[image: image1]Technological innovation evolution and industrial modernization driven by green factors: Case of combined heat and power (CHP) industry in Yangtze River Delta, China

		BRIEF RESEARCH REPORT
published: 06 September 2022
doi: 10.3389/fenvs.2022.962633


[image: image2]
Technological innovation evolution and industrial modernization driven by green factors: Case of combined heat and power (CHP) industry in Yangtze River Delta, China
Chenqing Su1, Chengsi Wang2, Zhanao Wang1, Lu Zhang3* and Yaqi Tian4
1School of Finance and Trade, Wenzhou Business College, Wenzhou, China
2School of Continuing Education, Wenzhou Business College, Wenzhou, China
3School of Management, Wuhan University of Technology, Wuhan, China
4Department of Diplomacy and Foreign Affairs Management, China Foreign Affairs University, Beijing, China
Edited by:
Faik Bilgili, Erciyes University, Turkey
Reviewed by:
Muhammad Kamran Khan, Bahria University, Pakistan
Muhammad Imran Khan, University of Agriculture, Pakistan
Sevda Kuşkaya, Erciyes University, Turkey
Nudrat Fatima, Beijing Technology and Business University, China
* Correspondence: Lu Zhang, zhanglu.edu@outlook.com
Specialty section: This article was submitted to Environmental Economics and Management, a section of the journal Frontiers in Environmental Science
Received: 06 June 2022
Accepted: 03 August 2022
Published: 06 September 2022
Citation: Su C, Wang C, Wang Z, Zhang L and Tian Y (2022) Technological innovation evolution and industrial modernization driven by green factors: Case of combined heat and power (CHP) industry in Yangtze River Delta, China. Front. Environ. Sci. 10:962633. doi: 10.3389/fenvs.2022.962633

China’s Yangtze River Delta region has banned the approval of new thermal power projects except for combined heat and power (CHP) generation and is promoting technological innovation in CHP. However, technological innovation of energy technology has been evidenced to be often affected by spatial elements. The role of spatial agglomeration in the energy industry on technological innovation has not been discussed in the context of CHP. Therefore, this article studied the spatial agglomeration and evolution characteristics of CHP technological innovation point elements through the Global Moran's index, kernel density analysis, and thermal map analysis and analyzed the influencing factors and changes by the spatial regression model. The results show that environmental regulation and high-tech park agglomeration are the key factors influencing CHP technological innovation. This indicates that future policy making needs to consider the economic factors of green development and the role of high-tech parks in innovation.
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1 INTRODUCTION
With the increasing global energy demand, it is urgent to find new alternative energy or adjust the existing energy structure Chou et al. (2020); Lan et al. (2021). Combined heat and power generation (CHP), a mode of combined production of heat and electricity, is a technology for comprehensive energy utilization (Jimenez-Navarro et al., 2020). CHP is a new mode of production derived from the traditional thermal power industry. After the oil crisis in the 1970s, CHP received great attention from Western countries. With the global energy crisis and environmental deterioration, the research and development (R&D) in sustainable energy technologies has been gradually popularized around the world (He et al., 2020a, 2020b; Qian et al., 2021; Wei et al., 2021; Pu et al., 2022; Su et al., 2022). After steam is generated by a boiler of a traditional thermal power plant that drives the steam turbine generator set to generate electricity, the steam which has been discharged still contains most of the heat taken away by cooling water, so the thermal efficiency of the thermal power plant is only 30–40% (Vishwanathan et al., 2018). If the heat energy of the steam-driven steam turbine process or subsequent steam pumping or discharge can be used, it can generate both electricity and heat. This process has both electrical and thermal energy production. It is an efficient form of energy utilization at the same time as heat and electricity production. CHP has many advantages such as high efficiency of energy utilization and environmental protection and is regarded as the best centralized heating source (Zheng et al., 2021). In addition, due to the large capacity, high chimney, and high dust removal efficiency of the boilers that generate steam, the CHP unit is beneficial to the realization of desulfurization and denitrification in the furnace (Pu et al., 2019). Compared with traditional thermal power plants, their social and environmental benefits are significant. Although innovation discussion on energy technologies has spread to economic, behavioral, and policy areas (Bai et al., 2021; Zhang et al., 2022; Li et al., 2018), regional policy significantly has a huge impact on CHP technology. When compared with a single conventional power supply and heating system, the CHP projects have many advantages such as high energy utilization efficiency and environmental protection and are considered to be the best central heating source. After being aware of this, the National Development and Reform Commission of China officially issued a notice in 2016, which is on the development plan of urban agglomerations in the Yangtze River Delta. This plan aims to improve the coordination mechanism of air pollution prevention and control in the Yangtze River Delta region and solve air environmental problems in an integrated and coordinated manner. Among them, it is worth noting that the plan requires new projects in Shanghai, Jiangsu, and Zhejiang to prohibit the construction of self-provided coal-fired power stations, prohibit coal consumption projects to implement the replacement by coal reduction, and prohibit approval of new coal-fired power generation projects except the CHP (Zhang and Zheng, 2020). According to statistics, the CHP of the current heat source in China’s heating industry accounts for 62.9%, while the rest accounts for 37.1%.
