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For several decades, China tried to catch up in the automotive industry, yet until recently with little success.
Now, the paradigm shift from internal combustion to electric driving has opened a window of opportunity to
catch up with global competitors. The Chinese government provided a strong policy push to become a lead
market, allowing firms to accumulate technological capabilities and increasingly turn into lead manufacturers.
This paper combines patent data and qualitative analyses of subsector trends to assess the technological capa-

China bilities and the international competitiveness of the Chinese industry in electromobility. We find that the country
is indeed leapfrogging ahead in some domains (electric buses, lithium batteries) and rapidly catching up in
others, including passenger vehicles. Ambitious green transformation policies can thus spur catch-up and

competitiveness.

1. Introduction

Globally, environmental policies are becoming more stringent and
better enforced (OECD, 2018). Thereby, production and consumption
are gradually geared towards greener technologies. While this change is
lagging behind the level of ambition required to avoid major environ-
mental catastrophes (Burck et al., 2019), some economic activities are
already undergoing a remarkable “green transformation”, including
power generation and the automotive industry. Innovation research
suggests that such deep transformations create a more level playing field
for latecomers. As existing technological and institutional settings are
challenged, certain advantages that incumbents accumulated over time
—1in terms of specific fixed assets and capabilities, economies of scale and
network externalities — become obsolete. New opportunities thus arise
for newcomers who are not locked into old business models, technolo-
gies and networks.

This paper explores China's attempt to take advantage of the global
trend towards electrification of end-use sectors to become a technolog-
ical leader in the newly emerging electric vehicle and related industries.
In doing so, it aims at answering the following research question: To
what extent are Chinese firms closing the technological gap vis-a-vis, or
even leapfrogging ahead of, the world's leading corporations in key
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industries related to electric vehicle manufacturing? The topic bears
enormous relevance from an energy policy perspective, since transport
accounts for 24 % of direct CO, emissions from fuel combustion globally
(IEA, 2020a). China's leapfrogging experiment holds important policy
lessons for the world. Also, there is a heated debate internationally if and
when restructuring of existing industries towards greener technologies
strengthens or erodes the competitiveness of domestic firms. If we can
show that China's automotive industry, after decades of failed attempts,
now succeeds in catching up or even leapfrogging ahead by accelerating
the shift to cleaner technologies, this would represent an important
piece of evidence supporting the business case of green transformations.

The following Section 1 briefly reviews the existing literature on
green transformation, catching up and leapfrogging, and argues that the
electromobility paradigm in the automotive industry creates favourable
conditions for leapfrogging. Section 2 summarises China's objectives and
policies to leapfrog in electromobility. In the following two sections, we
undertake an effort to assess the technological capabilities and
competitive performance of the Chinese automotive industry. Section 3
provides a patent analysis, whereas Section 4 provides qualitative evi-
dence of competitive performance in the market segments of passenger
electric vehicles (EV), electric buses and batteries. Section 5 concludes.
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2. The dynamics of catching up and leapfrogging in green
technologies, and the case of electromobility

Evolutionary research has proposed that latecomer economies find it
easier to catch up with previous industrial leaders when deep techno-
economic and socio-institutional changes alter the rules of the game
(Malerba and Lee, 2021). Major changes in knowledge and technology
combined with changes in public policy and in demand may open
windows of catch-up for latecomers. It is the combination of the opening
of a window and the responses of firms and other components of the
sectoral system of the latecomer country that lead to catch-up and to a
change in industrial leadership (Lee and Malerba, 2017; Lema et al.,
2020).

As several authors claim, the shift to greener economies has all the
characteristics of such a deep paradigm change (Freeman, 1992; Perez,
2013; Pegels and Altenburg, 2020). The shift from fossil-based to
renewables-based energy systems is a case in point. The demand for
renewable energy gave rise to a range of new energy technologies — solar
photovoltaics, concentrated solar power, wind turbines, geothermal —
which allowed the emergence of big new companies, whereas some of
the traditional energy utilities accumulated losses and in some cases
went bankrupt. The renewable energy technologies furthermore trig-
gered second-round innovations in related technologies, including en-
ergy storage and smart grids, as well as new business models, from
village-level energy cooperatives to green finance innovations.

Altenburg and Rodrik (2017) argue that the green transformation
may be even more conducive to leapfrogging than many previous system-
wide paradigm shifts. This is because the green transformation is mainly
policy-driven. Previous episodes of disruptive technological change had
mainly been driven by technological inventions — the steam engine, the
automobile, the computer — and unfolded through a market-driven
process of innovation, entry of new firms, competition and exit of less
efficient firms. The currently ongoing change towards greener produc-
tion and consumption is driven by scientists identifying alarming sus-
tainability risks and political actors enacting regulation to hedge against
these risks (Leggewie and Messner, 2012). Technological solutions are
then triggered by new policies: Pigouvian taxes steering investments to
greener technologies, green standards, targeted R&D and deployment
subsidies for green alternatives, and many others. Hence, policymakers
have exceptional leeway for influencing the speed of the green trans-
formation in their home economies, and they can combine environ-
mental and technology policies strategically to catch up with
technological leaders in strategic industries.

While these arguments support in general the likelihood of catching
up and leapfrogging in a green paradigm change, empirical evidence is
still weak. Most examples of early mover advantages in green technol-
ogies have been documented for advanced countries (Ambec, 2017)
rather than for latecomers.

Within green sectors, China's electric vehicle industry is a particu-
larly interesting case. New green technologies have opened a window of
opportunity in which Chinese firms were able to move in forcefully and
accumulate advanced technological capabilities in a series of techno-
logical domains. This process of learning and capability building has
been associated with a response of public policy and a support for do-
mestic demand. The strong complementarity between learning and ca-
pabilities by domestic firms and the response by the sectoral system in
terms of public policy and demand has triggered a process of catch-up
and an increase in the competitive advantages of Chinese firms.

In particular, in the Chinese electric vehicle industry, stringent
environmental regulations and an ambitious package of regulations and
subsidies have been applied to a latecomer industry with the explicit aim
of leapfrogging beyond the traditionally more advanced automobile-
producing countries. Globally, electric vehicles are still a niche

! Exceptions include Pegels and Altenburg (2020) and Lema et al. (2020).
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market, accounting for <1 % of the global overall passenger vehicle fleet
in 2019 (IEA, 2020b, 40), but market analyst Bloomberg NEF estimates
that 57 % of all passenger vehicle sales will be electric by 2040
(Bloomberg NEF, 2019). At COP26 in Glasgow, 38 governments and an
number of leading car manufacturers including Ford, GM, Mercedes-
Bent, Volvo and BYD, signed an agreement to “work towards all sales
of new cars and vans being zero emission globally by 2040, and by no
later than 2035 in leading markets.”> All major economies have taken
action to phase out internal combustion engines (ICE) and subsidise EV.
In parallel, performance and cost competitiveness vis-a-vis conventional
cars are increasing. By 2020, most new models can drive >300 km with
a battery load. The cost of batteries has decreased dramatically — from
1160 real 2018 US$ per volume-weighted average lithium-ion pack in
2010 to 137 in 2020 (Bloomberg NEF, 2019, 2020). As a result, Total
Cost of Ownership, which considers both purchase and operating ex-
penses, is expected to be lower for EV than for ICEs from the mid-2020s
(Bloomberg NEF, 2019).

