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Hydrogen fuel cell vehicle industry is in a rapid development stage. Studying the domestic
spatial distribution of hydrogen fuel cell vehicle industry across a country, especially the
spatio-temporal evolution of the innovation level and position of each region in innovation
network, will help to understand the industry’s development trends and characteristics,
and avoid repeated construction. This article uses social network analysis and patent
citation information of 2,971 hydrogen fuel cell vehicle related invention patents, owned by
218 micro-innovators across 25 provinces of China from 2001 to 2020, to construct
China’s hydrogen fuel cell vehicle innovation network. Based on the dimensions of
knowledge production, knowledge consumption, and network broker, the network
positions of sample provinces in three periods divided by four main national policies
are classified. The main findings are as follows. 1) In China, the total sales of hydrogen fuel
cell vehicle and the development of supporting infrastructure are balanced, and a series of
national and local industrial development polices have been issued. 2) China’s hydrogen
fuel cell vehicle innovation network density, the proportion of universities and research
institutes among the innovators, and the active degree of the eastern provinces are all
becoming higher. 3) The provinces in optimal network position are all from the eastern
region. Shanghai and Liaoning are gradually replaced by Beijing and Jiangsu. 4) Sichuan in
the western region is the only network broker based on knowledge consumption. 5)
Although Zhejiang, Tianjin, Hebei, Guangdong, and Hubei are not yet in the optimal
position, they are outstanding knowledge producers. Specifically, Guangdong is likely to
climb to the optimal network position in the next period. The conclusions will help China’s
provinces to formulate relevant development policies to optimize industry layout and
enhance collaborative innovation in the hydrogen fuel cell vehicle industry.
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1 HIGHLIGHTS

1) China’s hydrogen fuel cell vehicle innovation network density
becomes higher.

2) Universities and research institutes are the main innovators in
HFCV industry.

3) Provinces as knowledge producer are mainly from the
east area.

4) Guangdong is climbing to optimal network position.
5) Hubei and Sichuan are outstanding in central and western

areas respectively.

2 INTRODUCTION

Hydrogen fuel cell vehicle (HFCV) combines the advantages of
short filling time, long continue voyage course, and truly
achieving a zero-carbon emission goal during driving. Thus,
HFCV is one of the important trends in the future of the
vehicle industry. In the 1970s, the United States became the
first country to use hydrogen energy as strategic energy. And then
in the 1990s, Japan and South Korea started the R&D of HFCV. In
recent years, more and more countries, including China, have
involved in the HFCV industry. Nevertheless, due to the
immaturity of commercialization in the HFCV industry, the
countrie’s focuses are still the industrial guidance and layout.
For instance, the United States plans to form a hydrogen energy
network based on 55 hydrogen-filling stations across 35 states,
and various countries have successively introduced large-scale
subsidies to support the R&D and demonstration applications of
HFCV. Hence, studying the spatial layout of HFCV industry
across a country will help to optimize the resources allocation and
then enhance industrial international competitiveness.

As a major vehicle producer and consumer, China emits CO2

in transportation sector with rapid growth. In 2018, the carbon
emission in transportation sector accounts for 10.7% of the total
emission in China (Yuan et al., 2021). Thus, the promotion of
HFCV will be helpful for China to achieve the goal of carbon
emissions peaking by 2030 and carbon neutrality by 2060 and will
directly affect China’s position in the new round of international
division in manufacturing. China has participated in the global
competition of HFCV industry over 20 years since the first HFCV
successfully designed at the beginning of the 2000s by local firms,
Shanghai Automotive Industry Corporation and Dongfeng
Motor Corporation. In recent years, China makes further
efforts to accelerate its development pace by releasing a series
of promotion policies through national and local governments.
For instance, Energy Saving and New Energy Vehicle Technology
Roadmap 2.0 released by the State Council of China in 2020
proposes that the number of HFCVs in China will reach 1 million
in 2030, which will exceed Japan and become the second-largest
country on the total number of HFCVs in the world, just behind
South Korea.

Compared with the traditional oil-fueled vehicle industry,
China’s HFCV industry has special characteristics. Firms in
China’s HFCV industry are still highly dependent on firms in
traditional oil-fueled vehicle industry for technology integration

and components production. Therefore, the geographic
distribution of these two types of firms has similarity. To
promote local economic growth, many provinces in China
have vigorously developed the oil-fueled vehicle industry since
the 1990s. However, it causes a lot of problems such as repeated
construction, low resource allocation efficiency, and
environmental pollution. Thus, in the background that China’s
national and local governments aim to formulate reasonable
industrial development plan for HFCV industry, how to
optimize the domestic layout of HFCV industry chain, for
avoiding repeated construction, blind competition, and
forming inter-region coordination, is one of the key issues
needed to be considered in depth. Besides, HFCV industry is
typically knowledge- and technology-intensive, which makes the
innovation highly complex. In addition to the firms, universities
and research institutes are the important knowledge producers
and innovators as well in China. Therefore, how do these
different organizations work together efficiently, and which
provinces play the leading innovative role in China’s HFCV
industry are the main questions needed to be focused on as
well. Hence, to work out the solutions for the above-mentioned
key issues, it is necessary to have insights on the spatio-
temporal evolution of China’s HFCV industry in the past
20 years, specifically focusing on the regional innovation
capability.

Previous related studies on the HFCV industry mainly focus
on the qualitative description such as HFCV technology, HFCV
industry development, and government policies, especially in
Japan, South Korea, and ASEAN (Khan et al., 2021). In the
case of China, the risk of blind competition among different
provinces and industrial surplus due to the lack of national overall
industrial plan are themain topics concerned by some researchers
(Meng et al., 2020). However, the research on the spatio-temporal
evolution of HFCV industry across provinces in China is nearly
blank.

HFCV industry belongs to the strategic emerging industry, in
which mastering core technologies independently is one of the
effective ways of improving competitiveness. Owing to the
“follower” role in the global traditional oil-fueled vehicles
industry, Chinese local firms are in a passive position in
international competition. So, it is necessary and valuable to
identify the innovation capabilities and positions of the main
players of HFCV industry in China. In related research on
industrial innovation activities, patent is regarded as an
important output indicator for innovation. The citing and
cited situations of patents are often used to reflect knowledge
flow among innovators and detect who plays the leading role in
the innovation network. From the perspective of social network
analysis in the strategic emerging industry, the previous related
literature has analyzed the structure of innovation network and
its relationship with innovation performance (Ritter et al., 2004;
Ahmad Abuzaid, 2014; Semrau and Werner, 2014). There is no
research on current status of China’s HFCV innovation activities
by focusing on patent citation network, which characterizes
technological innovation and knowledge flow, especially the
spatial-temporal evolution of innovation activities across
provinces.
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Therefore, this article aims to fulfil the research gap on HFCV
industry in China by answering the following questions.

First, what is the present situation of HFCV industry
development in China? We want to understand in depth the
HFCV’s industry spatial distribution across the provinces in
China, and sort out the industrial development policies issued
by Chinese national government.

Second, which provinces play the leading role of innovation in
China’s HFCV industry during various periods of time? We
construct innovation network based on patent citation
information of micro-innovators locating in different provinces.

Third, what is the specific network position of each province in
different periods? Specifically, we want to distinguish the
provinces in optimal position or having the potential to be in
optimal position in the next period. By analyzing the main
reasons pushing forward the province’s evolution of the
network position, we can verify the policy effect, and hope to
provide implications for improving the competitiveness of
China’s HFCV industry.

