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Abstract

This study aims to characterize the evolution of the innovation network of lithium-ion battery
recycling technologies in China in terms of network structure and influential factors, using social
network analysis and GeoDetector based on patent data from 2004 to 2023. The following findings
are established. First, the network exhibited a small-world effect, changed from a loose to a dense
structure, and developed into a dual-core radial structure. Leading firms in lithium-ion battery recycling
technologies have established relatively stable internal cooperation. The network experienced the
embryonic stage, the initial exploration stage, and the developmental exploration stage, and is now in the
intensive exploration stage. The network connections were dense in eastern China but sparse in western
China. Second, in terms of industry—university—research cooperation, the main core was industry—
industry cooperation, with industry—university and industry—research cooperation also occupying
important positions. Universities and research institutes served as “transit stations” in technological
innovation. Third and lastly, China’s innovation network of lithium-ion battery recycling technologies
was influenced by economic development, tertiary industry development, household consumption,
government intervention, and higher education. This study clarifies the technological accumulation and
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evolution in the field of lithium battery recycling in China, providing insights into the construction and

governance of an innovation development system for the lithium battery recycling industry.

Keywords: patent, lithium-ion battery, innovation network, spatial distribution

Introduction

The global shift toward renewable energy and
electric vehicles has led to an unprecedented surge in
demand for lithium-ion batteries. As the Ministry of
Industry and Information Technology of the People’s
Republic of China reported, China produced over 940
GWh of lithium batteries in 2023, representing a year-
on-year increase of 25% and a gross output of more
than 1.4 trillion yuan!. This surge is indicative of the
rapid proliferation of electric vehicles (EVs), energy
storage systems, and other applications that rely on
lithium batteries. However, this rapid growth in the
industry is accompanied by challenges in managing
discarded lithium-ion batteries, particularly in their
recycling and disposal. The sustainability of the
lithium-ion battery (LIB) industry, both domestically
and internationally, largely depends on China’s ability
to recycle used batteries efficiently. The efficient
recycling of lithium batteries not only creates revenue
and reduces resource waste by recycling heavy metals,
such as lithium and nickel, in batteries but also mitigates
environmental pollution and safety hazards [1-4].
In this context, recycling spent lithium batteries has
become a hot research topic and an important direction
for industrial development [5, 6]. However, despite
establishing advanced battery recycling frameworks
in many developed countries in the EU [7], China’s
recycling infrastructure, technology, and regulatory
framework are still catching up. Although China is
a leader in battery production, it still faces challenges
in the technology and industry of LIB recycling.
This gap between production capacity and recycling
capacity urgently necessitates research and innovative
development in LIB recycling technology, especially in
the context of China’s dominant position in the global
battery market.

Regional innovation systems have always been a
key research direction in economic geography [8]. In
the space of flows era, innovation activities are said to
occur to a greater extent among different actors, and
integration into innovation networks helps enhance
regional innovation capabilities [9, 10]. Most studies
on innovation networks investigated the structural
characteristics of these networks, e.g., centrality,
structural holes, and small-world effects [11]. These
studies focused on how such networks functioned in
representative industries, such as biomedicine and

1 Available online: https://www.miit.gov.cn/gxsj/
tjfx/dzxx/art/2024/art 7de3ac5f07514eec80039a81aa2e2
2d8.html (accessed on Sth April 2024).

photovoltaics, at the global, national, regional, and city
levels, using cooperative publications and patents as
measurement metrics [12-14]. The dynamic mechanism
of network formation has also been successfully
investigated by analyzing the proximity, socioeconomic
development factors, and policy factors using
GeoDetector and quadratic assignment procedure (QAP)
regression [15].

