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Abstract


Promoting technological innovation in the natural gas industry is a feasible means of achieving energy transition. Guided by the geographic innovation theory, this article carries out research on the scale, technical fields, capabilities, and influencing factors of technological innovation in the natural gas industry of 312 Chinese prefecture-level cities, making use of the cusp catastrophe model, the center of gravity and standard deviational ellipse, exploratory spatial data analysis, and geographically and temporally weighted regression (GTWR). The research shows the following: (1) Technological innovation in China’s natural gas industry has continuously expanded in terms of scale, with the number of participating cities increasing, showing a spatially uneven pattern of local agglomeration and national diffusion. (2) There have been significant innovation achievements in natural gas equipment and engineering, but natural gas utilization is lagging in comparison, with drilling, new materials, environmental protection, pipe network engineering, and digital services becoming frontier fields, and collaborative innovation with the thermoelectric, metalworking, automotive, and other related industries having been initially established. (3) The unevenness of technological innovation capabilities is obvious, with the core advantages of Beijing–Tianjin being continuously strengthened and Sichuan–Chongqing, the Yangtze River Delta, the Pearl River Delta, Shandong Peninsula, and Liaodong Peninsula forming high-level technological innovation capability agglomerations. (4) The spatiotemporal pattern of technological innovation capability is the result of multiple factors, with northeastern cities mainly being affected by natural gas demands, northwestern cities being highly sensitive to capital strength, eastern cities mostly relying on urban development, and cities in North China mainly being bolstered by the strength of talent. (5) It is necessary to carry out further multi-agent and multi-scale future research on technological innovation in the natural gas industry and its relationship with the energy transition and to explore the interactivity of the influencing factors. This study may provide strategies for technological innovation in the natural gas industry from the perspective of the energy transition.
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1. Introduction


In order to pursue higher production efficiency, industrial development processes in various countries around the world have been accompanied by a sharp increase in the scale of energy use [1,2], especially in the most recent and significant period, when the high-energy and high-carbon emissions of fossil fuel consumption have inevitably exacerbated global warming and posed profound challenges to global sustainable development [3,4]. Promoting the energy transformation and building a safe, stable, clean, and efficient energy system has become a long-term focus of global sustainable development [5,6,7]. However, the road to the global energy transformation involves multiple obstacles [8]. The significant differences in the stage of economic development and energy use structure among different countries have resulted in different tendencies in the choice of energy transformation strategies [9]. In many developing and underdeveloped countries, fossil fuels account for a high proportion of energy consumption, and the fossil fuel industry is an important part of the national economic structure [10,11]. Aggressive energy transformation strategies may be disastrous for such countries’ economic growth [12,13], especially given the challenges brought about by the COVID-19 pandemic and the Russia–Ukraine crisis in terms of energy security and supply guarantees, which have made countries more cautious in formulating energy transformation policies [14]. Therefore, achieving the transformation and adjustment of the energy structure must be rooted in the development reality of each country or region [15] and focus both on economic development and people’s well-being; it must coordinate the relationship between the energy transformation and existing energy and national economic structures, implementing differentiated energy transformation strategies [16,17].



China also faces tremendous pressure to undertake an energy transition [18]. As the world’s largest developing country, China has become the second-largest economic power in the world after the United States in terms of economic scale. China is also the world’s largest energy consumer. According to the data from the BP Statistical Review of World Energy, China’s energy consumption in 2022 was 157.65 exajoules, accounting for 23% of global energy consumption and 27% of global energy consumption growth [19]. However, unlike European countries, non-renewable fossil energy accounts for the vast majority of China’s energy structure. According to statistics from the Chinese Ministry of Natural Resources, in 2021, fossil energy accounted for 83.4% of the total energy consumption in China, with coal accounting for 56.0% [20]. In this context, scholars have pointed out that China’s energy structure transformation must adopt gradual means for the orderly control and replacement of fossil energy [21,22].



This raises the question of how to achieve a gradual energy transition. Many studies emphasize that, compared with coal and oil, natural gas has the advantages of high calorific value, cleanliness, and low carbon emissions [23]. Therefore, using natural gas as a transitional energy source to achieve a gradual adjustment of the energy structure is a feasible option [24,25,26]. However, China’s natural gas industry started relatively late and lags far behind coal and oil in terms of development and utilization, compared with the natural gas industry in developed countries. According to official statistics from the Chinese government, in 2021, China’s natural gas production accounted for 5.2% of the world’s total production, lower than the 23.1% and 17.4% represented by the United States and Russia, respectively, during the same period [19]. Meanwhile, China’s natural gas imports have reached 121 million tons, and its external dependence has risen to 46% [27]. In addition, more than 50% of the liquefied natural gas imported by China comes from Australia and the United States (as calculated according to the import and export data from China Customs in 2021). Most importantly, the proportion of natural gas in China’s existing energy structure is still very low, accounting for only 8.9% of the total [28]. This further prompted Chinese researchers and policymakers to realize that improving energy efficiency is the fundamental solution to building a sustainable and secure energy system [29]; in particular, it is imperative to seek out scientific development paths and directional policies for the leapfrog development of the natural gas industry [30].



Endogenous growth economists represented by Romer have revealed the critical role of technological innovation in industrial development and upgrading [31]; the experience of developed countries also proves that accelerating technological innovation is of great significance for improving the production efficiency of the fossil energy industry, reducing energy waste, and controlling environmental pollution [32]. In recent years, the Chinese government has accelerated the establishment of a technological development path for the natural gas industry, hoping that it will play a crucial role as a transitional bridge in the energy transition based on the improvement of natural gas energy development and utilization levels [33]. Therefore, along with an in-depth analysis of the technological innovation development level and distribution of the main technical fields in the Chinese natural gas industry, the exploration of the influencing factors that promote and constrain technological innovation in the Chinese natural gas industry has strong practical significance. Economists working in economic geography, such as Ron Martin, have expanded the mainstream economic analysis framework based on general equilibrium analysis and the simple input–output relationship analysis of technological innovation [34], emphasizing the importance of the multi-scale spatial distribution and spatial evolution processes of technological innovation [35]. This provides a theoretical basis for the study of the spatiotemporal dynamic characteristics of technological innovation in the Chinese natural gas industry from the perspective of innovation geography, as explored in this article.



Based on the above analysis, this article takes as the research area the 312 cities above the prefecture level in China that have already carried out technological innovation in the natural gas industry and analyzes the scale, technical fields, capabilities, and influencing factors of technological innovation in the natural gas industry from the perspectives of temporal evolution and spatial heterogeneity. The research content of this article includes three main aspects. First, patent data are used to analyze the development level of technological innovation in the natural gas industry, including interpreting the scale of technological innovation and the distribution of cutting-edge technology. Second, using the cusp catastrophe model (CCM) to establish a comprehensive evaluation system for the technological innovation capability of the natural gas industry in prefecture-level cities in China, the spatiotemporal evolution of China’s natural gas industry technological innovation capabilities is analyzed. Third, from the perspectives of natural gas demand, urban development, financial investment, and talent supply, this article analyzes the heterogeneous factors that influence technological innovation in the natural gas industry. Based on the above analysis, this article explores policy recommendations related to improving the technological innovation capabilities of the natural gas industry and leveraging the technological innovation of the natural gas industry to enhance its role as a bridge in the energy transition.



Compared with previous research, this article integrates the general equilibrium framework of orthodox economics to analyze innovation issues and the spatial and temporal process research concepts of economic geography. By scrutinizing the technological innovation activities of the natural gas industry in prefecture-level cities, this article provides a more comprehensive understanding of the spatiotemporal heterogeneity characteristics and complex economic geographic factors of technological innovation in China’s natural gas industry. This provides a theoretical basis and policy implications for formulating heterogeneous technological innovation strategies for the natural gas industry with the goals of the energy transition and sustainable development.




2. Literature Review


2.1. Research on the Natural Gas Industry from the Perspective of the Energy Transition


There is considerable controversy regarding the role of natural gas in the energy transition process [36]. One view is that the energy transition constitutes a radical shift from a dominant reliance on non-renewable energy to a reliance on renewable energy [37] and that strict measures must be taken to eliminate natural gas, as a fossil fuel, from the existing energy structure [38,39]. Another viewpoint is that the energy transition constitutes a gradual adjustment of the energy structure, considering various aspects such as economic development, political security, energy security, and climate change [40,41]. In this view, natural gas is seen as a transitional energy source in the energy transition process [42], with a strong emphasis placed on developing renewable energy sources while promoting the gradual conversion of coal and oil’s shares in the energy structure to natural gas [43]. The Chinese government and researchers tend to adopt the second energy transition strategy [44], emphasizing the key transitional role of natural gas in achieving short-term energy transition goals [45].



