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Abstract

:

Global warming caused by greenhouse gas emissions seriously threatens a region’s sustainable environmental and socioeconomic development. Promoting industrial restructuring and strengthening technological innovation have become an important path to achieving pollution and carbon reduction as well as the green transformation of economic structure. This paper explored the mechanism of the mediating effect of technological innovation on industrial restructuring and carbon reduction while accounting for the direct effect of industrial restructuring on carbon emissions. Then, based on China’s provincial panel data from 2001 to 2019, we estimated the carbon emission intensity using the Intergovernmental Panel on Climate Change (IPCC)’s methods and analyzed its spatiotemporal evolution characteristics. Finally, we constructed a fixed-effect model and a mediating effect model to empirically analyze how industrial restructuring and technological innovation affect carbon emission intensity. The results are as follows: (1) From 2001 to 2019, China’s carbon emission intensity showed a continuous downward trend, with a pronounced convergence trend; there were obvious differences in carbon emission intensity between eastern, central, and western regions (western region > central region > eastern region) due to the unbalanced industrial structure. (2) In terms of direct effects, industrial restructuring can significantly reduce carbon emission intensity. The intensity of the effect is inversely proportional to the level of industrial restructuring, and the results of sub-regional tests are similar. Nevertheless, there is an obvious regional difference in the size of the carbon emission reduction effect of industrial restructuring in the east, central, and western regions. (3) In terms of indirect effects, industrial restructuring can reduce carbon emission intensity by enhancing technological innovation, and it acts as a mediating variable in the process of industrial restructuring to reduce carbon emission. Finally, we put forward recommendations for promoting industrial restructuring, strengthening green technological innovation, and properly formulating carbon reduction measures to provide a reference for countries and regions to achieve the goals of carbon neutrality, carbon peaking, and high-quality economic development.
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1. Introduction


Since the industrial revolution, the world has witnessed rapid socioeconomic development, and the concentration of greenhouse gases such as carbon dioxide and the global average temperature have also risen sharply [1,2]. According to the “State of the Global Climate 2020” released by the World Meteorological Organization, the global average temperature in 2020 increased by about 1.2 °C compared to before the industrial revolution [3]. Climate warming has an irreversible multi-dimensional impact on the earth’s ecosystem and human habitat. The frequency and intensity of extreme weather events such as sea level rise, heat waves, droughts, and floods continue to increase. Together, these factors lead to potential conflict, friction, and even war between major global powers [4,5]. China’s carbon emissions have remained a challenging issue [6]. According to the relevant statistics provided in the BP Statistical Review of World Energy 2020, China’s total carbon emissions in 2019 ranked first in the world, accounting for 28.76% of the world’s total, more than the sum of the EU and the United States’ carbon emissions (24.28%) [7]. Facing the huge pressure of carbon reduction, China took the initiative to undertake international responsibilities in line with its national conditions and made a series of commitments to the international community. At the Paris Climate Conference in 2015, China proposed to achieve a carbon peak around 2030 and reduce the carbon emissions per unit GDP by 60%–65% compared with 2005 [8]. In 2020, President Xi Jinping promised in the general debate of the 75th United Nations General Assembly that China would strive to reach the peak of carbon emissions by 2030 and achieve carbon neutrality by 2060 [9].



Since the reform and opening up, China’s economic development has relied on an energy structure dominated by coal, and the industrial structure has become more industrialized, with high carbon emissions [10,11]. According to some scholars, the contribution rate of China’s industrial restructuring to the achievement of carbon intensity goals is more than 70% [12]. Industrial restructuring, together with more environmentally friendly and efficient energy-saving and emission-reduction technologies, can bring about advanced and new production technologies. The improvement of production technology and the increased technical content of products can effectively improve production efficiency, elevate energy efficiency, reduce factor inputs and pollution emissions per unit of output, and weaken the negative environmental externalities caused by production processes [13,14]. Therefore, industrial restructuring is one of the important means to achieve economic transformation and reduce carbon emissions [15]. China’s scientific and technological innovation capabilities have improved in recent years, making it the first driver for high-quality economic development. Technological innovation can reconfigure production factors, change the existing design, production processes, and technological processes of enterprises, develop and utilize low-carbon clean technologies, promote clean energy and new energy, improve the recycling efficiency of existing resources and energy, and reduce the emission intensity of unit carbon dioxide [16,17]. In view of this, this study takes 30 provinces in China as the research object (except Hong Kong, Macau, Taiwan and Tibet) and analyzes the relevant literature and theories in order to achieve the following objectives: this study takes carbon emission intensity as the explanatory variable, industrial structural transformation in each province as the core explanatory variable, and science and technology innovation as the mediating variable, and selects economic development, population size, urbanization rate and environmental regulation as control variables to clarify the direct and indirect effects of industrial structural transformation on carbon emission intensity, explore whether industrial structural transformation can achieve energy saving and emission reduction through science and technology innovation, and analyze the mediating role played by science and technology innovation in the model.



The remainder of this article is organized as follows: Section 2 reviews the relevant literature; Section 3 presents the theoretical analysis and research hypotheses; Section 4 describes the data sources and evaluation models used for the present study; Section 5 exhibits the spatiotemporal evolution characteristics of China’s carbon emission intensity; Section 6 analyzes the research results; and Section 7 presents the conclusions and recommendations.




2. Literature Review


With the increasingly severe greenhouse gas effect, carbon emissions have drawn widespread attention from governments and scholars worldwide. Promoting industrial restructuring and improving technological innovation are considered the main measures to achieve energy conservation, emission reduction, and transformation of economic development models. At present, scholarly research on this aspect mainly focuses on the following two aspects:



The impact of industrial restructuring on carbon emissions has been analyzed mainly from the following three aspects. (1) The relationship between industrial restructuring and carbon emissions: most researchers believe that industrial restructuring can significantly reduce carbon emission intensity and optimize the regional environment [18,19], while some scholars hold that there is a significant nonlinear relationship between industrial structure and carbon emission intensity [20,21]. (2) The methods used to explore the impact of industrial restructuring on carbon emissions: the widely used method is the LMDI decomposition model. For example, Simbi et al. used this method to examine the main sources and potential driving forces of carbon dioxide in 20 African countries from 1984 to 2014. They found that the industrial structure and emission efficiency partially offset carbon dioxide growth [22]. The second approach uses a panel data model, spatial econometric model, and other measurement methods to empirically analyze the impact of industrial restructuring on carbon emissions [23,24]. For example, Cheng et al. utilized a dynamic spatial panel model to show spatial differences in the impact of industrial structure on China’s carbon intensity [25]. Other researchers have looked at the carbon reduction effect of industrial restructuring using the input–output table, STIRPAT, and other models [26,27,28]. (3) The impact of industrial restructuring on carbon emissions at different scales: Scholars have addressed this issue from the global, national, regional, and urban scales [29,30,31,32].