For answering the above-mentioned questions, in this article,
first, we collect and screen out the patent data on China’s HFCV
from 2001 to 2020, and sort out the relevant policies at the
national and local levels. And then, we construct the innovation
network of China’s HFCV industry based on 2,971 HFCV-related
invention patents owned by 218 micro-innovators across 25
provinces from 2001 to 2020. Our focus is the knowledge flow
direction based on patents, which can help to reveal the evolution
of provinces’ innovation capabilities in HFCV. The possible
contributions of this article are as follows.

First, by analyzing the authoritative statistical data, this article
objectively evaluates the development process and current
situation of China’s HFCV industry, as well as the industrial
layout of each province. More importantly, our analysis can
provide reference for optimizing the cooperation between
provinces and forming the coordinated development of the
whole industrial chain. In addition, by sorting out the
important HFCV industrial policies at the national and local
levels, this article identifies the time nodes of HFCV industrial
development and builds the foundation for observing the
innovation network’s evolution trend and evaluating the policy
implication effect.

Second, according to patent citation information among
micro-innovators locating in different provinces, this article
innovatively constructs patent citation networks of HFCV in
China. Compared to the number of patent applications, patent
citation data can track the direction of knowledge flow and
identify knowledge producers as well. Based on various
statistical indicators and topological graphs of the patent
citation network, we can intuitively understand the spatial
layout characteristics of the innovation activities, the evolution
trend of the innovation status, and the contributions made by
multi-types of innovators in different time periods. In the process
of HFCV patent identification, we decompose the core technical
keywords of each link in the HFCV industry chain, screen these
keywords in the authoritative patent database, and build a
provincial innovation network by the SNA method through
the patent citation relationship.

Third, based on the outdegree and indegree indictors in the
HFCV patent citation network within different time periods, this
article employs the cluster analysis method to identify three
network statuses, namely, the knowledge producers, knowledge
consumers, and network brokers. This article furtherly
quantifies the status of the provinces and tracks their spatial
evolution in the network. In particular, this article identifies
which provinces are in the optimal network position and have
great potential, that is, in the status both of knowledge
producer and of network broker. Our findings can provide
reference for in-depth understanding of the core
competitiveness of HFCV industry.

This article obtains the main findings as follows. First, the
total sales of HFCV and the development of supporting
infrastructure are balanced in China, and a series of
national and local industrial development polices have been
issued. Second, the density of China’s HFCV innovation
network is increasing, and the provinces playing the leading
roles are mainly from the east area. In terms of the micro-
innovators, the proportion of universities and research
institutes has been gradually larger than firms. Third, the
provinces in the optimal network position, namely, the
network broker based on knowledge production, are
changing. Specifically, Shanghai and Liaoning are gradually
replaced by Beijing and Jiangsu, and Guangdong is climbing to
the optimal position. Fourth, Sichuan is the only one network
broker based on knowledge consumption at the current stage.
Fifth, among the provinces temporarily located in non-broker
position, Zhejiang, Hubei, Tianjin, and Hebei are prominent in
the characteristics of knowledge production with strong
development potential.

The subsequent sections of this article are organized as
follows. Section 3 reviews the related literature. Section 4
presents the panorama of HFCV industry development in
China in the period of 2001–2020. Section 5 describes the
data, methodology, and the main characteristics of
innovation network based on patent citation information
among the provinces in China. Section 6 analyzes the
temporal evolution of China’s HFCV innovation network
by using topological graph. Section 7 explores the spatial
evolution of network, by analyzing the network position of
the provinces. Finally, Section 8 concludes and proposes
policy implications.

3 LITERATURE REVIEW

Understanding the spatio-temporal evolution of China’s
HFCV innovation network is helpful for identifying each
province’s position and attributes, guiding the optimization
of industrial layout, and forming future industrial
development plan at both national and local levels.
Therefore, we review the related literature from four
aspects, including the development and innovation of
HFCV industry, patent citation in innovation network,
measurement for network position, and spatio-temporal
evolution of network.
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3.1 Development and Innovation of HFCV
Industry
Nowadays, most nations are predominately preoccupied with the
need to increase economic growth amidst pressure for increased
energy consumption (Udemba et al., 2020). However, higher
energy consumption from fossil fuel aggravates climatic
deterioration, and global sustainable development is facing
serious obstacles such as global warming caused by greenhouse
gas emissions. Therefore, energy portfolio diversification is more
urgently necessary than ever (Udemba et al., 2020). The most
widely recognized clean energy source is hydrogen (Liu et al.,
2018; Nowotny et al., 2018), which makes developing HFCV one
of the most effective solutions for countries to reduce emissions of
greenhouse gases and improve energy security (Moliner et al.,
2016; Moriarty and Honnery, 2019). Some advanced countries
have already started to develop HFCV. As one of the global
leaders in hydrogen energy and fuel cell technology, Japan
reduces the cost of fuel cell production and closes the price
gap with oil-fueled vehicles by increasing R&D expenditure
(Khan et al., 2021). South Korea aims to expand the supply of
HFCV through government policy such as subsidies to cover
production cost and lower selling price (Kim et al., 2019). When
HFCV becomes widely used in ASEAN, hydrogen will be the
sticking point to the coupling of renewable and the transport
sector (Li and Kimura, 2021). For China, since the reduction of
polluting emissions is linked to the principle of sustainable
development (Mele and Magazzino, 2020), the development of
hydrogen energy and HFCV industry is highly related to China’s
energy development strategy and ecological civilization
construction. Nevertheless, China is facing the risk of blind
competition and industrial surplus due to the lack of national
overall plan for industry development and continuity of related
policies (Meng et al., 2020). In addition, due to the imbalance of
regional development, the contribution to the growth of transport
investments is different from region to region in China
(Magazzino and Mele, 2020). From the technology side,
although HFCV is still in the initial technology development
phase over a period of time (Hardman et al., 2013; Hacking et al.,
2019), it is radical innovation with the potential to significantly
disrupt conventional combustion engine technology (Zapata and
Nieuwenhuis, 2010). Among the core technologies of HFCV, fuel
cell is a typical representative. In response to increasing pressure
from stakeholders, many automakers would have struggled to
develop inter-organizational fuel cell innovations without the
involvement of suppliers with specialist capabilities in fuel cell
technologies (Borgstedt et al., 2017). Besides, the lack of
infrastructure maintenance eliminates the positive effects of
transport investments over time in the medium term in China
(Magazzino and Mele, 2020), hence, the well development of
hydrogen infrastructure is a guarantee of HFCV industry.

3.2 Patent Citation in Innovation Network
Owing to the standardized information related to the
development of new ideas and technologies, patent is
considered the most valuable output index of innovation
activities (Frietsch and Grupp, 2006). The patent citation

analysis method reveals the internal information and structure
of patent by identifying the citing-cited relationship among
patents, and this method has been applied in the network-
related research (Abraham and Moitra, 2001; Breitzman and
Mogee, 2002; Zhou et al., 2014). In addition, it has been used
in the research on knowledge flow (Ho et al., 2014), constructing
knowledge network (Jaffe et al., 1993), technology diffusion
(Xiang et al., 2013), and the structure among innovators
participating in knowledge creation (Belderbos, 2001; lo Storto,
2006; Ma et al., 2009). Moreover, the citation relationship
between patents or applicants is the focus of patent citation
analysis as well (Narin, 1994). Citations to prior patents
indicate that knowledge in the cited patent is beneficial to
innovate new knowledge described in the citing patent
(Verspagen, 2007), which provides good evidence of the links
between technological antecedents and descendants.