In terms of LIB recycling, previous studies have
mainly explored recycling systems, evaluation and
strategies, technologies, and industrial development [16-
18]. However, few studies have examined LIB recycling
from the perspective of patents, and innovation network
research does not appear to be widely applied to LIB
recycling. Moreover, most innovation network studies
are based on cross-sectional data of a given year,
whereas few have analyzed the structural characteristics
of the innovation network of LIB recycling technologies
in China from a continuous dynamic evolution
perspective. In addition, although prior work has
emphasized the role of firms in innovation networks, it
has not deeply explored the functions of universities and
research institutes [19].

This study utilizes China’s LIB recycling patent
collaboration data to analyze the spatial dynamics
of LIB recycling technology cooperation, aiming to
make several innovative theoretical contributions.
Specifically, it pioneers the application of social
network analysis to quantitatively identify the roles and
positions of LIB recycling technology patent applicants
and their respective provinces within the innovation
network. This approach not only clarifies China’s
technological accumulation in lithium battery recycling
but also overcomes the limitations of traditional single-
perspective studies, providing robust scientific evidence
for policymakers to design strategies that promote
the industry’s sustainable development. Moreover, by
examining the collaboration pathways that drive LIB
recycling technology innovation from an industry-
university-research perspective, the study enriches and
extends the existing body of knowledge on innovation
networks while advancing the practical application
of these theories in emerging technological domains.
Finally, it delves into the determinants of weighted
centrality in provincial-scale innovation networks for
lithium battery recycling technologies, offering valuable
insights to develop more targeted and effective policy
recommendations.

The structure of the rest of this paper is as follows:
The second section presents the data and methods used
in the research, the third section displays the research
results of the evolutionary analysis of the lithium battery
recycling technology innovation network, the fourth
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section discusses the influencing factors of the lithium
battery recycling technology innovation network in
China, and the fifth section summarizes the research
conclusions and provides implications.

Material and Methods
Research Data

The data used in this study were collected from the
Incopat global patent database. Specifically, patents
related to LIB recycling were retrieved. First, patents not
related to LIB recycling were excluded. Next, patents
with natural person applicants, foreign firm applicants,
and single applicants were excluded. This resulted in
a total of 1,679 eligible patents covering the 20 years
from 2004 to 2023. The first applicants (leaders) and
non-first applicants (participants) were differentiated
in the measurement of patent cooperation, forming
a directional data matrix of innovation cooperation
between patent applicants. In terms of cooperation level,
although the order of applicants is not related to legal
priority, it reflects their contributions to the patent and
workload during the invention process to some extent.
Therefore, values were assigned according to the order
of applicants. Specifically, the cooperation level between
the first and second applicants was assigned the highest
value of 4, and so forth. For example, suppose a patent
has five applicants: A, B, C, D, and E. In that case, it is
considered that there is one cooperation between A and
B, one between A and C, one between A and D, and one
between A and E, which take a value of 4, 3, 2, and 1,
respectively, for cooperation level.

The data on the factors influencing the innovation
network of LIB recycling technologies in China were
obtained from the China Statistical Yearbooks. The
indices of the detection factors are based on data from
2023, the final year of the intensive exploration stage
defined below.

Methods
Social Network Analysis

The innovation network of LIB recycling
technologies in China was characterized using social
networks [20-23], specifically by analyzing
* Network size: the number of total nodes in the

network,

*  Small-world effect: referring to the Six Degrees
of Separation theory, a pair of individuals who do
not know each other can be connected by a few
acquaintances as small-worldness, which can be
reflected by the aggregation coefficient and the
average shortest path, and

*  Connection strength: the extent to which network
nodes are interconnected.

GeoDetector

The GeoDetector is a set of statistical methods
used to detect spatial differentiation and reveal the
underlying driving forces. It can quantitatively identify
the contribution of different driving factors to the
explained variable. Specifically, the weighted centrality
of the provincial innovation network of LIB recycling
technologies in China and detection factors, including
economic development, openness, tertiary industry
development, household consumption, higher education,
and government intervention, were analyzed using
GeoDetector software, which is designed to identify
and analyze spatial characteristics and relationships [24,
25]. The detection factor indices were stratified into five
levels by natural breaks using ArcGIS software before
employing the GeoDetector.

