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This data report collected photovoltaic patents under the Industry-University-Research (IUR) collaborative innovation perspective. The evolution of the collaborative innovation network from 2000 to 2019 was studied. The characteristics of patent holders and overall network characteristics was analysed based on Social Network Analysis (SNA), including network size and degree, network density, and network degree centrality. The SNA results show that the network size and degree have increased significantly over time. The network density has become increasingly sparse as PV technology has developed and the number of core network members has increased. Universities and research institutions is gradually shown its clustering role in leading innovations and discipline construction. H01L is the leading knowledge domains studied by the industry, university, and research institutions. F24J and F24S were the second most frequently involved knowledge domains in each stage. Furthermore, two noteworthy knowledge domains are H02J and H02S, which are related to control and regulation of power systems. This analysis provides insights into the energy subjects and knowledge domains within collaborative innovations and education.
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1 INTRODUCTION
1.1 Global photovoltaic innovation trends and the progress in China
Photovoltaic power generation is an important way to utilize solar energy and is becoming an emerging industry of global concern. It is projected that by 2050, solar photovoltaic power will account for approximately 29% of the total electricity generation worldwide. As one of the major energy-consuming countries, China aims to peak its carbon dioxide emissions before 2030 and achieve carbon neutrality by 2060 (Gao et al., 2022; He et al., 2022; Shang et al., 2023). Promoting technological innovation in renewable energy, particularly solar photovoltaics, has become a key and strategic emerging industry in China (Huang et al., 2021). The “Action Plan for Peak Carbon Emissions by 2030″emphasizes the promotion of large-scale and high-quality development of solar power generation. Similar to other countries, China has prioritized increasing the proportion of photovoltaic power generation as a priority for economic development, urging industries, universities, and research institutions to strengthen research and development investments, as evident from the growth in patents over the past few decades.
Zhang et al. (2022) pointed out that before 2006, the period was a starting point for technology, with a total of only 1,129 patents, showing minimal growth. At that time, the photovoltaic industry heavily relied on foreign markets and technologies. From 2018 to the present, it entered a period of technological maturity, with a continuous increase in the number of patents but a declining growth rate. The industry has developed a relatively mature theoretical and technological foundation, with stable market demand, and relevant enterprises have acquired a certain level of independent research and technological innovation capabilities. Scholars generally believe that the overall number of photovoltaic patents is on the rise, mainly due to the substantial financial subsidies and policy support provided by the government for the development of the photovoltaic industry between 2007 and 2011, such as the “Golden Sun Program” initiated by the central government in 2009. This greatly stimulated the scale development of the solar photovoltaic industry, leading to a gradual increase in patent applications from 420 in 2006 to 5,688 in 2012. The development of photovoltaic technology and industry policies are closely linked.
However, the rapid development in a favourable environment has also led to severe overcapacity issues. With the EU’s anti-dumping measures against Chinese solar panels, the photovoltaic industry experienced losses and bankruptcies from 2011 to 2013. During this period, the growth in related patent applications also became sluggish, with an increase of only 106 patents from 2012 to 2013. Against this backdrop, China began to realize the importance of technological innovation for the sustainable development of the photovoltaic industry, leading to the introduction of various policy measures. Notably, attention was given to industry-university collaboration in innovation. The theoretical foundation of industry-university collaboration originates from knowledge transfer theory, innovation ecosystem theory, and open innovation theory. In terms of patent innovation, research on the knowledge transfer theory of industry-university collaboration, such as Feng et al. (2021), Zheng et al. (2022) and Zheng and Yin (2022), analyzes linear models, interactive models, and triangular models, which indicate that knowledge flows and application between academia and industry are an interactive process of mutual influence and learning. The government plays a crucial coordinating role in this knowledge flow, promoting collaboration among academia, industry, and the government.