However, patent citation information cannot reveal the whole
characteristics of knowledge flow (Li et al., 2007). Social network
analysis (SNA) is widely used to understand the interaction and
connection among innovators. It is a quantitative technology
developed by sociologists based on mathematical methods and
graph theory. Therefore, a methodology combining social
network theory with patent citation information has
emerged. For example, through patent citation analysis,
Verspagen (2007) maps the technological trajectories of fuel
cell industry. Ji et al. (2019) construct global networks of
genetically modified crops technology by patent citation
relations. Watanabe and Takagi (2021) examine how
technology has evolved within the technological field of
computer graphic processing systems based on patent
citation network.

3.3 Measurement for Network Position
Node’s position in network determines its quantity and quality of
resource (Koene, 1984). The center position in the innovation
network means the control of competitive advantage (Foerster,
2016; Chai et al., 2017). Hence, many scholars have identified the
position of node in the network according to some indicators and
classified nodes into different groups. By the patent-cited
intensity, Bekkers and Martinelli (2012) divide the position of
node in innovation network into knowledge producer and
knowledge consumer. Kim and Song (2013) construct a patent
lawsuit network, and use three dimensions, namely eigenvector,
indegree, and outdegree centrality, to divide firms into four
groups, including key players, patent troll, victim, and
bystander. Based on outdegree and indegree centrality, Choe
et al. (2016) design Outdegree-Indegree (OI) index and
betweenness centrality to describe a node’s ability of
producing knowledge, and then divide innovators into 4
categories, namely, broker based on producing knowledge,
broker based on absorbing knowledge, knowledge producer,
and knowledge absorber.

3.4 Spatio-Temporal Evolution of Network
Many scholars have focused on the spatial and temporal
development of a sector based on the SNA method. Jiang
et al. (2017) collect the low-cost carrier’s data from 2005 to
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2013 to study the development trends of air transport network in
China. They divide the temporal evolution into three periods,
namely, funding period, developing period, and stable period,
while from the spatial evolution aspect, the connectivity of
network is increasingly close. Similarly, Liu et al. (2021) find
that the green innovation network evolves from forming, boom to
stable period, and the network based on provincial level are
increasingly related closely by constructing the green
innovation network in China from 2007 to 2017. Some
researches combine the spatial and temporal evolution of
network with knowledge spillover. For instance, Li et al.
(2015) analyze the development of scientific knowledge
networks and technological knowledge networks in
biotechnology field by using published papers and applied
patents from 2001 to 2012, and they find that knowledge
spillovers in spatio-temporal evolution of the networks have
features of both hierarchical and contagious diffusion. They
also find that knowledge spillovers are shifting from inter-
cities to inter-regions. More recently, some researches focus on
the key nodes in the network. Liu and Yu (2020) analyze the
spatio-temporal evolution of key nodes in the network, intra-
regional, and cross-regional cooperative innovation
relationships in China’s new energy vehicle industry. The
eastern regions including Beijing, Shanghai, Guangdong,
Jiangsu, and Zhejiang are key innovators and they are
active in intra and inter-regional cooperative innovation.
Li et al. (2021) study the evolution of the patent
collaboration network of China’s intelligent manufacturing
equipment industry. They find that Jiangsu mainly innovates
through intra-provincial collaboration while Beijing,
Guangdong, and Shandong tend to inter-provincial
collaboration.

3.5 Comments
Previous researches on HFCV industry mainly focus on the
qualitative description such as HFCV technology, industry
development, and policies. There is no study on the
construction of HFCV innovation network, the quantitative
identification of innovator’s position in the network, and the
spatio-temporal evolution of the network. The detailed limits are
as follows.

First, the studies, which decompose HFCV core technologies
according to the industry chain and construct HFCV innovation
network based on patents of specific technologies, are still very
limited. Focusing on China, the decomposition of the core
technologies based on industry chain is conducive to
accurately locate the competitiveness of different provinces in
HFCV industry, and helpful to formulate effective regional and
inter-firm cooperative development strategies, for avoiding
repeated construction and waste of resources.

Second, the SNA method has not been used to measure
innovator’s position in the HFCV innovation network. From
the perspective of data visualization, we can more clearly and
intuitively describe the development process of innovation in
China’s HFCV industry, knowledge flow among provinces, and
the evolution of the roles played by provinces in the innovation
network.

Third, there is still no study focusing on China’s HFCV
innovation network. Although China, as a late comer in global
HFCV industry, has a short history for HFCV development, it
has the characteristics of rapid development, large market
potential, and active innovation. In 2020, China is the
world’s third biggest producers of HFCV, even overpassing
Japan1. In terms of industry development potential, China and
the U.S. will tie for the first place of HFCV producing in 2030.
Therefore, it is important and significant to investigate the
characteristics of spatio-temporal evolution of China’s HFCV
innovation network.

4 DEVELOPMENT OF THE HFCV INDUSTRY
IN CHINA
4.1 Status of China’s HFCV Industry in the
World
The global HFCV industry has entered a new phase since Toyota
launched the world’s first HFCV in 2014. Table 1 compares the
HFCV industry development of the world’s top five countries
in HFCV total sales by 2020, including China, Japan, South
Korea, the United States, and Germany, which together
account for about 98% of HFCV world total sales. Driven
by high subsidies from national government, South Korea sells
10,906 HFCVs in 2020 with 114.6% y-o-y growth rate, ranking
first in the world, and it has set a target of 1.8 million HFCVs
for 2030 according to the data from IEA. Japan is the world
leader on the construction of hydrogen infrastructure with the
greatest number of hydrogen filling stations at present. The
United States also has a great number of HFCVs but lacks
hydrogen-filling stations. In contrast with the United States,
Germany has built 100 hydrogen-filling stations by 2020, but
with low level of HFCVs total sales. China’s HFCV industry
development is more balanced compared with the
United States and Germany. China has the fastest growth
among the five countries in the number of hydrogen-filling
stations, with y-o-y growth rate of 109.84% in 2020. In
addition, China sells 7,352 HFCVs in 2020 ranking third in
the world.

4.2 Development Characteristics of HFCV
Industry in China
China has always attached great importance to the development
of HFCVs. Figure 1 shows the number of HFCV’s production
and sales volume in China from 2016 to 2020. Overall, China’s
production and sales volume of HFCV increased first and then
decreased, both peaked in 2019 at 3,018 units and 2,737 units
respectively. As a result of COVID-19 outbreak and changes of
national subsidy policies in 2020, China’s production and sales
volume of HFCVs fell sharply in 2020, decreased to 1,199 units of
production and 1,177 units of sales.

1Data source: China Automobile Industry Association; Japan Automobile Dealers
Association.
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HFCV industry chain is long and complex. Specifically, the
upstream of the industry chain mainly includes hydrogen and
other raw materials, fuel cell, and related core parts for HFCV.
The midstream mainly includes HFCV manufacturing and
integration. In contrast, the downstream mainly includes
hydrogen infrastructure such as hydrogen-filling station and
its supporting facilities, which is a very important link in the
HFCV industry chain. According to the data from H2 stations,
China’s total number of built hydrogen-filling stations ranked
second in the world by 2020, only behind Japan. Figure 2
further shows the specific total number of hydrogen-filling
stations built and under construction in various provinces of
China by 2020. Guangdong is in the leading position with 31
built stations. Jiangsu, Shandong, and Shanghai all have more
than 10 built stations. In terms of the number of hydrogen-
filling station under construction, there are 57 hydrogen-
filling stations under construction in China by 2020. The

top three provinces are Guangdong, Shandong, and Hebei
respectively.

