly commoditized auto batteries. This debate is currently unfolding in
Germany as firms and the government are considering entering battery cell pro-
duction but have so far refrained from investing in the scaling up of manufacturing
of current-generation lithium-ion batteries.?” The question is if battery cells will

96 PV Magazine, 3 February 2018, “Taking batteries from lab to market,” Ian Clover.
97 Sorge (2016).
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follow the path of solar modules or if Germany could gain an innovation-based
competitive advantage. In contrast, complex low-carbon technologies, such as
hydrogen fuel cells, appear to be following a similar path to EVs, with industrialized
economies providing funding largely for R&D. In the early 2000s, all major auto-
producer nations invested substantially in hydrogen fuel cell development, enter-
ing producer subsidy competition.%®

Second, we suggest that GSCs have lowered the barriers to market entry for
producers in follower markets. There are two plausible effects this could have
on the political coalitions supporting clean energy transitions. On the one hand,
GSCs may have the effect of promoting openness in trade in renewable energy
industries, as firms increasingly rely on the import and export of components.%®
Global trade in components could improve the cost competitiveness of clean tech-
nologies relative to traditional fossil fuels. On the other hand, if GSCs increase the
speed with which industries mature, and price competition becomes more prev-
alent, this could weaken overall support for clean energy transitions, in particular
in less complex technologies. Further research could begin to explore which of
these mechanisms has a more powerful effect in shaping the domestic politics
of clean energy transitions. Differences in the complexity of technology in the
wind and solar PV sectors, for example, have been found to systematically affect
the mechanisms of cross-border knowledge-transfer, and this had implications
for the Chinese government’s choice of policy instruments.!%°

Third, our cases suggest that economies have comparative advantages that
condition the extent to which they can pursue innovating up or scaling up strate-
gies. Follower countries can opt to not participate in policy competition. It is, for
instance, unlikely that Germany would have pursued a scaling up strategy if China
had been a lead market in solar PV. The country’s strength lies innovation-inten-
sive manufacturing. China, instead, shows capabilities to innovate up and to scale
up across our two cases. National differences thus act as a constraint on policy
choice in follower markets. Research needs to further explore the critical compar-
ative advantages that allow economies to pursue scaling up or innovating up
industrial strategies.

Our argument on types of policy competition has implications for the pace and
political sustainability of clean technology transitions. A long-standing debate con-
cerns the extent to which global competition helps to support positive environ-
mental outcomes, named the “California Effect.” One key reason proposed for
this is that the competitive advantage created for lead markets creates coalitions

98 Meckling and Nahm (2018).
99 Meckling and Hughes (2017a).
100 Quitzow, Huenteler, and Asmussen (2017).
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between business and government in support of environmental policy. Consistent
with this, political support for clean energy deployment often rests on political
appeals to domestic economic opportunities. The case of solar PV suggests,
however, that while global competition in less complex technologies can drive
cost declines and the rapid deployment of low-technology products, this can
come at the cost of lead markets losing manufacturing to follower markets.
“Scaling up” in follower markets thus bears the risk of undermining the political
coalitions supporting lead market policy for low-carbon technologies. For
instance, the rapid commodification of polycrystalline solar modules along with
the loss of manufacturing in Europe and the United States has led governments
to underinvest in R&D for advanced solar technologies. The challenge for low-
complexity technologies is thus to maintain political support in industrialized
lead markets for continued public investments to maintain energy innovation.!°!
In particular, they need to ensure to build broad coalitions beyond clean energy
manufacturers. In high-complexity technologies, conversely, we are likely to
observe competition based on product differentiation. This suggests that we can
expect continued political support for public investment in lead markets, as they
build and maintain innovation-based competitive advantages.

References

Acemoglu, Daron, Ufuk Akcigit, Douglas Hanley, and William Kerr. 2016. “Transition to Clean
Technology.” Journal of Political Economy 124 (1): 52-104.

Aggarwal, Vinod K., and Simon J. Evenett. 2012. “Industrial Policy Choice During the Crisis Era.”
Oxford Review of Economic Policy 28 (2): 261-83.

Aklin, Michael. and Johannes Urpelainen. 2013. “Political Competition, Path Dependence, and the
Strategy of Sustainable Energy Transitions.” American Journal of Political Science 57 (3):
643-58.