Results
Evolution Stages

As shown in Fig. 1, the number of Chinese patents
for LIB recycling technology increased from 1 in 2004
to 343 in 2023, and the number of patent applicants also
increased from 0 in 2004 to 339 in 2023. To avoid abrupt
changes in research results due to unusual circumstances
in a specific year, the evolution of the innovation
network of LIB recycling technologies is divided
into four stages based on changes in characteristics:
embryonic stage (2004-2008), initial exploration stage
(2009-2013), developmental exploration stage (2014—
2018), and intensive exploration stage (2019-2023).

In addition, as reported in Table 1, from the
embryonic stage to the intensive exploration stage, the
network scale continuously expands in terms of network
nodes, edges, and diameter, except for network density.
We found that both the average degree and average
weighted degree increased. The average clustering
coefficient was small, and the average path length was
large. These features suggest that the nodes in the
innovation network of LIB recycling technologies in
China required a few transition points to be connected.
Close nodes found aggregation easier, with higher
connection efficiency, and there were many hub nodes
in the network, representing a significant small-world
effect. The network expansion rate was slower than the
speed of cooperation between applicants. Although the
network cohesion decreased, the number and efficiency
of cooperation between applicants increased, and
network connectivity improved.

Topological Features

Fig. 2 depicts the innovation network topology of
LIB recycling technologies in China from 2004 to 2023.
It can be seen that the network had a very loose structure
in the embryonic stage. At this stage, all cooperative
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Fig. 1. Number of patents and applicants for LIB recycling technologies in China in 2004-2023.

actions had a level less than five except that between
Tianjin University and Tianjin Recyclable Resources
Institute, China CO-OP (12) and that between Ludong
University and Shandong Zhengyu Technology Co., Ltd.
(eight).

In the initial exploration stage, the network
connections started to become closer. Specifically,
the cooperation levels between the following pairs all
ranked in the top five, with a score higher than 20:

* DongGuan Amperex Technology Limited and

Ningde Amperex Technology Ltd.

+  DongGuan Amperex Technology Ltd. and

Dongguan Amperex Electronics Technology Ltd.

+  Wanxiang Electric Vehicle Co., Ltd. and Wanxiang

Group Corporation.

*  Wanxiang 123 LLC and Wanxiang Electric Vehicle

Co., Ltd.

* Haofengguang Energy Storage Technology
(Chengdu) Co., Ltd. and Institute of Electrical
Engineering, Chinese Academy of Sciences.

¢ China National Offshore Oil Corporation and
CenerTech Tianjin Chemical Research and Design
Institute Co., Ltd.

In the developmental exploration stage, the network
size increased, forming a multi-core radial structure
with State Grid Corporation of China, Guangdong
Brunp Recycling Technology Co., Ltd., Hunan Brunp
Recycling Technology Co., Ltd., and Guangdong Jiana
Energy Technology Co., Ltd. as nodes. Nineteen pairs
of nodes had a cooperation level above 20. In particular,
the cooperation levels between Jingmen GEM New
Materials Co., Ltd. and GEM Co., Ltd., between Hunan
Brunp Recycling Technology Co., Ltd. and Guangdong
Brunp Recycling Technology Co., Ltd., and between
Wanxiang 123 LLC. and Wanxiang Group Corporation
were 64, 60, and 52, respectively. As these scores show,

Table 1. Structural indices of the LIB recycling technology innovation network in China in 2004-2023.