The research on the impact of technological innovation on carbon emissions can be reviewed from the following three aspects. (1) The carbon reduction effects of different technological innovations [33,34]: for example, You et al. investigated the direct and indirect effects of technological progress types on industrial carbon efficiency based on industrial data from 30 provinces in China from 2001 to 2016. From the perspective of direct effects, energy technology progress is more conducive to improving carbon efficiency than carbon emission technology progress, and neutral technological progress is more beneficial to carbon efficiency than capital-implied technological progress. In terms of indirect effects, the progress of capital technology affects the improvement of carbon efficiency. The progress of energy technology has a positive and significant impact on carbon efficiency through the green upgrade of the industrial structure [35]. (2) The impact of technological innovation on carbon emissions in different industries [36,37]: for example, Erdoğan et al. believe that long-term innovation has no significant impact on carbon emissions in energy, transportation, and other industries; the improvement of industrial innovation can reduce carbon emissions, while construction innovation will increase carbon emissions [38]. (3) The impact mechanism of technological innovation on carbon emissions at different scales [39,40,41]: for instance, Obobisa et al. used panel time series data from 2000 to 2018 to examine the impact of green technology innovation on CO2 emissions in 25 African countries. The estimated results showed that green technology innovation significantly reduced carbon emissions in these countries [42].



To sum up, scholars have conducted fruitful work both theoretically and practically on the impact and measurement of industrial restructuring and technological innovation on carbon emissions. However, most studies still focus on the relationship between industrial structure, technological innovation, and carbon emissions, and few have incorporated the three into one analytical framework. Due to the significant impact of industrial restructuring on technological innovation, the interaction path between the two has an important impact on reducing carbon emission intensity. Given this, the present study measured China’s carbon emission intensity, analyzed its spatiotemporal evolution characteristics, and accounted for the direct and indirect impact of industrial restructuring and technological innovation on carbon emission intensity using provincial panel data from 2001 to 2019. This study makes contributions from the following two aspects. Firstly, it incorporates industrial restructuring, technological innovation, and carbon emission intensity into one analytical framework and illuminates their relationships from the perspectives of industrial structure rationalization and optimization, which is theoretically helpful to clarify the mechanisms of action among the three. Secondly, this study employs the fixed effect model and the mediating effect model to empirically investigate the direct impact of industrial restructuring on carbon emissions and the mediating role of technological innovation in industrial restructuring affecting carbon emission intensity.




3. Theoretical Analysis and Research Hypotheses


3.1. Direct Mechanism of Industrial Restructuring on Carbon Emission Intensity


Industrial restructuring refers to the process or trend in which the industrial structure develops from unreasonable to rational and from low-level to high-level. It is the organic unity of industrial structure rationalization and industrial structure optimization. Therefore, this study analyzed the impact of industrial structure on carbon emission intensity from the perspectives of rationalization and optimization [11]. In terms of the impact of industrial structure rationalization on carbon emission intensity, as resources flow from sectors with lower productivity to sectors with higher productivity, low-end enterprises with extensive production methods and serious ecological damage in the industrial structure are eliminated, and they gradually evolve to eco-friendly, high-tech industrial sectors [16,27]. By adjusting the ratio between industries, the proportion of resource-intensive industries, labor-intensive industries, and other high-energy-consuming industries tends to decrease; the shares of technology- and knowledge-intensive industries are increased; resources within the industries are rationally allocated and effectively utilized, thereby promoting the production efficiency and resource utilization efficiency of enterprises and reducing the carbon emission intensity per unit product [25,43]. Regarding the impact of industrial structure optimization on carbon emission intensity, since most energy-intensive sectors are concentrated within the secondary industry, its carbon emissions are also the highest among the three industries [24]. As the industrial structure shifts towards low carbonization and service orientation, the output value of the tertiary industry continues to increase; the output value of the secondary industry gradually declines; the energy utilization efficiency improves; the consumption and demand for energy resources due to economic growth decrease; and the carbon emission intensity declines [17]. On the other hand, within the industrial structure, traditional industries and low-tech industries have enormous energy demands and significant carbon emissions due to the low level of technological innovation. Industrial structure optimization promotes the internal upgrading of the industrial structure whereby emerging and high-tech industries gradually replace traditional and low-tech industries. Production efficiency and energy utilization efficiency are correspondingly improved [14,18]. Therefore, without considering other goals, carbon emissions can be effectively reduced by restricting high-emitting industries and expanding low-emitting industries [44].



Therefore, we propose Hypothesis 1: Industrial structure rationalization and optimization have a significantly inhibitory effect on carbon emission intensity.




3.2. Indirect Mechanism of Industrial Restructuring on Carbon Emission Intensity


Industrial restructuring not only has a direct impact on carbon emission intensity but also indirectly affects it through technological innovation. From the perspective of factor allocation, the transformation and upgrading of industrial structure promote the reorganization and reallocation of production factors among different industries and sectors. Under the guidance of current policies and market mechanisms, production factors gradually shift from low-productivity sectors to high-productivity sectors [45]. In this process, the spatial reset and circulation of innovation resources will inevitably affect the efficiency of technological innovation. Sectors with high productivity often enjoy higher technical levels. When production factors gradually flow to these sectors, along with the circulation and concentration of innovation resources, the technical level between industries is further improved, thus driving the rapid development of high-tech industries. Industrial input has changed from high-carbon input to low-carbon input, and improving industrial output efficiency leads to an increase in unit energy output benefits, thereby reducing carbon emissions [34]. From the viewpoint of industrial linkages, the transformation and upgrading of industrial structure enhance technological innovation within and between industries through the accumulation of capital, labor, and technology flows [33]. Meanwhile, industrial restructuring has a remarkable radiation effect on the upstream and downstream industries through the correlation effect, improving the technological innovation capabilities of the upstream and downstream industries, resulting in the optimization of the industrial input–output structure of enterprises, and substantially reducing the factor inputs and carbon emissions per unit output [46]. From the standpoint of supply and demand, industrial restructuring promotes the upgrading of residents’ consumption demand, which increases the market demand for products with good environmental quality and high technology content [47,48]. Driven by the market and profits, enterprises will increase the intensity of R&D investment, enhance technological innovation, upgrade existing production equipment and production processes, introduce new, more advanced and environmentally friendly technologies and methods, and launch new processes and new products to meet the diversified and personalized product demand of the market. This will promote the transformation of enterprises from the original factor-driven model to the innovation-driven development model and indirectly promote carbon reduction [45,49].



Therefore, we propose Hypothesis 2: Industrial restructuring promotes technological innovation and acts on carbon emission intensity.



In summary, the influence path of industrial restructuring and technological innovation on carbon emissions can be summarized as the positive transmission mechanism of “industrial restructuring → technological innovation → carbon emission intensity reduction”, and the research logic model is shown in Figure 1.





4. Research Design


4.1. Modeling


In this study, the fixed-effect panel model was used to test the direct impact mechanism of industrial restructuring on carbon emission intensity. The benchmark regression model for the test is as follows:


  C  I  i t   =  α 0  +  α 1  I N  S  i t   +  α 2   X  i t   +  μ i  +  ε  i t    



(1)







In Equation (1), CIit represents the carbon emission intensity of province i in year t; INSit stands for industrial restructuring, which is decomposed into industrial structure rationalization (RIS) and industrial structure optimization (OIS); α0 refers to the intercept; α1 and α2 are the regression coefficients of INS and X, respectively; μi expresses the individual effect; εit is the random disturbance term; X means the relevant control variable.



As mentioned above, industrial restructuring not only directly impacts carbon emission intensity but may also indirectly impact the reduction of carbon emission intensity through technological innovation. To confirm whether technological innovation plays a mediating role in this process, the following mediating effect model was constructed about the study by Wen et al. [50].