Scholars have demonstrated through theoretical and empirical research the positive role of the natural gas industry’s development in promoting the energy transition; it is seen as having a comprehensive and effective role that combines direct and indirect effects, as well as short-term and long-term effects [46,47]. In terms of direct effects, developing the natural gas industry can crowd out investment in coal and oil [48,49,50]. In terms of indirect effects, on the one hand, because renewable energy is largely dependent on natural conditions [51], there is an intermittent supply of renewable energy, and natural gas can serve as a supplementary energy source to ensure energy supply stability during periods of reduced or interrupted renewable energy supply [52]. On the other hand, developing natural gas engineering equipment can also assist in the transportation and supply of other renewable energy sources [53]. In terms of the short-term and long-term effects, for countries that are highly dependent on fossil fuels, increasing natural gas consumption and reducing coal and oil consumption can significantly reduce carbon emissions growth in the short term, as well as reducing other pollutant emissions [54,55]. In addition, integrating renewable energy into the current power grid infrastructure still faces difficulties, in that renewable energy development needs to reach a certain economic threshold [56].



However, scholars have also expressed concerns about the risks of using natural gas as a bridge fuel for energy transition; these concerns involve three main factors [57]. First, although natural gas is cleaner and produces less carbon than coal and oil [48], it still cannot eradicate carbon emissions from its production, processing, and utilization processes [58]. Therefore, there is a high possibility of increased CO2 emissions with the long-term growth of natural gas usage [55]. Second, the growth of natural gas investment may lead to the crowding out of the renewable energy industry and increase the cost of the energy transition [59]; moreover, the carbon locking problem caused by natural gas dependence may also hinder the development of renewable energy technologies [43]. Third, the development and utilization of natural gas may bring a serious risks of methane leakage, which would have adverse effects on the global climate response [60,61]. Against this background, many scholars emphasize that natural gas’s ability to serve as a key transition fuel depends on whether the natural gas industry can meet the energy transition’s requirements for high efficiency, low carbon emissions, cleanliness, and environmental protection [55]. It is necessary to enhance institutional supply and accelerate the improvement of the natural gas industry’s technological innovation capabilities [49].




2.2. Research on Technological Innovation in the Natural Gas Industry


Scholars have explored the feasibility of leveraging the natural gas industry as a transition energy source in the process of the energy transition from the perspective of advancing innovation in natural gas technology [23]. In terms of natural gas production and processing, the utilization of biochemistry technology, thermochemistry technology, and electrochemistry technology can effectively reduce carbon emissions in the process of natural gas production and processing [14,62,63,64], while innovation in natural gas technology can effectively increase global natural gas reserves and promote the development of unconventional natural gases, such as shale gas [65,66], as well as helping to identify and mitigate potential methane leaks during natural gas production [67]. Advanced natural gas power generation technology, conversion technology, and carbon capture and storage (CCS) technology can facilitate the control of natural gas carbon emissions [68,69,70], reduce energy losses, and increase energy supplies [71]. In addition, the spillover and diffusion of innovations in natural gas technology will also contribute to the synergistic development of renewable energy technologies [43].



In terms of natural gas utilization, technologies such as combustion, recovery, distributed energy, and green low-carbon services provide feasibility for using natural gas as a bridge in the energy transformation [55]. In the field of power generation, technological innovations such as gas turbine combined cycles effectively improve the utilization efficiency of natural gas and mitigate carbon emissions and the pressure of the greenhouse effect [72], while the catalytic combustion of lean gas promotes the utilization rate of lean gas in the combustion process of natural gas [73]. In the field of transportation, using natural gas utilization technologies to replace gasoline as a vehicle fuel can significantly reduce carbon dioxide and other pollutant emissions [74]. For household energy, innovations in natural gas technology can increase natural gas production and reduce natural gas usage costs, which can help guide the transition of residential heating and cooking energy from wood and coal to natural gas [75]. In addition, biomass gasification technology produces a green natural gas that can be integrated into the existing natural gas network, significantly reducing the impact on the climate and reducing the likelihood and severity of disasters such as earthquakes [76,77].




2.3. Deficiencies in Existing Research and Contributions of This Paper


2.3.1. Deficiencies in Existing Research


The existing research on the natural gas industry mainly focuses on the energy transition against the background of global carbon neutrality goals. Scholars have conducted insightful analyses and formed two opposing opinions about whether natural gas can become a transitional energy source that promotes the energy transition; this has prompted researchers to begin to pay attention to the role of technological innovation in promoting the energy transition. However, some gaps in the research remain.



On the one hand, in terms of the role of technological innovation as a bridge for the natural gas industry to promote the energy transition, we must pay attention to the path of technological innovation in the natural gas industry, elucidate the interrelationship between different technical fields, and understand the complexity of technological innovation in the natural gas industry and its multiple possible influencing factors. Most of the existing studies emphasize the promotion of natural gas as a transitional energy from a single technical field [72,73,74,75], but the overall characteristics of technological innovation in the natural gas industry have not been adequately addressed.



On the other hand, the theory of innovation geography has established a multi-dimensional, complex relationship between industrial technological innovation and geographical units. For a country as vast as China, the natural gas industry is distributed across many regions. There is relatively little existing research on the spatiotemporal distribution and evolution characteristics of technological innovation in China’s natural gas industry. It is necessary to deepen our understanding of the influencing factors affecting the technological innovation capabilities of the natural gas industry in different regions.




2.3.2. Contributions of This Paper


First, we set out to understand the overall characteristics and structural differences of technological innovation in China’s natural gas industry by combining the spatiotemporal evolution characteristics of innovation scale and technological fields. Only by fully grasping the development context and spatial differentiation of technological innovation in China’s natural gas industry can we provide targeted strategies for the leapfrog development of China’s natural gas industry, which will allow it to act as a bridge in the energy transformation.



Second, we evaluate the technological innovation capabilities of China’s natural gas industry and analyze its evolution characteristics. Within the framework of catastrophe theory, and using the cusp catastrophe model to establish the evaluation model in combination with the scale of innovation and the technological field, the spatial differentiation characteristics of the technological innovation capability of the natural gas industry are interpreted, and its spatiotemporal changes are explored.



Third, we attempt to elucidate the influencing factors of the formation of the spatiotemporal differences in the technological innovation capabilities of the natural gas industry, accounting for the three factors of natural gas demands, the urban development state, and innovation elements. We identify and compare the heterogeneity of the influencing factors in different regions, with a view to providing reference suggestions for promoting the technological innovation capabilities of the natural gas industry in the context of the energy transition.






3. Data and Methods


3.1. Study Area


China is the largest developing country in the world and also the country with the largest energy consumption [78]. China’s implementation of an energy transition strategy has an important impact on global sustainable development [79]. Choosing China as the object and exploring the spatiotemporal characteristics of technological innovation in the natural gas industry at the urban level has a strong guiding significance for the development of the global natural gas industry and its strategic role as a transitional energy source during the energy transition. On this basis, 312 cities in China were selected as the study area, excluding cities in Hong Kong, Macao, and Taiwan. The selection of these cities was based on the geographical location linked to the first applicant contained in the patent data. Through a search and analysis of the patent data, it was found that, between 1985 and 2020, a total of 312 cities in China applied for patents related to natural gas technology innovation. These cities are widely distributed in various provinces, accounting for over 90% cities at prefecture level or above in China (Figure 1).




3.2. Data Source and Processing


3.2.1. Patent Data Acquisition


A patent is a reasonable indicator to measure the level of technological innovation, and it is widely used in the evaluation of industrial innovation [80,81]. Some scholars have carried out technological innovation evaluations of the natural gas industry based on patent data [82,83], but there is no uniform classification standard for patent acquisition related to the natural gas industry [84]. The Chinese government successively published the National Economy Industry Classification (NEIC) in 2017 (http://www.stats.gov.cn/xxgk/tjbz/gjtjbz/201710/t20171017_1758922.html (accessed on 10 December 2022)) and the International Patent Classification (IPC) and National Economy Industry Classification Reference Table (IPC-NEIC) in 2018 (https://www.cnipa.gov.cn/art/2018/10/8/art_75_131968.html (accessed on 10 December 2022)), which laid the foundation for collecting patent data related to the natural gas industry. Eight industry codes were determined by searching the key words related to the natural gas industry in the NEIC. On this basis, the IPC numbers related to the natural gas industry were searched in the IPC-NEIC, and 10 NEIC codes directly related to the natural gas industry were finally determined (Table 1). Based on the above 10 NEIC codes, the subject words for the patent search were defined as natural gas, shale gas, LNG, CNG, SNG, oil and gas, gas field, tight gas, and other words closely related to the natural gas industry. Through the retrieval, we found that there were 104,351 patents filed related to the natural gas industry from 1985 to 2020. After eliminating duplicate patents and unrelated patents, 74,283 patents were finally obtained, covering 517 technical fields, based on the IPC.




3.2.2. Data Source


Because China’s urban-level economic and natural resources and other data can only be traced back to 2006, in order to maintain consistency in the analysis of factors affecting the technological innovation capabilities of the natural gas industry, this paper uses the full series data from 1985 to 2020 to analyze the scale and technical fields of technological innovation in China’s natural gas industry and evaluates the technological innovation capability and influencing factors from 2006 to 2020. The patent data are taken from the IncoPat database (https://www.incopat.com/ (accessed on 15 December 2022)), and the GDP, the proportion of R&D expenditure in fiscal expenditure, the proportion of R&D talents in employment, and the natural gas supply data are from the Urban Statistical Yearbook of China (2007–2021) (https://data.cnki.net/ (accessed on 30 December 2022)). The missing values are supplemented using the interpolation method.