Network attributes Embryonic stage Initial exploration Developmental Inter.lswe
stage exploration stage exploration stage
Number of nodes 13 77 228 752
Number of edges 7 57 163 573
Network size
Network diameter 1 3 3 5
Network density 0.045 0.010 0.003 0.001
Averagfmch.“te“ng 0.000 0.022 0.046 0.037
Small-world effect coetiicient
Average path length 1.000 1.353 1.357 1.473
Average degree 0.538 0.740 0.715 0.762
Connection strength :
Average weighted 3.077 6.584 7.000 7.661
degree
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Fig. 2. Innovation network topology of LIB recycling technologies in China 2004-2023. a) Embryonic stage; b) Initial exploration stage;
c) Developmental exploration stage; d) Intensive exploration stage.
Note: Only the top 20 network nodes in terms of weighted centrality are displayed.
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Table 2. Industry—university—research cooperations in the innovation network of LIB recycling technologies in China 2004 to 2023.

Stage Index Industry— Industry— Industry— University— | University— Research—
€ industry university research university research research
Cooperation level 8 8 12 0 12 0
Embryonic stage
Proportion 20.00% 20.00% 30.00% 0.00% 30.00% 0.00%
Initial Cooperation level 275 91 133 0 8 0
exploration stage Proportion 54.24% 17.95% 26.23% 0.00% 1.58% 0.00%
Developmental Cooperation level 841 253 318 12 136 36
exploration stage Proportion 52.69% 15.85% 19.92% 0.75% 8.52% 2.26%
Intensive Cooperation level 3526 903 609 70 395 258
exploration stage Proportion 61.20% 15.67% 10.57% 1.22% 6.86% 4.48%

in this stage, the innovation network topology of LIB
recycling technologies has begun to take shape, and
cooperation between nodes is at the developmental level.

In the intensive exploration stage, the network
evolved from a multi-core radial structure to a dual-
core radial structure with Guangdong Brunp Recycling
Technology Co., Ltd. and Hunan Brunp Recycling
Technology Co., Ltd. as the cores. The number of
node pairs with a cooperation level higher than 20
reached 41 pairs. The highest cooperation level, 820,
was between Guangdong Brunp Recycling Technology
Co., Ltd. and Hunan Brunp Recycling Technology Co.,
Ltd. As the higher scores in this stage show, network
cooperation is more frequent in this phase, with major
partnerships centered around core nodes, and innovation
networks are more tightly knit, with only a few isolated
links. It can also be seen that most high cooperation
levels were between firms with parent—subsidiary or
investment relationships, which represent kinship-
based cooperation. This indicates that the leading LIB
recycling technology firms have developed relatively
stable internal cooperation.

Industry—University—Research Cooperation

Patent applicants are divided into three categories
according to their nature: industry, university, and
research. In this way, six modalities of cooperation are
defined (Table 2). It can be seen that in the embryonic
stage, four modalities of industry-university-research
collaboration can be observed. Among these, industry—
research and university—research account for the
highest proportion, becoming the main cooperation
modality in this stage. As research deepens and enters
the intensive exploration stages, the proportion of
the industry—industry cooperation continues to rise,
gradually becoming the dominant collaboration mode.
In other collaboration modalities, the proportion of the
main cooperation modalities from the initial embryonic
stage gradually declines each year; although other
cooperation modalities have increased, their proportions
remain below 10%. In general, an industry—university—

research cooperation modality based on “industry” or
firms was established in the innovation network of LIB
recycling technologies in China. Industry—industry
cooperation acted as the main core of this modality, with
the cooperation of industry—university and industry—
research occupying an important position.

Characteristics of Key Network Nodes

The top 10 nodes in China’s innovation network
of LIB recycling technologies in terms of weighted
centrality and betweenness were determined using
Gephi software (Table 3). It can be seen that the
weighted centrality of patent applicants continued to
increase, along with the cooperation level between
them. However, the differences in weighted centrality
increased too. Private firms constituted an increasing
proportion, becoming the core actors playing a major
role in the LIB recycling technology innovation network.
This change indicates the leading role of private firms
in this field. Nonetheless, universities and research
institutes constituted an increasing proportion of the top
10 applicants in terms of betweenness. Moreover, they
exhibited increasing betweenness over time and became
an important hub in the network, which indicates their
role as “transit stations” in technological innovation.