This trend devalues many of the incumbent carmaker's competitive
advantages in terms of capabilities and network effects (Altenburg,
2014, 14ff.):

The carmakers' core competence no longer lies in powertrains but in
batteries and the abilities to align their performance with the specific
requirements of different cars;

e EVs require a range of other components, such as electric engines,
charging devices, new thermo management systems and innovative
lightweight materials, whereas pistons and crank shafts, alternators,
exhaust systems and fuel tanks are no longer needed. Electric pow-
ertrains have far fewer parts than conventional powertrains, making
the specialised competencies of many established supplier firms
obsolete;

EVs are therefore easier to build, lowering entry barriers for new-
comers. This has encouraged industry newcomers to challenge in-
cumbents, including Tesla in the US, BYD and Zotye in China, and
many start-ups. Turkey has entered the automotive industry for the
first time setting up a company that is expected to roll out electric
SUVs in 20227

Energy supply for cars requires a very different infrastructure, with
electric charging stations replacing fuel-filling stations. This de-
values assets of oil corporations and creates new investments for
utilities and other newcomers.

Moreover, the change of the propulsion technology is only the
beginning of further deep changes towards connected, autonomous,
shared, and electric driving (Teece, 2018; Schloblach and Retzer, 2018).
New alliances of firms are investing in big data for mobility services,
driverless fleets, sharing and new ownership models. Thus it is not
exaggerated to classify this as a techno-economic and socio-institutional
paradigm shift. It triggered enormous investments in R&D which is re-
flected in an increase of world patents and utility models” in EV tech-
nologies from 5000/year at the turn of the century to 47,500 in 2015
(Fig. 1).°

2 COP26 declaration on accelerating the transition to 100 % zero emission
cars and vans, published 10 November 2021. https://www.gov.uk/governme
nt/publications/cop26-declaration-zero-emission-cars-and-vans/cop26-decl
aration-on-accelerating-the-transition-to-100-zero-emission-cars-and-vans.

3 https://www.dw.com/en/togg-turkey-auto-industry-erdogan-bursa-
electric-vehicles/a-54307384, retrieved 22 December 2020.

# Utility models are “fast IP rights” that have lesser requirements than full
patents.

5 For a detailed description of the methodology considered in the analysis, see
Section 4. If we consider patent families, the total number increased from 2483
at the beginning of the century to almost 24,000 in 2014.
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Fig. 1. Total number of world patents and utility models in EV by year.
Source: own calculations based on PATSTAT.

3. China's attempt to leapfrog in electromobility: public policy
and firm strategy

Over the last decade, China has promoted electromobility more
decidedly than any other car-producing country, both in terms of level of
subsidies and comprehensiveness of the policy packages (IEA, 2020b,
99ff.; Altenburg et al., 2016). In doing so, the government pursued two
main objectives. First, it aimed at curbing urban air pollution. All large
cities in China are surpassing the World Health Organization's recom-
mended limit for particular matter (10 pg/m® of PM2.5, annual
average), despite considerable recent improvements due to the shut-
down of power plants and factories in polluted cities (Leung, 2019). In
most Chinese cities, road transport is the second largest source of PM2.5
concentrations (Kao, 2018).

Second, the Chinese government recognised the emerging electro-
mobility paradigm as an opportunity to leapfrog ahead of the estab-
lished international automotive industry (Altenburg et al., 2017, 188f.).
China has promoted automotive production since the 1950s and rec-
ognised it as a strategic “pillar industry” in its ‘Automotive Industry
Policy’, enacted in 1994 (Holweg et al., 2005, 13f.). Yet, several decades
of government support had not been sufficient to achieve international
competitiveness. The shift to electromobility is now playing into the
hands of China's industry. The most critical component in terms of value
added and technological complexity is now the battery. In it, China has
two advantages: Control over large shares of global reserves of rare earth
elements and other strategic minerals (Fernandez, 2017); and techno-
logical expertise developed in the manufacture of lithium batteries for
the computer and consumer electronics industry.

Around 2009, the central government determinedly shifted gear to-
wards electromobility. Later, the ‘Made in China 2025’ plan defined
“New Energy Vehicles” (NEV)® one of seven “strategic emerging in-
dustries” and set the targets of reaching 80 % EV share in total Chinese
car sales and 20 % share in the total vehicle stock by 2025. Over time, a
comprehensive policy package was developed to promote electro-
mobility (Goncalves Muniz et al., 2019; IEA, 2020b, 99f.; Zhang and
Qin, 2018):

e ICE restriction policies, which control the number of new ICE vehicle
registrations and limit the usage of the existing fleet. Many regional
governments provide EV license plates for free, whereas residents
have to go through a lottery or an auction to register a new ICE.

6 These include battery electric and plug-in hybrid vehicles, thus excluding
“mild hybrids” where the main engine still is an ICE. The NEV definition
comprises conventional passenger vehicles only, thereby excluding low-speed
electric vehicles (LSEVs, see below) from public support.
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Utility models

Moreover, there are restrictions for investing in new ICE vehicle
manufacturing plants;

e Fuel economy standards, setting a target of a 4 1/100 km as the

average that each manufacturer has to achieve for its new fleet by

2025;

Starting in 2009, both the central and many local governments

offered purchase subsidies for locally produced models. In 2016,

subsidies were as high as US$ 8000 per purchase of a battery electric

vehicle, and between 2009 and 2015, EV purchase subsidies
amounted to 4.5 billion EUR (Retzer et al., 2018). In addition, tax
incentives were provided, such as the removal of the 10 % purchase

tax for the period 2014-2017;

e In 2018, mandatory EV percentage targets for car manufacturers
were introduced, based on a complicated system of “credits”
depending on performance and type of technology;

e In 2008, 13 city-wide demonstration projects started to test car

fleets, roll out charging infrastructure and familiarise citizens with

electromobility. Later, another 12 cities were added;

Public procurement ensured early deployment of electric vehicles,

particularly public bus and taxi fleets;

Government-funded research programs were targeted to the devel-

opment of battery technology and later on to induce consolidation

among battery manufacturers.

