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Abstract

:

Under the dual pressure of industrial structure upgrade and atmospheric environment improvement, China, in a transition period, is facing the challenge of coordinating the relationship between the industry and the environment system to promote the construction of a beautiful China. Based on system theory and coupling coordination model, the interaction analysis framework between industrial structure (IS) and atmospheric environment (AE) was constructed. An integrated system with 24 indicators was established by the pressure–state–response (PSR) model of IS and level–quality–innovation (LQI) model of AE. Then, we analyzed trends observed in coupling coordination degree (CCD) and dynamic coupling coordination degree (DCCD) for 11 cities in Zhejiang Province, China, using statistical panel data collected from 2006 to 2017. Conclusions were as follows: (1) the 11 cities’ comprehensive level of the IS system shows a trend of stable increase, yet the comprehensive level of AE demonstrated a trend of fluctuation and transition. There are significant spatial variations among cities; (2) The CCD analysis results found that Hangzhou, Ningbo, and Wenzhou take the lead in realizing the transformation from barely coordinated development to superior coordinated pattern, while other cities were still in the stage of barely coordinated development; (3) the DCCD phase of 11 cities can be roughly divided into three types: upgraded—utmost development type (only Hangzhou), stable—harmonious development type (Wenzhou, Lishui, and Zhoushan) and transitional—harmonious development type (the remaining seven cities). This means, for most cities, the contradiction between the transformation process of IS and the AE has become increasingly prominent and intensified. Finally, three necessary and sustainable strategies were proposed to environmental policy makers.
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1. Introduction


With the acceleration of industrialization and urbanization in China, the motor vehicle exhaust emission has increased rapidly, resulting in increasingly serious regional air pollution problems. Extensive and persistent haze weather occurs more and more frequently, especially in economically-developed urban agglomerations with high urban density and concentrated energy consumption, such as the Yangtze River Delta, Pearl River Delta, and Beijing–Tianjin–Hebei region [1,2,3]. Therefore, it is a common focus of the current society and academia to explore the mechanisms of social and economic factors influencing urban air environmental pollution. Among them, the factor of industrial structure, as a critical social–economic indicator of concern, is more and more favored by researchers [4,5,6].



The industrial structure, also known as the sector structure of the national economy, is usually used to reflect the degree of economic development of a country or region. It refers to the proportion of different industrial sectors in a country’s economic structure, which can be divided into primary industries, secondary industries, and tertiary industries, according to the Fisher’s three-sector theory [7,8]. This classical theory divides the types of industries based on the property of the industry and the characteristics of the production process. The sector in which products are taken directly from nature is called the primary industry, the sector in which primary products are reprocessed is called the secondary industry, and the sector in which services are provided for production and consumption is called the tertiary industry. Among them, the secondary industry can be divided into construction and industry, while the tertiary industry includes service industry and circulation industry (such as the transportation industry, the software and information services industry, and the scientific research and technical services industries). With the progress of technology and the improvement of social productivity, the evolution of the industrial structure presents the change of upgrading and optimization [9]. The upgrading of the industrial structure refers to the process where the industrial structure transforms from a low-level pattern (primary industry) to a high-level pattern (secondary industry or tertiary industry) [10]. Industrial structure optimization mirrors the coordinated development degree among different industries [9,11]. At the same time, as the core tool to coordinate economy and environment, industrial structure is directly related to how the economic system utilizes resources and emits pollutants. In contrast, destroying the eco-environment would largely confine the sustainable economic development and slow down the evolution of industrial structure [12]. At present, China’s economy presents a “new normal” of shifting growth speed and painful industrial restructuring. It has a great theoretical and practical significance to investigate the relevance between industrial structure and atmospheric environment [13,14].



The studies on industrial structure evolution and air quality assessment are complex and comprehensive, with many influencing factors and wide coverage. Grossman and Krueger (1995) classified the impacts of international trade on industrial structure into three types: structural effects, scale effects, and technology effects [15]. Then, based on the Environmental Kuznets Curve theory, a large number of studies included industrial structure index as one of the explanatory variables of social and economic impact into the analysis of eco-environmental impact [16,17]. On this basis, many scholars have used econometric models to empirically study the impact of industrial structure adjustment on pollutant emissions, but there are some differences in research conclusions. Some studies showed that industrial upgrading could bring about an improvement of energy efficiency rate and technology level, further improving the environmental quality [10,18,19]. However, some scholars found that industrial restructuring had little or no significance on environmental pollution, and some provinces’ environment improvement deteriorated the circumstances of others [20]. In addition, other scholars considered the impact of industrial structure adjustment on pollutant emission had significant heterogeneity of varying pollutants and varying regions [21,22,23]. There is no doubt that these studies have provided beneficial exploration and help to reveal the relationship between the industrial structure and ecological environment. However, there are two problems in the existing studies: (1) The industrial structure contains many aspects and dimensions [4], including proportion of output value, number of employees, industry types, energy consumption, and industrial technological progress. Most studies only took the proportion of the secondary industry as an evaluation index to measure the industrial structure and construct the econometric regression model [13,16,19], which might lead to certain deviation and incompleteness of the analysis results. Thus, it was difficult to systematically reveal the complex influence of industrial structure evolution on the environmental system; (2) Increasing studies have centered on the relationship between industrial structure and carbon dioxide emission [9,10,11,14,18,24], as well as the relationship between industrial structure and the ecological environment system [4,23], but there is a lack of detailed study on the dimension of the air environment system. On the basis of the pressure–state–response model, it was gradually pursued by scholars to treat the air environment as a whole system from the system theory [25,26,27,28]. Meanwhile, strengthening environmental regulation, reducing air pollution emission, and improving air quality are the unswerving goals of urban air environment governance in China. Therefore, Zhejiang province, the research region we chose, is a typical example of China in the transition period, which is facing the dual pressure of industrial structure upgrade and air environment improvement. The analysis of the influence rules and coordinated development characteristics between industrial structure and atmospheric environment could provide reference for regional environmental policy formulation [29].