Network Spatial Evolution

The connections in China’s LIB recycling technology
innovation network were graded into four levels in
each stage according to natural breaks. This was done
following the concept of the natural breakpoint method,
which is a flexible analysis method that can split large
data sets into different subsets, making the analysis
more effective. The first stage contained only one
level because the connections only had a cooperation
level of four. As illustrated in Fig. 3, the innovation
network of LIB recycling technologies was not evenly
distributed in China. The major participating provinces
and innovation connections were mainly located in
eastern and central China. Hainan Province had not yet
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Table 3. Characteristics of the top 10 key nodes in China’s LIB recycling technology innovation network 2004-2023.

. Weighted .
Stage Applicant centrality Applicant Betweenness
Tianjin University 12 Tianjin University 0
Tianjin Recyclable Resources Institute, China CO- 2 Tianjin Recyclable Resources 0
oP Institute, China CO-OP
Ludong University 8 Ludong University 0
Shandong Zhengyu
Shandong Zhengyu Technology Co., Ltd. 8 Technology Co., Ltd. 0
China National Offshore Oil Corporation 8 China National Qﬂ"shore oil 0
Corporation
Embryonic . . . Jiangsu Highstar Battery
stage Jiangsu Highstar Battery Manufacturing Co., Ltd. 4 Manufacturing Co., Ltd. 0
Jiangsu New Power Battery
Jiangsu New Power Battery and Its Material 4 and Its Material Engineering 0
Engineering Technology Research Center Co. Ltd. Technology Research Center
Co. Ltd.
Nanjing Haitai Nanomaterials Co., Ltd. 4 Nanjing Haitai Nanomaterials 0
Co., Ltd.
Guangzhou Fullriver Battery New Technology Co., 4 Guangzhou Fullriver Battery 0
Ltd. New Technology Co., Ltd.
Tianjin Huayi Co., Ltd. 4 Tianjin Huayi Co., Ltd. 0
State Grid Corporation of China 86 State Grid Corporation of 2
China
DongGuan Amperex Technology Limited 67 Tsinghua University 5
. . . Hunan Brunp Recycling
Wanxiang Electric Vehicle Co., Ltd. 56 Technology Co., Ltd. 2
. . DongGuan Amperex
Wanxiang Group Corporation 48 Technology Limited 1
Initial Ningde Amperex Technology Limited 43 Ningde An;ﬁ:;?t);dTechnology 0
exploration - -
stage Wanxiang 123 LLC 42 Wanxiang 123 LLC. 0
Hunan Brunp Recycling Technology Co., Ltd 32 Hunan Brunp Recycling 0
P yehng gy 0., LG Technology Co., Ltd.
Tsinghua University 28 Tsinghua University 0
. Dongguan Amperex
Dongguan Amperex‘ E!ectromcs Technology 24 Electronics Technology 0
Limited -
Limited
. L Jiangsu University of
Jiangsu University of Technology 20 Technology 0