In addition, private companies employed a range of activities for
tapping into the knowledge base of leading manufacturers. This
included traditional technology licensing, dozens of strategic co-
investments with leading international manufacturers (e.g. BYD with
Daimler, CATL with BMW), cooperation agreements among big Chinese
corporations with complementary capabilities (e.g. BAIC Motor with
Didi Chuxing for mobility services and CATL for battery know-how) as
well as many of the measures that Lema and Lema (2012: 23) classify as
“new, unconventional technology transfer mechanisms”. The latter
include the systemic hiring of senior executives and chief engineers from
established firms. BYD established a “global design center” run by
leading designers hired from Audi, Ferrari and Mercedes Benz. Simi-
larly, start-ups like Xpeng and Byton, many of which have financially
powerful Chinese technology companies (Alibaba, Didi, Tencent and
Baidu) as shareholders, invested heavily in recruiting top managers and
developers from leading international carmakers. Other important
channels of technology appropriation consist in the acquisition of
foreign technology companies (such as the acquisition of Volvo by
Geely) and R&D partnerships (e.g. between Shanshan and BASF to
develop new battery materials).

This combination of a comprehensive policy package and firm-level
technology strategies led to an enormous boom in EV deployment. Be-
tween 2015 and 2020, the stock of electric passenger vehicles increased
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from 0.3 to 4.5 million. In 2020, 44 % of the world's electric car fleet
circulated in China (IEA, 2021).

Overall, the electromobility policy has been characterised by
experimentation and repeated evidence-based revisions. As a particu-
larly notable policy adaptation, EV purchase subsidies have gradually
been reduced from 2016 onwards and replaced with regulatory targets
and indirect subsidies, in an attempt to promote competitive discipline.
Subsidies were increasingly made conditional upon technological per-
formance. The explicit aim was not only to decrease the fiscal burden,
but also to weed out inefficient manufacturers, leaving only the most
competitive ten companies in the market (Retzer et al., 2018, 11). For
the same reason, foreign companies are no longer limited to ownership
shares below 50 %. In November 2020, China's State Council corrobo-
rated this orientation towards international openness, market-led
development and greater emphasis on innovation and competitiveness
in its “New Energy Vehicle Industry Development Plan (2021-2035)”.
Foreign carmakers had been reluctant to use cutting-edge technologies
in Joint Ventures with Chinese partners, fearing leakage of core com-
petencies. With 100 % ownership, they are now willing to use China as
an export platform for the newest designs and technologies.

Have China's ambitious and costly electromobility policies paid off in
terms of catching up in automobile manufacturing and related in-
dustries? The fact that China is the world's “lead market” (Beise and
Rennings, 2003, 6f.) for EVs does not suffice to prove this. First, demand
for electric vehicles has largely been driven by government incentives.
China's incentive packages have been among the most generous
worldwide. Manufacturers in China therefore had a much stronger
incentive to sell locally than to export. At the same time, imported
electric vehicles pay high import duties and do not benefit from China's
EV subsidies. As a result, China is a captive market. GIZ (2019) estimates
that only about 2500 EV were exported from China, and 24,000 im-
ported. Given these distortions, trade-based indicators of competitive-
ness, such as “revealed comparative advantage” (Balassa, 1965), are no
useful proxies. In fact, the market expansion ended in 2018/19 when
purchase subsidies were cut by 50 %, leading to stagnant sales (IEA,
2021). Second, the entire industry is still in an “era of ferment”
(Anderson and Tushman, 1990, 604), typical of technological paradigm
changes, where a wide range of technologies are being tested. It is
difficult to predict which ones may become the dominant design and
which companies may emerge as technological leaders.

With these difficulties to assess competitive performance in mind, we
undertook a two stage-analysis to assess China's position relative to
technological leaders. First, we analysed patenting trends in the relevant
industries with a special focus on assessing their quality. Patents reflect
technological capabilities even before they materialise in economic
success or failure. Second, we reviewed the specialised ‘grey’ literature
to capture industry statistics and specific information on technological
and business model innovation, market shares, export deals, Chinese
outward FDI and the like. In our analysis, we distinguish three segments
of the EV industry: passenger cars, buses and battery manufacturing
(Section 4).

4. China's technological catch-up and innovation performance:
a patent-based analysis

We will now focus on the Chinese technological catch-up and inno-
vation performance by examining patent registrations in the PATSTAT
dataset. We distinguish technological classes based on the Cooperative
Patent Classification (CPC), an effort to harmonise the classification
systems of the United States Patent and Trademark Office (USPTO) and
the European Patent Office (EPO). The CPC is better suited for our
purpose than the International Patent Classification because it adds a
new “Y section” for new technologies.

We include in our analysis four classes from the category YO2T
(“Climate change mitigation technologies related to transportation™) as
well as the class Y10S 903/00, which refers to “Hybrid Electric
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Vehicles”. Furthermore, we select a wide range of technological classes
not belonging to the Y category, which are nonetheless relevant to
investigate the evolution of electric vehicles technologies. We consider
all the classes selected by Pilkington et al. (2002) and Yang et al. (2013)
and examine the content of the classes to check for consistency with the
topic of analysis. Additionally, we ran a search on Espacenet, a public
online service offering access to patent documents from all over the
world, using the keywords “electric vehicles”, “hybrid electric vehicles”
and “plug-in hybrid electric vehicles”. This helped us to refine further
the selection of technological classes (see Appendix A for the complete
list of all the classes used). We then collect data on patent and utility
model applications in the four most important patent offices - USPTO,
EPO, the China National Intellectual Property Administration (SIPO)
and the World Intellectual Property Organization (WIPO) - for the period
1990-2015. We use the patent data up to 2015, since more recent data
are less reliable. However, looking at the evolution of the innovative
activity in the field and at the timing of the implementation of different
green policies in China, the selected time span is the most appropriate
one to study China's catching up in electric vehicle technologies (see also
Corrocher et al., 2021).

Compared to previous studies (Pilkington et al., 2002; Pilkington and
Dyerson, 2006; Yang et al., 2013; Faria and Andersen, 2017), we make
two novel contributions. First, our analysis covers a more complete set of
technological classes, notably including the relevant classes belonging to
the new Y category. This includes, for example, “energy storage for
electromobility”, “technologies related to electric vehicle charging,
including electric charging stations” and “information or communica-
tion technologies improving the operation of electric vehicles”. Second,
while the previous studies covered only USTPO and EPO (and also the
World Intellectual Property Organization WIPO in the case of Faria and
Andersen, 2017), we cover all relevant patent offices including the
Chinese SIPO.

China's EV patent and utility model applications have expanded very
fast, rising from slightly above 2000 filed in 2005 to almost 16,000 ten
years later (Fig. 2).