1.2 Innovation and industry-university-research strategy in China’s photovoltaic industry
China proposed the concept of industry-university-research cooperation for strategic emerging industries, such as photovoltaics, to achieve more effective technological innovation. The coordination of research and manufacturing is an important source and driver of innovation, and the cooperation between basic and applied research helps commercialize technological achievements earlier (Feng et al., 2021; Chen Guomin et al., 2022; Jiang et al., 2022). Chinese photovoltaic companies began promoting independent innovation in addition to technology introduction, but their technological innovation capabilities are still insufficient. There is a need to connect and cooperate with universities and research institutes to promote the cluster development of industry-university-research innovation. The “PV Leader” plan was introduced to promote cost reductions through technological progress and upgrade technological requirements. The “China Intelligent Photovoltaic Industry Technology Innovation Strategic Alliance” was launched, but industry-university-research cooperation in the photovoltaic field is still a less frequently mentioned topic. Identifying the relationships between industry-university-research innovation entities is helpful in guiding cooperation between these entities at the policy level, but how to identify the technological cooperation mode in the photovoltaic field is still a problem (Wang et al., 2022; Huang et al., 2023; Liu et al., 2023). More and more scholars have recently explored the evolution of industrial technology innovation cooperation networks based on the industry-university-research model. For example, Yu et al. (2022) used social network analysis (SNA) to analyze the patent and national natural science foundation major project cooperation in the biopharmaceutical industry in the Yangtze River Delta region based on the industry-university-research model of patent and fund project cooperation. Pu et al. (2022) used social network analysis to analyze the patent data of industry-university-research cooperation in the new materials industry in Fujian Province from 1991 to 2020. Jianchao et al. (2019) used joint patent application data in the graphene industry in China from 2007 to 2019 to construct a cooperation and innovation network for the graphene industry in China. They found that the cooperation relationships were relatively loose, the level of technological research was uneven, and the regional cooperation was not sufficiently close. These innovation network studies based on patent data provide a good opportunity to understand the dynamics of industry and technological innovation.
1.3 Research objectives
The traditional analysis methods for patent data, such as citation analysis and co-occurrence analysis, are relatively fixed (Liu et al., 2021). However, to improve the accuracy of technology topic granularity and classification, quantitative and qualitative methods are constantly being improved and optimized. Scholarly researchers, such as Yang Bai, have proposed composite methods to promote the refinement of innovation topic recognition for industry-university-research collaboration, such as combining data mining and social network analysis methods. By constructing a patentee-technology cross-co-occurrence network, it is possible to determine the degree of technology cross-occurrence among patentees and identify potential technologies for patent combinations and patent entities for establishing cooperative relationships (Liu et al., 2021; Guo et al., 2022). Therefore, this paper uses patents for cooperation and innovation between industry, University, and research as its indicator of industry-university collaboration and innovation (Chen J. et al., 2022; Yuan and Yang, 2022; Yuan et al., 2023). Based on the cooperation patent data, we construct a cooperation and innovation network for the photovoltaic industry in China and analyse its network characteristics and evolution process. In addition to constructing the photovoltaic industry network, this paper also explores its complex network characteristics. Referring to Pu et al. (2022), we add a provincial cooperation perspective from the network topology of patent entities, which can help to analyse the spatiotemporal evolution of China’s photovoltaic industry cooperation and innovation network at multiple levels.
Based on the analysis of the network, this paper will provide a basis for future technological innovation policy making in the photovoltaic industry. Firstly, it aims to improve the identification of innovation topics in collaboration by utilizing social network analysis techniques to enhance the accuracy of technology topic granularity and classification. Secondly, this paper seeks to explore the complexity of the cooperation and innovation network in the Chinese photovoltaic industry, including its network characteristics and evolutionary process. By analysing the evolution of the industry’s cooperation and innovation network at multiple levels, this study intends to provide valuable insights for future technological innovation policymaking in the photovoltaic industry.