3.3. Methods


3.3.1. Cusp Catastrophe Model (CCM)


Catastrophe theory mainly studies discontinuous changes and system catastrophe [85], which is a commonly used evaluation guidance theory [86,87]. It constructs the relative importance relationships of indicators and establishes the total membership function based on catastrophe theory and the fuzzy mathematics method to achieve a comprehensive evaluation [88]; the cusp catastrophe, swallowtail catastrophe, and butterfly catastrophe models are commonly used [89]. The number of patent applications and technical fields of the natural gas industry were selected as evaluation indicators, and a cusp catastrophe model (CCM) was established to evaluate the technological innovation capability of China’s natural gas industry. This model is suitable for reflecting the discontinuity and mutation characteristics of the technological innovation process [90]. The method is as follows:



Step 1: implement data normalization:


     X  i j    ′  =    X  i j   −    X j   ¯    /  σ j   



(1)




where    X  i j     is the original data,      X  i j    ′    is the normalized data,      X j   ¯    is the average value of index  j , and    σ j    is the mean square deviation of index  j .



Step 2: implement coordinate translation to eliminate negative number influence:


     X  i j     ″   =    X  i j    ′  + D  



(2)




where      X  i j     ″     is the standardized data after translation, and  D  is the minimum amplitude of translation.



Step 3: calculate the proportion of index      X  i j     ″     and the entropy value of index  j , and then calculate the weight of index  j :


   r  i j   =    X  i j     ″   /  ∑  α = 1  m     X  i j     ″    



(3)






   e j  = −    1  l n m      ∑  α = 1  m   r  i j   l n  r  i j    



(4)






   ω j  =   1 −  e j     ∑  j = 1  n    1 −  e j       



(5)







Step 4: establish the cusp catastrophe model:


  f  v  =  v 4  + ε  v 2  + φ v  



(6)




where  v  represents the state variable in the catastrophe system, and   f  v    represents the potential function of  v .  ε  and  φ  are control variables.



Step 5: derive the normalization formula:


   v ε  =  ε   1 2      ,    v φ  =  φ   1 3     



(7)




where    v ε    represents the value   v   of the corresponding  ε , and    v φ    represents the value   v   of the corresponding  φ .



Step 6: the number of patent applications and the number of technical fields showed a strong correlation relationship, which means that the numbers of patent applications and technical fields are complementary. Therefore, the complementary criterion is used to calculate the value  v :


  v = (  v ε  +  v φ  ) / 2  



(8)







Finally, the corresponding evaluation results of each year are obtained according to the above calculation process.




3.3.2. Center of Gravity and Standard Deviational Ellipse (CGSDE)


The center of gravity and standard deviational ellipse (CGSDE) is an analytical method used to characterize the spatial distribution characteristics of geographical elements, including the average center coordinates, azimuth, and the standard distances of the major axis and minor axis [91]. Here, CGSDE is used to interpret the spatial pattern evolution characteristics of China’s natural gas industry’s technological innovation capability. The calculation formula is as follows:



Average center coordinates:


  G   X , Y   =      ∑  i = 1  n   ω i  .  x i     ∑  i = 1  n   ω i    ,    ∑  i = 1  n   ω i  .  y i     ∑  i = 1  n   ω i       



(9)







Azimuth:


  t a n θ =      ∑  i = 1  n   ω i    2    x ˜  i    2  −  ∑  i = 1  n   ω i    2    y ˜  i    2    +     (  ∑  i = 1  n   ω i    2    x ˜  i    2  −  ∑  i = 1  n   ω i    2    y ˜  i    2  )  2  + 4  ∑  i = 1  n   ω i    2    x ˜  i    2    y ˜  i    2      2  ∑  i = 1  n   ω i    2    x ˜  i    y ˜  i     



(10)







Standard distance of the major axis and minor axis:


    σ x  =     2  ∑  i = 1  n    (  ω i    x ˜  i  c o s θ −  ω i    y ˜  i  s i n θ )  2     ∑  i = 1  n   ω i    2         σ y  =     2  ∑  i = 1  n    (  ω i    x ˜  i  s i n θ −  ω i    y ˜  i  c o s θ )  2     ∑  i = 1  n   ω i    2        



(11)




where   G   X , Y     represents the average center coordinates,      x i  ,  y i      represents the spatial location,    ω i    represents the weight,       x ˜  i  ,   y ˜  i      represents the coordinate deviation from each area to the average center, and    σ x    and    σ y    represent the standard distances of the major axis and minor axis, respectively.




3.3.3. Exploratory Spatial Data Analysis (ESDA)


Moran’s I is commonly used to measure spatial correlation characteristics [92,93]. The global spatial autocorrelation value describes the overall distribution of a certain attribute value of a regional unit and reflects the average agglomeration degree of similar attributes in the region [94]. By measuring the global Moran’s I, the spatial correlation characteristics of the technological innovation capability of the natural gas industry within a region and between adjacent regions can be determined. The value range of the global Moran’s I is [−1, 1]. The larger the absolute value, the greater the spatial correlation. The calculation formula is as follows:


   Moran’s    I = n    ∑  i = 1  n   ∑  j = 1  n   ω  i j      x i  −  x ¯       x j  −  x ¯       ∑  i = 1  n    (  x i  −  x ¯  )  2   ∑  i = 1  n   ∑  j = 1  n   ω  i j      



(12)







Local spatial autocorrelation analysis aims to accurately grasp the relevance of local spatial elements [95]. A LISA aggregation diagram is drawn by measuring the Local Moran’s I, and the type characteristics of the high and low agglomeration area (H-H), the low and low agglomeration area (H-L), the low and high agglomeration area (L-H), and the low and low agglomeration area (L-L) can be determined [96]. The calculation formula is as follows:


  LISA = n      x i  −  x ¯     ∑  j = 1  n  [  ω  i j      x j  −  x ¯    ]    ∑  i = 1  n    (  x i  −  x ¯  )  2     



(13)








3.3.4. Geographically and Temporally Weighted Regression (GTWR)


Geographically and temporally weighted regression (GTWR) combines the spatial disequilibrium with the temporal characteristics of the influencing factors [97,98]. Its application to panel data can effectively reduce estimation errors [99]. The GTWR method is used to analyze the influencing factors of the spatiotemporal disequilibrium of technological innovation capabilities in China’s natural gas industry and to clarify the differences in the influencing factors between different regions and across different periods. The calculation formula is as follows:


   Y i  =  β 0     u i  ,  v i  ,  t i    +  ∑  k = 1  p   β 0     u i  ,  v i  ,  t i     X  i k   +  ε i   



(14)




where    u i    and    v i    are the coordinates of each city. (   u i   ,    v i   ,    t i   ) are the spatial and temporal coordinates of the city  i .  X  and  Y  are explanatory variables and explained variables, respectively.  P  is the number of explanatory variables.    β 0     u i  ,  v i  ,  t i      is the intercept term;    β k     u i  ,  v i  ,  t i      is the estimated coefficient of the explanatory variable; and    ε i    is the model residual error.






4. Results


4.1. Scale of Technological Innovation in China’s Natural Gas Industry


As shown in Figure 2, patent applications focused on technological innovation in the natural gas industry made outstanding progress in terms of the spatial distribution of subjects, the expansion of the application scale, and the expansion of technical fields between 1985 and 2020. The number of cities involved in patent applications increased from 9 in 1985 to 309 in 2020, while the total number of patent applications increased to 67,949 during the same period. The analysis of technical fields based on the IPC subclass classification showed that the technological frontier of technological innovation in China’s natural gas industry continues to expand, with the number of technical fields increasing from 9 in 1985 to 396 in 2020.



The development process of technological innovation can be divided into three stages. The first stage was from 1985 to 2000. The difference between the annual number of IPC technical fields and the annual number of patent applications was small, indicating that the technological innovation in China’s natural gas industry was still in its embryonic phase, and the core technical fields were not prominent at this stage. The number of cities participating in technological innovation during this period was 121 (Figure 3), and 832 patents were registered among 166 technical fields. The Beijing–Tianjin region and the Chengdu–Chongqing region were the core areas for technological innovation, and they initially showed a high-frequency agglomeration of patent applications.



The second stage spanned from 2001 to 2010. The number of inter-annual applications increased from 295 to 2148, and the number of technical fields increased from 85 to 228, indicating that, during this period, technological innovation in China’s natural gas industry entered a period of rapid growth, industrial development led to the continuous expansion of the technological frontier, and the substantial increase in energy demands driven by high-speed economic growth led to the continuous expansion of the scale of technological innovation. The number of cities participating in technological innovation increased to 224, and they applied for 7996 patents in 361 technical fields. Beijing established an absolute advantage in the scale of patent applications, and the Chengdu–Chongqing region continued to produce a large volume of patent applications. Cities in the Yangtze River Delta and Northeast China significantly increased their participation in technological innovation during this period.