Aklin, Michael. and Johannes Urpelainen. 2018. Renewables: The Politics of a Global Energy
Transition Cambridge, MA: MIT Press.

Andrews-Speed, Philip. 2016. “Applying Institutional Theory to the Low-carbon Energy Transition.”
Energy Research & Social Science 13: 216-25.

Ball, Jeffrey, Dan Reicher, Xiaojing Sun, and Caitlin Pollock. 2017. The New Solar System: China’s
Evolving Solar Industry and its Implications for Competitive Solar Power in the United States
and the World. Stanford, CA: Stanford University.

Barney, Jay. 1991. “Firm Resources and Sustained Competitive Advantage.” Journal of
Management 17 (1): 99-120.

Beise, Marian. 1999. “Lead Markets and the International Allocation of R&D.” Paper prepared for
the 5. ASEAT Conference “Demand, Markets, Users and Innovation: Sociological and
Economic Approaches.” September 14-16. Manchester, United Kingdom.

101 Ball et al. (2017).

https://doi.org/10.1017/bap.2018.20 Published online by Cambridge University Press


https://doi.org/10.1017/bap.2018.20

Policy competition in clean technology = 611

Binz, Christian, Tian Tang, and Joern Huenteler. 2017. “Spatial Lifecycles of Cleantech Industries—
The Global Development History of Solar Photovoltaics.” Energy Policy 101: 386-402.

BMWi. 2013. Bundesbericht Energieforschung. Berlin, Bundesministerium fiir Wirtschaft und
Technologie.

BMWi, BMVBS, BMU, BMBF, BMELV. 2009. Auszug aus dem Bericht an den Haushaltausschuss
Konjunkturpaket Il, Ziffer 9 Fokus “Elektromobilitat.” https://www.bmvi.de/SharedDocs/DE/
Anlage/VerkehrUndMobilitaet/massnahmen-elektromobilitaet-im-konjunkturpaket-ii.pdf?__
blob=publicationFile

BP. 2014. Statistical Review of World Energy.

Bundesregierung. 2006. Nationales Innovationsprogramm Wasserstoff- und
Brennstoffzellentechnologie. https://www.bmvi.de/SharedDocs/DE/Anlage/
VerkehrUndMobilitaet/nationales-innovationsprogramm-wasserstoff-und-brennstoffzellen-
technologie.pdf?__blob=publicationFile.

Bundesregierung. 2009. German Federal Government’s National Electromobility Development
Plan. Bundesregierung.

Bundesregierung. 2011. Regierungsprogramm Elektromobilitat. Berlin, May.

Center for Economic Policy Research. 2016. Global Trade Alert Database. (Accessed 22 August
2016) www.globaltradealert.org.

Chowdhury, Sanjeeda, Ushio Sumita, Ashraful Islam, and Idriss Bedja. 2014. “Importance of Policy
for Energy System Transformation: Diffusion of PV Technology in Japan and Germany.” Energy
Policy 68: 285-93.

Deutch, John, and Edward Steinfeld. 2013. “A Duel in the Sun: the Solar Photovoltaics Conflict
between China and the United States.” A Report of the MIT Future of Solar Energy Study.
Available at http://energy.mit.edu/publication/duel-in-the-sun/.

EPIA. 2011. Global Market Outlook for Photovoltaics Until 2015. Brussels, European Photovoltaic
Industry Association.

Fouquet, Roger. 2016. “Historical Energy Transitions: Speed, Prices and System Transformation.”
Energy Research & Social Science 22: 7-12.

Gallagher, Kelly Sims, Arnulf Griibler, Laura Kuhl, Gregory Nemet, and Charlie Wilson. 2012. “The
Energy Technology Innovation System.” Annual Review of Environment and Resources 37 (1):
137-62.

Gallagher, Kelly Sims. 2014. The globalization of clean energy technology: Lessons from China.
Cambridge, MA: MIT Press.

Garche, Jiirgen, K. Bonhoff, O. Ehret, and W. Tillmetz. 2009. “The German National Innovation
Programme Hydrogen and Fuel Cell Technology.” Fuel Cells 9 (3): 192-96.