This growth has been far more rapid than the growth in EV patenting
globally. In the same time span the total number of patent and utility
model applications at the global level has increased from 12,263 to
47,542. As a result, the Chinese share in global EV patents rose from 2.4
% in the decade 1991-2000 to 15.5 % in the 2000-2016 period (from
13.3 % to 28.0 %. if we include utility models). If we consider the patent
families, which is a more precise indicator of innovative activity, the
Chinese share of patents (excluding utility models) rose from an average
of 4.4 % in the decade 1991-2000 to an average of 33.3 % between 2011
and 2014 (including utility models: from 18.9 % to 47.2 %; Fig. 3).

Some of the corporate innovators soon moved into the group of
globally leading EV patents applicants. Not one single Chinese firm
ranked among the global top 20 patent applicants until 2006, when BYD
joined the top EV developers. Ten years later, half of the top 20 appli-
cants were from China (PATSTAT database).

Not all patent applications reflect the same level of innovativeness
and have the same commercial value. We therefore analyze the quality
of Chinese patenting using four indicators:

a. Share of patent applications in total IP applications. Applicants
have the choice to apply for patents or utility models. The latter are
intellectual property rights that are easier, faster and cheaper to
obtain than patents and typically have a shorter term. They can be
understood as second-order patents with lower degree of protection
and less commercial value. In the early nineties, only 20 % of ap-
plications aimed to obtain a full patent, yet this share increased
steadily since 2000 and surpassed 60 % in 2014 — a clear sign of
increasing quality (Fig. 4).

b. Number of patents per patent family. Patent applicants can file
their application in only one or in various patent offices. Applying to
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Fig. 4. Share of utility models and patents in total Chinese EV IP applications.

one office only suggests that the respective innovation is not families, that is, the set of patents taken in multiple jurisdictions to
considered to be used elsewhere; conversely, patents filed in multiple protect the same invention, are a useful indicator. First, a large
jurisdictions van be considered globally valuable patents. Patent family size indicates worldwide application of a patent; second,
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counting patent families avoids double counting of essentially
identical patents. Our final sample includes 435,166 patents and
175,046 patent families. Table 1 shows that for Chinese applicants it
is quite common to have only one patent per family, whereas the
global average is almost three. This suggests that Chinese inventors
do not see their inventions as promising for international markets. In
the same vein, Chinese patents represent 76.1 % of total applications
at SIPO, compared to only 2.2 % at EPO and 3.0 % at USPTO. If we
look at trends, however, we see an increase in family size and a steep
rise of Chines applications outside of China.

c. Forward citations refer to other patents that cite a specific patent,
hence, in our case, many forward citations of a given Chinese patent
imply knowledge spillovers from that patent to subsequent in-
ventions. On average, Chinese patents have received fewer citations
than German, Japanese and US patents. Over time, however, Chinese
patents are improving in quality, as newer patents receive more ci-
tations than older one (see Table Al in the Appendix). We have
regressed through a linear regression model the number of forward
citations by patents over a series of (selected) country dummy vari-
ables and over a series of indicators of country-time. These indicators
are obtained by multiplying the earliest publication year by a dummy
variable that assumes value 1 if the applicant belongs to the country
of observation and 0 otherwise (controlling for the earliest publica-
tion date). Model 1 includes only the variable on the time from grant,
Model 2 includes the dummy for China, Model 3 adds the interaction
between China and time from grant and Model 4 includes all the
country-dummy and their interactions with time. Results show that
even though Chinese patents receive fewer citations than non-
Chinese patents overall, the relationship between the number of
forward citations and the age of the patent is negative: this means
that older patents receive less citations, while newer patents receive
more. This can be interpreted as Chinese patents improving in
quality over time. Table A2 in the Appendix shows the results of the
regressions for the forward citations.

d. Backward citations refer to previous patents cited by a new patent.
A high number of backward citations suggest that the respective new
application draws knowledge from a variety of other inventions,
especially when patents from different technological fields are cited.
We have regressed through a linear regression model the number of
backward citations by patents over a series of (selected) country
dummy variables and over a series of indicators of country-time.
These indicators are obtained by multiplying the earliest publica-
tion year by a dummy variable that assumes value 1 if the applicant
belongs to the country of observation and 0 otherwise (controlling
for the earliest publication date). Model 1 includes only the variable
on the time from grant, Model 2 includes the dummy for China,
Model 3 adds the interaction between China and time from grant and
Model 4 includes all the country-dummy and their interactions with
time. Also for this indicator, empirical findings show its positive
correlation with patent value (Harhoff et al., 2003). Looking at
backward citations for the period 1991-2016 reveals that Chinese
patents on average cite other countries' patents less than patents
from other countries (see Table A3 in the Appendix). However, from
2011 onwards, there was a steep increase in the number of citations
by Chinese patents towards other patents. In comparison, the trend

Table 1
Average number of patents per patent family in selected countries.
1991-2000 2001-2014

China 1,0 1,3
us 1,8 3,3
Germany 2,4 3,4
Japan 1,9 3,8
World 2,0 3,1
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of this indicator for the benchmark countries was rather stable in the
time-window. This is also due to the fact that China is a latecomer
country, which does not have much accumulated knowledge and
thus has to rely on other incumbent countries as sources of knowl-
edge. It is reasonable to argue that Chinese patents' backward cita-
tions are still more directed towards foreign patents, since the
increase in the average of forward citations is slower than the in-
crease in the average of backward citations (which doubles since
2010). Table A4 in the Appendix shows the results of the regressions
for the backward citations.

Overall, the quality of Chinese patents is still low compared to the
leading automobile-producing countries, but all four indicators reveal a
clear tendencies to catch-up with global leaders.

5. Competitive performance in specific technologies

Patent data capture technological effort, but not competitiveness.
Moreover, they are only available with a time lag, which further limits
their predictive value, especially in the midst of a technological para-
digm change. We therefore complement our analysis with other, more
recent sources of information. Many of the conventional measures of
competitive performance are not applicable to the case of China's elec-
tromobility industries, for the reasons outlined at the end of Section 2.
We therefore draw on a combination of, mostly qualitative, data from
industry specialist reports,7 automotive companies' annual reports,
specialised sources of statistical data® and a web search (company re-
ports and specialised newspapers) for firm-level innovations. Also, some
in-depth interviews with experts from Chinese and foreign invested
firms were conducted. These served two purposes. Firstly, to triangulate
sources of information, and secondly, to explore causalities for which no
aggregate information was available, for example how firms responded
to policy signals.

We distinguish technological developments in the following three
technology domains: electric passenger vehicles; buses; and lithium
traction batteries.