The third stage spanned from 2011 to 2020. The numbers of patent applications and technical fields still maintained high growth trends, but the annual growth rate was declining, indicating that the technology breadth had reached a high level, and the improvement of technology depth became the core task of technological innovation in the natural gas industry. Since the 18th CPC National Congress, a series of policies effectively promoted the development of the natural gas industry, and the transition of the energy structure and environmental pressures also urged the natural gas industry to continuously promote technological innovation to improve efficiency and reduce pollution. The number of participating cities increased significantly to 308, and 59,120 patents were filed in 507 technical fields. The agglomeration characteristics of Beijing–Tianjin, Chengdu–Chongqing, and the Yangtze River Delta continued to strengthen. Xi’an became the core city of technological innovation in the natural gas industry in the western region of China.




4.2. Technical Fields of Technological Innovation in China’s Natural Gas Industry


By analyzing the NEIC codes of each patent (Figure 4 and Appendix B), we found that the technological innovation in China’s natural gas industry was mainly distributed among three industrial fields: natural gas production and processing, natural gas equipment and engineering, and natural gas utilization in different industries. Among them, patent applications related to natural gas equipment and engineering accounted for the largest proportion, with a total of 63,585 patent applications. The total number of patent applications related to natural gas production and processing was 47,745, second to natural gas equipment and engineering. The scale of technological innovation in natural gas utilization was relatively small, with only 16,744 patents filed, but the industrial fields expanded from thermoelectricity and the metalworking industry to the food, rubber, automotive, and other industries, which shows that the technological innovation in China’s natural gas industry was evolving from intra-industry to inter-industry collaborative innovation.



4.2.1. Natural Gas Production and Processing


Natural gas production and processing was the initial link in the natural gas industry [100]. In total, 295 cities participated in technological innovation in this field (Figure 5), evolving from a multipolar pattern constructed by Beijing, Lanzhou, and Chengdu to a unipolar pattern with Beijing as the single core. The number of participating cities increased to 48 from 1985 to 2000, and the spatial distribution of patent applications was relatively scattered. By this point, Beijing, Lanzhou, Chengdu, Dalian, and Chongqing had become the core leading forces of technological innovation. The number of participating cities increased to 174 from 2001 to 2010, and the agglomeration and polarization characteristics became more significant. A natural gas production and processing technology innovation agglomeration with Shanghai as the core was formed in the eastern coastal region, while an innovation agglomeration with Daqing as the core was formed in the northeast region, and the leading edge of Beijing was further expanded. The number of participating cities expanded to 285 from 2011 to 2020, with Beijing–Tianjin and Chengdu–Chongqing forming a twin-city agglomeration; additionally, Shanghai, Qingdao, and other important areas for natural gas offshore imports continuously improved their innovation performance in natural gas production and processing.



The technical fields based on the IPC related to natural gas production covered 323 subclasses. Exploration and exploitation technologies (E21B, C10B, C10M, C10G, F04B, C10N, and C10M) occupied the core technical fields (Table 2 and Appendix A), and a number of patent achievements were also formed around the technical fields of extraction (B01D, B01J, and C10G), material determination (C09K), and monitoring (G06F). In total, 247 cities participated in technological innovation around natural gas production, of which Beijing’s patent applications accounted for more than 60%; Chengdu, Tianjin, and Xi’an also made significant innovation achievements.



The technical fields related to natural gas processing covered 390 subclasses, mainly focused on new materials (C09K, C04B, and C08K); relative achievements were made in pollution control (C02F), mining auxiliary processes (C03B), purification (B01J, C01B, and C10G), and synthetic polymer materials (C08F and C08L). A total of 276 cities participated in technological innovation in this field, but innovation activities were more concentrated in the economically developed eastern cities such as Shanghai and Guangzhou, rather than in cities in areas rich in natural gas resources.




4.2.2. Natural Gas Equipment and Engineering


Equipment and engineering are important fields in the energy industry [101]. The number of participating cities increased from 9 to 309 (Figure 6), and they gradually developed into a multi-polar pattern with Beijing as the core and Chengdu, Tianjin, and Xi’an as the support. Technological innovation in this field was concentrated in 121 cities, with Beijing as the core, from 1985 to 2000. Lanzhou and Xi’an in the western region, Shenyang in the northeast region, and Chengdu and Chongqing in the southwest region also actively participated in the innovation practice by virtue of their geographical advantages, being adjacent to major natural gas production areas. The number of participating cities increased to 217 from 2001 to 2010, and Beijing still maintained the leading position. The scale of technological innovation in regions rich in energy resources, such as Chengdu, Daqing, Xi’an, Dongying, and Karamay, expanded rapidly. From 2011 to 2020, the number of participating cities expanded to 304. Cities with better levels of economic development and dense populations, such as Qingdao, Guangzhou, Nanjing, and Suzhou, significantly expanded the scale of their patent applications, while the speed of technological innovation in Daqing, Dongying, and other oil- or gas-producing cities slowed down.



The technical fields based on the IPC related to natural gas equipment covered 404 subclasses, and the core technologies were mainly distributed among drilling equipment (E21B), special materials (G01N, C22C, and C09K), pollution treatment equipment (C02F and B08B), catalytic, decomposition, and cracking equipment (B01J, B01D, and C10G), and electrolytic equipment (C01B and C01C) (Table 3). A total of 307 cities participated in patent applications in the field of natural gas equipment. Beijing, Chengdu, Xi’an, Tianjin, and Shanghai accounted for 67.1% of the applications.



The technical fields based on the IPC related to natural gas engineering encompassed 355 subclasses during the research period. The core technical fields were mainly distributed in pipeline engineering (F17D and F16L), electric engineering (H02G, H02J, and H02S), heating engineering (F23Q, F24D, F25B, and F24C), pollution control engineering (B08B), and digital services (G06F, G08B, and G06Q). The technological innovation in natural gas engineering lagged behind that in natural gas equipment. The innovation achievements were mainly produced by Beijing, Chengdu, Xi’an, Tianjin, Nanjing, Chongqing, and Shenyang. Guangzhou, Foshan, Zhongshan, and Shenzhen also had relative advantages. However, no significant spatial agglomeration pattern was formed.




4.2.3. Natural Gas Utilization


The utilization of natural gas was the terminal link of the natural gas industry [102]. It formed a collaborative innovation trend with many related industries, such as the thermoelectric industry, the food processing industry, and the metalworking industry. Due to the late start of China’s natural gas industry, the technological innovation in natural gas utilization lagged behind that seen in natural gas equipment and engineering and natural gas production and processing. Its innovation pattern was represented by the “double-headed” model of Beijing and Chengdu, with Tianjin, Xi’an, Shanghai, and other regions playing a supporting role. In total, 61 cities participated in the technological innovation of natural gas utilization from 1985 to 2000 (Figure 7). Beijing and Chengdu boasted the richest innovation achievements, and the other innovation achievements were mostly concentrated in Lanzhou, Dongying, Urumqi, Changchun, and other regions rich in oil and gas resources. From 2001 to 2010, the number of participating cities reached 157, and the scale of innovation achievements in Shanghai, Daqing, Xi’an, and other cities expanded significantly. The number of participating cities further increased to 289 from 2011 to 2020. Tianjin showed strong growth momentum and formed a two-city interactive innovation agglomeration with Beijing. The agglomeration levels of Suzhou, Hangzhou, and Shanghai in the Yangtze River Delta continued to improve. Wuhan, Qingdao, and other cities with developed industries and large energy consumption demands contributed to the growing number of innovation achievements.



The scale of technological innovation in natural gas utilization in the thermoelectric industry and in the metalworking industry was relatively large (Table 4), with 255 and 229 participating cities and 357 and 259 technical fields, respectively. The core areas were concentrated in Beijing, Chengdu, Xi’an, Shanghai, Tianjin, and other large cities with large populations and strong economies; this shows the relative maturity of the technological innovation of natural gas utilization in the thermoelectric industry and in the metalworking industry. Beijing was the core in almost all related industries. Tianjin, Chengdu, and Karamay made notable achievements in natural gas utilization in the food industry, while the Yangtze River Delta cities boasted the most achievements in natural gas utilization in the rubber industry. Environmental protection innovation in natural gas utilization was widely distributed among 136 cities, with Beijing as the core and Xi’an, Shanghai, Chongqing, Tianjin, and Chengdu as the supporting force. The technological innovation of natural gas utilization in the automotive industry was distributed across 137 cities, including Beijing, Shanghai, Changchun, and other cities with prominent advantages in automobile manufacturing. Low-level technological innovations of natural gas utilization were seen in the textile and clothing industry, the agriculture and forestry industry, the pharmaceutical industry, and the paper and printing industry, but the technical fields in each related industry showed an expansion trend.





4.3. Evaluation of the Technological Innovation Capabilities in China’s Natural Gas Industry


4.3.1. Temporal Characteristics of Technological Innovation Capability


The technological innovation capability of China’s natural gas industry showed a continuous growth trend from 2006 to 2020. The eastern region gradually evolved from having medium-level technological innovation capability to high-level technological innovation capability (Figure 8). The Matthew effect highlighted that cities with high-level technological innovation capabilities attracted more innovation elements, and the gap between cities with such high-level capabilities and those with low-level technological innovation capabilities increased. Cities in the northwest and central regions also accelerated the layout of technology innovation projects in the natural gas industry, and they then began to catch up.