2 METHODOLOGY
2.1 Data acquisition and processing
Regarding patent databases, this study utilized patent data from the incopat patent retrieval database, which serves as a specialized patent information platform providing technological innovation intelligence for business decision-makers, R&D personnel, and intellectual property managers. Building upon the research conducted by Pu et al. (2022), we defined the search term as “photovoltaic”. In alignment with previous studies such as Wang et al. (2023), we observed that including granted patents filed in 2020 and 2021 did not effectively capture the network structure and evolution due to the prolonged review period of patent data. Including the latest patent applications would introduce distortions to the conclusions drawn. Therefore, to ensure data comparability and result accuracy, we limited the search range for the application date to “1 January 2000, to 31 December 2019,” encompassing only patents applied for and granted during this period. Our focus was exclusively on applicants (patentees) in China, and a total of 13,704 patent records were retrieved. The applicants (patentees) were defined as cross-disciplinary collaborations between industry, University, and research sectors (Kim and Yoon, 2022), resulting in a total of 2,540 joint patent applications involving industry-university-research partnerships. Adhering to the referencing standards of existing literature, we performed data selection and processing. Specifically, we excluded data that contained only a single type of applicant. Subsequently, we retained patents that involved collaborative efforts between organizations, encompassing any two of photovoltaic enterprises, universities, and research institutes (de Paulo et al., 2023). Based on the preliminary assessment of joint patent applications and the developmental stages of China’s photovoltaic industry, we categorized industry-university-research joint patent applications into three periods: 2000–2010, 2011–2015, and 2016–2019. Besides, International Patent Classification (IPC) codes are used to classify patents into specific technological fields. The use of IPC codes provides standardized classification, accurate analysis, and insights into technological trends and collaborations (Cai et al., 2020; Tang et al., 2023; Zhou et al., 2023).
2.2 Social network analysis
The patent cooperation network can be regarded as a complex system consisting of multiple actors and their relationships, making it applicable to social network analysis. Social network analysis (SNA) has been widely recognized as an effective theoretical method for studying complex social systems. Liu et al. (2019) pointed out that unlike attribute data processed by conventional statistics, social network analysis deals with relational data, where the units of analysis are relationships, and nodes and edges refer to participants and the relationships between them in the social network, respectively. Therefore, this study employs social network analysis methods and utilizes UCINET software to construct the patent cooperation network in China’s photovoltaic manufacturing industry and analyze its structural parameters and evolution patterns.
In the process of constructing the innovation network, there are two methods for describing the overall network: the community graph method and the matrix algebra method. The industry-university-research cooperation and innovation network in China’s photovoltaic industry belong to a one-mode network, where “both rows and columns represent actors from the same set, and the elements in the matrix represent the relationships between actors” (Chunaev, 2020). Since the rows and columns in the selected matrix represent the same participants in the same order, an adjacency matrix is chosen as the descriptive tool. The rows and columns of the matrix represent the patent topics in the industry-university-research innovation network, and the elements in the matrix represent the number of joint patent applications. The construction method of the matrix is as follows:
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When [image: image] = [image: image], [image: image] = 0, and when [image: image] ≠ [image: image], [image: image] represents the number of jointly applied patents between patent subjects i and j. In this study, the photovoltaic industry-university-research cooperation and innovation network is an undirected network, so the constructed matrix is also a symmetric matrix. Using this method, the joint application patent data for three time periods, 2007–2011, 2012–2015, and 2016–2019, and the matrices were imported into UCINET software to calculate network structure-related indicators. The photovoltaic industry-university-research cooperation and innovation network studied in this paper is a multivariate undirected graph, and NETDRAW is used to draw the network evolution maps for the three time periods to more intuitively analyze the evolution of the photovoltaic industry-university-research cooperation and innovation network.
According to Li and Zheng (2023), network density, average clustering coefficient, network centrality, and average shortest path length are important traditional indicators for characterizing network features. Based on previous research and to avoid redundancy and ensure comprehensive analysis, this study examines the network characteristics of both the overall network and individual networks separately. For the overall network, the selected network feature indicators are network density, centrality, and clustering coefficient. The clustering coefficient reflects the degree of node clustering in a graph. The overall network’s clustering coefficient is the average clustering coefficient of the network nodes. The calculation formula is as follows:
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Where, [image: image] represents the number of adjacent nodes to a specific node, [image: image] represents the size of the network. The [image: image] reflects the breadth of cooperation among network actors. It has a value ranging from 0 to 1, and a higher value indicates that nodes are more likely to establish cooperative relationships.