  T E  C  i t   =  β 0  +  β 1  I N  S  i t   +  β 2   X  i t   +  μ i  +  ε  i t    



(2)






  C  I  i t   =  λ 0  +  λ 1  I N  S  i t   +  λ 2  T E  C  i t   +  λ 3   X  i t   +  μ i  +  ε  i t    



(3)







In Equations (2) and (3), TECit represents the technological innovation in year t of province i. Equation (2) is dedicated to the impact of industrial restructuring on technological innovation, and Equation (3) focuses on the combined impact of industrial restructuring and technological innovation on carbon emission intensity. If the coefficients β1 and λ2 in Equations (2) and (3) are significant at the same time, technological innovation is a mediating variable; if λ1 is not significant, technological innovation is a complete mediating variable; if λ1 is significant and is smaller than λ3, technological innovation is a partial mediating variable. The difference between the partial mediating effect and the complete mediating effect is that the core explanatory variable of the former can directly affect the explained variable. At the same, the latter must rely on the action of the mediating variable.




4.2. Variables


4.2.1. Explained Variables


Carbon emission intensity (CI): Carbon intensity refers to carbon emissions per unit GDP. To date, there has been sufficient research on carbon emissions, but carbon intensity can reflect the actual economic development and CO2 emissions of a country (region) more scientifically than carbon emissions [51]. There is no unified measurement method for carbon emissions. Therefore, the annual carbon emissions of each province (Table 1) were estimated based on the carbon emission coefficients of eight types of fossil fuels provided in the “2006 IPCC Guidelines for National Greenhouse Gas Inventories” and “China Energy Statistical Yearbook” as well as the energy consumption of fossil fuels in each province using Equation (4). On this basis, the carbon emissions of each province (city and autonomous region) were obtained.


   C  c  o 2    = k ⋅   ∑  i = 1  n    E i  ⋅  δ i     



(4)







In Equation (4), Cco2 is the carbon dioxide emissions; k (k = 44/12) refers to the carbon dioxide to carbon molecular weight ratio; Ei represents the consumption of the ith fossil fuel; δi stands for the emission coefficient of the ith fossil fuel.




4.2.2. Explanatory Variables


Industrial restructuring: Industrial restructuring was decomposed into two parts: industrial structure optimization (OIS) and industrial structure rationalization (RIS) [52]. RIS is expressed by the Theil index using the following Equation:


  R I S =   ∑  i = 1  n    (     Y i   Y   )    ln  (       Y i     L i       Y L     )  =   ∑  i = 1  n    (     Y i   Y   )    ln  (       Y i     Y i         L i   L     )   



(5)







In Equation (5), Y is the industrial output value; L represents the number of employees in the industry; i stands for the industry; n expresses the number of industrial sectors; Y/L stands for the productivity; Yi/Y means the output structure; Li/L refers to the employment structure. According to the basic assumptions of classical economics, when the economy is in equilibrium, the efficiency of industrial sectors is at an equalized level, Yi/Li = Y/L, namely, RIS = 0. Conversely, if RIS is not equal to 0, the more the industrial structure deviates from the equilibrium, the more unreasonable the industrial structure is. Since this indicator is negative, it was reciprocated in the subsequent regression. The ratio of the added value of the tertiary industry and that of the secondary industry in a certain region was used as a proxy indicator for OIS. If the value is rising, the regional economy is moving towards servitization, and the industrial structure is more advanced.




4.2.3. Mediating Variables


Technological innovation (TEC): Technological innovation refers to the invention and creation ability of a region, enterprise, or individual in a certain technical field [33]. The number of patents can indicate the level of invention and innovation and the degree of innovation activity of a region or enterprise and reflect the real technological innovation achievements of a specific region in that year. The data are accurate, authoritative, and easy to obtain. In this study, the number of patent applications accepted (take the logarithm) was used to measure the level of technological innovation.




4.2.4. Control Variables


Previous studies have established that a country or region’s carbon emission intensity is affected not only by industrial restructuring and technological innovation but also by population size, the urbanization process, economic development level, the intensity of environmental regulation, and other factors [53,54]. In this study, population size (POP), urbanization rate (URB), economic development (RGDP), and environmental regulation (ER) were used as control variables that affect the intensity of regional carbon dioxide emissions.



The population affects urban infrastructure construction and industrial development through the agglomeration effect and scale effect, which in turn affect the carbon emission intensity effect. The number of permanent residents represents the population at the end of the year.



Urbanization leads to the improvement of urban infrastructure and environmental management. On the other hand, it also leads to numerous urban problems. Urbanization is expressed by the proportion of the permanent urban population to the total population.



According to the environmental Kuznets hypothesis, the level of regional economic development is closely related to environmental pollution. The environmental quality will show an inverted U-shaped trend of deterioration followed by improvement as the level of economic development increases. RGDP is represented by the real GDP per capita.



The implementation of environmental regulations can force enterprises to adopt cleaner production methods and more advanced energy-saving and emission-reducing technologies for production to reduce the cost of environmental management and the demand for high-carbon energy. Environmental regulation is expressed by the proportion of industrial pollution control investment in GDP.





4.3. Data Sources and Descriptive Statistics


In view of the differences in statistical calibers and methods of data from Hong Kong, Macao, and Taiwan, and the severe lack of data from Tibet, and considering the completeness and availability of data, this study finally selected 30 provinces (municipalities and autonomous regions) in China as the study area. The data were derived mainly from “China Statistical Yearbook”, “China Industrial Statistical Yearbook”, “China Environmental Statistical Yearbook”, “China Science and Technology Statistical Yearbook”, “China Energy Statistical Yearbook”, the website of the National Bureau of Statistics, and the statistical yearbooks of these provinces (municipalities and autonomous regions) between 2002 and 2020. For the missing data of individual years, the interpolation method was used to fill in the data, and the data on price variables were deflated with 2001 as the base period. According to research needs, the 30 provinces (cities and autonomous regions) were divided into the eastern region (Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Hainan), central region (Jilin, Heilongjiang, Shanxi, Anhui, Jiangxi, Henan, Hubei, Hunan), and western region (Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang). Table 2 shows the descriptive statistics of each variable.





5. Spatiotemporal Evolution Characteristics of Carbon Emission Intensity


From the perspective of temporal evolution, the carbon emission intensity of the whole country and the three major regions showed a continuous downward trend with certain stages from 2001 to 2019 (Figure 2). The national carbon emission intensity dropped from 4.50 t/CNY 10,000 to 2.68 t/CNY 10,000, with an average annual decrease of 2.84%. To be specific, it dropped from 3.32 t/CNY 10,000 to 1.76 t/CNY 10,000, with an average annual decrease of 3.48% in the eastern region; it dropped from 5.20 t/CNY 10,000 to 2.35 t/CNY 10,000, with an average annual decrease of 4.32% in the central region; it dropped from 5.18 t/CNY 10,000 to 3.86 t/CNY 10,000, with an average annual decrease of 1.63% in the western region. In terms of stages, 2001–2006 was a relatively stable stage, and the decline in carbon emission intensity in the whole country and the three major regions was the same with little change; 2006–2011 was a slow decline stage, with an average annual decline of 3.78% in the national carbon emission intensity, specifically, 3.54% in the eastern region, 5.78% in the central region and 2.83% in the western region; 2011–2019 was a stage of rapid decline, with an average annual decline of 4.66% in the national carbon emission intensity, specifically, 5.34% in the eastern region, 5.37% in the central region and 3.99% in the western region.