4.3 National and Local Supporting Policies
for HFCV Industry Development in China
Although China’s HFCV industry has developed rapidly in recent
years, it is still in the initial stage of development from the
perspective of product life cycle. Therefore, it needs the
support from national and local governments. Table 2
presents China’s main national supporting policies for the
development of China’s HFCV industry from 2001 to 2020, of
which 2001, 2006, 2016, and 2020 are four important time nodes.
To better analyze the China’s HFCV innovation network on the
temporal dimension, we use four time-nodes of 2001, 2006, 2016,
and 2020mentioned above as the basis of the evolution of China’s
HFCV innovation network. Therefore, we ultimately construct

TABLE 1 | Comparison on development of HFCV industry in representative countries.

Country HFCV total
sales (2020)a

HFCV total
sales y-o-y
growth rate
(2020) (%)a

HFCV
total sales

Target (2030)b

Number of
built hydrogen-filling

stations (2020)c

Annual growth
rate of

built hydrogen-filling
station number

(2020) (%)c

China 7,352 19.1 1,000,000 124 109.84
Japan 4,456 20.6 811,200 142 24.56
South Korea 10,906 114.6 1,800,000 60 81.82
United States 8,931 11.7 1,000,000 49 2.08
Germany 890 52.9 — 100 3.09

Data source:
aChina Automobile Industry Association; Japan Automobile Dealers Association; Ministry of Land, Infrastructure and Transport of the Republic of Korea; The International Organization of
Motor Vehicle Manufacturers; German Ministry of transport;
bIEA, Fuel cell EV deployment, 2017–2019, and national targets for selected countries, https://www.iea.org/data-and-statistics/charts/fuel-cell-ev-deployment-2017-2019-and-national-
targets-for-selected-countries;
cH2 stations; Hydrogen Industrial Technology Innovation Alliance of China.

FIGURE 1 | Comparison on production and sales of HFCV in China (2016–2020). Data source: China Auto Parts industry Association.
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three different multi-valued and directed networks to analyze the
network evolution, each starting in 2001 and ending in 2006,
2016, and 2020 respectively.

As the intersection of traditional industry and strategic
emerging industry, the development of HFCV industry has
also been listed as the key field by China’s local governments.
Since Shanghai released the Shanghai Fuel Cell Vehicle Industry
Development Plan in 2017, some major vehicle production
provinces have also formulated relevant industry development
plans for HFCVs. Figure 3 shows the number of local policies

related to HFCVs issued by 22 provinces in China between 2017
and 2020. The total number of related local policies is 105.
Among them, the largest number of policies is issued in
Guangdong with 20 policies, accounting for 19.05% of the
total. The followed provinces are Jiangsu and Shandong both
with 10 policies. In terms of geographical distribution, the
provinces of Yangtze River Delta and Pearl River Delta
account for 44.76% of the total number of policies, indicating
that the eastern coastal regions are currently the key places of the
development of China’s HFCV industry.

FIGURE 2 | The number of hydrogen-filling stations built and under construction of China’s provinces by 2020. Data source: GGII. Note: For simplifying, “Province”
in this article includes municipalities directly under the Central Government.

TABLE 2 | List of main national policies supporting the development of HFCV industry in China (2001–2020).

Year Department National policy Highlights

2001 The State Council Electric Vehicle Heavy Truck Technology
Project

Government funding to R&D of HFCVs

2006 The State Council National Medium- and Long-term Scientific
and Technological Development Plan
(2006–2020)

Hydrogen and fuel cell as development direction of
energy technology in the future

2016 The State Council The 13th Five-Year National Plan for the
Development of Strategic Emerging Industries

Develop the featured industry cluster and realize fuel cell
vehicle mass production and demonstration application
by 2020

2020 Ministry of Finance; Ministry of Science and Technology;
Ministry of Information Industry; Development and
Reform Commission; National Energy Administration

Notice on Developing Demonstration
Applications of Fuel Cell Vehicles

The HFCVs demonstration application is rewarded by
the way of “Reward instead of subsidy” and the scope of
reward is adjusted from the whole country to part of
urban agglomeration

Data source: Each official national government department website of issued policies.
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5 DATA AND METHODOLOGY

5.1 Data
5.1.1 Patent Database
Based on the core technologies and key products of HFCV
industry, we search the patents in the Incopat patent database.
Incopat is a leading provider of IP information worldwide,
focusing on deep integration and value mining of IP data.
There are more than 2,000 users worldwide, including well-
known firms, universities, and research institutions, such as
Tsinghua University. Incopat is a database that provides
relevant information related to the prior art for each patent in
State Intellectual Property Office (SIPO) in China (Howell, 2019).
In addition to the China’s patent data, Incopat collects official and
verified patent data from more than 130 countries, regions, and
organizations in the world, and leads the world in the rate of
updating patent information.

5.1.2 Data Collection Step
The steps of our data collection in Incopat and screening are as
follows.

First, the key words for patent retrieval are determined, which
is “Title or Abstract � Metal Bipolar Plate or Graphite Bipolar
Plate or Composite Bipolar Plate or Proton Exchange
Membrane or Platinum Catalyst or Carbon Paper or Gas
Diffusion Layer or Membrane Electrode Assembly or
Integration Stacks or DC/DC Transformation or Water and
Heat Management or Air Compressor or Hydrogen
Circulation Pump or Fuel cell System Integration or
Hydrogen Production or Hydrogen Storage or Hydrogen
Transportation or Hydrogen Station or Hydrogen Fueling
Receptacle or Hydrogen Fueling Nozzle or Hydrogen Fuel
cell or Hydrogen Fuel cell Vehicle.”

Second, the patents are further screened after preliminary
searching. Since invention patent represents the higher
innovation level and ability, we only keep invention patents,

excluding the utility model patents and design patents. Besides,
we restrict the country in China and delete the patents without
patent citation relationships or unrelated with HFCV industry.
We also set the time range from 2001 to 2020. Therefore, we
preliminarily obtain 7,336 invention patents with patent citation
relationships and related with HFCV industry. Furthermore, we
obtain 4,845 invention patents of 1,252 innovators after duplicate
removal.

Third, based on the Pareto’s rule, also known as the law of the
vital few and the principle of factor sparsity, which states that for
many phenomena 80% of consequences stem from 20% of the
causes, we set the threshold as 4 for innovator’s number of
invention patents. Specifically, we exclude the innovators
whose invention patent number is less than 4, and then obtain
3,528 invention patents of 254 innovators.

Besides, data of Taiwan, Hong Kong, and Macao are excluded
in our research due to the missing of data. We further sort out the
innovators based on their provincial identity of China. Firms are
classified based on their headquarters, while universities and
research institutes are based on their geographical locations.
Therefore, finally, we obtain 2,971 invention patents of 218
innovators across 25 provinces in China from 2001 to 2020.