5.1. Electric passenger vehicles

China is the world's largest electric car market, accounting for 44 %
the worldwide stock % of global EV sales in 2020 (IEA, 2021). Four
Chinese manufacturers are now among the global top ten in the EV
segment: BYD with 10.0 % of the global market share, BJEV with 7.1 %,
SAIC and Geely with 3.4 % each - in stark contrast to the overall list of
(traditional) car manufacturers, where the top ten are all non-Chinese
(McKinsey&Company, 2020, 11). China ranks first in McKinsey's EV
industry supplies index for 2020, which assesses “the share of a country's
OEMs in the production of EVs and EV components, such as e-motors
and batteries, looking at both current and projected numbers” (ibid., 3).
Also, automotive industry managers of Western OEMs' Chinese sub-
sidiaries interviewed for the project recognised a shrinking technolog-
ical gap between major Chinese brands, such as Nio and BYD, and
leading Western brands. A particular strength of Chinese EV manufac-
turers, including some start-ups with participation of powerful IT com-
panies like Alibaba and Tencent, is seen in the integration of car
manufacturing and software.

Growth in a protected market however does not prove international
competitiveness. The enormous volume of sales is to a considerable
extent due to the very high purchase subsidies. When these subsidies

7 Such as Bloomberg NEF (2019); IEA (2020b), McKinsey&Company (2020)
Electric Vehicle Index, www.sustainabletransport.org/ and https://insideevs.
com/news.

8 https://www.statista.com/statistics/976376/china-electric-vehicles-sales
-by-oem/.
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were gradually reduced, EV sales slowed down radically. Sales in 2020
(1.16 million EV) were only slightly higher than in 2018 (1.08 million),
although the EV share in overall car sales kept growing (from 4.5 to 5.7
%). This contrasts starkly with Europe, where purchase subsidies
increased, with the effect that Europe overtook China as the largest
market in 2020 (from 0.38 in 2018 million to 1.38 million) and EV
shares skyrocketed from 2.2 to 10.0 % (IEA, 2021). As a result, the global
market share of Chinese EV manufacturers decreased.

To assess competitiveness, we looked at two trends. First, the per-
formance of Chinese EV manufacturers vis-a-vis foreign EV manufac-
turers in China. Among the top-selling EV models, most are Chinese and
some are Joint Ventures with international automotive OEMs. Among
international brands, Tesla plays a special role. Starting production in
China as late as 2000, Tesla already accounts for the 2nd and 3rd best-
selling models (Cheng, 2021). Second, ability to export. So far, China's
passenger EVs are almost exclusively sold locally. Only since 2020 are
some Chinese EV manufacturers trying to export at scale. SAIC Motor,
with its British subsidiary MG, reached a 2 % market share in the Eu-
ropean EV market with a small and affordable SUV. BYD, Nio, Kandi and
several other brands announced the launch of EV models for Europe and
the US around 2020 (Gibbs, 2020).

At the same time, all the big foreign carmakers are expanding their
EV production in China. Following a change in regulations that allows
overseas firms to wholly own local manufacturing plants, some foreign
brands, including Tesla, BMW and Toyota, started to use China as an
export hub for electric models. This reflects increasing competitiveness
and diversification of the battery supply chain; the supply of highly
trained engineers and R&D personnel, which makes it cost-competitive
to shift even R&D functions to China; and the expectation that China
may become a lead market for autonomous and connected driving
(Zhou, 2020).

In sum, Chinese EV have greatly improved and are successfully
competing with foreign brands in their home market. Also, foreign firms
are using China as an export hub; yet, Chinese electric passenger vehicle
manufacturers still need to prove their ability to compete in interna-
tional markets.

5.2. Electric buses

China is by far the global lead market for electric buses. Of the
513,000 electric buses operating worldwide in 2019, 98 % were in
China. In most of the big cities, the EV share in the overall public bus
vehicle fleet exceeded 50 %. Shenzhen is the most progressive city in this
regard, achieving full electrification of its 17,000 bus fleet in 2017
(Berlin et al., 2020). This required considerable subsidization, as the
total cost of ownership of an e-bus is 21 % higher than that of a diesel bus
(ibid.). Until 2016, the Shenzhen government subsidised 50 % of the
price of a 12-meter e-bus (Lu et al., 2018). With this subsidy, the total
cost of ownership was 36 % less than that of a diesel equivalent (Berlin
et al., 2020). The construction of charging stations was also subsidised
and an innovative leasing model developed.

Backed by this strong policy support, Chinese e-bus manufacturers
became global leaders. Five bus manufacturers dominate the Chinese
market. Two of them, BYD and Yutong are successfully exporting. While
there is no global and up-to-date export statistics for e-buses, specialised
media’ suggest that most large-scale e-bus deals globally are currently
signed with one of these two companies, which are also rapidly
expanding their global networks of assembly plants. BYD sold >1500 e-
buses in Colombia, and >1000 in Europe in 2019 alone.'? BYD is pro-
ducing e-buses in the US, Canada, Brazil and Hungary. BYD Company

9 Such as: https://insideevs.com/news/.

10 https://insideevs.com/news/378584,/byd-sold-1000-buses-europe/ and
https://insideevs.com/news/466616/colombia-byd-cumulative-orders-1002-
ev-buses/.
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Ltd. is one of China's largest privately owned enterprises. It has pio-
neered several technological innovations, including the lithium-iron-
phosphate (LiFePO4) battery for use in buses, the first bi-articulated e-
bus and the first electric double decker buses. Similarly, Yutong is selling
large batches abroad, including a recent sale of 741 e-buses to Quatar's
public transport company.'! Yutong has so far produced about 130,000
e-buses and has set up assembly plants in the US, Brazil, Japan, Hungary,
France, and India. In Europe, the home market of leading diesel bus
manufacturers including Volvo, MAN, Mercedes and Solaris, BYD (29 %
e-bus market share, including a joint venture) and Yutong (7 %) suc-
cessfully compete with incumbents, despite the latter's long-established
service networks and ties with local transport operators (Sustainable
Bus, 2021).

Between 2016 and 2019, subsidies for electric buses in China have
been cut by 40 %, leading to declining sales in China, while global sales
are increasing (IEA, 2020b). Yet, the Chinese market is expected to
recover as emissions regulations and steeply declining cost of lithium
batteries are tilting the balance in favour of e-buses. As the global
market is developing, established international manufacturers of diesel
buses are entering the global e-bus market, including Volvo, Mercedes
and Solaris. If and how fast they can catch up with the Chinese pio-
neering corporations remains to be seen. Chinese e-bus manufacturers
are benefitting from considerable early mover advantages. For about ten
years, they have tested fleet operations at scale, collected data on
driving profiles and battery life-cycles under different conditions in
terms of range, temperature and charging conditions; they have devel-
oped institutional arrangements with bus operators, charging-
infrastructure developers and financial intermediaries, which enable
them to sell entire systems consisting of e-buses plus infrastructure and
services; and they have set up assembly operations and established
service agreements in many potential e-bus markets. Acquiring this
know-how and building these network effects will not be easy for those
corporations entering the market today. On the other hand, it should be
noted that manufacturing of buses manufacturing is less complex than
that of (especially high-end) passenger vehicles, which partly explains
why Chinese industries managed to leapfrog in the former while still
trying to catch up in the latter.