3 RESULTS
3.1 Network characteristics and evolution
3.1.1 Analysis of patent holders
Based on Li and Zheng (2023), the present study constructed the networks. From 2000 to 2010 (Figure 1), there were a total of 280 patent holders in the network, indicating a relatively small number. During this period, universities and research institutes, such as U77 (Tsinghua University), U8 (Southeast University), U241 (Zhejiang University), and U9 (Shanghai Jiao Tong University), played a dominant role. These academic and research institutions held central positions in the network, highlighting their advantages in scientific research, innovation, and information exchange. They exhibited extensive collaboration and had a strong ability to control resources within the network. While there were some patents from enterprises, their positions in the network were relatively disadvantaged. They were unable to match the universities and research institutes in terms of R&D in innovative technologies and the transformation of innovation achievements. Consequently, they still need to make greater efforts to independently pursue industry-university-research collaboration for innovation.
[image: Figure 1]FIGURE 1 | IUR collaborative innovation network from 2000 to 2010.
From 2011 to 2015 (Figure 2), the number of patent holders participating in industry-university-research (IUR) collaboration significantly increased to 776, indicating an expansion of the collaboration scope. Surprisingly, C5 (State Grid Corporation of China) rapidly assumed an absolute central position in the network structure during this period. There were 397 patent holders with a degree centrality greater than 5, suggesting a considerable number of nodes in the network had a high degree of centrality. While universities and research institutions like U8, U9, U77, and R129 (Bengbu Institute of Glass Industry Design) still exerted control over the innovation collaboration in the field of photovoltaics within their limited scope, there was a notable disparity compared to the industry-academic collaboration led by C5. The dominant position of C5 in innovation collaboration can be attributed to its substantial resources and influence in the photovoltaic sector as the State Grid Corporation of China. As a key player in the country’s energy supply and distribution, C5 holds significant importance. Its technical and financial strength in the photovoltaic field makes it the preferred choice for potential partners seeking collaboration. Furthermore, the State Grid Corporation of China actively implements measures such as providing financial support and policy guidance to attract and promote more industry-academic collaborations. These efforts further enhance its dominant position in the IUR collaboration within the photovoltaic industry. In summary, the ability of the State Grid Corporation of China to control photovoltaic technology innovation collaboration from 2011 to 2015 is primarily due to its substantial resources and influence in the photovoltaic field, as well as proactive policy support and guidance. This has positioned the company as an ideal choice for collaboration, further driving the development of industry-academic collaboration in the photovoltaic sector.
[image: Figure 2]FIGURE 2 | IUR collaborative innovation network from 2011 to 2015.
From 2016 to 2019 (Figure 3), the number of patent holders participating in the industry-university-research cooperation innovation network increased to 1,128, and there was a noticeable rise in overall collaboration among the nodes. Among them, 429 patent holders had a degree centrality greater than 9. During this period, the industry-university-research innovation network further solidified the dominant position of State Grid Corporation of China (C5) as the driving force, and the emergence of subsidiary companies like C9 expanded their control over collaborative innovation. This highlighted the sustained influence and power of C5 in driving cooperative efforts within the network. The strong presence of C5 can be attributed to its status as a significant state-owned enterprise, as well as its wide-ranging resources and capabilities. However, it is worth noting that universities and research institutions began to play a more prominent role. Entities such as U77 (Tsinghua University), U9 (Shanghai Jiao Tong University), U40 (Donghua University), U50 (South China University of Technology), and R122 (Shanghai Institute of Ceramics, Chinese Academy of Sciences) gradually formed new clusters within the network, showcasing their potential to counterbalance C5’s dominant position in future innovation collaborations. This indicates that academic and research institutions are becoming increasingly influential and capable of driving innovation. The increased participation of universities and research institutions signifies a diversification of knowledge sources and expertise within the network Table 1.
[image: Figure 3]FIGURE 3 | IUR collaborative innovation network from 2016 to 2019.