5.2 Methodology
5.2.1 Methods for Network Construction
Patent citation represents the process of knowledge flow.
Backward citations indicate the degree of knowledge inflow,
and forward citations show the inventive quality from the
technological and economic perspectives (Henderson et al.,
1998). Based on the final sample after patent searching and
screening, and the patent citation relationships among sample
provinces, we construct China’s HFCV patent citation innovation
network in spatial dimension. Since the patent citation relation
strength is represented by the frequency of patent citation
between innovators, our patent citation innovation network is
multi-valued and directed.

FIGURE 3 | The number of HFCV-related local supporting policies issued by China’s province (2017–2020). Data source: Each official local government
department website of issued policies.
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5.2.2 Measures for Network Analysis and Network
Position
For analyzing the structure and characteristics of China’s
HFCV innovation networks in different periods, we
use various statistical indicators to conduct network
topology analysis, including network density,
average distance, distance-based cohesion, average
degree, and clustering coefficient. These indicators have
been widely used in network literature for analyzing the
structure and properties of the network (Okamura and
Vonortas, 2006). Table 3 concludes the indicators we use
and their definitions for the network evolution topological
analysis.

Based on the patent citation relationships between nodes,
we visualize the network evolution through UCINET6 to
present knowledge flow and node’s properties. And then we
carry out the centrality analysis by using the indicators
proposed by Freeman (1979). Degree centrality and
betweenness centrality are used to estimate the value and
significance of top 10 provinces in China’s HFCV innovation
network in different periods. The detail calculation process of the
key index is explained as follows.

Degree centrality is measured by using the sum of nodes
directly connected to one node, so it has a meaning of local
centrality. The degree centrality of Node i(C(i)d) is calculated
by Eq. 1, where a(Ni, Nk) is 1 if, and only if, Node i(Ni) and
Node k(Nk) are connected by a line, otherwise 0; n is the total
number of nodes in a network. Since the networks are
directed and multivalued, we have two types of degree
centrality, namely indegree centrality and outdegree
centrality.

C(i)d � ∑n
k�1a(Ni,Nk)

n − 1
(1)

We also use betweenness centrality to measure the degree to
which one node as the broker in a network. Betweenness
centrality represents the function of a province in bridging
information flow between nodes innovation network. The
betweenness centrality of Node i(C(i)b) is calculated by Eq. 2,
where djk denotes the number of geodesics linking Node j and
Node k; djk(i) denotes the number of geodesics linking Node j

and Node k(j≠ k) that go through Node i; n is the total number of
nodes in a network.

C(i)b �
∑j< kdjk(i)/djk

[(n − 2)(n − 1)/2] (2)

Choe et al. (2016) calculate the network broker and knowledge
production capability based on betweenness centrality and
Outdegree-Indegree (OI) index. We refer this method in our
analysis. Furthermore, we divide the sample provinces in China’s
HFCV innovation network into four groups according to these
two indicators by using k-means cluster analysis. The detailed
method and formula are introduced in Section 6.

6 EVOLUTION OF PATENT CITATION
INNOVATION NETWORK

6.1 Features of Network Evolution
For discovering the features of the formation and evolution of
China’s HFCV patent citation network, we analyze the network
evolution from three perspectives. First, from the micro
perspective, we analyze the composition of innovators and the
proportion of their patent applications in each period. Second,
from the provincial perspective, we compare the number of
provinces’ patents in each period to find out the main patent
application regions of the HFCV industry in China. Last, we
analyze the performance of the provinces on indegree, outdegree,
and betweenness centrality for each period to identify the most
dynamic 10 provinces in China’s HFCV patent citation
innovation network.

Table 4 shows the number and proportion of innovators of
HFCV for the three periods2. The innovators are divided into two
types, namely firm and university & research institute. We find
that the universities and research institutes are the main
innovators in China’s HFCV industry. Compared with the
period from 2001 to 2006, the gap between the two types of

TABLE 3 | Indicators for network topological analysis.

Indicators Definition

Number of nodes The total number of nodes in a network
Number of core nodes The total number of core nodes in a network
Number of periphery nodes The total number of periphery nodes in a network
Network density The ratio of actual links to all possible links in a network
Average distance The average value of the distance between any pair of nodes in a network
Distance-based cohesion The harmonic mean of the entries in the distance matrix, also called compactness, which has a value of 1 when the network

is a clique and zero when the network is entirely made up of isolates. Larger value indicates greater cohesiveness of a
network

Average degree The degree is the number of links that a node has to other nodes. The average degree is calculated by dividing the sum of all
node degrees by the total number of nodes in a network

Clustering coefficient A node’s clustering coefficient is the ratio of the number of actual links between the node’s neighbors, to the number of the
maximum possible links between those neighbors. The network’s clustering coefficient is the average of the clustering
coefficients for all the nodes

2According to the important plans and policies for the development of China’s
HFCV industry at the national level, this article selects four time-nodes of 2001,
2006, 2016, and 2020. The details of the policies are presented in Section 4.
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innovators is continually widen from 2001 to 2020, namely, firm’s
patent accounts for 26.61%, while that of university and research
institute’s patent accounts for 73.39%.

Figure 4 presents the sample province’s number of invention
patents in HFCV industry in three distinct periods. From 2001 to

2006, the total number of patents at provincial level is 102. In this
period, Liaoning has the largest number of invention patents,
followed by Shanghai and Guangdong. The number of patents in
Liaoning is 42, which accounts for 41.18% of the total. From 2001
to 2016, the total number of patents is 2,041. It is worth noting

TABLE 4 | The information of innovators in China’s HFCV industry.

Innovator’s type 2001–2006 2001–2016 2001–2020

Number Proportion (%) Number Proportion (%) Number Proportion (%)

Firm 4 57.14 48 29.63 58 26.61
University & research institute 3 42.86 114 70.37 160 73.39

FIGURE 4 | Province’s number of invention patents in China’s HFCV industry.

TABLE 5 | Top 10 provinces with the highest centrality in China’s HFCV innovation network.

Rank 2001–2006 2001–2016 2001–2020

Degree centrality Betweenness Degree centrality Betweenness Degree centrality Betweenness

In Out In Out In Out

1 Guangdong
(10)

Liaoning (7) Shanghai (3.5) Beijing (330) Beijing (340) Beijing (27.624) Beijing (513) Beijing (604) Beijing (21.914)

2 Shanghai (5) Shanghai (6) Liaoning (2.5) Liaoning (242) Shanghai (301) Liaoning (19.965) Shanghai
(302)

Shanghai
(482)

Jiangsu (20.529)

3 Liaoning (3) Shaanxi (4) Beijing (1) Shanghai
(193)

Liaoning (234) Jiangsu (15.692) Liaoning (298) Liaoning (362) Guangdong
(10.687)

4 Beijing (1) Beijing (2) Shaanxi (0) Jiangsu (178) Jiangsu (163) Shanghai
(12.901)

Sichuan (269) Jiangsu (331) Liaoning (10.645)

5 Shaanxi (0) Guangdong
(0)

Guangdong (0) Guangdong
(138)

Guangdong
(152)

Guangdong
(12.309)

Jiangsu (265) Guangdong
(242)

Sichuan (10.638)

6 — — — Sichuan (120) Zhejiang (130) Jilin (11.948) Guangdong
(196)

Zhejiang (230) Shanghai (9.808)

7 — — — Zhejiang (81) Hubei (121) Tianjin (11.945) Zhejiang (191) Hubei (205) Shandong
(7.045)