5.3. Batteries

Lithium-ion batteries account for a large part of the cost of an EV, and
their performance in terms of energy density, life-cycle, safety and cost
is essential to make EV more attractive than conventional cars. Tech-
nological capabilities in the industries are therefore important for a
country wanting to reap innovation rents and technology spillovers from
the electric vehicle industry. Lithium batteries are highly complex, as
they involve a variety of input materials for cathodes, anodes and
electrolytes that can be combined and optimised for specific battery
characteristics; they also require capabilities for manufacturing cells and
packaging them into modules as well as electronics and software capa-
bilities to design battery management systems, which in turn need to be
tailored to specific performance requirements of each car model. Mal-
hotra et al. (2019) show in detail how innovation in this industry is
strongly dependent on “inter-sectoral learning among the upstream
segments of cell design and manufacturing, production equipment
supply, and material supply on the production side, as well as among the
downstream segments of battery design and manufacture, system inte-
gration, and end use.” This systemic nature makes catching-up partic-
ularly challenging.

When lithium-on batteries for cars emerged as a viable new tech-
nology, Japan's Panasonic and Korea's Samsung and LG Chem were the
technological leaders. Panasonic stroke a deal with Tesla to build a large

11 https://insideevs.com/news,/481987 /ev-buses-sales-2020-china-byd-yut
ong/.
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battery cell factory in the USA. Yet, with the booming demand for EV in
China, China became the leader in production. 73 % of world lithium-
ion battery cell manufacturing is concentrated in China, and of the
136 lithium-ion battery plants that by May 2020 were in the pipeline
globally to 2029, 101 were based in China.'? Contemporary Amperex
Technology Co Ltd. (CATL), a Chinese newcomer to the industry foun-
ded as late as 2011, has become the world's largest battery maker since
2017. So far, CATL's production is almost entirely sold in China, but the
big foreign carmakers, from Tesla to Volkswagen, Toyota and BMW are
using CATL batteries for their China-made cars. CATL is now investing
and purchasing companies in the US, Canada and Japan and recently
started a 1.8 billion US$ investment in a battery factory in Germany, for
which it has already signed contracts with BMW. This clearly shows the
company's competitiveness outside the protected Chinese market.
China's second largest Chinese battery producer is BYD, manufacturing
mainly for its own bus and passenger vehicle factories. Two other Chi-
nese battery manufacturers, Lishen Battery and Guoxuan High-Tech, are
also among the world's top manufacturers.

Market analysts agree that the technological gap vis-a-vis the tech-
nologically advanced Japanese and Korean companies technological
leaders is now almost closed.'® Chinese manufacturers have developed
several valuable innovations. One example is the development of iron-
phosphate batteries with a commercially viable energy density, devel-
oped and gradually improved by Guoxuan, CATL, BYD and other Chi-
nese manufacturers, which are cheaper than traditional battery
chemistries and do not require cobalt and nickel.'* Other examples
include CATL's cost-saving cell-to-pack technology and BYD's ‘Blade
Battery’ which is less susceptible to fires and requires much less space
than previous generations of batteries (IEA, 2020b). Chinese firms are
set to expand their dominant position in the lithium-ion battery industry
due to China's control of the entire supply chain. From refining and
chemical processing of nickel, cobalt, graphite, lithium and manganese
to the production of cathode and anode material and the manufacturing
of cells, China accounts for about 60-90 % (2019) of world capacity in
each category.'”

Lithium batteries have relatively short technology life-cycles, as new
battery chemistries are constantly being developed. This favours in-
dustrial newcomers, as the incumbent's competitive advantages are
frequently challenged by new developments and new pathways emerge
that are different from those of the forerunners. Lee (2013) regards short
cycle times of technologies as one of the most important enablers of
catching up. The Chinese industry's success in lithium batteries — in
contrast to passenger EV — may support his case.

Again, catching up in the battery industry has been supported by
industrial policy. For example, EV purchase subsidies had only been
granted for cars using batteries manufactured in China. In a second
phase, preferential policy support was made conditional upon meeting
certain critical battery performance targets (IEA, 2019, 89f.). Further-
more, the government very actively secured access to critical input
materials through long-term contracts with the international mining
industry.

6. Conclusions and policy lessons

The case study confirms that radical technological change may create

2 Data from the specialist firm Benchmark Mineral Intelligence, https://www.
voanews.com/silicon-valley-technology/how-china-dominates-global-battery
-supply-chain, retrieved Feb 7, 2021.

13 Menahem Anderman, President of Total Battery Consulting in California,
cited in in Ma et al. (2018).

14 https://cleantechnica.com/2020,/02,/18/tesla-shanghai-model-3-may-go-co
balt-free-using-catls-1fp-cells-diving-deeper/.

!5 Same source, https://www.mining.com/chart-chinas-stranglehold-on-electr
ic-car-battery-supply-chain/, retrieved Feb 7, 2021.
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new windows of opportunity for catch-up and leapfrogging. Chinese
firms and policymakers recognised the technological paradigm shift
from conventional cars powered by internal combustion engines to
electric vehicles as an opportunity to catch up with, and leapfrog ahead
of, the globally leading automotive and related industries which so far
had been technologically advanced and more competitive than China's
industry.

It is methodologically challenging to assess technological catch-up
and competitive performance amidst the typical “era of ferment” char-
acteristic of paradigm changes, where established markets are shaken
up, some of the key players are newcomers to the industry, and major
investors are willing to accept temporary financial losses in the pursuit
of long-term objectives. Appraising competitiveness is further compli-
cated by the facts that China's market is large and partly captive and the
EV world market is highly dependent on subsidies and regulations.
Against this background, we combined patent analysis and use of
descriptive data on key market segments to get as close as possible to an
evidence-based assessment of China's competitive performance. This
approach has its limitations. Patent data are only imperfect proxies of
innovation performance, and descriptive case study data can only
indicate select trends in the competitiveness of an industry. Yet, given
the incipient development stage of electromobility and manifold exist-
ing market distortions, this is the best approximation at hand.