From 2011 to 2015, the number of cities with high-level technological innovation capabilities increased; the innovation capabilities of cities in the Yangtze River Delta improved most significantly, but most regions were still below the medium level. The cities with low-level technological innovation capabilities, represented by Karamay, gradually developed into medium-level-capability cities. In addition to Dalian, Daqing, Chongqing, Chengdu, and Guangzhou, the overall innovation levels of Northeast China, Southwest China, and South China were still relatively low.



From 2016 to 2020, the number of cities with high-level or higher-level technological innovation capabilities increased significantly. Technological innovation capability levels in the inland region were significantly lower than in the coastal region. The innovation capability basically showed sheet- and band-shaped spatial overlapping distribution patterns. Areas such as Beijing–Tianjin–Hebei, the Yangtze River Delta, Sichuan–Chongqing, the Shandong Peninsula, and the Pearl River Delta formed obvious agglomerations with high-level technological innovation capabilities.




4.3.2. Spatial Evolution of Technological Innovation Capabilities


The coordinate of the center of gravity was located in Henan Province (Figure 9), close to the Central Plains of China, indicating that technological innovation capabilities had higher-level coordination in the north–south direction, while high-level innovation capability was concentrated in the eastern region. The coordinate of the center of gravity generally moved to the southwest from the first stage (2006 to 2010) to the second stage (2011 to 2015). It moved 46.267 km to the southwest during the first and second stages (Table 5); then, it continued to move 66.492 km to the southwest during the second and third stages (2016 to 2020). Correspondingly, the coverage area of the standard deviation ellipse mainly included the central and eastern regions of China, showing a northeast–southwest distribution. The rotation angle first increased from 13.422° to 16.745° and then decreased to 11.405°, indicating improvement in the spatial equilibrium level of the technological innovation capability of the natural gas industry. The standard distance of the main axis (X-axis) increased from 921.451 km to 931.155 km, and then decreased to 929.067 km, while the auxiliary axis (Y-axis) continued to increase from 993.883 km to 1017.361 km. The gap between the main axis and the auxiliary axis kept increasing, which indicates that the distribution of technological innovation capabilities in the natural gas industry became more directional. The agglomeration characteristics in the east–west direction and the dispersion characteristics in the north–south direction indicated that the technological innovation capability of the natural gas industry in the eastern region was better than that in the western region, while it was more balanced in the north–south direction.




4.3.3. Spatial Correlation Analysis of Technological Innovation Capability


In order to verify whether the technological innovation capability of China’s natural gas industry had spatial agglomeration and associated features, ArcGIS 10.8 was used to quantitatively measure the spatial correlation of technological innovation in the natural gas industry. The results showed that the global Moran’s I was positive and passed the 1% significance test (Table 6), indicating that the spatial agglomeration of technological innovation capabilities was significant. The global Moran’s I showed an upward trend from the first stage (2006~2010) to the second stage (2011~2015), with an increased number of participating cities. Though the global Moran’s I decreased from the second stage (2011~2015) to the third stage (2016~2020), the increase in the Z-value reflected the significant positive autocorrelation feature and the increasingly close collaborative innovation linkage among cities.



Using LISA based on the Local Moran’s I to analyze the local correlations of technological innovation capabilities (Figure 10), we found that cities in the H–H agglomeration were mainly located in the Yangtze River Delta, Beijing–Tianjin–Hebei, the Shandong Peninsula, and the Liaodong Peninsula; additionally, the high-level technological innovation capabilities in Sichuan and Chongqing produced H–L agglomeration characteristics in the southwest regions. Cities in the H–H agglomeration region increased from 25 to 59, and the trend of agglomeration in coastal cities increased, indicating a strong innovation linkage and a spillover effect of technological innovation capabilities. Cities in H–L agglomeration regions increased from 7 to 13, being mainly concentrated in Chengdu, Chongqing, Karamay, Haixi, and other regions rich in natural gas resources; the spillover capacity of technological innovation in these cities was weak. The level of technological innovation of cities in L–H agglomeration regions was low on the whole, and, due to the weak economic and technological conditions, it failed to establish a positive interaction relationship with high-level cities under the influence of the siphon effect. Cities in L–L agglomeration regions increased from 11 to 45, being primarily concentrated in the southwest and northwest regions, where the local and adjacent technological innovation capabilities were both weak.





4.4. Empirical Analysis of the Factors Influencing Technological Innovation Capabilities


4.4.1. Influence Mechanism


Technological innovation in the natural gas industry is a comprehensive and systematic project, which is distributed among the fields of production and processing, equipment and engineering, and natural gas utilization. Based on the regional innovation system and innovative geography theory [103,104], and considering the diversity of technological innovation fields in conjunction with the existing research [105,106], the factors promoting technological innovation in the natural gas industry can be comprehensively considered in relation to the three aspects of natural gas demands, the urban development state, and the strength of input innovation elements.




	(1)

	
Natural gas demand: Resource endowment is a key factor in shaping the industrial form and urban economic outlook [107,108]. It is also an important factor in guiding the direction of technological innovation [109]. Resource dependence may cause the crowding out of human capital [110,111]; however, within the natural gas industry sector, natural gas production, equipment, and transportation enterprises have to maintain their monopoly advantages through technological innovation, and natural gas utilization enterprises also promote technological innovation to improve natural gas utilization efficiency and reduce costs [112,113]. On this basis, the natural gas supply level per unit of GDP is selected as an indicator to measure the natural gas demand.




	(2)

	
Urban development state: The urban development state is a comprehensive reflection of productivity levels and living standards [114]. Cities with a high-level development state generally have a more developed industrial system [115]. Industrial production relies on natural gas as a fuel or chemical source, and residents also rely on natural gas as the main source of heating and kitchen fuel [116]. The more developed the urban area, the higher its energy supply requirements, and the stronger its support for technological innovation, which makes it easy to promote innovation responses in the natural gas industry [117]. On this basis, per capita GDP is selected as an indicator to measure the urban development state.




	(3)

	
Strength of investment in innovation elements: Technological innovation activities need the input of technological innovation elements as their initial basis and development guarantee [118]. As a complex knowledge production process, the input of innovation elements generally includes two aspects: talents and capital [119]. Talent investment provides knowledge capital [120], while capital investment provides funds for technical facilities and platforms [121]. Based on this, the proportion of R&D investment in fiscal expenditures and the proportion of R&D talents in employment are selected as indicators to measure the strength of innovation capital and the strength of innovation talents, respectively.










4.4.2. Estimation and Analysis


The GTWR plug-in based on ArcGIS 10.8 was used to analyze the influencing factors and automatically optimize the bandwidth settings. The regression results showed that the    R 2    and adjusted    R 2    values were both higher than 0.93 (Table 7); meanwhile, the regression results using OLS showed that    R 2    was only 0.711, indicating that the GTWR method could more accurately measure the impact of the explanatory variables on the dependent variables. The regression results are shown in Figure 11.




	(1)

	
The influence of natural gas demand on the technological innovation capability was generally positive and showed strong volatility with significant spatial differences. The maximum influencing coefficient dropped from 27.346 to 25.027, and the minimum coefficient dropped from 1.986 to 0.032. The technological innovation capabilities in Northeast China and East Inner Mongolia were most profoundly affected by the natural gas demand. On the one hand, as the nexus of heavy industries and the core energy supply area, Northeast China undertook the obligation of the energy supply guarantee to improve the production and transmission capabilities of natural gas; on the other hand, it also needed to continuously improve the efficiency of natural gas utilization to meet its industrial development needs, which accelerated technological innovation in the natural gas industry. The influencing coefficients of natural gas demand in East China, North China, and Southwest China cities also showed increasing trends. High-level and medium-level agglomerations were formed along the Bohai Bay, including Tianjin, Yantai, Dalian, and other cities. Shanghai, Nanjing, Hangzhou, Suzhou, and other developed cities with strong dependence on natural gas utilization also show the strong influence of natural gas demands on technological innovation capabilities. As important bases for natural gas production, Chongqing, Suining, Chengdu, and other cities in southwest China occupy important positions in the economic structure, promoting the technological innovation capabilities of the natural gas industry. The influence of natural gas demand in Northwest and Central China is relatively small, and the trend is decreasing.




	(2)

	
The influence of the state of urban development on technological innovation capabilities became more significant during the period under consideration. The highest influence coefficient decreased from 173.023 to 161.61, while the lowest influence coefficient increased from 60.183 to 74.549. From 2006 to 2010, the regions that showed the urban development state to have the strongest influence on the technological innovation capabilities were concentrated in Sichuan, Chongqing, Hubei, Jiangsu, Shanghai, and other regions in the Yangtze River basin. The natural gas industry occupied an important position in Chongqing, Chengdu, and other cities located in the Sichuan Basin and the upper reaches of the Yangtze River. Meanwhile, the rapid development of metal processing, equipment manufacturing, biomedicine, and other industries widely distributed in the middle and lower reaches of the Yangtze River continuously promoted the expansion of the innovation scales and technical fields of the natural gas industry. From 2011 to 2015, with the continuous promotion of the China’s west-to-east gas transmission project and the Sichuan-to-East gas transmission project, the natural gas development, equipment, and engineering technology in the Sichuan–Chongqing region and the Yangtze River Delta region were continuously improved, forming two agglomeration areas where the urban development state had a high level of influence. The importance of natural gas in industrial production and in residents’ lives was fully highlighted from 2016 to 2020, when it strongly promoted the rapid development of natural gas technological innovation in economically developed coastal cities.