8 — — — Hubei (78) Tianjin (99) Anhui (11.436) Hubei (187) Tianjin (175) Anhui (7.017)
9 — — — Jilin (72) Heilongjiang

(59)
Sichuan (5.676) Shandong

(179)
Shaanxi (106) Hubei (6.799)

10 — — — Tianjin (63) Jilin (53) Heilongjiang
(5.584)

Fujian (139) Shandong
(100)

Zhejiang (6.208)

Note: numbers in parentheses indicate the specific value of each centrality.
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FIGURE 5 | Evolution of China’s HFCV patent citation network for the three periods. (A) (2001–2006), (B) (2001–2016), (C) (2001–2020). Note: Node represents
the province. Node’s color represents node’s activity level. Yellow node means core province. Blue node means periphery province. The arrowed line between nodes
represents the patent citation relationship between provinces. The direction of the arrowed line represents the flow of the knowledge.
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that Beijing shows a strong innovation ability, whose number of
patents comes to the first-place and accounts for 20.4% of the
total. From 2001 to 2020, the total number of province’s patents is
2,971. Beijing still has the biggest number of patents among all the
provinces with 513 patents, and followed by Liaoning and
Shanghai. Therefore, we find that the eastern provinces are
more dynamic for patent application in China’s HFCV
industry. What is noteworthy is that Sichuan, the only
province from the west, has overpassed Jiangsu with 233 patents.

Table 5 furtherly shows the top 10 provinces ranked by
centrality of indegree, outdegree, and betweenness in three
periods. Owing to the limitation of data, the period from 2001
to 2006 only includes five provinces, with Guangdong, Liaoning,
and Shanghai as the top 3. Guangdong has the highest indegree,
while its outdegree and betweenness are the lowest among all the
provinces, which indicates that Guangdong tends to cite patents
from other provinces in this period. Liaoning and Shanghai are
relatively stable, ranking in the top 3 among all the three
centralities. From 2001 to 2016, Beijing shows the most active
performance among all the sample provinces, with indegree,
outdegree, and betweenness centrality ranking the first. It is
also interesting to note that the top 5 provinces on the three
centralities indicators all include Beijing, Liaoning, Shanghai,
Jiangsu, and Guangdong, which indicates that these five
provinces are the most active in this period. From 2001 to
2020, Beijing still occupies the first place in all three
indicators. What’s the difference from the previous period is
that Sichuan shows a good performance with ranking fourth place
in indegree centrality and fifth place in betweenness centrality,
which breaks the stable situation that the top 5 provinces are all
from the east. We deduce the reasons why the eastern regions in
leading position are caused by the high level of economic
development and innovation ability, and better vehicle industry
foundation. While for Sichuan province, the local industry
development policy for HFCV industry plays the certain
impetus function. Sichuan has issued 5 related policies on
HFCVs and built 7 hydrogen-filling stations with 220 HFCVs
in demonstration application, which makes it rank top in the
western regions of China. Besides, it has carried out deep
cooperation with Chongqing province. The southwest industrial
cluster of the HFCV industry in China has been formed.

6.2 Evolution of Network Topology
Based on 2,971 patents of 218 micro-innovators from 25
provinces from 2001 to 2020, we construct three multi-valued
and directed patent citation innovation networks of China’s
HFCV in three periods. In addition, we also conduct core-
periphery analysis on these three networks and then find out
the specific geographical features of core and periphery nodes. In
Figures 5A–C, the node represents the province. Node’s color
represents node’s activity level. Yellow node means core province.
Blue node means periphery province. The arrowed line between
nodes represents the patent citation relationship between
provinces. The direction of the arrowed line represents the
flow of the knowledge, namely, starting node of the arrowed
line is the knowledge consumer and the ending node of the
arrowed line is the knowledge producer.

Table 6 shows the results of the network topology analysis for
three periods. In detail, the density of network from 2001 to 2006
is 0.950, which is relatively sparse with only 5 provinces
participating. The density of network from 2001 to 2016
reaches 3.598 with 24 provinces participating, and that from
2001 to 2020 nearly double to 6.010 with 25 provinces. This result
reveals that China’s HFCV patent citation network has changed
from sparse to denser and the number of participating provinces
has increased over time. In addition, the clustering coefficient of
the three networks is increasing, which indicates that China’s
HFCV patent citation networks present high cluster feature.
Besides, from the perspective of the connection between
nodes, we find that the average distance between provinces
decreases, the value of distance-based cohesion increases, and
the average degree increases. Therefore, the patent citation
relationship between provinces shows an increasingly close
trend. Combined with network topological graphs in Figure 5,
we conclude that Shanghai and Liaoning are the core provinces in
the period of 2001–2006, while Beijing joins the core province
family in the period of 2001–2016, and then followed by Jiangsu
in the period of 2001–2020. We deduce that Beijing is the
center of science and technology innovation of China with
the largest number of high-quality universities and research
institutions, which provides strong foundation for R&D of
HFCVs. In contrast Jiangsu province is one of the most
competitive provinces in the development of China’s
HFCV industry. Not only does the local government
attach great importance to the development of HFCV
industry, with the number of related policies issued for
HFCVs ranking second among all the provinces of China,
but also has formed a complete HFCV industry chain layout
inside the Jiangsu province. The industry chain includes the
upstream of fuel cell core parts R&D, the midstream of the
whole vehicle manufacturing, as well as the downstream of
hydrogen-filling stations and its supporting facilities
construction.

7 ANALYSIS OF PROVINCE POSITION IN
PATENT CITATION NETWORK

7.1 The Method for Identifying Province
Position
To understand the position of each province in China’s HFCV
patent citation network, and according to Choe et al. (2016), we

TABLE 6 | Results of network topological analysis of China’s HFCV industry.

Measures 2001–2006 2001–2016 2001–2020

Number of nodes 5 24 25
Number of core nodes 2 3 4
Number of periphery nodes 3 21 21
Network density 0.950 3.598 6.010
Average distance 1.538 1.332 1.242
Distance-based cohesion 0.492 0.765 0.879
Average degree 1.4 14.125 18.2
Clustering coefficient 0.875 5.927 8.218
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use OI index and betweenness centrality as two indicators for
identifying province position in the China’s HFCV innovation
network.

The OI index compares the degree centrality to which a
province cites other provinces (indegree) with the degree to
which a province is cited by other provinces (outdegree). The
calculation method is shown in Eq. 3:

OI index � (outdeg − indeg)
(outdeg + indeg)

(3)

If the OI index is greater than 0, the number of cited
patents in a province is greater than the number of citing
patents, indicating that the province is a knowledge
producer. If the index is less than 0, the number of cited
patents in the province is less than the number of citing
patents, indicating that the province belongs to knowledge
consumer.

Betweenness centrality represents the function of a
province in bridging information flow between nodes in
innovation network. The greater the value of betweenness
centrality, the stronger the function of the province as a
broker in the network, and the greater the possibility of the
province as a network center.

According to the values of OI index and betweenness
centrality, we divide the position of the provinces into four
groups, as shown in Table 7.

In Table 7, we define that the provinces in Group 1 are both
network brokers and knowledge producers, which are in the
optimal network position. The provinces in Group 2 are network
brokers based on knowledge consumption. The provinces in
Group 3 are not network brokers, but they are knowledge
producers. The provinces in Group 4 are non-brokers with
low knowledge production capacity and in an unfavorable
network position.