Although the significant increase in the proportion of CHP is a good signal to achieve environmental protection requirements under climate change, further technological innovation in CHP technology is an important way to further achieve low-carbon development. At present, the categories of CHP unit mainly include the type of back-pressure, the type of steam pumping condensing, and the type of pumping back-pressure. But scholars do not limit their attention to traditional technological means or transformations. At present, more expectations are to integrate new and clean energy into CHP systems. For example, Suman (2018) believes that the study of new energy systems in which renewable energy and fossil fuels are complementary is extremely important for building efficient and safe modern energy systems. On the one hand, it is necessary to establish an overall performance model of the solar combined cycle unit to realize the online performance monitoring of ISCC units and master the operation characteristics of the unit. On the other hand, it is also necessary to study the variation of the peaks regulating the capacity of the ISCC system under CHP conditions, so as to provide a theoretical and design basis for operation optimization and application of ISCC units in CHP (Wang et al., 2021). Similarly, Zhou et al. (2019) have reviewed the types and research prospects of energy storage technology in the CCHP system and believe that the application methods of the power storage and thermal energy storage technology in the CCHP system are pluralistic. It has been pointed out that under the combination of traditional energy and renewable energy and the increasingly complex energy development trend of energy supply systems, system characteristics, optimization technology, and the formulation of operation plans for different scenarios are the future innovative directions of energy storage technology and CCHP integrated systems. It can be seen that CHP has great potential for technological innovation, and its innovation has multiple potential directions in technologies.
But how did the technological innovation of CHP happen? Bai et al. (2021) take the smart grid as an example and point out that there are obvious technological differences between the smart grid in China and the United States in terms of technology. China pays more attention to the innovation of hardware, while the United States pays more attention to intelligent scheduling. But more importantly, based on the analysis of China’s technology innovation patent data, they have found that the innovation of China’s smart grid technology has obvious spatial differentiation, which is related to regional characteristics. This study inspires this article to take CHP technology as an example to further verify the spatial differentiation of technological innovation and its motivations. Different from the study of the smart grid by Bai et al. (2021), the innovation of thermal technology in China is often significantly related to requirements of environmental protection and industrial policies, which has been mentioned by several scholars (Ouyang et al., 2020). This is mainly because thermal power, as a high-pollution industry, is often the most regulated industry and its production often needs to be carried out in specific industrial parks, which lead to the research purpose of this article, namely, the correlations among CHP technological innovations, green total elements, and industrial policies. In terms of industrial policies, taking the Yangtze River Delta as an example, China is presently promoting innovations such as the CHP technology by establishing high-tech industrial parks, the hope of which is mainly to gather innovation elements such as scientific research resources and achieve them. In recent years, more and more studies have used spatial detection methods. Spatial analysis is a process of cognition, interpretation, prediction, and regulation of spatial information. The results of spatial analysis depend on the distribution of events. The relationship between things with spatial attributes is detected according to the theory of spatial data analysis and spatial connection processes—both location information and attribute data (Ying ad Ning, 2005). Spatial analysis works well in describing and showing the unique spatial information, relationships, patterns, and processes contained in these data, exploring what’s behind the phenomenon taking spatial patterns as its occurrence mechanism. At the same time, space is the interface between the existence of things and interaction between humanity and nature, so geographical space is also the index of multisource information and the interface of man–land relationship. Taking the above situation into consideration, this article takes the Yangtze River Delta, an area that pays the most attention to CHP technology, as an example, discusses the spatial differentiation of CHP innovation by referring to the method of space detection proposed by Bai et al. (2021), and explores the impact of green total factors and high-tech industrial agglomeration on CHP innovation.