TABLE 1 | Characteristics of collaborative innovation network.
[image: Table 1]3.1.2 Network overall characteristics analysis
Through the analysis of social networks in three time periods (00–10, 11–15, and 16–19), the following results can be observed in Table 1:
In the 00–10 period, the social network had a size of 280 nodes. The network density was 0.003, indicating relatively few connections between nodes. The network connectivity was 0.0128, suggesting sparse relationships between nodes. The average degree was 0.796, meaning each node was connected to an average of 0.796 other nodes. The degree centrality of the network was 0.034, reflecting a small number of nodes with high degrees. The average path length was 1.195, indicating an average distance of 1.195 connections between any two nodes. The clustering coefficient was 0.673, indicating a relatively high level of node clustering in the network.
In the 11–15 period, the social network expanded to 776 nodes, indicating an increase in the number of participants. The network density was 0.001, suggesting relatively few connections between nodes. The network connectivity was 0.0542, indicating sparse relationships in the network. The average degree increased to 0.957, meaning each node was connected to an average of 0.957 other nodes. The degree centrality of the network was 0.098, indicating a small number of nodes with high degrees. The average path length increased to 1.806, indicating longer average distances between any two nodes. The clustering coefficient was 0.76, indicating an improvement in node clustering in the network.
In the 16–19 period, the social network further expanded to 1,128 nodes, indicating a continued increase in the number of participants. The network density was 0.001, indicating relatively few connections between nodes. The network connectivity was 0.0509, signifying sparse relationships in the network. The average degree was 0.95, meaning each node was connected to an average of 0.95 other nodes. The degree centrality of the network was 0.065, reflecting a small number of nodes with high degrees. The average path length increased to 2.157, indicating further elongated average distances between any two nodes. The clustering coefficient was 0.643, suggesting a slight decrease in node clustering but still relatively high.
Overall, analyzing the social network characteristics in these three time periods, we observe a gradual increase in network size, number of relationships, and network density. This indicates a growing number of participants and connections in the social network. However, the changes in network connectivity and clustering coefficient are inconsistent. Network connectivity increased in the 11–15 period but stabilized in the 16–19 period. The clustering coefficient was relatively high in the 00–10 period but slightly decreased in the following two periods. The average degree and degree centrality of the network showed a relatively stable trend across these three periods. The average path length increased in the latter two periods, indicating longer distances between nodes.
3.2 Evolution of collaborative knowledge domains
The use of IPC codes allowed for the construction of a photovoltaic knowledge network, which visualized the collaborative knowledge domains among institutions. The network consisted of yellow circular nodes representing industrial, academic, and research institutions, with their size indicating the number of collaborative patents in various domains. Green square nodes represented the knowledge domains studied by institutions, with their size indicating the number of institutions applying for collaborative patents in those domains. The width and color of the edges represented the frequency of institution collaboration in those domains.
The knowledge network diagrams for the three stages were presented in Figures 1–4. The findings revealed that as energy storage technology advanced and the number of core network members increased from 272 to 397 and then to 429, the energy storage domains involved in collaboration gradually expanded from 105 to 179 and eventually to 231. However, the network density became increasingly sparse, with values decreasing from 0.003 to 0.001 and then to 0.001. These observations demonstrate the evolving nature of collaborative efforts in the energy storage sector and highlight the expansion of knowledge domains and the growing complexity of inter-institutional relationships over time.
[image: Figure 4]FIGURE 4 | Evolutionary map of bipartite collaborative knowledge network (A): 2000–2010, (B): 2011–2015, (C): 2016–2019.