Gereffi, Gary. 1994. “The Organization of Buyer-Driven Global Commodity Chains.” In Commodity
Chains and Global Capitalism, edited by Gary Gereffi, Miguel Korzeniewicz. Westport, CT:
Praeger, 95-122.

Gong, Huiming, Michael Q. Wang, and Hewu Wang. 2013. “New Energy Vehicles in China: Policies,
Demonstration, and Progress.” Mitigation and Adaptation Strategies for Global Change 18
(2): 207-28.

Grant, Robert M. 1991. “The Resource-Based Theory of Competitive Advantage: Implications for
Strategy Formulation.” California Management Review 33 (3): 114-35.

Hawkins, Troy R., Ola Moa Gausen, and Anders Hammer Stramman. 2012. “Environmental Impacts
of Hybrid and Electric Vehicles—A Review.” The International Journal of Life Cycle Assessment
17 (8): 997-1,014.

https://doi.org/10.1017/bap.2018.20 Published online by Cambridge University Press


https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/massnahmen-elektromobilitaet-im-konjunkturpaket-ii.pdf?__blob=publicationFile
https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/massnahmen-elektromobilitaet-im-konjunkturpaket-ii.pdf?__blob=publicationFile
https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/massnahmen-elektromobilitaet-im-konjunkturpaket-ii.pdf?__blob=publicationFile
https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/nationales-innovationsprogramm-wasserstoff-und-brennstoffzellen-technologie.pdf?__blob=publicationFile
https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/nationales-innovationsprogramm-wasserstoff-und-brennstoffzellen-technologie.pdf?__blob=publicationFile
https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/nationales-innovationsprogramm-wasserstoff-und-brennstoffzellen-technologie.pdf?__blob=publicationFile
https://www.bmvi.de/SharedDocs/DE/Anlage/VerkehrUndMobilitaet/nationales-innovationsprogramm-wasserstoff-und-brennstoffzellen-technologie.pdf?__blob=publicationFile
http://www.globaltradealert.org
http://energy.mit.edu/publication/duel-in-the-sun/
http://energy.mit.edu/publication/duel-in-the-sun/
https://doi.org/10.1017/bap.2018.20

612 = Llewelyn Hughes and Jonas Meckling

Hobday, Mike. 1997. “Product Complexity, Innovation and Industrial Organisation.” Research
Policy 26 (6): 689-710.

Hochstetler, Kathy, and Genia Kostka. 2015. “Wind and Solar Power in Brazil and China: Interests,
State—Business Relations, and Policy Outcomes.” Global Environmental Politics 15 (3):
74-94.

Huenteler, Joern, Tobias S. Schmidt, Jan Ossenbrink, and Volker H. Hoffmann. 2016. “Technology
life-cycles in the Energy Sector—Technological Characteristics and the Role of Deployment for
Innovation.” Technological Forecasting and Social Change 104: 102-21.

Hughes, Llewelyn, and Jonas Meckling. 2017. “The Politics of Renewable Energy Trade: The US-
China Solar Dispute.” Energy Policy 105: 256-62.

International Energy Agency. 2015. World Energy Outlook. Paris, International Energy Agency.

International Energy Agency. 2016. Global EV Outlook. Paris: International Energy Agency.

International Energy Agency. 2017. OECD - Net Capacity of Renewables. Paris: International Energy
Agency. DOI: http://dx.doi.org/10.1787/data-00467-en.

IRENA. 2013. Renewable Power Generation Costs in 2012: An Overview. Bonn: International
Renewable Energy Agency.

Jacob, Klaus, Marian Beise, )Jiirgen M. Blazejczak, Dietmar Edler, Riidiger Haum, Martin Janicke,
Thomas Low, Ulrich Petschow, and Klaus Rennings. 2005. Lead Markets for Environmental
Innovations. Heidelberg, Physica-Verlag.

Janicke, Martin, and Klaus Jacob. 2004. “Lead Markets for Environmental Innovations: A New Role
for the Nation State.” Global Environmental Politics 4 (1): 29-46.

Joint Committee on Taxation. 2010. Estimates of Federal Tax Expenditures in 2010-2014. House
Committee on Ways and Means. Washington, D.C.: U.S. Government Printing Office.

Keller, Wolfgang. 2004. “International Technology Diffusion.” Journal of Economic Literature 42
(3), 752-82.