The overall carbon emission intensity in the eastern region was relatively low and always lower than the national average level. The carbon emission per unit in the central region was relatively high before 2008. After 2008, the average annual decrease in carbon emission per unit was faster and lower than the national average level. The carbon emission intensity in the western region was relatively high and always higher than the national average level. The overall carbon emission intensity of the three major regions presented a pattern of “western region > central region > eastern region”, with regional non-equilibrium characteristics, but the regional differences in carbon emission intensity were gradually narrowing, and the convergence trend was becoming more and more obvious. On the whole, China’s carbon emission intensity continued to decrease as a whole from 2001 to 2019, indicating that China’s green economic transformation, energy conservation, and emission reduction policies were productive, laying a solid foundation for high-quality economic development in the new era. In particular, since the new development concepts of “innovation, coordination, green, openness, and sharing” were put forward at the 18th National Congress of the Communist Party of China, governments at all levels have vigorously promoted industrial restructuring, eliminated outdated process equipment, promoted energy-saving technology products, and built clean, low-carbon, safe and efficient energy systems, thereby improving the efficiency of energy utilization and reducing the carbon emission intensity per unit of GDP continuously.



To explore the spatial evolution characteristics of China’s carbon emission intensity, a K-means cluster analysis was carried out using SPSS26.0 based on the level of carbon emission intensity in each province from 2001 to 2019. Then, ArcGIS10.8 was employed to visualize the carbon emission intensity of the 30 provinces. The carbon emission intensity was divided into four types according to the clustering results: low-level area, relative low-level area, relative high-level area, and high-level area (Figure 3). From 2001 to 2019, China’s carbon emission intensity showed a spatial pattern of high in the west and low in the east, high in the north and low in the south. The provinces with high carbon emission intensity were mainly concentrated in the northern and northwestern regions, while the carbon emission intensity in the eastern region was relatively low. From the perspective of different years, the regional differences in carbon emission intensity in 2001 were obvious, and the spatial agglomeration characteristics were significant, mainly expressed in low-level and relative high-level areas. There were 13 provinces in the low-level area, mainly located in the coastal areas and the Sichuan-Chongqing area. There were ten provinces with relatively high carbon emission intensity, mainly in the central and northeastern regions. Shanxi Province was a low-level area, while Guizhou, Ningxia, Liaoning, Gansu, Inner Mongolia, and Xinjiang were relatively high-level. The change in the overall spatial pattern in 2007 was not obvious compared with 2001, and low-level areas and relative high-level areas still dominated it. Shandong, Yunnan, and Hainan changed from low-level areas of carbon emission intensity to high-level areas, while Shanghai changed from a relatively high-level area to a high-level one. The spatial differentiation pattern of carbon emission intensity changed significantly in 2013 compared with 2007. The low-level areas increased significantly from 11 to 20, whereas the high-level areas decreased remarkably from 12 to 6 and gradually shifted and shrank to the western inland areas. In 2019, the low-level carbon areas further increased to 23 from 20 in 2013. The number of low-level areas did not change. The high-level areas mainly included Liaoning, Inner Mongolia, Shaanxi, Gansu, and other provinces. Shanxi and Xinjiang had relatively high carbon emission intensity and were considered high-level areas.




6. Empirical Results


6.1. Benchmark Regression Results


To represent the correlation between industrial restructuring and carbon emission intensity more vividly, a scatter-fitting diagram of industrial structure rationalization, industrial structure optimization, and carbon emission intensity was drawn (Figure 4). According to the trend of the fitting line, there was a negative correlation between industrial structure rationalization, industrial structure optimization, and carbon emission intensity, which could support Hypothesis 1 to a certain extent. However, the real impact of the two on carbon emission intensity still needs to be further tested using a model.



The present study used a panel model to verify the impact mechanism of industrial restructuring on carbon emission intensity. LM and Hausman tests revealed that the fixed-effect model was better than the mixed effect and random effect models, and the fixed-effect model was the optimal explanatory model. To ensure the stability of the panel regression results, the estimated results of random effects and OLS were also listed (Table 3).



Judging from the estimation results at the national level, industrial structure rationalization had a significant negative impact on carbon emission intensity. With other conditions remaining unchanged, every 1% increase in the level of industrial structure rationalization reduced carbon emission intensity by 0.547%. This showed that industrial structure rationalization promoted the benign flow of production factors among various industrial sectors, improved the effective allocation and rational utilization of resources, enhanced the coupling quality of the input structure and output structure of inter-industry factors, and significantly elevated the efficiency of resource utilization and the level of comprehensive utilization, thereby effectively reducing carbon emission intensity. Industrial structure optimization had a significant negative impact on carbon emission intensity. When related variables were controlled, every 1% increase in the level of industrial structure optimization reduced the carbon emission intensity by 1.117%. This indicated that the optimization of the industrial structure led to the gradual elimination or transfer of industries with high pollution and high energy consumption and the accelerated development of high value-added and low energy consumption industries such as producer services and modern manufacturing, thus improving the energy structure, reducing fossil energy consumption, and lowering carbon emission intensity. Therefore, industrial structure rationalization and industrial structure optimization could dramatically reduce the carbon emission intensity, but from the panel estimation results, industrial structure optimization had better carbon reduction effects than industrial structure rationalization. For this reason, in the process of regional industrial restructuring, it is necessary not only to improve the utilization efficiency and coupling degree of inter-industry factor resources and promote the coordinated and balanced development of various industries and within industries but also to accelerate the development of modern service industries, high-tech industries, and strategic emerging industries and improve the advanced level of the industrial structure.



From the perspective of control variables, the driving effect of population size on carbon emission intensity was very significant, passing the 1% significance test, indicating that with the expansion of population size, the energy demand for production and living increased, thus increasing the unit carbon emissions. The impact of urbanization rate on carbon emission intensity was significantly negative, showing that with the increase in urbanization rate, the agglomeration effect and scale effect of urbanization gradually appeared, which showed a significant inhibitory effect on carbon emission intensity. Economic development had an obvious negative inhibitory effect on carbon emission intensity, indicating that the improvement in economic development level drew more funds to be invested in the research and development of energy conservation, emission reduction, and cleaner production, effectively reducing carbon emission intensity. However, the effect of environmental regulation on carbon emission intensity did not pass the significance test, exhibiting that current environmental regulation was weak and the effect on carbon emission had not yet appeared.




6.2. The Mediating Effect of Technological Innovation


The mediation effect test was further used to analyze the transmission mechanism of the impact of industrial restructuring on carbon emission intensity. The panel fixed effect model was employed to explore the mediating effect of technological innovation and verify whether it acts as a mediating variable in industrial restructuring affecting carbon emission intensity. The first step was the regression result of Equation (1), see Table 3, and the second and third steps were the regression of Equations (2) and (3), see Table 4. Columns 1 and 2 are the regression results of industrial structure rationalization and industrial structure optimization on technological innovation, and columns 3 and 4 are the regression results of industrial structure rationalization and technological innovation, industrial structure optimization, and technological innovation on carbon emission intensity.