In each stage, H01L was the most frequent knowledge domain involved in collaboration, focusing on methods or devices for directly converting chemical, solar, or thermal energy into electrical energy. Innovation collaboration related to H01L spanned various entity types, indicating the broad collaborative nature of research in this domain. F24J and F24S were the second most frequently involved knowledge domains in each stage. F24J pertains to solar collector systems, while F24S is related to devices and methods for solar energy systems. The research domain of F24J primarily involves solar collector systems used to collect solar energy and convert it into usable thermal energy. These systems often include components such as reflectors, absorbers, and thermal storage devices, capturing and concentrating solar energy for applications like hot water supply, heating, or other thermal energy uses. In contrast, the research domain of F24S primarily focuses on devices and methods for converting solar energy into electrical energy or other forms of usable energy. This may involve components or technologies such as photovoltaic cells, inverters, battery energy storage systems, grid connections, etc., to achieve efficient utilization and integration of solar energy. In the first stage, although F24J had a slightly higher involvement frequency than F24S, they were generally comparable. In the second stage, F24J had a significantly higher involvement frequency than F24S, but in the third stage, F24S surpassed F24J by a large margin. This indicates that the research on solar energy system devices and methods gradually became a primary collaborative domain throughout this process. The reason could be attributed to the increasing focus of research institutions and the industry on solar energy system devices and methods due to the development of solar energy technologies, aiming for higher efficiency, reliability, and sustainable utilization of solar energy. Furthermore, two noteworthy knowledge domains are H02J and H02S, which are related to control and regulation of power systems. In the three stages, the involvement frequency in this domain increased successively and became an important knowledge domain comparable to F24S in the third stage. Notably, H02J has consistently been a focal innovation domain of the State Grid Corporation of China, indicating sustained attention and investment in research on power system control and regulation. This is because stable operation and optimized regulation of photovoltaic systems have become a focus in response to the demand for power systems.
4 CONCLUSION
In conclusion, the research presented in this study focuses on the cooperation and innovation network in the Chinese photovoltaic industry. The research methodology employed social network analysis (SNA) to analyze the patent cooperation network in the photovoltaic industry. Network characteristics such as density, clustering coefficient, centrality, and shortest path length were examined to understand the structure and dynamics of the network. The analysis revealed the dominant role of universities and research institutes in the early stages, while later periods saw increased participation from enterprises and the emergence of key players in the network. This study analyzed the collaboration and knowledge domains in the field of photovoltaic technology. The findings showed that energy storage and solar energy system devices and methods were the primary collaborative domains, indicating increased focus on efficient utilization of solar energy. Additionally, control and regulation of power systems emerged as an important knowledge domain, reflecting the demand for stable operation of photovoltaic systems.
While this study provides valuable insights into the characteristics and evolution of the industry-university-research collaboration innovation network in the photovoltaic industry in China, it is important to acknowledge its limitations. Firstly, the focus of the study on patent holders restricts the analysis to a specific subset of innovation activities, potentially overlooking the contributions of non-patent holders and the broader innovation process. Consequently, the findings may not fully represent the overall innovation landscape in the photovoltaic industry. Secondly, the study relies primarily on quantitative methods, which may limit the exploration of qualitative aspects such as the motivations and strategies of innovation entities involved in industry-university-research collaboration. A more comprehensive understanding could be achieved by incorporating qualitative research methods to complement the quantitative analysis. Thirdly, the study’s time frame from 2000 to 2019 may not capture the most recent developments and emerging trends in the photovoltaic industry-university-research collaboration innovation network in China. Given the rapidly evolving nature of the industry, future research should consider including more recent data to provide a more up-to-date analysis. Lastly, it is important to note that the study specifically focuses on the photovoltaic industry in China, and the findings may not be directly applicable to other industries or countries. Further research is needed to investigate industry-university-research collaboration networks in different contexts to gain a more comprehensive understanding of innovation dynamics. By acknowledging these limitations, future research can address these areas and further enhance our understanding of industry-university-research collaboration and innovation networks in the photovoltaic industry and beyond.
In summary, this study provides a useful framework for understanding the network characteristics and evolution of the photovoltaic industry-university-research collaboration innovation network in China. Future research could use a more comprehensive approach to analyze the innovation landscape and strategies of innovation entities in industry-university-research collaboration activities, and extend the analysis to other industries and countries to further deepen our understanding of the dynamics of innovation networks (Zhuo et al., 2021; Xu et al., 2021; Cheng et al., 2022; Hu et al., 2023).
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