Y
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State Grid Corporation of China 113 State Grid CQrporatlon of 49
China
. China Electric Power
Guangdong Brunp Recycling Technology Co., Ltd. 100 Research Institute Co., Ltd. 12
Hunan Brunp Recycling Technology Co., Ltd. 100 Central South University 10
Guangdong Jiana Energy Technology Co., Ltd. 100 Jingmen Ggg/l II:]E;V Materials 2
Central South University 80 China University of Mining 2
and Technology
Institute of Process
Developm.ental Jingmen GEM New Materials Co., Ltd. 80 Engineering, Chinese 2
exploration Academy of Sciences
stage
& GEM Co., Ltd. 76 Shanghai Jiao Tong University 2
Qingyuan Jiazhi New Materials Research Institute 76 Guangdong Jiana Energy |
Co., Ltd. Technology Co., Ltd.
. Shandong Forever New
Wanxiang 123 LLC 68 Eneray Co., Ltd. 1
Dongguan Maike Technology
Co., Ltd., Ningde Amperex
State Grid, Henan Electric Power Company, 62 Technology Limited, Beijing
Electric Power Research Institute Institute of Technology, and
Jiangsu Highstar Battery
Manufacturing Co., Ltd.
Guangdong Brunp Recycling Technology Co., Ltd. 1247 Central South University 120
. Guangdong Brunp Recycling
Hunan Brunp Recycling Technology Co., Ltd. 1038 Technology Co., Ltd. 25
. . China Electric Power
Hunan Brunp Automobile Recycling Co., Ltd. 314 Research Institute Co., Ltd. 22.5
Institute of Process
Central South University 246 Engineering, Chinese 19
Academy of Sciences
Institute of Process Engineering, Chinese Academy Hefei University of
. 163 19
Intensive of Sciences Technology
exploration i i
P " Anhui Narada Huabo New Material Technology State Grid, Henan Electr_1c
stage Co. Ltd 152 Power Company, Electric 19
R Power Research Institute
Chizhou CN New Material Technology Co., Ltd. 116 Harbin Institute of Technology 16
Jieshou Narada Huayu Power Source Co., Ltd. 112 Kgnmmg University of 14
Science and Technology
Jinchuan Group Co., Ltd. 104 Nanchang Hangkong 13
University
. Jinchuan Group Co., Ltd. and
Zhengzhou Zhongke Emerging Industry 104 Zhejiang Huayou Cobalt Co., 12

Technology Research Institute

Ltd.
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Fig. 3. Spatial evolution of the innovation network of LIB recycling technologies in China from 2004 to 2023.

participated in the network in the intensive exploration
stage, whereas Guangdong and Hunan Provinces were
the leaders of LIB recycling technology in China
and played a crucial role in the innovation network.
Beijing, Jiangsu, Shanghai, Hubei, Anhui, Henan, and
Zhejiang comprised the sub-core nodes in the network.
Meanwhile, western provinces, e.g., Jilin, Tibet, and
Xinjiang, were located at the edge of the network.

In the embryonic stage, only five provinces, i.e.,
Beijing, Guangdong, Jiangsu, Hebei, and Tianjin,
participated in the network, and there were few inter-
provincial instances of cooperation, namely, Beijing—
Hebei, Beijing-Tianjin, and Jiangsu—Guangdong, all
with a connection level of four. By the emergence of the
initial exploration stage, 16 provinces, including Beijing,
Guangdong, Fujian, and Hunan, were participating
in the innovation network. The connection strength
between Guangdong and Fujian and Guangdong and
Hunan increased from zero to 27 and 24, respectively,

representing the strongest connections in this stage.
Inter-provincial connections with a strength below 10
accounted for approximately 60%.

In the developmental exploration stage, seven new
provinces, including Tibet, Guangxi, Qinghai, and
Chongqing, participated in the innovation network,
and the cooperation level between provinces was
significantly enhanced. The strongest connection (112)
was observed between Hunan and Guangdong. In
the intensive exploration stage, all provinces except
Hainan participated in the innovation network, and
closer network connections were observed. However,
only one first-level connection existed, which was
between Guangdong and Hunan (1095). However, the
strength of all other network connections increased
significantly. In addition, the network connections
between provinces began to take shape. Overall, the
key connections forged were between Guangdong and
Hunan, Henan and Beijing, Hubei and Guangdong,
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Table 4. Regression results using GeoDetector.

Influential factor Detection factor Index Q value Significance
Economic development Current-price GDP or gross value added (in 0.6739 0.0000
10,000 yuan)
Total imports and exports of foreign-invested
Economic Openness enterprises (in 10,000 yuan) 0.4216 0.1645
foundati
oundation Tertiary industry Added value of tertiary industry (in 100
o 0.6275 0.0090
development million yuan)
Household consumption Per capita disposable income (in yuan) 0.4688 0.0922
Higher education Number of students in higher education 0.3957 0.0725
Social foundation : : :
Government intervention Fiscal expenditure on science and technology 0.4299 0.0658
as a percentage of GDP

Henan and Beijing, and Guangdong and Fujian, thereby
forming a radial innovation network with Guangdong as
the core. Moreover, from a spatial perspective, network
connections were dense in the east and sparse in the
west.