2 METHODOLOGY
2.1 Data sources
This article takes the Yangtze River Delta urban agglomeration as the research object, which includes 25 cities in the Shanghai, Jiangsu, Zhejiang, and Anhui provinces. The data of green total factor eco-efficiency used in this article are mainly from the China Statistical Yearbook and the Wind-Economic Database from 2015 to 2019. The data of the 25 cities in the Yangtze River Delta are selected, and the corresponding indicators are selected by referring to Chen et al. (2018). The patent data used in this study are from the patent database of PatSnap. This article searched the keyword “combined heat and power generation” in October 2021, and a total of 5,068 technological innovation patents from the Yangtze River Delta region in related fields were obtained before 31 December 2020. The point data of the industrial park was obtained from the Gaode geographic data platform by Python technology.
2.2 Global spatial autocorrelation analysis
The Moran’s I index is often used to describe the spatial clustering characteristics of an attribute in the whole region and reflect the spatial correlation of the observed values in the spatial neighborhood. It also summarizes the number of enterprises in each unit of space to determine the degree of their spatial agglomeration. In this article, the Moran’s I index is used to test whether there is spatial dependence or spatial heterogeneity among the 25 cities selected in this study, so as to analyze the characteristics of spatial correlation among technological innovation efficiency of the 25 cities in the Yangtze River Delta. The formula is as follows:
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In formula (1), [image: image]; n represents the study of enterprises’ number; [image: image], [image: image] are the number of enterprises in positions a and b, respectively; [image: image] is the mean value of [image: image]; and [image: image] is the spatial relationship between the research units a and b. At a given level of significance, the Moran’s I value range [−1,1] is positive to indicate the relative agglomeration distribution of innovation points, equating to zero indicates that there is no spatial correlation, and the distribution of innovation points is relatively random.
2.3 Kernel density estimation
Kernel density estimation is a nonparametric method of estimation, which studies the distribution characteristics of data from the data sample itself and has strong adaptability. Combined with the spatial smoothing technology, kernel density estimation is widely used in the visualization and detection of spatial point patterns. Based on data samples, the density of point events within a certain radius of each sample is calculated to calculate the intensity of events. The output grid pixel is the smooth surface of the sum of all the core surface values superimposed on the center of the grid pixel, which can intuitively identify the differences in the spatial density distribution of the data. This article explores the spatial heterogeneity of the CHP energy industry in the Yangtze River Delta. The formula of the kernel density estimation method is as follows:
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In the formula, [image: image] is the kernel density estimate; n is the number of enterprises; and k is the distance weight between p and pi. Taking p as the center and t as the search radius of the circle, the longer the radius is, the more innovation points the range contains.
2.4 Getis-ord Gi*
In this article, the method of analyzing hot spots is used to distinguish the local spatial clustering types of CHP enterprises in the Yangtze River Delta: Gi∗ statistical value of each grid unit in the statistical data set can be used to judge the spatial clustering of high and low values in the region, and low-value clusters and high-value clusters are the spatial distribution of cold spots and hot spots. The analysis of hot spots is more accurate in detecting local spatial autocorrelation, especially high-value agglomeration, and the calculation formula is as follows:
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In the equation, [image: image] is the observation value of the space unit j and [image: image] is the relationship between the spatial weight matrix i unit and j unit. The Gi∗ value of each unit, that is, the Z score, is of great statistical significance (p < 0. 05), and the higher the Z score is, the closer the aggregation of the high value (hot spot) is, otherwise the low value (cold spot) is closely aggregated.