Kern, Florian, and Karoline S. Rogge. 2016. “The Pace of Governed Energy Transitions: Agency,
International Dynamics and the Global Paris Agreement Accelerating Decarbonisation
Processes?” Energy Research and Social Science 22: 13-17.

Lachapelle, Erick, Robert MacNeil, and Matthew Paterson. 2017. “The Political Economy of
Decarbonisation: From Green Energy ‘Race’ to Green ‘Division of Labour’.” New Political
Economy 22 (3): 311-27.

Laird, Frank N., and Christoph Stefes. 2009. “The Diverging Paths of German and United States
Policies for Renewable Energy: Sources of Difference.” Energy Policy 37 (7): 2,619-29.

Larminie, James, and John Lowry. 2012. Electric Vehicle Technology Explained, Second Edition.
West Sussex, United Kingdom: Wiley.

Lewis, Joanna I. 2014. “The Rise of Renewable Energy Protectionism: Emerging Trade Conflicts and
Implications for Low Carbon Development.” Global Environmental Politics 14 (4): 10-35.

Li, Wenbo, Ruyin Long, and Hong Chen. 2016. “Consumers’ Evaluation of National New Energy
Vehicle Policy in China: An Analysis Based on a Four Paradigm Model.” Energy Policy 99:
3-41.

Lutton, Josh. 2011. “Solar Photovoltaics: A High-tech Commodity.” Available at: http://www.
renewableenergyworld.com/articles/2011/02/solar-photovoltaics-a-high-tech-commodity.
html (Accessed on 22 August 2017).

Malerba, Franco. 2005. “Sectoral Systems of Innovation: A Framework for Linking Innovation to the
Knowledge Base, Structure and Dynamics of Sectors.” Economics of Innovation and New
Technology 14 (1-2): 63-82.

https://doi.org/10.1017/bap.2018.20 Published online by Cambridge University Press


http://dx.doi.org/10.1787/data-00467-en
http://dx.doi.org/10.1787/data-00467-en
http://www.renewableenergyworld.com/articles/2011/02/solar-photovoltaics-a-high-tech-commodity.html
http://www.renewableenergyworld.com/articles/2011/02/solar-photovoltaics-a-high-tech-commodity.html
http://www.renewableenergyworld.com/articles/2011/02/solar-photovoltaics-a-high-tech-commodity.html
http://www.renewableenergyworld.com/articles/2011/02/solar-photovoltaics-a-high-tech-commodity.html
https://doi.org/10.1017/bap.2018.20

Policy competition in clean technology = 613

Malerba, Franco, and Luigi Orsenigo. 1997. “Technological Regimes and Sectoral Patterns of
Innovative Activities.” Industrial and Corporate Change 6 (1): 83-118.

McNerney, )., J. D. Farmer, S. Redner, and J. E. Trancik. 2011. “Role of Design Complexity in
Technology Improvement.” Proceedings of the National Academy of Sciences 108 (22): 9008-
9013.

Meckling, Jonas, Nina Kelsey, Eric Biber, John Zysman. 2015. “Winning Coalitions for Climate
Policy.” Science 249 (6,253): 1,170-71.

Meckling, Jonas, and Llewelyn Hughes. 2017a. “Globalizing Solar: Global Supply Chains and Trade
Preferences.” International Studies Quarterly 61 (2): 225-35.

Meckling, Jonas, and Llewelyn Hughes. 2017b. “Protecting Solar: Global Supply Chains and
Business Power.” New Political Economy 23 (1): 88-104.

Meckling, Jonas. 2018. “The developmental state in global regulation: Economic change and
climate policy.” European Journal of International Relations 28 (1): 58-81.

Meckling, Jonas, and Jonas Nahm. 2018. “When Do States Disrupt Industries? Electric Cars and the
Politics of Innovation.” Review of International Political Economy. doi 10.1080/
09692290.2018.1434810.

Mehta, Shyam. 2013. Global PV Module Manufacturers 2013: Competitive Positioning,
Consolidation and the China Factor. GTM Research.

Nahm, Jonas. 2017. “Renewable Futures and Industrial Legacies: Wind and Solar Sectors in China,
Germany, and the United States.” Business and Politics 19 (1): 68—106.