Judging from the regression results of columns 1 and 2 in Table 4, the impact of industrial structure rationalization and industrial structure optimization on technological innovation passed the 1% significance test. The influence coefficients were 0.244 and 0.387, respectively. In other words, every 1% increase in industrial structure rationalization and industrial structure optimization increased technological innovation by 0.244% and 0.387%, respectively, indicating that the core explanatory variables had a significant impact on the explained variables; that is, both industrial structure rationalization and industrial structure optimization could significantly promote regional technological innovation. Judging from the regression results in columns 3 and 4, the regression coefficients of technological innovation passed the 1% and 5% significance tests, and the influence coefficients were –0.527 and –0.273, respectively, showing that technological innovation had a significant inhibitory effect on carbon emission intensity. The regression coefficients of industrial structure rationalization and industrial structure optimization were –0.429 and –1.011, and both passed the 1% significance test, indicating that technological innovation was mediating in the process of industrial restructuring affecting carbon emission intensity. Industrial restructuring could improve the energy structure and reduce energy consumption by promoting technological innovation, thereby significantly inhibiting the unit carbon emission intensity. As such, Hypothesis 2 proves valid.




6.3. Regional Differences


Since there are significant differences in industrial resource endowments, industrial bases, and economic development levels in different regions, the present study further explored the impact of industrial restructuring on carbon emission intensity in the three major regions. Judging from the estimation results at the regional level (Table 5), at the 1% significance level, the estimation results of both industrial structure rationalization and industrial structure optimization passed the significance test. The influence coefficients of industrial structure rationalization on the carbon emission intensity of the three regions were negative, at −0.169, −3.566, and −2.400, respectively, indicating that for every 1% increase in industrial structure rationalization, the carbon emission intensity of the three regions decreased by 0.169%, 3.566%, and 2.400%, respectively. The influence coefficients of industrial structure optimization on the carbon emission intensity of the three major regions were negative, which were −1.939, −2.197, and −1.815, respectively, showing that for every 1% increase in industrial structure optimization, the carbon emission intensity in the three regions dropped by 1.939%, 2.197%, and 1.815%, respectively.



It could also be seen from the table that industrial structure rationalization and industrial structure optimization had a greater impact on carbon emission intensity in the central and western regions than in the eastern region. On the one hand, industrial restructuring had a marginal decreasing effect on carbon emission intensity, which weakened with the continuous optimization of the industrial structure. Compared with the eastern region, the industrial level in the central and western regions was relatively low; the industrial structure was relatively simple; the secondary industry had dominated for a long time; the secondary industry had more high-carbon sectors and was thus more likely to be positively affected by the energy-saving and emission-reduction effects brought about by changes in the industrial structure. Therefore, the impact of industrial restructuring on the carbon emission intensity of the central and western regions was more significant. On the other hand, most provinces in the eastern region had low carbon emission intensity, with little room for further decline, and the carbon reduction effect of industrial restructuring had been released in advance. In contrast, the economic foundation of the central and western regions was relatively weak; industry was still in the early stage of transformation; economic development was still highly dependent on traditional energy and high-energy-consuming industries; and there was still much room for the reduction of carbon emission intensity.




6.4. Robustness Test


The econometric model constructed herein may have endogeneity problems caused by variable omission, measurement error, and bidirectional causality, which might affect the robustness of the regression results. Therefore, to ensure the reliability of the regression results, the one-period lag of each explanatory variable was used as an instrumental variable, and the two-stage least squares method was utilized to test the robustness of the overall regression results and the mediating effect regression results (Table 6). From the regression results of robustness, it could be seen that the direction and significance of the regression coefficients of the benchmark regression test (model 1–model 2) and the mediating effect test (model 3–model 4) were not significantly different from the previous ones, indicating that the empirical conclusions drawn above were robust and reliable.





7. Discussions


From the direct effect, the relationship between industrial restructuring and carbon emission intensity is negative, which implies that industrial restructuring plays a positive role in the improvement of carbon emission reduction. This conclusion is supported by the results of Dong al. and Zhang [52,55]. From the general rule of industrial structure evolution, the shift of industrial structure center of gravity from primary to tertiary industries is often accompanied by the gradual replacement of traditional industries by low-pollution, low-energy-consuming and high-value-added new industries, which not only improves factor production efficiency but also reduces energy consumption intensity, thus positively influencing the reduction of carbon emissions [13,14,20]. Therefore, it is recommended that Chinese provinces continue to accelerate the pace of industrial transformation and upgrading, promote the industrial structure in the direction of advanced development, encourage the transformation and upgrading of traditional industries, improve industrial efficiency, and strive to achieve low energy consumption and high output while accelerating the formation of knowledge- and technology-intensive industries such as strategic emerging industries and high-tech industries.



In terms of the mediating effect, the test results of this study confirm that industrial restructuring has an indirect effect on carbon emission intensity through technological innovation. Industrial restructuring can re-match innovation resources, change the factor supply and demand structure, and force enterprises to improve science and technology innovation and the transformation ability of science and technology achievements by increasing R&D investment [17,56]. Technological innovation will promote substituting other factors such as new energy and capital for traditional energy through the transformation of results, which will reduce energy consumption [25,35]. Therefore, we suggest paying attention to the interaction between technological innovation and industrial restructuring to reduce carbon emission intensity jointly. At the same time, since there are obvious differences in the regional development of the eastern, central and western regions, it is necessary to grasp their development positioning accurately, combine the actual economic and social development of the region, and formulate a targeted carbon emission intensity control strategy in line with the region. The eastern region should fully play the core role of technological innovation in industrial structure upgrading while pursuing advanced industrial structure. The central and western regions should accelerate the enhancement of enterprise innovation capacity, focus on introducing production capital and technology-intensive industries, and use technology to drive the transformation and upgrading of industrial structure.



Of course, there are certain limitations to this paper. First, low-carbon pilot industrial restructuring may also affect carbon emissions through other indirect channels, and this paper only chose technological innovation in its examination. Industrial restructuring may also affect carbon emissions through channels such as government preferences and fiscal decentralization. Second, although this paper applied econometric models as much as possible and considered a series of factors that may influence the estimation results, it still could not fully solve the endogeneity problem of the model. Furthermore, due to the difficulty of data collection, Tibet, Hong Kong, Macau, and Taiwan were not included in this paper. Future research on the effect of industrial restructuring and technological innovation on carbon emissions needs to be followed up continuously. Finally, further empirical investigation on regional and administrative hierarchy heterogeneity is still needed due to the limitation of space.




8. Conclusions


This study analyzed the spatiotemporal evolution characteristics of carbon emission intensity in 30 Chinese provinces using ArcGIS and the energy consumption data from 2001 to 2019, concerning the IPCC carbon emission accounting method. Industrial restructuring, technological innovation, and carbon emission intensity were incorporated into a unified research framework. The panel fixed effect and mediating effect models were used to empirically test the direct and indirect driving mechanisms of industrial restructuring and technological innovation on carbon emission intensity. The main conclusions are as follows. First, from 2001 to 2019, China’s global carbon emission intensity showed a continuous decline. Second, the results of the benchmark regression showed that the rationalization of industrial structure and the advanced industrial structure have significant adverse inhibitory effects in influencing carbon emission intensity, and there is regional heterogeneity. Third, The mediating effect analysis revealed that technological innovation was an important channel for industrial restructuring to affect carbon emission intensity. Industrial restructuring reduced carbon emission intensity through direct effects and the indirect effect of technological innovation.