3 RESULTS AND DISCUSSIONS
3.1 Global spatial dependence pattern
For the Moran' index of CHP technology innovation in the Yangtze River Delta, the values of I were, respectively, 0.027304, 0.001518, 0.063144, and 0.023341 in 2005, 2010, 2015, and 2020, while the values of Z were, respectively, 0.507122, 0.342052, 0.758221, and 0.469879. Judging from these results of global autocorrelation measurements, the four-year Global Moran’s I index has been between 0.0015 and 0.0631, has been positive, and has passed the significant test at the level of 1%, which indicates that the CHP technology innovation industry in the Yangtze River Delta, on the whole, has significant spatial agglomeration and dependence, that is, the level of CHP technology innovation industry in each city is positively affected by its neighboring districts and counties. In terms of temporal evolution, since 2005, the Global Moran’s I index has shown a trend of decreasing first, then increasing and again decreasing, with large decreasing amplitudes in 2010 and 2020, indicating that the degree of spatial agglomeration and dependence of industries on CHP technology innovation in the Yangtze River Delta has weakened, and the industrial layout has presented a trend of diffusion.
3.2 Spatial heterogeneity pattern
With the help of ArcGIS, the spatial kernel density of the point distribution of CHP technology innovation enterprises in the urban agglomeration of the Yangtze River Delta from 2005 to 2020 was estimated and visualized according to the natural fracture method classification in four selected years: 2005 (Figure 1A), 2010 (Figure 1B), 2015 (Figure 1C), and 2020 (Figure 1D). It can be seen from the figures that the spatial patterns of the CHP technology innovation industry in the urban agglomeration of the Yangtze River Delta presents the following characteristics: Shanghai’s core position has always been stable, the sub-centered position of Nanjing and Hangzhou has been increasingly prominent, the intensity of agglomeration continues to improve, and the radiation range has expanded significantly, which presents the evolution pattern of “One Core of Shanghai”–“Dual Cores of Shanghai and Nanjing”–“Three cores of Shanghai, Nanjing, and Hangzhou.” It has been indicated that the developmental gradient of the Jiangsu Province is increasingly obvious which is from the initial sprouting and unfinished climate to the emergence of small agglomerations in the main urban areas of the cities, and then to the scale and intensity of agglomerations in various cities, showing that the spatial heterogeneity distribution is strong in the south and weak in the north. Among them, Nanjing plays a prominent role as the core of the province and has become an important radiating point in the Yangtze River Delta. With Shanghai and Hangzhou in series to form the northwest–southeast axis belt, the Yangtze River Delta industrial belt begins to take shape. Generally speaking, from the presentation of the four selected years, the number of CHP technology innovation enterprises in the Yangtze River Delta urban agglomeration has surged, the distribution density has increased as a whole, and the spatial agglomeration scope has continued to expand. This has indicated that the cliff-like gap between Shanghai and its surrounding cities is gradually shrinking, and the pattern of “three cores and two axes” has gradually been formed and the regional development equilibrium has been improved, initially showing a trend of coordinated development.
[image: Figure 1]FIGURE 1 | Kernel density of CHP technological innovation in 2005 (A), 2010 (B), 2015 (C) and 2020 (D).