Nahm, Jonas, and Edward S. Steinfeld. 2014. “Scale-up Nation: China’s Specialization in
Innovative Manufacturing.” World Development 54: 288-300.

NEA. 2017. Solar data. China National Energy Administration. http://www.nea.gov.cn/2016-02/
05/c_135076636.htm (accessed on 11 September 2018).

Nemet, Gregory F. 2009. “Demand-pull, Technology-push, and Government-led Incentives for Non-
incremental Technical Change.” Research Policy 38 (5): 700-709.

Ou, Shiqi, Zhenhong Lin, Zhixin Wu, Jihu Zheng, Renzhi Lyu, Steven Przesmitzki, and Xin He. 2017. A
Study of China s Explosive Growth in the Plug-in Electric Vehicle Market. No. ORNL/TM-2016/
750. Oak Ridge National Laboratory, Oak Ridge National Transportation Research Center.

Pacca, Sergio, Deepak Sivaraman, and Gregory A. Keoleian. 2007. “Parameters affecting the life
cycle performance of PV technologies and systems.” Energy Policy 35 (6): 3,316-26.

Pegels, Anna, and Wilfried Litkenhorst. 2014. “Is Germany’s Energy Transition a Case of
Successful Green Industrial Policy? Contrasting Wind and Solar PV.” Energy Policy 74:
522-34.

Porter, Michael. E. 1990. The Competitive Advantage of Nations. London: Macmillan Press.

Quitzow, Rainer. 2015. “Dynamics of a Policy-driven Market: The Co-evolution of Technological
Innovation Systems for Solar Photovoltaics in China and Germany.” Environmental Innovation
and Societal Transitions 17: 126-48.

Quitzow, Rainer, Rainer Walz, Jonathan Kéhler, and Klaus Rennings. 2014. “The Concept of “Lead
Markets” Revisited: Contribution to Environmental Innovation Theory.” Environmental inno-
vation and Societal Transitions 10: 4-19.

Quitzow, Rainer, Joern Huenteler, and Hanna Asmussen. 2017. “Development trajectories in
China’s wind and solar industries: How technology-related differences shape the dynamics of
industry localization and catching up.” Journal of Cleaner Production 158: 122-33.

Rabe, Barry. 2007. “Race to the Top: The Expanding Role of U.S. State Renewable Portfolio
Standards.” Sustainable Development Law and Policy 7: 10-16.

REN21. 2018. Renewables 2018: Global Status Report. Paris: REN21 Secretariat.

https://doi.org/10.1017/bap.2018.20 Published online by Cambridge University Press


http://www.nea.gov.cn/2016-02/05/c_135076636.htm
http://www.nea.gov.cn/2016-02/05/c_135076636.htm
http://www.nea.gov.cn/2016-02/05/c_135076636.htm
https://doi.org/10.1017/bap.2018.20

614 = Llewelyn Hughes and Jonas Meckling

Rennkamp, Britta, Sebastian Haunss, Kridtiyaporn Wongsa, Araceli Ortega, and Erika Casamadrid.
2017. “Competing Coalitions: The Politics of Renewable Energy and Fossil Fuels in Mexico,
South Africa and Thailand.” Energy Research & Social Science 34: 214-23.

Rodrik, Dani. 2014. “Green Industrial Policy.” Oxford Review of Economic Policy 30 (3): 469-91.

Rogge, Karoline S., and Kristin Reichardt. 2016. “Policy Mixes for Sustainability Transitions: An
Extended Concept and Framework for Analysis.” Research Policy 45 (8): 1,620-35.

Scherer, Frederic M. 1992. International High-Technology Competition. Cambridge, MA: Harvard
University Press.

Schmidt, Tobias S., and Sebastian Sewerin. 2017. “Technology as a Driver of Climate and Energy
Politics,” Nature Energy 2: 1-3.

Singh, Kulwant. 1997. “The Impact of Technological Complexity and Interfirm Cooperation on
Business Survival.” Academy of Management Journal 40 (2): 339-67.

Shahan, Zachary. 2016. “BMW-Samsung Batteries vs. Tesla-+Panasonic Batteries—Which Are
Better?” Clean Technica. Available at https://cleantechnica.com/2016/07/16/bmwsam-
sung-batteries-vs-teslapanasonic-batteries-better/ (accessed 8 October 2018).