	(3)

	
The influence of the strength of innovation capital on the technological innovation of the natural gas industry was significant but not very strong in many cities. The maximum influencing coefficient increased from 9.3 to 12.339, and the minimum value decreased from 0.704 to 0.478. The innovation capital strength in the northwest region, represented by Xinjiang and Qinghai, had the greatest influence on technological innovation and showed an increasing trend. The influence of the strength of innovation capital in the northeastern regions, such as Inner Mongolia, Heilongjiang, and Jilin, gradually decreased from strong to medium. Along the Hu Line, the influencing coefficient gradually increased from the southeast regions to the northwest regions. China’s economic development level shows a decreasing trend from southeast to northwest. The innovation system in the east, and especially in the southeast, developed very well, and the investment guarantee system was highly mature, which rendered technological innovation less sensitive to the strength of innovation capital. However, the economic development level of the region to the west of Hu Line was generally weak, with an imperfect innovation environment; moreover, various facilities and platforms for technological research and development were unsound, necessitating more support from capital investment in the field of technological innovation. Therefore, a high dependence and sensitivity pattern in the influence of innovation capital strength on technological innovation in the natural gas industry has gradually been formed.




	(4)

	
The effect of the strength of innovation talents on technological innovation capability was characterized by significant spatial differentiation and temporal volatility, but the overall spatial pattern of the effect changed slightly. The maximum value of the influencing coefficient decreased from 3.488 to 3.234, and the minimum value decreased from 0.369 to 0.109, indicating that the overall influence of the strength of innovation talents was gradually weakening. The technological innovation of the natural gas industry in North China, with Beijing–Tianjin–Hebei as the core, was most strongly affected by the strength of innovation talents. Technological innovation in Shandong, Jiangsu, Henan, Liaoning, and Yunnan was also highly sensitive to the strength of innovation talents. The Beijing–Tianjin–Hebei region, the Shandong Peninsula, and the eastern part of Inner Mongolia are where most of the energy headquarter enterprises are located, as well as the top universities and research institutions. These platforms gathered innovation talents and formed a strong supporting basis for technological innovation. Innovation talents spread explicit and implicit knowledge through interactive learning, thus driving the collaborative improvement of technological innovation capability in both the local area and surrounding cities through knowledge spillover.












5. Discussion


5.1. Research Findings and Supplements to Previous Studies


When discussing the technological innovation of the natural gas industry, scholars mainly begin from the perspective of the energy transition [86,122]. However, due to the large gap between countries in the production, processing, and utilization of natural gas, the feasibility of using natural gas as a bridge for the energy transition through technological innovation should be based on a full understanding of the evolution characteristics of technological innovation in the natural gas industry [123]. By analyzing the scale and technical fields of technological innovation in the natural gas industry, we may understand the foundation that countries or regions have formed by developing natural gas to achieve an energy transition, as well as the work that needs to be strengthened or the technical fields that needed to be established in the future. In particular, the realization of the energy transition requires attention to be paid to the heterogeneity of energy structures between different regions [124]; this involves analyzing the spatial distribution patterns of technological innovation from a spatiotemporal perspective and understanding the driving factors that form this spatiotemporal pattern. Compared with previous studies, this paper makes a number of meaningful contributions, which are mainly reflected in the three following areas:




	(1)

	
It is common to analyze technological innovation using patent data [125], but there have been few attempts to do so in the natural gas industry. This study constructed a retrieval method for patents related to the natural gas industry using subject words and NEIC and IPC codes on the basis of technology innovation theory and information analysis thinking, thus realizing a joint analysis of different technical features in different industrial fields. Previous research showed that the scale of technological innovation in China’s natural gas industry was expanding [126,127]; this study further found that the expansion of technological innovation in China’s natural gas industry was accompanied by industrial fields expanding from drilling and mining to transmission equipment, engineering, environmental protection, and energy conservation, as well as the application of natural gas in metal processing, automobile manufacturing, and other industries. The core technology fields were mainly distributed among the fields of exploration and mining, chemicals, pollution control, new materials, and intelligent monitoring, which shows that China’s natural gas technology innovation fields are gradually becoming consistent with the international leading directions [86].




	(2)

	
Innovation geography focuses on the distribution and evolution of innovation in different geographical units [128,129]; it has developed the rich research fields of innovation capability evaluation and analysis [130], innovation process analysis [131], innovation spatial connections [132], and innovation network structures [133]. It was valuable to match the technological innovation activities of the natural gas industry with different cities based on innovation geography. Previous studies have revealed the spatial correlation and spatial disequilibrium and agglomeration characteristics of China’s technological innovation activities in the energy industry [134]. This study further verified the agglomerations in Beijing–Tianjin–Hebei, the Yangtze River Delta, and the Sichuan–Chongqing region regarding technological innovation in the natural gas industry, as well as the uneven spatial distribution of the technical fields, the unbalanced capabilities between coastal and inland cities, and the spatial autocorrelation characteristics of technological innovation capabilities.




	(3)

	
Previous studies have revealed that the influencing factors for technological innovation capabilities in the energy industry change in different development stages and in different location conditions [135]. This study drew on previous studies and further analyzed the factors affecting the technological innovation capabilities of China’s natural gas industry from the perspective of the urban development state, natural gas demands, and the investment of innovation elements [136].









In terms of the urban development state, the stronger the technological innovation capability and the higher the level of urban development, the greater the influence of the urban development state [137]. The improvement of secondary industry drove energy utilization demands and promoted the technological innovation of the natural gas industry [138], while the improvement of the service industry accelerated the talent flow and provided a better environment for technological innovation [139]. By constantly consolidating the level of urban development, improving the quality of the urban economy, and providing a long-term driving force, technological innovation in the natural gas industry further met the needs of urban production and living and drove the growth of related industries; therefore, technological innovation capacity and the level of economic development constitute a productive cycle of interactive promotion [140].



In terms of the strength of the innovation capital, the more developed the economy, the weaker the influence of capital investment on the technological innovation of the natural gas industry. This indicates that the marginal income of capital investment was reduced in economically developed regions [141]. However, cities with low-level economic development lacked the necessary innovation facilities and platforms. Increasing capital investment could quickly alleviate the demands for R&D infrastructure. Therefore, capital investment had a strong influence in areas with a low-level state of economic development.



In terms of the strength of innovation talent, because tacit knowledge needs to be developed through communications between personnel [142], the formation of knowledge capital depends on the agglomeration and diffusion of innovation talents [143]. The agglomeration of natural gas enterprise headquarters in North and East China, and the agglomeration of top energy universities and research institutes, provided sufficient talent resources and promoted the continuous improvement of innovation capabilities.



In terms of natural gas demands, the cities where natural gas demand had the greatest influence were mainly distributed in Northeast China, the Sichuan–Chongqing region, and North China. The natural gas demands were expressed in three modes. The first kind of natural gas demand arose due to natural-gas-related industries occupying a key position in the regional industrial structure, which provided a growth impetus for the local economy, creating jobs and meeting local energy demands [144]; this mode mainly existed in the southwest and northwest regions of China. The second kind of natural gas demand was mainly caused by a regional industrial structure dominated by energy-intensive industries [145]; it mainly existed in cities in Northeast China and Central China. The third kind of natural gas demand arose due to natural gas transportation, urban gas, and other natural gas services [146]; it was mainly concentrated in the coastal cities in East China. These three kinds of demand promoted technological innovation; the cities of Northeast China were most strongly influenced in this regard, indicating that the natural gas demand caused by the industrial structure had the greatest influence on the technological innovation of the natural gas industry.




	(4)

	
In addition, the paper attempts to make a preliminary judgment as to whether the Chinese natural gas industry can serve as a transitional bridge for the energy transformation by analyzing the scale, technological fields, innovation capabilities, and influencing factors of technological innovation in the Chinese natural gas industry. The results show that the scale, fields, and capabilities of technological innovation in the Chinese natural gas industry exhibit a trend of enhancement or expansion, laying the foundation for the leapfrog development of the natural gas industry, which is consistent with the existing research [126,127]. However, there are still significant problems related to the large differences in the scale, distribution, and innovation of technology in different regions and industries at present. Regions with higher levels of development have not fully and strongly promoted innovation diffusion. Although the core technological fields have begun to focus on new materials and environmental protection, there still remains a large gap to be closed before the technological needs of the energy transformation are met. In the future, it will be necessary to continuously improve the technological innovation capacity of the natural gas industry when moving towards the goal of energy transformation; this improvement can be achieved by strengthening guidance, competition, and cooperation. In summary, many lengthy and arduous tasks await before the Chinese natural gas industry can serve as a transitional bridge for energy transformation by improving its technological innovation capabilities [147].