The hot spot results of the four selected years of 2005 (Figure 2A), 2010 (Figure 2B), 2015 (Figure 2C), and 2020 (Figure 2D) can effectively identify characteristics of the specific distribution and local variation of CHP technology innovation industry agglomeration in the Yangtze River Delta. From 2005 to 2020, the number of significant local cities in the CHP technology innovation industry layout in the Yangtze River Delta has shown an upward trend first and then a decline, which is in line with the previous changes’ trend of the Moran’s I index. The hot spots are concentrated in the northeast of the Yangtze River Delta, and significant types have gradually increased, indicating that the spatial dependence on local areas is becoming stronger and stronger. The specific performances are as follows: in 2005 (Figure 2A), the H-H cluster mainly spread around Shanghai and its surrounding cities, became concentrated in the downtown of Shanghai and Nantong city, and gradually extended to the surrounding areas, highlighting the vigorous development of the CHP technology innovation industry in Shanghai. In 2010 (Figure 2B), Hangzhou and Suzhou, which are located around Shanghai, also showed the H-H cluster, reflecting the enhancement of the radiation power of the Shanghai CHP technology innovation industry. From 2010 to 2020 (Figure 2C and Figure 2D), the H-H cluster shrank and was confined to Shanghai, indicating that its CHP technology innovation industry had relatively good development but limited radiation power, which is presented as an “isolated island” form.
[image: Figure 2]FIGURE 2 |  Distribution of CHP technology innovation hotspots in the Yangtze River Delta in 2005 (A), 2010 (B), 2015 (C) and 2020 (D).
Considering the availability and operability of data, this article refers to the research related to energy industry agglomeration, and based on the comprehensive consideration of the principles such as being available, quantifiable, comparable, and so on, eight factor indicators were selected according to the original data of green all-factor TFP in 285 prefecture-level cities from 2003 to 2018 for specific construction to test the impact of the relevant factors on the CHP technology innovation industry, and further to clarify the effective intensity of different factors and analyze the influencing mechanism of the spatial pattern of the CHP technology innovation industry. We named the industrial soot emission (ton), discharge amount of wastewater, sulfur dioxide emissions (ton), PM2.5, quantity of employment, stocks of capital, total electricity consumption, constant-price GDP as Esoot, Ewas, Esul, Epm, Qe, Sc, Te, and C, respectively. At the same time, the hierarchical visualization was carried out according to the numerical values to obtain the characteristics of spatial differentiation of the eight indicators at four time nodes. Firstly, the visualized results of spatial differentiation of each index were compared with the results of kernel density analysis of the creative industry for visual translation, and the influencing factors were preliminarily determined. Then, the indicator graphs of the same time nodes in the visual translation results were superimposed with hierarchical assignment, and the result was the spatial differentiation pattern under the comprehensive action of each indicator, which has spatial coupling with the kernel density analysis results. For 2003–2005 (Figure 3A), the influencing factors included Esoot Qe; for 2005–2010 (Figure 3B), the influencing factors included Esul Qe C; for 2010–2015 (Figure 3C), the influencing factors included Esoot Esul Qe Te C; and for 2015–2018 (Figure 3D), the influencing factors included Esoot Esul Epm Qe Te C.
[image: Figure 3]FIGURE 3 | Spatial differentiation of influencing factors in 2003–2005 (A), 2005–2010 (B), 2010–2015 (C) and 2015–2018 (D).
The results show that the driving effect of energy technology innovation on total factor ecological efficiency is not monotonous (decreasing) but a nonlinear impact under the regulation of the economic development level, energy policy planning, and market level. Generally speaking, the results of the factors affecting the CHP technology innovation pattern of the four-time nodes in Figure 3 show that the region with the high economic development level, area with the high environmental protection management level, area with the high energy policy planning level, and area with the high market level effectively promote the optimal range of regional ecological efficiency of the total factors to stimulate energy technology innovation.
The development of the CHP technology innovation industry in the Yangtze River Delta has spatial heterogeneity. Based on the above global–local perspective on the detection results of the influencing factors, this article attempts to build the relationship between CHP technology innovation and agglomeration of high-tech industrial parks (Figure 4). It demonstrates that the influencing mechanism of the development of the CHP technology innovation industry in the Yangtze River Delta mainly includes three factors: aggregation of resources, social environment, and policy environment. Each factor contains many elements and has self-contained integration. The factors are interrelated and interact with each other, and jointly play a role in the development and evolution of the CHP technology innovation industry. Based on the analysis of multiple factors, it was found that the role of high-tech park agglomerations on CHP technology innovation enterprises is significantly higher than is for the other factors. CHP technology innovation enterprises prefer to gather in high-tech park agglomerations with more preferential policies, such as the High-Tech Park in northern Shanghai and the Fuhua High-Tech Park, which are at the national level near the Gonghe New Road, Central Shanghai. This shows that effective planning and guidance of the government has played an important role in the reasonable selection of the location of CHP technology innovation enterprises and the optimization of the industrial structure of CHP technology innovation.