Sorge, Nils-Viktor. 2016. Der brisante Milliardenpoker um die Batterieproduktion. Manager
Magazine. Available at: http://www.manager-magazin.de/unternehmen/autoindustrie/bat-
teriefabriken-das-milliardenspiel-der-autokonzerne-a-1118054-druck.html (accessed on 11
September 2018).

Stokes, Leah C., and Hanna L. Breetz. “Politics in the US Energy Transition: Case Studies of Solar,
Wind, Biofuels and Electric Vehicles Policy.” Energy Policy 113 (2018): 76—-86.

Vernon, Raymond. 1966. “International Investment and International Trade in the Product Cycle.”
Quarterly Journal of Economics 80 (2): 190-207.

Vogel, David. 1995. Trading Up: Consumer and Environmental Regulation in a Global Economy.
Cambridge, MA: Harvard University Press.

Wan, Zheng, Daniel Sperling, and Yunshi Wang. 2015. “China’s Electric Car Frustrations.”
Transportation Research Part D: Transport and Environment 34: 116-21.

Wang, Hua, and Chris Kimble. 2011. “Leapfrogging to Electric Vehicles: Patterns and Scenarios for
China’s Automobile Industry.” International Journal of Automotive Technology and
Management 11 (4): 312-25.

White House. 2009. “2.4 Billion in Grants to Accelerate the Manufacturing and Deployment of the
Next Generation of US Batteries and Electric Vehicles.”

Yuan, Xueliang, Xin Liu, and Jian Zuo. 2015. “The development of new energy vehicles for a sus-
tainable future: a review.” Renewable and Sustainable Energy Reviews 42: 298-305.

Yoshida, Kenichiro. 2015. EV/PHV Fukyu ni Muketa Keizai Sangyosho no Torikumi ni Tsuite. Tokyo:
Ministry of Economy, Trade and Industry. 8 June.

Zhang, Sufang, Philip Andrews-Speed, and Meiyun Ji. 2014. “The Erratic Path of the Low-carbon
Transition in China: Evolution of Solar PV Policy.” Energy Policy 67: 903-912.

Zhang, Xingping, Yanni Liang, Enhai Yu, Rao Rao, and Jian Xie. 2017. “Review of Electric Vehicle
Policies in China: Content Summary and Effect Analysis.” Renewable and Sustainable Energy
Reviews 70: 698-714.

Zhou, Guanghui, Xunmin Ou, and Xiliang Zhang. 2013. “Development of Electric Vehicles Use in
China: A Study from the Perspective of Life-cycle Energy Consumption and Greenhouse Gas
Emissions.” Energy Policy 59: 875-84.

Zysman, John, and Mark Huberty. 2014. Can Green Sustain Growth? Stanford, CA: Stanford
Business Books.

https://doi.org/10.1017/bap.2018.20 Published online by Cambridge University Press


https://cleantechnica.com/2016/07/16/bmwsamsung-batteries-vs-teslapanasonic-batteries-better/
https://cleantechnica.com/2016/07/16/bmwsamsung-batteries-vs-teslapanasonic-batteries-better/
http://www.manager-magazin.de/unternehmen/autoindustrie/batteriefabriken-das-milliardenspiel-der-autokonzerne-a-1118054-druck.html
http://www.manager-magazin.de/unternehmen/autoindustrie/batteriefabriken-das-milliardenspiel-der-autokonzerne-a-1118054-druck.html
http://www.manager-magazin.de/unternehmen/autoindustrie/batteriefabriken-das-milliardenspiel-der-autokonzerne-a-1118054-druck.html
https://doi.org/10.1017/bap.2018.20

	Policy competition in clean technology: Scaling up or innovating up?
	Introduction
	Lead markets, global competition, and green industrial policy
	Technological complexity: low vs high
	Follower market policy: scaling up vs. innovating up

	Technological complexity of solar PV and EVs
	Scaling up: the solar industry
	Lead Market Policy: Germany
	Follower market policy: scaling up in China

	Innovating up: the EV industry
	Lead market policy: the United States and Japan
	Follower market policy: innovating up in Germany

	Alternative explanations
	Conclusion
	References