Author Contributions


Conceptualization, J.W. and C.W.; methodology, J.W. and C.W.; software, J.W.; validation, J.W., S.Y. and M.L.; formal analysis, J.W.; investigation, J.W.; resources, J.W.; data curation, J.W.; writing—original draft preparation, J.W.; writing—review and editing, S.Y. and M.L.; visualization, J.W.; supervision, Y.C.; project administration, C.W.; funding acquisition, C.W. and Y.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Social Science Foundation of China (Grant No. 20BJY070) and National Natural Science Foundation of China (Grant No. 41871121).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rezai, A.; Foley, D.K.; Taylor, L. Global warming and economic externalities. Econ. Theory 2011, 49, 329–351. [Google Scholar] [CrossRef]

	



Tachiiri, K.; Hajima, T.; Kawamiya, M. Increase of the transient climate response to cumulative carbon emissions with decreasing CO2 concentration scenarios. Environ. Res. Lett. 2019, 14, 124067. [Google Scholar] [CrossRef]

	



World Meteorological Organization. State of the Global Climate 2020; World Meteorological Organization: Geneva, Switzerland, 2021. [Google Scholar]

	



Kanellos, F.D.; Grigoroudis, E.; Hope, C.; Kouikoglou, V.S.; Phillis, Y.A. Optimal GHG Emission Abatement and Aggregate Economic Damages of Global Warming. IEEE Syst. J. 2017, 11, 2784–2793. [Google Scholar] [CrossRef]

	



Gao, F.; Wu, T.; Zhang, J.; Hu, A.; Meehl, G.A. Shortened Duration of Global Warming Slowdowns with Elevated Greenhouse Gas Emissions. J. Meteorol. Res. 2021, 35, 225–237. [Google Scholar] [CrossRef]

	



Liu, Y.; Jiang, Y.; Liu, H.; Li, B.; Yuan, J. Driving factors of carbon emissions in China’s municipalities: A LMDI approach. Environ. Sci. Pollut. Res. Int. 2021, 29, 21789–21802. [Google Scholar] [CrossRef]

	



Holechek, J.L.; Geli, H.M.E.; Sawalhah, M.N.; Valdez, R. A Global Assessment: Can Renewable Energy Replace Fossil Fuels by 2050? Sustainability 2022, 14, 4792. [Google Scholar] [CrossRef]

	



Ren, X.; Li, Y.; Shahbaz, M.; Dong, K.; Lu, Z. Climate risk and corporate environmental performance: Empirical evidence from China. Sustain. Prod. Consum. 2022, 30, 467–477. [Google Scholar] [CrossRef]

	



He, J.; Li, Z.; Zhang, X.; Wang, H.; Dong, W.; Du, E.; Chang, S.; Ou, X.; Guo, S.; Tian, Z.; et al. Towards carbon neutrality: A study on China’s long-term low-carbon transition pathways and strategies. Environ. Sci. Ecotechnol. 2022, 9, 100134. [Google Scholar] [CrossRef]

	



Liu, C.; Ma, C.; Xie, R. Structural, Innovation and Efficiency Effects of Environmental Regulation: Evidence from China’s Carbon Emissions Trading Pilot. Environ. Resour. Econ. 2020, 75, 741–768. [Google Scholar] [CrossRef]

	



Gu, R.; Li, C.; Li, D.; Yang, Y.; Gu, S. The Impact of Rationalization and Upgrading of Industrial Structure on Carbon Emissions in the Beijing-Tianjin-Hebei Urban Agglomeration. Int. J. Environ. Res. Public Health 2022, 19, 7997. [Google Scholar] [CrossRef]

	



Wang, W.; Xiang, Q. Adjustment of industrial structure and the potential assessment of energy saving and carbon reduction. China Idustrial Econ. 2014, 30, 44–56. [Google Scholar]

	



Li, Z.; Zhou, Q. Research on the spatial effect and threshold effect of industrial structure upgrading on carbon emissions in China. J. Water Clim. Change 2021, 12, 3886–3898. [Google Scholar] [CrossRef]

	



Zhu, X. Have carbon emissions been reduced due to the upgrading of industrial structure? Analysis of the mediating effect based on technological innovation. Environ. Sci. Pollut. Res. Int. 2022, 29, 54890–54901. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, A.; Li, J. The nonlinear impact of industrial restructuring on economic growth and carbon dioxide emissions: A panel threshold regression approach. Environ. Sci. Pollut. Res. 2020, 27, 14108–14123. [Google Scholar] [CrossRef]

	



Chen, X.; Chen, Y.E.; Chang, C.P. The effects of environmental regulation and industrial structure on carbon dioxide emission: A nonlinear investigation. Environ. Sci. Pollut. Res. Int. 2019, 26, 30252–30267. [Google Scholar] [CrossRef]

	



Li, W.; Wang, W.; Wang, Y.; Qin, Y. Industrial structure, technological progress and CO2 emissions in China: Analysis based on the STIRPAT framework. Nat. Hazards 2017, 88, 1545–1564. [Google Scholar] [CrossRef]

	



Zhao, J.; Jiang, Q.; Dong, X.; Dong, K.; Jiang, H. How does industrial structure adjustment reduce CO2 emissions? Spatial and mediation effects analysis for China. Energy Econ. 2022, 105, 105704. [Google Scholar] [CrossRef]

	



Tasdemir, F. Industrialization, servicification, and environmental Kuznets curve: Nonlinear panel regression analysis. Environ. Sci. Pollut. Res. Int. 2022, 29, 6389–6398. [Google Scholar] [CrossRef]

	



Kofi Adom, P.; Bekoe, W.; Amuakwa-Mensah, F.; Mensah, J.T.; Botchway, E. Carbon dioxide emissions, economic growth, industrial structure, and technical efficiency: Empirical evidence from Ghana, Senegal, and Morocco on the causal dynamics. Energy 2012, 47, 314–325. [Google Scholar]

	



Zhang, S.; Li, H.; Zhang, Q.; Tian, X.; Shi, F. Uncovering the impacts of industrial transformation on low-carbon development in the Yangtze River Delta. Resour. Conserv. Recycl. 2019, 150, 104442. [Google Scholar] [CrossRef]

	



Habimana Simbi, C.; Lin, J.; Yang, D.; Ndayishimiye, J.C.; Liu, Y.; Li, H.; Xu, L.; Ma, W. Decomposition and decoupling analysis of carbon dioxide emissions in African countries during 19842014. J. Environ. Sci. 2021, 102, 85–98. [Google Scholar] [CrossRef] [PubMed]

	



Nwani, C.; Bekun, F.V.; Agboola, P.O.; Omoke, P.C.; Effiong, E.L. Industrial output, services and carbon emissions: The role of information and communication technologies and economic freedom in Africa. Environ. Dev. Sustain. 2022, 1–24. [Google Scholar] [CrossRef]

	



Cheng, Z.; Shi, X. Can Industrial Structural Adjustment Improve the Total-Factor Carbon Emission Performance in China? Int. J. Environ. Res. Public Health 2018, 15, 2291. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Z.; Li, L.; Liu, J. Industrial structure, technical progress and carbon intensity in China’s provinces. Renew. Sustain. Energy Rev. 2018, 81, 2935–2946. [Google Scholar] [CrossRef]

	



Tian, X.; Bai, F.; Jia, J.; Liu, Y.; Shi, F. Realizing low-carbon development in a developing and industrializing region: Impacts of industrial structure change on CO2 emissions in southwest China. J. Environ. Manage. 2019, 233, 728–738. [Google Scholar] [CrossRef]