Our analysis shows that a considerable number of Chinese firms
successfully were able to catch-up in a range of market segments related
to electromobility, and in some cases even managed to leapfrog ahead of
the international competition. Not only is China's share of patents in the
EV and related industries increasing, but all indicators point towards
higher quality of these patents. Industry studies show that technological
leadership has been achieved in the production of electric buses. Chinese
firms are at parity with leading Japanese and Korean multinationals in
various stages of the lithium car battery value chain. In other market
segments, Chinese firms are not yet among the technological leaders, but
starting to challenge them. This includes the large and growing market
for electric passenger cars. The fact that foreign carmakers are pro-
gressively developing, testing and deploying new technologies and
models in China, often in joint ventures with Chinese partners, also in-
dicates increasing sophistication of China's sectoral system of
innovation.

Particularly striking is the speed of catching up. It took China little
more than a decade from starting to invest in traction batteries to
becoming the largest manufacturer and challenging the foreign tech-
nology leaders; from producing the first electric bus to capturing 96 % of
the world market; from operating the first electric bus in Shenzhen to
achieving fully-electrified public transport in that megacity. Companies
such as CATL in batteries and BYD in bus manufacturing needed only a
decade from market entry to becoming globally leading companies in
their fields. This speed makes it difficult to predict future competitive
performance, but suggests that catching up and leapfrogging may be
expected in other market segments as well, especially where change is
radical and technology cycles are short. In line with this argument,
analysts expect China to challenge and eventually outcompete globally
leading technology companies in the emerging fields of autonomous and
connected driving as well as new mobility services (which are beyond
the scope of this paper). While the respective technologies are still at an
infant stage globally, the large number of start-up companies with
financial backing from internet giants Tencent, Baidu and Alibaba make
these market segments likely candidates for the next Chinese leapfrog-
ging success. On a more cautionary note, some of the new businesses are
still heavily cross-subsidised and long-term profitability has not been
proven.

China's impressive competitive performance in this wide range of
market segments holds important policy lessons. In the first place, it
confirms that policies aimed at a profound sectoral transformation to-
wards more sustainable technologies can become a source of innovation
and new competitive advantage, rather than a burden constraining the
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competitiveness of national industries. In addition, the study confirms
many of the lessons learned regarding how to implement industrial
policy successfully. Many authors have tried to condense the lessons
learned from past decades of industrial policymaking (Rodrik, 2004;
Altenburg and Liitkenhorst, 2015). These include the importance of a
clear vision and societal consensus to take determined action to coor-
dinate public and private action for developing emerging technologies.
Many countries and corporations recognised the inevitability of elec-
trifying cars, but only few had the will and determination to translate
this into ambitious plans. China's central government grasped the op-
portunity earlier than others, offering a comprehensive policy package.
Striking examples of its policy determination and comprehensiveness
include the development on an entire lithium battery value chain (from
securing access to strategic minerals to large-scale R&D) as well as the
creation of systemic preconditions for the electrification of bus services.
China's experience also confirms the importance of experimentation and
continuous policy adjustment, as exemplified in its large-scale city ex-
periments and periodic revisions of targets and incentives. As another
sign that China has learned its industrial policy lessons, the government
recognised the need to ensure market discipline after a phase of
providing generous subsidies, reducing purchase subsidies and making
remaining incentives conditional upon performance.

Overall, China's government approach was very comprehensive. It
combined polices to phase ICE technologies out (e.g. restricting circu-
lation and introducing fuel economy standards) with generous support
for the technological alternatives (from purchase subsidies and public
procurement to R&D support, s. Section 2). The integration of phasing-in
and phasing-out policies has been identified as a key feature of green
industrial policies (Altenburg and Rodrik, 2017). Moreover, the gov-
ernment combined determined support for the sectoral innovation sys-
tem with measures for sustaining demand, thereby creating an
environment in which domestic firms had long-term incentives for

Appendix A
List of technological classes used for the initial selection of patents
Class Y

- Detailed control on technological classes
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technological learning and capability building.

Future research should reassess China's competitive performance
once electromobility technologies are mature and market distortions,
such as national purchase subsidies and market reservation policies,
have largely been eliminated. Then, proven measures of competitiveness
(such as Revealed Comparative Advantages) can be applied. Also,
comparisons with catch-up experiences in other green industries are
needed to improve our understanding of how green transformation af-
fects competitive advantage in industry more broadly. Our case study of
one field of green technologies does not allow for generalisations, as
catch-up depends on a vast range of sector-specific determinants. Cross-
sectoral comparisons would help to disentangle effects of generic green
transformation reforms (such as carbon pricing) and those that are
technology-specific.
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- Search in Espacenet with keywords: “electric vehicles”, “HEVs”, “PHEVs”

Other classes different from Class Y

- Yang et al. (2013) + Pilkington et al. (2002)
- Detailed control on technological classes

- Search in Espacenet with keywords: “electric vehicles”, “HEVs”, “PHEVs”

CPC CLASS Y

Y02T 10/60 (Other road transportation technologies with climate change mitigation effect: include Hybrid 10/62 e Electric machine technologies

for applications in electromobilty 10/64)
YO02T 10/70 (Energy storage for electromobility)

Y02T 90/10 (Technologies related to electric vehicle charging: include Electric charging stations 90/12; Plug-in electric vehicles 90/14; Infor-
mation or communication technologies improving the operation of electric vehicles 90/16)

YO02T 90/34 (Fuel cell powered electric vehicles)
Y10S 903/00 (Hybrid Electric Vehicles, HEVs)

CPC other classes

B60L 11/00 (Electric propulsion with power supplied within the vehicle)
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Battery technology

HO1M 2/00 (Constructional details or processes of manufacture of the non-active parts)
HO1M 4/00 (Electrodes)

HO1M 6/00 (Primary cells; Manufacture thereof)

HO1M 8/00 (Fuel cells; Manufacture thereof)

HO1M 10/00 (Secondary cells; Manufacture thereof)

Battery management technology

HO02J (CIRCUIT ARRANGEMENTS OR SYSTEMS FOR SUPPLYING OR DISTRIBUTING ELECTRIC POWER; SYSTEMS FOR STORING ELECTRIC
ENERGY)

B60L 3/00 (Electric devices on electrically-propelled vehicles for safety purposes; Monitoring operating variables, e.g. speed, deceleration, power
consumption)

GO1R 19/00 (Arrangements for measuring currents or voltages or for indicating presence or sign thereof)

GO1R 31/02 (Testing of electric apparatus, lines or components, for short-circuits, discontinuities, leakage of current, or incorrect line connection)

GO1R 31/04 (Testing connections, e.g. of plugs, of non-disconnectable joints)

GO1R 31/06 (Testing of electric windings, e.g. of solenoids, inductors, e.g. for polarity)

GO1R 31/07 (Testing of fuses)

GO1R 31/36 (Apparatus for testing electrical condition of accumulators or electric batteries, e.g. capacity or charge condition)

Motor technology

HO2K 17/00 (Asynchronous induction motors; Asynchronous induction generators)