5.2. Future Prospects


Restricted by the availability of data and other factors, this study leaves room for improvement in future research. These improvements mainly relate to the following two areas.




	(1)

	
First, it is necessary to expand multi-agent and multi-scale research on technology innovation in the natural gas industry. Evolutionary economic geography focuses on the dynamic characteristics of the technology innovation activities of different agents at different spatial scales [148]. Further dividing the technology innovation agents in the natural gas industry can help us to better understand the micro-, meso-, and macro-mechanisms of the evolution of technological innovation. Mapping technological innovation in the natural gas industry to spatial scales larger or smaller than prefecture-level cities will enable us to make more scientific judgments on the cutting-edge technical fields and development potential of technological innovation in the natural gas industry, and thus formulate reasonable strategies for the development of technological innovation in this sector.




	(2)

	
Second, it is necessary to produce more quantitative and empirical research on the relationship between technological innovation in the natural gas industry and the energy transition. Standardized economic research emphasizes the application of econometric models and tools in analyzing the relationship between technology innovations and the energy transition [149]. By analyzing the scale, field, capability, and influencing factors of technological innovation in China’s natural gas industry, this article has made the preliminary judgment that the current level of technological innovation does not fully meet the requirements of playing a bridging role in energy transition. In the future, it will be necessary to use econometric tools to further analyze the correlation and causal mechanisms between technological innovation in the natural gas industry and the development level of China’s energy transition.




	(3)

	
Third, the research into the interactive effects of influencing factors on technological innovation in the natural gas industry must be expanded. The theory of complex adaptive systems emphasizes the complexity and interaction of external influencing factors in the process of technological innovation in the natural gas industry [150]. By further refining the economic, institutional, cultural, social, and natural dimensions of the influencing factors of technological innovation in the natural gas industry and conducting an analysis of the interactions between these factors, we can propose more effective policy recommendations for the promotion of technological innovation in the natural gas industry; this will enable us to realize its function as an energy transition bridge from the perspective of creating a more interconnected and interactive external innovation environment.











6. Conclusions and Recommendations


6.1. Conclusions


Taking the patent data related to the natural gas industry as its object, this study explored the scale and technical fields of technological innovation in China’s natural gas industry, evaluated its technological innovation capability using a CCS model, and interpreted the spatiotemporal characteristics using ESDA and CGSDE. On this basis, the GTWR model was used to analyze the factors influencing technological innovation capabilities and their spatiotemporal differentiation from three perspectives: the natural gas demand, the urban development state, and the strength of innovation elements. The conclusions are as follows:




	(1)

	
The scale of technological innovation in China’s natural gas industry continues to expand, but its spatially non-uniform characteristics are prominent. An analysis based on patent data shows that, from 1985 to 2020, the number of patent applications in China’s natural gas industry increased from 10 to 67,949, undergoing the three stages of slow growth from 1985 to 2000, accelerated growth from 2001 to 2010, and fluctuating growth from 2011 to 2020. The number of cities participating in technological innovation in the natural gas industry continued to increase during these three development stages, but the geographical concentration of innovation output has remained at a high level, forming a spatially non-uniform development pattern centered on Beijing–Tianjin and supported by urban clusters such as Sichuan–Chongqing, the Yangtze River Delta, and the Shandong Peninsula.




	(2)

	
Technological innovation in the natural gas industry is mainly concentrated in the areas of natural gas production and development and equipment and engineering; utilization with technical fields continues to expand, but unevenly so. The achievements in natural gas equipment and engineering were the most abundant, mainly focusing on drilling, pollution treatment, special materials, pipelines, and thermal electric engineering; three innovation agglomerations were formed in Sichuan–Chongqing, Beijing–Tianjin–Hebei, and the Yangtze River Delta. The technological innovation in natural gas production and processing mainly focused on exploration, extraction, new materials, pollution control, and digital services, with Beijing–Tianjin and Chengdu–Chongqing forming a twin-city interaction. Technological innovation in natural gas utilization lags behind and penetrated into 10 industrial fields, notably thermoelectric supply and metal processing.




	(3)

	
The technological innovation capability of China’s natural gas industry is showing an increasing trend with spatial non-uniformity. Coastal cities have a significant pattern of high-level technological innovation agglomeration, forming an H–H spatial correlation where both the local and neighboring technological innovation capabilities are strong. Some cities in provinces adjacent to the eastern coastal cities, such as Henan, Anhui, and Inner Mongolia, have weaker technological innovation capabilities, forming an L–H spatial correlation where local technological innovation capabilities are weak but the neighboring areas are strong. In the southwestern region, the technological innovation capabilities in the natural gas industry of the Sichuan–Chongqing urban cluster are significantly higher and form an H–L spatial correlation with the surrounding cities.




	(4)

	
Natural gas demand, the urban development state, and the strength of the innovation element inputs were all important factors affecting the technological innovation capability of China’s natural gas industry. The eastern cities mainly relied on urban development to continuously improve the technological innovation capabilities in their natural gas industries. Natural gas demand actively promoted the improvement of the technological innovation capabilities in cities in Northeast China. The technological innovation capability in the Beijing–Tianjin region and other northern cities showed a high sensitivity to innovation talents, while western cities mostly relied on capital expenditure in promoting technological innovation capabilities.




	(5)

	
It is necessary to expand multi-agent and multi-scale future research on technological innovation in the natural gas industry and its relationship with the energy transition, as well as exploring the interactivity of the influencing factors. By carrying out multi-agent and multi-scale research into technological innovation, we can put forward heterogeneous strategies for the leapfrog development of the natural gas industry, guided by the energy transition. Studying the correlations or causal relationships between the two through econometric methods can allow us to accurately grasp the shortcomings of current technological innovations in the natural gas industry regarding the energy transition. Expanding the analysis of the interaction between influencing factors can help us to propose a composite strategy for technological innovation in the natural gas industry and its bridge function in the energy transition from the perspective of creating a correlated innovation environment.










6.2. Recommendations


Energy is an indispensable component of economic and social development. As an internationally recognized source of clean energy, natural gas has occupied an important position in adjusting the energy structure and reducing energy pollution. The implementation of innovative development in the natural gas industry has important strategic significance. To access the full potential of technological innovation in promoting the high-quality development of the natural gas industry and its bridging function in the energy transition, we should generate a plan from the following points.



First, we should enhance institutional supply to promote the expansion of the technology innovation scale in the natural gas industry and to facilitate coordination between regions. The government should use measures such as tax reductions and subsidies to stimulate research and development investment, encouraging collaboration between industry, academia, and research institutions to accelerate the flow and diffusion of knowledge, guide natural-gas-rich regions to carry out technological innovation in areas such as exploration, development, and processing of natural gas, and encourage developed regions with high demand for natural gas but limited resources to strengthen technological innovation in natural gas equipment and engineering. The government should also continue to promote collaborative technological innovation in natural gas utilization among related industries.



Second, it is necessary to leverage the dual mechanisms of policy guidance and market competition to promote the continuous upgrading of technological innovation in the natural gas industry. We must promote the integration of the upstream, midstream, and downstream natural gas industry chain and value chain into the innovation chain, and achieve linkage innovation in all aspects of the industry chain and value chain. Additionally, we should actively explore common technologies in different fields, such as natural gas development and processing, natural gas equipment and engineering, and natural gas utilization, with the aim of achieving the transition bridge function of the natural gas industry in the energy transition process, thus accelerating the green, environmentally friendly, and low-carbon transition of the core technology fields of the natural gas industry.



Third, technological innovation spillover must be achieved in the natural gas industry to attain a spatially balanced level of technological innovation capabilities. We should embrace Beijing’s role as a national natural gas technology innovation hub, which guides leading enterprises, universities, and research institutions to enhance cooperation with various regions across the country. By leveraging the radiation and driving functions of urban agglomerations such as Sichuan–Chongqing, the Yangtze River Delta, the Pearl River Delta, and the Shandong Peninsula to enhance technological cooperation and transfer with surrounding regions, we can promote the synergistic improvement of local natural gas industries’ technological innovation capabilities, thereby achieving an overall improvement of technological innovation capabilities in the Chinese natural gas industry.



Fourth, it is necessary to maintain the long-term advantages of the technology innovation driven by the economy in the eastern region and expand and upgrade the natural gas industry’s technology innovation field via market demand updates. We must promote the evolution of the natural gas industry’s technology innovation in the northeastern region from being resource-dependent to multi-factor-driven and avoid locking the technology field due to excessive resource dependence. It is also necessary to establish a mechanism for the cross-regional collaborative allocation of human resources and to encourage the diffusion of talent resources from the Beijing–Tianjin–Hebei region to the entire country in order to promote implicit knowledge flow. Attention must be paid to the dual function of market regulation and institutional guarantees, guiding technological funds to be moderately tilted towards economically backward but resource-rich areas for natural gas and breaking through the obstacles to innovation funding flow between regions.