	



Li, Z.; Sun, L.; Geng, Y.; Dong, H.; Ren, J.; Liu, Z.; Tian, X.; Yabar, H.; Higano, Y. Examining industrial structure changes and corresponding carbon emission reduction effect by combining input-output analysis and social network analysis: A comparison study of China and Japan. J. Clean. Prod. 2017, 162, 61–70. [Google Scholar] [CrossRef]

	



Pompermayer Sesso, P.; Amâncio-Vieira, S.F.; Zapparoli, I.D.; Sesso Filho, U.A. Structural decomposition of variations of carbon dioxide emissions for the United States, the European Union and BRIC. J. Clean. Prod. 2020, 252, 119761. [Google Scholar] [CrossRef]

	



Mura, M.; Longo, M.; Toschi, L.; Zanni, S.; Visani, F.; Bianconcini, S. Industrial carbon emission intensity: A comprehensive dataset of European regions. Data Brief. 2021, 36, 107046. [Google Scholar] [CrossRef]

	



Sun, L.; Wu, L.; Qi, P. Global characteristics and trends of research on industrial structure and carbon emissions: A bibliometric analysis. Environ. Sci. Pollut. Res. Int. 2020, 27, 44892–44905. [Google Scholar] [CrossRef]

	



Matsumoto, K.; Shigetomi, Y.; Shiraki, H.; Ochi, Y.; Ogawa, Y.; Ehara, T. Addressing Key Drivers of Regional CO2 Emissions of the Manufacturing Industry in Japan. Energy J. 2019, 40. [Google Scholar] [CrossRef]

	



Htike, M.M.; Shrestha, A.; Kakinaka, M. Investigating whether the environmental Kuznets curve hypothesis holds for sectoral CO2 emissions: Evidence from developed and developing countries. Environ. Dev. Sustain. 2021, 24, 12712–12739. [Google Scholar] [CrossRef] [PubMed]

	



Xin, D.; Ahmad, M.; Lei, H.; Khattak, S.I. Do innovation in environmental-related technologies asymmetrically affect carbon dioxide emissions in the United States? Technol. Soc. 2021, 67, 101761. [Google Scholar] [CrossRef]

	



Mongo, M.; Belaïd, F.; Ramdani, B. The effects of environmental innovations on CO2 emissions: Empirical evidence from Europe. Environ. Sci. Policy 2021, 118, 1–9. [Google Scholar] [CrossRef]

	



You, J.; Zhang, W. How heterogeneous technological progress promotes industrial structure upgrading and industrial carbon efficiency? Evidence from China’s industries. Energy 2022, 247, 123386. [Google Scholar] [CrossRef]

	



Demircan Cakar, N.; Gedikli, A.; Erdogan, S.; Yildirim, D.C. A comparative analysis of the relationship between innovation and transport sector carbon emissions in developed and developing Mediterranean countries. Environ. Sci. Pollut. Res. Int. 2021, 28, 45693–45713. [Google Scholar] [CrossRef]

	



Erdogan, S. Dynamic Nexus between Technological Innovation and Building Sector Carbon Emissions in the BRICS Countries. J. Environ. Manage. 2021, 293, 112780. [Google Scholar] [CrossRef]

	



Erdogan, S.; Yildirim, S.; Yildirim, D.C.; Gedikli, A. The effects of innovation on sectoral carbon emissions: Evidence from G20 countries. J. Environ. Manage. 2020, 267, 110637. [Google Scholar] [CrossRef]

	



Acheampong, A.O.; Adams, S.; Boateng, E. Do globalization and renewable energy contribute to carbon emissions mitigation in Sub-Saharan Africa? Sci. Total Environ. 2019, 677, 436–446. [Google Scholar] [CrossRef]

	



Bhattacharya, M.; Inekwe, J.N.; Sadorsky, P. Consumption-based and territory-based carbon emissions intensity: Determinants and forecasting using club convergence across countries. Energy Econ. 2020, 86, 104632. [Google Scholar] [CrossRef]

	



Ulucak, R. Renewable energy, technological innovation and the environment: A novel dynamic auto-regressive distributive lag simulation. Renew. Sustain. Energy Rev. 2021, 150, 111433. [Google Scholar]

	



Obobisa, E.S.; Chen, H.; Mensah, I.A. The impact of green technological innovation and institutional quality on CO2 emissions in African countries. Technol. Forecast. Soc. Change 2022, 180, 121670. [Google Scholar] [CrossRef]

	



Dogan, E.; Inglesi-Lotz, R. The impact of economic structure to the environmental Kuznets curve (EKC) hypothesis: Evidence from European countries. Environ. Sci. Pollut. Res. Int. 2020, 27, 12717–12724. [Google Scholar] [CrossRef]

	



Wang, K.; Wu, M.; Sun, Y.; Shi, X.; Sun, A.; Zhang, P. Resource abundance, industrial structure, and regional carbon emissions efficiency in China. Resour. Policy 2019, 60, 203–214. [Google Scholar] [CrossRef]

	



Khattak, S.I.; Ahmad, M. The cyclical impact of innovation in green and sustainable technologies on carbon dioxide emissions in OECD economies. Environ. Sci. Pollut. Res. Int. 2022, 29, 33809–33825. [Google Scholar] [CrossRef] [PubMed]

	



Alataş, S. Do environmental technologies help to reduce transport sector CO2 emissions? Evidence from the EU15 countries. Res. Transp. Econ. 2022, 91, 101047. [Google Scholar] [CrossRef]

	



Rahman, M.M.; Alam, K.; Velayutham, E. Reduction of CO2 emissions: The role of renewable energy, technological innovation and export quality. Energy Rep. 2022, 8, 2793–2805. [Google Scholar] [CrossRef]

	



Khan, Z.; Ali, M.; Kirikkaleli, D.; Wahab, S.; Jiao, Z. The impact of technological innovation and public-private partnership investment on sustainable environment in China: Consumption-based carbon emissions analysis. Sustain. Dev. 2020, 28, 1317–1330. [Google Scholar] [CrossRef]

	



Ahmad, M.; Shabir, M.; Naheed, R.; Shehzad, K. How do environmental innovations and energy productivity affect the environment? Analyzing the role of economic globalization. Int. J. Environ. Sci. Technol. 2021, 19, 7527–7538. [Google Scholar] [CrossRef]

	



Wen, Z.; Fan, X. Monotonicity of effect sizes: Questioning kappa-squared as mediation effect size measure. Psychol. Methods 2015, 20, 193–203. [Google Scholar] [CrossRef]

	



Wang, Y.; Zheng, Y. Spatial effects of carbon emission intensity and regional development in China. Environ. Sci. Pollut. Res. 2021, 28, 14131–14143. [Google Scholar] [CrossRef]

	



Dong, B.; Xu, Y.; Fan, X. How to achieve a win-win situation between economic growth and carbon emission reduction: Empirical evidence from the perspective of industrial structure upgrading. Environ. Sci. Pollut. Res. Int. 2020, 27, 43829–43844. [Google Scholar] [CrossRef] [PubMed]

	



Jiborn, M.; Kulionis, V.; Kander, A. Consumption versus Technology: Drivers of Global Carbon Emissions 2000–2014. Energies 2020, 13, 339. [Google Scholar] [CrossRef]

	