Discussion

In this section, we broaden the analysis by examining
the factors that shape the dynamics of the innovation
network for LIB recycling technologies in China. This
shift is crucial, as understanding the underlying drivers
and barriers to collaboration within the network can
provide valuable insights into its evolution and the key
factors contributing to its success. Specifically, our goal
is to identify and explain how various factors—such
as economic development, openness, education, and
others—affect the evolution of the network structure.

Selection of Influential Factors

Many factors have contributed to the innovation
network of LIB recycling technologies in China.
Based on previous studies [26, 27], the weighted
centrality of the inter-provincial network in the
intensive exploration stage is specified as the dependent
variable; the independent variables are (1) current-
price gross domestic product (GDP) or gross value
added to measure the economic development, (2) total
imports and exports of foreign-invested enterprises (in
10,000 yuan) to measure openness, (3) added value of
the tertiary industry (in 100 million yuan) to measure
tertiary industry development, (4) per capita disposable
income (in yuan) to measure household consumption,
(5) number of students in higher education to measure
the level of higher education, and (6) fiscal expenditure
on science and technology as a percentage of GDP to
measure government intervention. The correlation
coefficients were analyzed using GeoDetector.

Empirical Analysis

As presented in Table 4, all factors except openness
and higher education significantly influence the
network’s weighted centrality. In other words, the
innovation network of LIB recycling technologies
in China is influenced by economic development,
tertiary industry development, household consumption,
government intervention, and higher education. All
influential factors had an explanatory power of between
12% and 68% and are accordingly classified into major
and minor influential factors. The major influential
factors are economic development and tertiary
industry development, whereas the minor influential
factors include household consumption, government
intervention, and higher education. Openness is not a
significant influential factor.

Economic development and tertiary industry
development are decisive factors in developing China’s
LIB recycling technology innovation network, with
Q values of 0.6739 and 0.6275, respectively. This is
principally because economic development is a critical
foundation for technological innovation. Specifically,
a higher level of economic development means more
applications and demand for lithium batteries and,
consequently, greater demand for LIB recycling and
stronger technological innovation capacity, thereby
facilitating technology innovation for LIB recycling.
Technological innovation is closely related to tertiary
industry  development.  Industrial  restructuring
boosts the efficient resource allocation for industrial
development and technological innovation [28].

Household consumption, government intervention,
and higher education moderately affect the development
of China’s LIB recycling technology innovation
network. Specifically, higher household consumption
and greater government intervention underpinned a
greater vitality for regional technology innovation in
LIB recycling. This is mainly because the regions with
higher consumption levels have a higher demand for
LIB-powered products, such as new energy vehicles
and mobile phones, and thus a larger market for LIB
recycling. In addition, because LIB recycling technology
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remains relatively immature in the intensive exploration
stage, technological breakthroughs depend on the local
government’s investment in research and education [29].

In contrast, openness has no significant influence.
This is mainly because all provinces have actively
participated in the opening-up due to economic
globalization. As a consequence, the specific influence
of openness on the innovation network of LIB recycling
technologies is reduced.

Conclusions

This study investigated the spatiotemporal evolution
of China’s LIB recycling technology innovation network
in terms of network structure and influential factors
using social network analysis and GeoDetector based on
patent data from 2004 to 2023. Based on this analysis
conducted and the results obtained, the following
conclusions are drawn:

1. The evolution of China’s LIB recycling technology
innovation network is divided into four stages:
embryonic  stage, initial exploration stage,
developmental exploration stage, and intensive
exploration stage. The network exhibited a small-
world effect and improved connectivity, changed
from a loose to a dense structure, and eventually
developed a dual-core radial structure. The leading
firms in LIB recycling technology have established
relatively stable internal cooperation, namely,
kinship-based cooperation.