Fifth, we must be aware of the crowding-out effect that the excessive development of the natural gas industry may have on renewable energy and focus on promoting the energy transition as the goal in order to steer technological innovation in the natural gas industry in a beneficial direction. It is necessary to explore the commonalities between natural gas technology and renewable energy technology, encourage collaborative innovation between the natural gas industry and the renewable energy industry, and strive to establish platform mechanisms that are in line with the collaborative innovation of the two industries. Public awareness of the relationship between energy transition and sustainable development should be increased, and public participation in and enthusiasm for the technological innovation of the natural gas industry or renewable energy technology innovation should be promoted, with energy transition as the goal. In addition, it is necessary to strengthen international cooperation in natural gas technological innovation, aiming at international cutting-edge green, low-carbon, and environmental-friendly natural gas technologies, promoting cross-border cooperation between industry, academia, and research, and continuously improving the function of the natural gas industry as an energy transition bridge by absorbing international advanced technologies.
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Appendix A. IPC Subclasses and Implications










	IPC
	Implication
	IPC
	Implication



	B01D
	Separation
	C10N
	Associated with C10 m



	B01J
	Chemical or Physical Processes
	C21B
	Manufacture of Iron or Steel



	B08B
	Cleaning in General
	E21B
	Earth or Rock Drilling



	C01B
	Non-Metallic Elements
	F04B
	Positive-Displacement Machines for Liquids



	C02F
	Treatment of Water
	F16L
	Pipes



	C03B
	Manufacture or Shaping of Mineral
	F17D
	Pipe-Line Systems



	C04B
	Lime; Magnesia; Slag; Cements; Compositions Thereof
	F24C
	Other Domestic Stoves or Ranges



	C07C
	Acyclic or Carbocyclic Compounds
	F24H
	Fluid Heaters



	C08F
	Macromolecular Compounds
	F25B
	Refrigeration Machines



	C08K
	Use of Inorganic
	F28D
	Heat-Exchange Apparatus



	C08L
	Compositions of Macromolecular Compounds
	G01N
	Investigating or Analyzing Materials



	C09K
	Materials for Applications
	G06F
	Electric Digital Data Processing



	C10B
	Destructive Distillation
	G06Q
	Data Processing Systems or Methods



	C10G
	Cracking Hydrocarbon Oils
	G08B
	Signaling or Calling Systems



	C10J
	Production of Gases Containing Carbon Monoxide
	H01M
	Processes or Means



	C10L
	Fuels not Otherwise Provided for
	H02J
	Circuit Arrangements or Systems



	C10M
	Lubricating Compositions
	
	







Appendix B. Classification of the Natural Gas Industry according to Related NEIC Terms




	
Industrial Field

	
Segment Industry

	
NEIC




	
Production and Processing

	
Production

	
B06, B07, B08, B09, B10, B11, B12, C25




	
Processing

	
C26, C28, C30, C42




	
Equipment and Engineering

	
Equipment

	
C34, C35, C37, C38, C40, C41, C43




	
Engineering

	
C39, C41, E47, E48, E49, E50, E57, I63, I64, I65, O81




	
Utilization in Specific Industries

	
Textiles and Clothing

	
C17, C18, C19




	
Metalworking

	
C31, C32, C33




	
Agriculture and Forestry

	
A01, A02, A03, A04, A05




	
Environment Protection

	
D46




	
Automotive Industry

	
C36




	
Thermoelectric

	
D44, D45




	
Food

	
C13, C14, C15, C16




	
Rubber

	
C29




	
Pharmaceutical

	
C27




	
Paper and Printing

	
C22, C23
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Figure 1. Study area. 
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Figure 2. Number of patent applications and technical fields. 
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Figure 3. Number of patent applications in the three stages. 
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Figure 4. Number of patent applications in different industrial fields. 






Figure 4. Number of patent applications in different industrial fields.



[image: Sustainability 15 07143 g004]







[image: Sustainability 15 07143 g005] 





Figure 5. Spatiotemporal pattern of patent applications in natural gas production and processing. 
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Figure 6. Spatiotemporal pattern of patent applications in natural gas equipment and engineering. 
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Figure 7. Spatiotemporal pattern of patent applications in natural gas utilization. 
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Figure 8. Evaluation of technological innovation capability in China’s natural gas industry. 
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Figure 9. Center of gravity and standard deviational ellipse. 






Figure 9. Center of gravity and standard deviational ellipse.



[image: Sustainability 15 07143 g009]







[image: Sustainability 15 07143 g010] 





Figure 10. LISA of technological innovation capability. 
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Figure 11. Spatial distribution of the regression coefficient. 
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Table 1. Search conditions for patents related to the natural gas industry.
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	Search Condition
	Search Content





	NEIC
	B07 (oil and gas mining), B11 (mining specialty and auxiliary activities), B12 (other mining industries), C26 (manufacturing of chemical raw materials and products), C28 (chemical fiber manufacturing), C35 (special equipment manufacturing), C38 (electrical machinery and equipment manufacturing), D45 (gas production and the supply industry), E48 (civil engineering construction industry), E57 (pipeline transportation).



	IPC
	B01D, B01J, B08B, C01B, C02F, C03B, C04B, C07C, C08F, C08K, C08L, C09K, C10B, C10G, C10J, C10L, C10M, and other 500 IPC subclasses



	Subject words
	Natural gas, shale gas, LNG, CNG, SNG, oil and gas, gas field, tight gas, and other subject words closely related to the natural gas industry










 





Table 2. Number of patent applications in natural gas production and processing.
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	Natural Gas Production
	Number of Patent Applications
	Natural Gas Processing
	Number of Patent Applications





	E21B
	27,005
	C09K
	3244



	C10L
	4589
	B01J
	2832



	C09K
	3068
	C01B
	2206



	C10G
	2423
	C02F
	2185



	B01D
	2077
	C07C
	2096



	B01J
	1159
	C08F
	1580



	G06F
	704
	B01D
	1181



	F04B
	507
	C10G
	1138



	C10M
	476
	C08L
	1037



	C08F
	425
	C04B
	1003



	C07C
	422
	E21B
	926



	C10N
	392
	C08K
	830



	C10B
	391
	C10L
	804



	C01B
	368
	F28D
	762



	C10J
	365
	C03B
	504










 





Table 3. Number of patent applications in natural gas equipment and engineering.
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	Natural Gas Equipment
	Number of Patent Applications
	Natural Gas Engineering
	Number of Patent Applications





	E21B
	27,005
	E21B
	1650



	G01N
	7080
	F24H
	1470



	B01D
	4782
	B08B
	1162



	B01J
	3030
	H02J
	1162



	C10L
	2855
	G06F
	929



	C10G
	2444
	F24C
	902



	C01B
	2206
	F17D
	850



	C02F
	2185
	F25B
	736



	C07C
	2096
	G06Q
	664



	C09K
	1606
	G01N
	526



	C08F
	1509
	F16L
	482



	F24H
	1470
	H01M
	431



	G08B
	1176
	G08B
	424



	B08B
	1162
	B01D
	348



	H02J
	1162
	C21B
	322










 





Table 4. Number of patent applications in natural gas utilization.
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	Utilization Fields
	Technical Fields
	Number of Patent Applications (1985~2000)
	Number of Patent Applications (2001~2010)
	Number of Patent Applications (2011~2020)





	Textiles and Clothing
	151
	3
	48
	341



	Metalworking
	357
	59
	430
	4037



	Agriculture and Forestry
	196
	4
	22
	263



	Environment Protection
	210
	9
	97
	828



	Automotive Industry
	178
	24
	165
	1091



	Thermoelectric
	259
	35
	449
	5263



	Food
	197
	20
	192
	1402



	Rubber
	202
	10
	266
	1366



	Pharmaceutical
	55
	0
	31
	116



	Paper and Printing
	137
	1
	14
	158










 





Table 5. Calculation results of the center of gravity and standard deviation ellipse.
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	Index
	First Stage (2006~2010)
	Second Stage (2011~2015)
	Third Stage (2016~2020)





	X-Axis
	921.451 km
	931.155 km
	929.068 km



	Y-Axis
	993.883 km
	1007.221 km
	1017.361 km



	Rotation Angle
	13.422°
	16.745°
	11.405°



	Center of Gravity
	114.270° E, 34.439° N
	113.876° E, 34.182° N
	113.577° E, 33.642° N



	Moving Distance of Center of Gravity
	First to Third Stage: 109.593 km
	First to Second Stage: 46.267 km
	Second to Third Stage: 66.492 km










 





Table 6. Results of the global Moran’s I.
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	Index
	First Stage (2006~2010)
	Second Stage (2011~2015)
	Third Stage (2016~2020)
	Whole State (2006~2020)





	Moran’s I
	0.041
	0.133
	0.129
	0.140



	Z-Value
	3.549
	7.203
	13.807
	15.066



	p Value
	0.000
	0.000
	0.000
	0.000










 





Table 7. Related parameters of GTWR.






Table 7. Related parameters of GTWR.





	Parameter
	Bandwidth
	OLS     R 2    
	AICc
	     R 2     
	Adjusted     R 2    
	Spatiotemporal Distance Ratio





	Value
	0.477
	0.711
	−1919.570
	0.941
	0.939
	0.216
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