Shah, S.A.R.; Naqvi, S.A.A.; Anwar, S. Exploring the linkage among energy intensity, carbon emission and urbanization in Pakistan: Fresh evidence from ecological modernization and environment transition theories. Environ. Sci. Pollut. Res. Int. 2020, 27, 40907–40929. [Google Scholar] [CrossRef] [PubMed]

	



Chang, N. Changing industrial structure to reduce carbon dioxide emissions: A Chinese application. J. Clean. Prod. 2015, 103, 40–48. [Google Scholar] [CrossRef]

	



Liu, Y.; Tang, L.; Liu, G. Carbon Dioxide Emissions Reduction through Technological Innovation: Empirical Evidence from Chinese Provinces. Int. J. Environ. Res. Public Health 2022, 19, 9543. [Google Scholar] [CrossRef]








[image: Ijerph 19 13401 g001 550] 





Figure 1. The research logic model. 
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Figure 2. Variation trend of carbon emission intensity in China and the three major regions (2001–2019). 
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Figure 3. The spatial distribution pattern of carbon emission intensity in China (2001–2019). 
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Figure 4. Linear fitting of industrial structure rationalization, industrial structure optimization, and carbon emission intensity. 
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Table 1. The carbon emission coefficients of various fossil fuels.
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	Fuel Type
	Carbon Content (kgc/GJ)
	Carbon Oxidation Rate
	Average Low Calorific Value (KJ/kg, m3)
	Carbon Emission Coefficient (kgc/kg, m3)





	Coal
	25.8
	1
	20 908
	0.539



	Coke
	29.2
	1
	28 435
	0.830



	Crude oil
	20.0
	1
	41 816
	0.836



	Gasoline
	18.9
	1
	43 070
	0.814



	Kerosene
	19.6
	1
	43 070
	0.844



	Diesel
	20.2
	1
	42 652
	0.861



	Fuel oil
	21.2
	1
	41 816
	0.882



	Natural gas
	15.3
	1
	38 931
	0.595







Note: The data are from the “2006 IPCC Guidelines for National Greenhouse Gas Inventories” and “China Energy Statistical Yearbook”.
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Table 2. The descriptive statistics of variables.
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Variable

	
Name

	
Sample Size

	
Mean

	
SD

	
Min

	
Max






	
Explained variable

	
CI

	
570

	
3.851

	
2.654

	
0.630

	
15.140




	
Explanatory variable

	
RIS

	
570

	
1.097

	
0.550

	
0.390

	
4.290




	
OIS

	
570

	
1.060

	
0.563

	
0.500

	
5.170




	
Mediating variable

	
TEC

	
570

	
9.623

	
1.723

	
4.820

	
13.600




	
Control variable

	
POP

	
570

	
8.166

	
0.756

	
6.260

	
9.430




	
URB

	
570

	
0.500

	
0.150

	
0.230

	
0.900




	
RGDP

	
570

	
9.780

	
0.645

	
7.990

	
11.360




	
ER

	
570

	
11.590

	
1.121

	
6.910

	
14.160
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Table 3. The overall regression results.
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Variable

	
Fixed Effect

	
Random Effect

	
OLS

	
Fixed Effect

	
Random Effect

	
OLS






	
RIS

	
−0.547 ***

	
−0.436 ***

	
−0.436 **

	

	

	




	
(−3.53)

	
(−2.85)

	
(−2.85)

	

	

	




	

	

	

	
−1.117 ***

	
−0.873 ***

	
−0.870 ***




	
OIS

	

	

	

	
(−8.56)

	
(−6.89)

	
(−6.89)




	
POP

	
1.792 ***

	
0.318

	
−0.318

	
3.260 ***

	
0.184

	
0.184




	
(2.77)

	
(0.80)

	
(−0.80)

	
(5.08)

	
(0.45)

	
(0.45)




	
URB

	
−7.110 ***

	
−5.534 ***

	
−5.530 ***

	
−6.537 ***

	
−4.654 ***

	
−4.653 ***




	
(−4.55)

	
(−3.73)

	
(−3.73)

	
(−4.41)

	
(−3.23)

	
(−3.23)




	
RGDP

	
−0.411 *

	
−0.506 **

	
−0505 **

	
−0.487 **

	
−0.583 ***

	
−0.583 **




	
(−1.77)

	
(−2.23)

	
(−2.23)

	
(−2.21)

	
(−2.65)

	
(−2.65)




	
ER

	
−0.009

	
−0.007

	
0.006

	
−0.001

	
−0.003

	
−0.003




	
(−0.25)

	
(−0.20)

	
(0.20)

	
(−0.04)

	
(−0.10)

	
(−0.10)




	
Con

	
−2.713

	
14.561 ***

	
14.561 ***

	
−13.542 **

	
11.341 ***

	
11.340 ***




	
(−0.50)

	
(4.23)

	
(4.23)

	
(−2.56)

	
(3.28)

	
(3.28)








Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively, here and below.
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Table 4. Regression results from the mediating effect of technological innovation.
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Variable

	
TEC

	
TEC

	
CI

	
CI






	
RIS

	
0.224 ***

	

	
−0.429 ***

	




	
−4.19

	

	
(−2.76)

	




	
OIS

	

	
0.387 ***

	

	
−1.011 ***




	

	
−8.55

	

	
(−7.30)




	
TEC

	

	

	
−0.527 ***

	
−0.273 **




	

	

	
(−4.27)

	
(−2.20)




	
Con

	
−14.090 ***

	

	
−10.137 *

	
−16.442 ***




	
(−7.56)

	

	
(−1.81)

	
(−3.02)




	
Control variable

	
Yes

	
Yes

	
Yes

	
Yes




	
N

	
570

	
570

	
570

	
570








Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively, here and below.
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Table 5. Regression results by region.
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Variable

	
Eastern

	
Central

	
Western






	
RIS

	
−0.169 ***

	

	
−3.566 ***

	

	
−2.410 ***

	




	
(−1.19)

	

	
(−5.35)

	

	
(−4.44)

	




	
OIS

	

	
−1.939 ***

	

	
−2.197 ***

	

	
−1.815 ***




	

	
(−6.05)

	

	
(−6.80)

	

	
(−6.32)




	
Con

	
25.551 ***

	
−1.553

	
121.173 ***

	
125.449 ***

	
−78.858 ***

	
−72.032 ***




	
(4.88)

	
(−0.19)

	
(4.16)

	
(4.82)

	
(−6.33)

	
(−5.99)




	
Control variable

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes




	
N

	
209

	
209

	
152

	
152

	
209

	
209








Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively, here and below.
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Table 6. The robustness test results.
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Variable

	
Model 1

	
Model 2

	
Model 3

	
Model 4






	
RIS

	
−0.961 ***

	

	
−0.971 ***

	




	
(−5.00)

	

	
(−5.33)

	




	
OIS

	

	
−0.808 ***

	

	
−0.769 ***




	

	
(−5.03)

	

	
(−4.82)




	
TEC

	

	

	
−0.706 ***

	
−0.656 ***




	

	

	
(−3.51)

	
(−3.25)




	
Con

	
22.1254 ***

	
24.648 ***

	
8.415 *

	
11.809 **




	
(10.29)

	
(11.82)

	
(1.83)

	
(2.57)




	
Control variable

	
Yes

	
Yes

	
Yes

	
Yes




	
N

	
570

	
570

	
570

	
570








Note: ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively, here and below.
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