[image: Figure 4]FIGURE 4 | Relationship between CHP technology innovation and agglomeration of high-tech industrial parks.
4 CONCLUSION AND RECOMMENDATIONS
Taking enterprise development as the window and cities in the Yangtze River Delta region as the spatial scale, this article selects data from 2005 to 2020, makes use of kernel density estimation and spatial autocorrelation analysis to explore the evolution of spatial heterogeneity pattern and spatial dependence pattern of the CHP technology innovation industry in the Yangtze River Delta in the past 15 years, and uses green life. The main factors affecting the spatial location of CHP technology innovation enterprises were analyzed, and then the influencing mechanism of the layout of the CHP technology innovation industry in the Yangtze River Delta region was discussed. The main conclusions are as follows:
1) The overall Moran’s I index of the CHP technology innovation industry in the Yangtze River Delta is between 0.0015 and 0.0631 at four time nodes, which is positive and has passed the significant test at the level of 1%, indicating that the CHP technology innovation industry in the Yangtze River Delta has significant spatial agglomeration and dependence as a whole, that is, the level of CHP technology innovation industry in each city is greatly affected by the positive direction of the adjacent districts and counties.
2) The spatial pattern of the CHP technology innovation industry in the Yangtze River Delta urban agglomeration presents the following characteristics: Shanghai’s core position has always been stable. Over time, the subcenter status of Nanjing and Hangzhou has become increasingly prominent, the intensity of agglomeration continues to improve, and the radiation range has expanded significantly, presenting the evolution mode of “One Core of Shanghai”–“Dual Cores of Shanghai and Nanjing”–“Three cores of Shanghai, Nanjing, and Hangzhou."
3) The results of the analysis of cold and hot spots show that the H-H cluster mainly spreads around Shanghai and its surrounding cities. By 2010, Hangzhou and Suzhou, located around Shanghai, also showed H-H clusters, reflecting the enhancement of the radiation of Shanghai’s CHP technology innovation industry. In the decade from 2010 to 2020, H-H clusters shrank, basically limited to Shanghai, indicating that its CHP technology innovation industry has developed relatively well, but its radiation is limited, presenting an “island” form.
4) The results of the influencing factors of CHP technology innovation pattern through the analysis of green production show that areas with a high economic development level, areas with a high environmental protection management level, and areas with high energy policy planning and a high market level effectively promote the optimal range of regional all-factor ecological efficiency to stimulate energy technology innovation. The specific performance is that the higher the agglomeration degree of the high-tech parks, the more obvious are the agglomeration characteristics of the CHP technology innovation enterprises.
At present, energy development in China is facing very serious situations and challenges. However, based on the analysis of the great potential of institutional innovation and technological innovation in China’s energy field and the series of policies and measures that the Chinese government will implement to promote sustainable energy development, China can still achieve sustainable energy supply for a considerable period in the future. Cogeneration is a new industry with economic benefits, environmental benefits, and social benefits. It is an energy-saving and consumption-reducing mode encouraged by national policies. The construction of the Yangtze River Delta region must develop ecological industries such as cogeneration to purify the environment. As mentioned above, cogeneration is beneficial to the vital interests of both suppliers and users. Therefore, cogeneration enterprises should seize the opportunity, overcome difficulties, meet challenges, and continue to expand publicity to let more people know the advantages of cogeneration, accelerate the installation of heat and power pipe networks, further improve air quality, and promote the comprehensive and healthy development of the Yangtze River Delta.
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