To unify the scale of the OI index and betweenness
centrality, we standardize the two indicators. Then, we
use the k-mean cluster analysis method to classify the
province position in three periods, as shown in Figure 6.
In the first and second periods, due to the lack of provinces in
Group 2, we set the k value to 3, which means that the
provinces are divided into three groups. In the third
period, we successfully and completely identify the
provinces in Group 2; therefore, the k value is 4. In
addition, we use dotted circles in Figure 6 to distinguish
and classify the province position, and insert a straight
broken line where the value of OI index is 1 according to
the Pareto’s rule, treating provinces with an OI index greater
than or equal to 1 as provinces with high knowledge
production capacity.

7.2 Identification of the Optimal Network
Position
According to the division of province position in Table 7, the
provinces in Group 1 play the role of the knowledge bridge in the
innovation network and are also the knowledge producers with
the optimal network position. Figure 6 shows the position
changes of each province in China’s HFCV innovation
network. In the first period, Shanghai and Liaoning are in
Group 1, but Beijing and Jiangsu replace them climbing to the
optimal network position in the second and third periods. The
results of the core-periphery analysis also show the characteristics
of Beijing and Jiangsu from late comers to first movers. Shanghai
and Liaoning are the first batch of provinces in China to develop
HFCV industry, promoting them to become the brokers in the
HFCV innovation network in the first period. For instance, in
2001, Shanghai Automotive Industry Corporate (SAIC) with
General Motor and the Pan Asia Technical Automotive Center
jointly successfully developed China’s first hybrid fuel cell vehicle
powered by hydrogen, namely, the Phoenix Fuel Cell Vehicle.
Dalian Institute of Chemical Physics (DICP) in Liaoning made
great progress in the field of proton exchange membrane fuel cell
technology in the 1990s and jointly developed the first 30-
kilowatt fuel cell bus with Dongfeng Motor in 2001. However,
as China attaches more importance to the HFCV industry, many
provinces have been involved in the HFCV industry. From 2017
to 2020, China’s 22 local governments have issued 105 policies for
the HFCV industry. The vehicle firms in many provinces start to
develop HFCVs. For instance, Chinese old brands, such as Beiqi
Foton Auto, Chery Auto, and China First Automotive Works
(FAW) Corporate, have gradually started the R&D and
production of HFCVs. Meanwhile, new competitors, such as
Grove, have emerged in recent years. In this context, Beijing
and Jiangsu stand out frommany provinces and gradually replace
Shanghai and Liaoning at the optimal position in the network.
We deduce that this phenomenon may be also related to the
number of universities and research institutes participating in
the HFCV innovation network as well. As the HFCV industry
is in its infancy in the world and China, its core technologies
are still in the transition stage from innovation to commerce
from the perspective of product life cycle. Therefore,
universities and research institutes are undertaking the task
of innovation and generating technology. The number of
universities and research institutes participating in the
HFCV innovation network in Beijing and Jiangsu are the
top 2 in the second and third periods. Specifically, in the
second period, based on our data, Beijing had 21 universities
and research institutes, and Jiangsu had 14 universities and
research institutes conducing HFCV-related innovation
activities. In the third period, Beijing’s number of university

TABLE 7 | Division of province position according to OI index and betweenness centrality.

Low OI index High OI index

High betweenness centrality Group 2: broker based on knowledge consumption Group 1: broker based on knowledge production (optimal network position)
Low betweenness centrality Group 4: knowledge consumer (unfavorable network position) Group 3: knowledge producer
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and research institute has increased to 25, and Jiangsu has
increased to 17, which has facilitated these two provinces to
become the innovation network centers with the optimal
position in China’s HFCV industry.

7.3 Identification of Provinces With Strong
Knowledge Production Capacity
In Table 7, except for the provinces in Group 1, the provinces in
Group 3 play the role of knowledge producers in the network as
well. We regard provinces with OI index greater than or equal to 1
as provinces with high knowledge production capacity. Figure 6
shows that Beijing and Shaanxi have high knowledge production
capacity in the first period. While in the second period, the OI
indexes of Tianjin, Zhejiang, Hubei, and Hebei are all greater than
1, showing strong knowledge productivity. In the third period, the
OI indexes of Hubei, Hebei, and Zhejiang decrease, but they are
still close to 1. In addition, Guangdong’s OI index rises to 1 in the
third period, becoming an outstanding knowledge producer. In
the meanwhile, its betweenness centrality is the highest among all
the knowledge producers in Group 3. Therefore, we conclude that
Zhejiang, Hubei, Hebei, Tianjin, and Guangdong are outstanding
knowledge producers in China’s HFCV industry, and Guangdong
is expected to climb to Group 1, the optimal network position, in
the next period. According to the arrangement of relevant
industrial policies in Section 4, the number of HFCV industry
policies in these five knowledge-producing provinces are all
among the top 10 in China as shown in Figure 3, confirming
that local industrial policy is an important factor for promoting
the technological production in China’s HFCV industry.

It is worth noting that Zhejiang, Hebei, Tianjin, and
Guangdong are all from the east of China. Specifically,
Zhejiang has issued 8 policies related to the HFCV industry
from 2017 to 2020, the most representative is the Development of
Hydrogen Fuel Cell Vehicle Industry in Zhejiang in 2020.
The plan details how to build a demonstration zone for the
HFCV industry in Zhejiang, which is inseparable from the
transportation industry foundation of Zhejiang. Besides, in
2019, the Ministry of Transport of China released the
Opinions on Zhejiang Province’s Development of Constructing
a Modern Comprehensive Three-dimensional Transportation
Network and Other Pilot Works for Country with Strong
Transportation, facilitating Zhejiang to design the
demonstration scene of HFCV.

Tianjin is also a key place for China’s HFCV industry. Tianjin
has issued 6 related policies in 2017–2020. Tianjin Hydrogen
Energy Industry Development Action Plan (2019–2022) proposes
the necessity to introduce international advanced HFCV model
and encourage the mass production of domestic HFCV. In terms
of vehicle firm, Toyota, the international pioneer firm in HFCV,
plans to cooperate with China FAW Corporation to invest 1.22
billion dollars to build a new energy vehicle plant in Tianjin,
providing chance to cooperate in the field of HFCV.

Affected by the radiation effect of the Beijing-Tianjin-Hebei
cluster, Hebei has issued 5 relevant policies from the period of

FIGURE 6 | Position of Chinese provinces in China’s HFCV innovation
network. Note: circle: Group 1, square: Group 2, triangle: Group 3, cross:
Group 4. (A) (2001–2006), (B) (2001–2016), (C) (2001–2020).
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2017 to 2020, contributing to building the whole HFCV industry
chain. Besides, Hebei has been included in the first batch of
national HFCV demonstration cities in 2021, which will
further strengthen Hebei’s capacity in HFCVs technology.
The most typical example of demonstration is that
Zhangjiakou city in Hebei province as the main place for
2022 Winter Olympics will provide 2,000 HFCVs for
spectators, tourists, and athletes.

Since 2013, Guangdong has formed the whole HFCV
industrial chain. Guangdong also creates Yunfu Hydrogen
Energy Town in 2018, which is a HFCV cluster of R&D,
production, hydrogen energy infrastructure supporting
services, and demonstration zone. By the end of 2020,
Guangdong has owned 2,415 HFCVs and 31 hydrogen-filling
stations, both ranking first among all the China’s provinces since
its HFCV industrial policies covering the development of fuel cell
core components, hydrogen infrastructure, HFCV demonstration
application, and industry standard setting.