2. In the studied LIB recycling technology innovation
network, an industry—university—research
cooperation modality based on “industry” or firms
was established. Industry—industry cooperation
was the main core of this modality, with industry—
university and industry—research cooperation
also occupying important positions. Private firms
played a leading role in LIB recycling technology,
with universities and research institutes serving as
“transit stations” in technological innovation.

3. The innovation network of LIB recycling
technologies was not evenly distributed in China.
The major participating provinces and innovation
connections were mainly located in eastern and
central China. Specifically, Guangdong and Hunan
Provinces were the leaders of LIB recycling
technology in China. Network connections were
dense in eastern China but sparse in western China.

4. Economic development and tertiary industry
development are decisive factors in developing
China’s LIB recycling technology innovation
network, and household consumption, government
intervention, and higher education exert a moderate
influence.

Implications and Recommendations

First, China’s new energy vehicle industry is at the
peak stage of development, and lithium batteries are a
crucial power source for new energy vehicles. Given this
increased demand, the development of LIB recycling
technology is important for environmental protection,
resource recycling, and the industry’s sustainability.
Therefore, national and provincial efforts should be
dedicated to increasing investment and cooperation
in technology innovation and talent training for LIB
recycling and building bridges of cooperation, thereby
promoting the development of related industries.

Second, kinship-based cooperation is currently
the main innovation cooperation for LIB recycling
technology in China. In light of this, national and
provincial efforts should aim to detect possible
cooperation relationships in related fields and enhance
the breadth and depth of cooperation between patent
applicants by developing necessary incentives and
policies, thereby tapping the potential for cooperation.

Third, efforts should be made to build the industry—
university—research  cooperation system for LIB
recycling technology. It is important to promote
extensive and targeted cooperation between universities
and research institutes, with firms using the former as
bridges while further enhancing the leadership role of
leading firms, such as Guangdong Brunp Recycling
Technology Co., Ltd. This is expected to create a
conducive atmosphere and improve the innovation
network ecosystem, thereby boosting the innovation of
LIB recycling technology.

Theoretical Contributions

First, this study pioneers using social network
analysis to identify the location and position of
patent applicants and their provinces in the network
of LIB recycling technology to provide quantitative
measurements. In this way, it goes beyond the limit of
conventional factor network studies that adopt a single-
element perspective. It also helps provide objective
guidance for government agencies in formulating
development policies or plans to boost the industry’s
growth and contribute to sustainable development [17,
30, 31].

Second, this study investigates the perspective of
industry—university—research cooperation, which helps
to guide more efficient industry—university—research
cooperation for LIB recycling technology in China,
extends and advances research on innovation networks,
and promotes the application of theoretical research to
this emerging field of technology [19].

Third, the order of applicants is an important
indicator of the cooperation levels between applicants
for a specific patent. However, previous studies on
patent cooperation have largely overlooked this aspect.
In this study, the cooperation level between applicants is
assigned a value according to their order. By doing so,
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the functions of nodes can be defined more accurately,
and more targeted recommendations can thus be made.

Limitations and Directions for Further Research

First, this study only covers LIB recycling technology
patents in China. Further work is required to investigate
the accumulation of technology and cooperation across
countries in the context of globalization.

Second, this study only uses patent data, which may
limit the generalizability of the findings. Subsequent
research can address this limitation using data from
cooperative papers and research activities.

Third, this study investigates the factors influencing
the innovation network of LIB recycling technologies in
China from the perspective of “attribute data.” However,
it is also very important to apply the “relational
perspective” [32]. In addition, the development of LIB
recycling technology is also closely related to and driven
by local policy support and the development of related
industries; thus, the steps that governments can take in
terms of specific policies and measures to support the
growth of related industries are other areas to explore to
build upon the findings of this research.
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