HO2K 19/00 (Synchronous motors or generators)

HO2K 21/00 (Synchronous motors having permanent magnets; Synchronous generators having permanent magnets)

HO2K 23/00 (DC commutator motors or generators having mechanical commutator; Universal AC/DC commutator motors)

HO02K 25/00 (DC interrupter motors or generators)

HO2K 27/00 (AC commutator motors or generators having mechanical commutator)

HO2K 29/00 (Motors or generators having non-mechanical commutating devices, e.g. discharge tubes or semiconductor devices)

HO2K 41/00 (Propulsion systems in which a rigid body is moved along a path due to dynamo-electric interaction between the body and a magnetic
field travelling along the path)

Motor controlling technology

HO2P 1/00 (Arrangements for starting electric motors or dynamo-electric converters)

HO2P 3/00 (Arrangements for stopping or slowing electric motors, generators, or dynamo-electric converters)

HO2P 5/00 (Arrangements specially adapted for regulating or controlling the speed or torque of two or more electric motors)

HO2P 6/00 (Arrangements for controlling synchronous motors or other dynamo-electric motors using electronic commutation dependent on the
rotor position; Electronic commutators therefor)

HO2P 7/00 (Arrangements for regulating or controlling the speed or torque of electric DC motors)

HO2P 9/00 (Arrangements for controlling electric generators for the purpose of obtaining a desired output)

HO2P 21/00 (Arrangements or methods for the control of electric machines by vector control, e.g. by control of field orientation)

HO2P 23/00 (Arrangements or methods for the control of AC motors characterised by a control method other than vector control)

HO2P 25/00 (Arrangements or methods for the control of AC motors characterised by the kind of AC motor or by structural details)

HO2P 27/00 (Arrangements or methods for the control of AC motors characterised by the kind of supply voltage)

HO2P 29/00 (Arrangements for regulating or controlling electric motors, appropriate for both AC and DC motors)

HO2P 31/00 (Arrangements for regulating or controlling electric motors not provided for in groups)

Entire vehicle controlling systems

B60K 6/20 (the prime-movers consisting of electric motors and internal combustion engines, e.g. HEVs)

B60L 15/00 (Methodes, circuits, or devices for controlling the traction-motor speed of electrically-propelled vehicles)

B60L 7/00 (Electrodynamic brake systems for vehicles in general)

B60W 10/10 (Conjoint control of vehicle sub-units of different type or different function)

B60W 10/20 (Control systems specially adapted for hybrid vehicles)

HO02J 7/00 (Circuit arrangements for charging or depolarising batteries or for supplying loads from batteries)

B60W 20/00 (Control systems specially adapted for hybrid vehicles)

B60W 30/00 (Purposes of road vehicle drive control systems not related to the control of a particular sub-unit, e.g. of systems using conjoint control
of vehicle sub-units)

10
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Table A1
Forward citations by country and time.

Year China USA Japan Germany
1991 39 120 51 37
1992 53 292 195 90
1993 42 361 243 129
1994 50 419 288 121
1995 38 486 325 142
1996 31 575 422 165
1997 43 552 536 192
1998 38 685 583 226
1999 60 700 663 265
2000 97 709 681 297
2001 151 858 1.053 327
2002 195 1.080 1.232 360
2003 319 1.274 1.031 399
2004 402 1.517 1.337 370
2005 615 1.785 1.681 454
2006 938 1.744 1.702 470
2007 1.315 1.813 1.872 613
2008 1.809 2.215 2.064 707
2009 2.491 2.536 2.060 960
2010 2.853 2.891 2.180 940
2011 3.407 2.881 2.648 1.176
2012 5.119 3.136 3.539 1.399
2013 6.042 3.337 3.834 1.371
2014 7.259 3.427 3.496 1.221

Table A2
Forward citations regressed over country and time variables.

@ 2 3 €]
China —0.676*** —0.577%** —0.252%**
(0.00677) (0.00966) (0.0118)
Germany —0.106*
(0.0171)
USA 0.823***
(0.0218)
Japan 0.376"
(0.0149)
chinatime —0.0288*** —0.0248***
(0.00118) (0.00147)
gertime 0.0101***
(0.00189)
ustime —0.0154***
(0.00207)
japtime 0.0107***
(0.00161)
timefromgrant 1.93e—-09* —0.0134*** —0.0105%** —0.0145%**
(0.000626) (0.000673) (0.000741) (0.00115)
Constant 1.000*** 1.226%** 1.209%** 0.884"**
(0.00565) (0.00711) (0.00747) (0.0101)
Observations 147,469"* 147,469 147,469 147,469
R-squared 0.000 0.039 0.040 0.081
Robust standard errors in parentheses.
™ p <0.01.
" p < 0.05.
"p<o0.1.
Table A3

Backward citations by country and time.

Year China USA Japan Germany
1991 39 120 51 37
1992 53 292 195 90
1993 42 361 243 129
1994 50 419 288 121
1995 38 486 325 142
1996 31 575 422 165
1997 43 552 536 192
1998 38 685 583 226

(continued on next page)
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Table A3 (continued)
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Year China USA Japan Germany
1999 60 700 663 265
2000 97 709 681 297
2001 151 858 1.053 327
2002 195 1.080 1.232 360
2003 319 1.274 1.031 399
2004 402 1.517 1.337 370
2005 615 1.785 1.681 454
2006 938 1.744 1.702 470
2007 1.315 1.813 1.872 613
2008 1.809 2.215 2.064 707
2009 2.491 2.536 2.060 960
2010 2.853 2.891 2.180 940
2011 3.407 2.881 2.648 1.176
2012 5.119 3.136 3.539 1.399
2013 6.042 3.337 3.834 1.371
2014 7.259 3.427 3.496 1.221
Table A4
Backward citations regressed over country and time variables.
@ (2 3) 4
China —0.963"** —0.8817** —0.516%**
(0.00528) (0.00704) (0.00887)
Germany 0.0152
(0.0138)
USA 0.972%**
(0.0193)
Japan 0.325%**
(0.0114)
chinatime —0.0239%** —0.0287***
(0.000896) (0.00116)
gertime 0.00713***
(0.00163)
ustime —0.0202%**
(0.00193)
japtime —0.0140***
(0.00129)
timefromgrant —1.39e—-09* —0.0191*** —0.0167*** —0.0119***
(0.000583) (0.000610) (0.000675) (0.00101)
Constant 1.000%** 1.323*** 1.308*** 0.942%**
(0.00486) (0.00611) (0.00642) (0.00839)
Observations 147,469 147,469 147,469 147,469
R-squared 0.000 0.090 0.090 0.148
Robust standard errors in parentheses.
" p <0.01.
" p < 0.05.
"p<o0.l.
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