Industrial foundation may be another reason for
Guangdong becoming a knowledge producer. Guangdong
has been the province with the largest vehicle production in
China, reaching 3.132 million vehicles in 2020. The experience
and technology of traditional vehicles, especially vehicle
integration technology, have become an industrial
foundation for HFCV.

In contrast, the number of university and research institutes in
Guangdong participating in China’s HFCV innovation network is
only 4 and 7 in 2016 and 2020 respectively, which may be one of
the main reasons for Guangdong’s lack of betweenness to climb to
optimal position. To improve the R&D strength and capability
from local universities and research institutes, Guangdong is
actively introducing universities and research institutes from
other provinces. Therefore, we take the view that Guangdong
has the potential to be in the optimal position of China’s HFCV
innovation network in the near future.

It is a remarkable fact that Hubei is the only province located
in the central region with strong knowledge production capacity.
Hubei has issued a total number of 6 related policies between
2017 and 2020, ranking fifth in China. At the same time, Hubei
masters core technologies in the field of fuel cells. For instance,
relying on local university, namely Wuhan University of
Technology, WUT HyPower Technology Corporation in
Hubei has become the largest membrane electrode supplier
in domestic market and the fifth in international market.
With the independent R&D and production technology of
membrane electrode, this firm exports products to the
United States, Germany, South Korea, and other advanced
countries in large quantities, and becomes the main
membrane electrode supplier of SinoHytech, leading to
revenue exceeding 100 million yuan in 2019. In terms of
industry foundation, Hubei, as a large vehicle province, has
vehicle integration technology and brand advantages. For
instance, Dongfeng Motor in Hubei has also been committed
to the production of HFCVs since 2001. Besides, Hubei is a
large hydropower province with abundant water resources,
which will promote the development of hydrogen energy and
HFCV industry.

7.4 Identification of Broker Based on
Knowledge Consumption
According to Table 7, the provinces in Group 2 and Group 4 both
are knowledge consumers in the network. The provinces in
Group 4 are in an unfavorable network position, and the
provinces in Group 2 are brokers based on knowledge
consumption. It is worth noting that in the third period of
China’s HFCV innovation networks, Sichuan has become the
first and only broker based on knowledge consumption among
sample provinces. Specifically, Sichuan has issued five policies in
2017–2020 to support the development of the local HFCV
industry. In 2019, Sichuan issued the Implementation Plan for
Dealing the Pollution Control of Diesel Trucks in Sichuan to
encourage the demonstration applications of fuel cell trucks and
the construction of hydrogen-filling stations. Besides, this plan
supports technological breakthroughs in the field of alternative
fuels, hybrid power, blade electric, and fuel cell, strengthening the
focus on the HFCV industry. At the same time, a few related firms
have emerged in Sichuan. In 2018, Dongfang Electric and
Chengdu Bus jointly developed hydrogen fuel cell bus. In the
same year, Sichuan Natural Gas Investment Corporation and
Sichuan Jinxing Corporation jointly constructed a skid-mounted
hydrogen station with 400 kg per day. In terms of industry
foundation, according to the Research Report on the
Comprehensive Development Index of China’s Electronic
Information Manufacturing Industry (2018) issued by the
Ministry of Industry and Information Technology of China,
Sichuan’s electronic information manufacturing industry
development index ranks seventh in China, and ranks first in
the central and western regions, providing industry foundation
for the breakthrough in fuel cell technology. Besides, Sichuan has
abundant water resources, which can provide resource support
for the development of the hydrogen energy industry. In short,
the support of government policies, the emergence of related
firms, the foundation of industry, and the abundance of hydrogen
resources have jointly helped Sichuan gradually moving toward
the center of the innovation network. However, from the
perspective of patent citation, Sichuan has been in the role of
a knowledge consumer, indicating that Sichuan becomes a
network broker by technological importing.

8 CONCLUSION AND POLICY
IMPLICATIONS

The development of the HFCV industry is one of the important
paths to achieve the upgrade of China’s vehicle industry and the
goal of carbon neutrality in 2060. To avoid repeated construction
and blind competition existing in the China’s traditional oil-
fueled vehicle industry, it is important to optimize the layout of
the China’s HFCV industry among provinces and to form the
coordinated development of different regions based on the
advantages and positions of provinces in the industry.
Therefore, we use patent citation information of 2,971 HFCV
patents, applied by 218 innovators across 25 provinces of China
from 2001 to 2020, to construct China’s HFCV innovation
network through social network analysis. And then the
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temporal evolution of network has been in-depth analyzed.
Furthermore, to study the spatial evolution of the innovation
network, the provinces position in innovation network is
divided into four groups based on the knowledge
production, knowledge consumption, and network broker
by the cluster analysis method.

The main findings are as follows. First, the total sales of
hydrogen fuel cell vehicle and the development of supporting
infrastructure are balanced in China, and a series of national and
local industrial development polices have been issued. Second, the
proportion of universities and research institutes in China’s
HFCV innovation network is increasing. Third, from the first
period (2001–2006) to the third period (2001–2020), more and
more provinces have participated in the construction of China’s
HFCV innovation network, and the eastern provinces have
become increasingly active. At the same time, the density of
innovation network is increasing. Fourth, in the three periods, the
provinces in the optimal network position in China’s HFCV
innovation network are all from the eastern regions. Beijing and
Jiangsu gradually replaced Shanghai and Liaoning, which may be
related to the number of universities and research institutes
participating in the innovation network. Guangdong is likely
to climb to the optimal network position in the next period with
great potential. Fifth, the network broker based on knowledge
consumption in the innovation network only appeared in the
third period, that is Sichuan from the western region. Besides, in
the third period, the non-broker provinces with strong knowledge
production capabilities are Zhejiang, Tianjin, Hebei, Guangdong,
and Hubei. Based on the main findings, we propose the following
policy implications for the reasonable spatial layout and
competitiveness promotion of China’s HFCV industry.

First, in terms of industry layout, China should prioritize
provinces in the leading position of HFCV industry or with
industry foundation and resource abundance. Specifically, Beijing
canmake full use of the hydrogen energy resource from Fangshan
district in Beijing, Tianjin, and Hebei, and hydrogen production
ability from Sinopec to form Beijing-Tianjin-Hebei
demonstration cluster in hydrogen industry. Shanghai, Jiangsu,
and Zhejiang can construct HFCV demonstration cluster based
on traditional vehicle industry, equipment manufacturing
industry, and transportation industry. Liaoning and Hubei can

focus on the advantages of core components in the fuel cell field to
drive the development of the fuel cell industry in the northeast
and central regions of China, respectively. Guangdong can
contribute to designing the HFCV standard system based on
its demonstration experience of HFCV and hydrogen-filling
station.

Second, in terms of industry-university-research
collaboration, China should encourage firms, universities, and
research institutes to establish strategic alliances or jointly set up
firms to accelerate the industrialization of research findings. For
example, Guangdong can introduce some high-class universities
from other provinces to collaborate with local HFCVs innovators,
in order to climb to the network center in the next period. At the
same time, Sichuan also needs to enhance the knowledge
production capacity with the help of universities and research
institutes to transfer from the network center based on knowledge
consumption to the network center based on knowledge
production.
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