In comparison with the available studies, this paper mainly makes the following contributions: (1) The relationship between industrial structure and atmospheric environment is discussed from the integrated systems, instead of the former urbanization system and eco-environmental system. This is favorable to the construction of a beautiful China in a transitional period; (2) Technological innovation and advancement indicators are incorporated into the industrial structure system, rather than a single indicator by proportion of secondary industrial output and employment. This is beneficial to recognize the industrial transformation and green development under the pressure of atmospheric environment; (3) the coupling coordination degree model (CCDM) and dynamic coupling coordination degree model (DCCDM) are selected to investigate the interaction between them, and the relationship at city-level differences will be discussed further. In all, the main purpose of this research is to discuss the evolution characteristics of the relationship between industrial structure change and atmospheric environment from the perspective of system theory, so as to provide a basis for regional sustainable development in the dimension of industry and environmental system.




2. Methods and Data Sources


2.1. Study Area


Zhejiang is a developed province in the southeast coast of China, including 11 prefecture-level cities: Hangzhou (capital city), Ningbo, Wenzhou, Jiaxing, Huzhou, Shaoxing, Jinhua, Quzhou, Zhoushan, Taizhou, and Lishui. Because of the fast-growing nature of the economy and industrialization, the resource consumption and environmental destruction are inevitably intensified [30]. For instance, the emission of air pollutants is increasing [28,29] and the air pollution reduction situation is grim. Figure 1 shows the data of industry structure and waste gas discharged for Zhejiang province from 1990 to 2017.



In the past decades, the industrial structure of Zhejiang province has undergone tremendous changes, reflecting the process of Zhejiang’s economic transformation and development. As shown in Figure 1, Zhejiang’s primary industry ratio fell by 41.4%, from 53.2% in 1990 to 11.8% in 2017, which means the dominant position of traditional agriculture has been fundamentally changed. Zhejiang’s secondary industry presented a trend of continuously raising and then descending after 2013. In 2001, the proportion of the secondary industry surpassed that of the primary industry for the first time and became the leading industry, affecting the economic development of Zhejiang. In 2012, the proportion of the secondary industry reached its peak, accounting for 51%, and then dropped, accounting for 46.2% in 2017. Correspondingly, the proportion of the tertiary industry grew steadily, more than doubling from 17% in 1990 to 42% in 2017. At present, Zhejiang is in the critical period of economic transformation, the economic structure led by industry will continue to weaken, and accordingly the ecological environment, including the atmospheric environment, will still face severe challenge and pressure [31,32]. Improving air quality is an important part of building the beautiful Zhejiang [33]. Thus, it is important to choose Zhejiang as a study subject to investigate the relationship between its industrial structure and atmospheric environment.




2.2. Data Pre-Processing


The industrial structure and the atmospheric environment data were mainly collected from the Zhejiang Statistical Yearbook (2007–2018) [34], Zhejiang Natural Resources and Environment Statistical Yearbook (2007–2018) [35], Zhejiang’s prefecture-level cities’ Statistical Yearbook (2007–2018), and the National Economic and Social Development Bulletin (2007–2018). A few additional data were acquired from Zhejiang’s and 11 cities’ Environmental Quality Bulletin, as well as related official websites. Considering Particulate Matter2.5 (PM2.5) ground monitoring in various cities was implemented only after 2012, and long-term sequence results of PM2.5 quality monitoring were missing, we chose satellite remote sensing data to replace ground monitoring data [36]. As PM2.5 was one of the pollutants most concerning to the public, although PM2.5 mass concentration of satellite monitoring might be lower than that of the actual ground monitoring, it would make the atmospheric environment system more scientific and reasonable by supplementing PM2.5 mass concentration as an indicator datum.



In order to eliminate the influences of different indicators’ magnitudes, dimensions, and characters, the data were normalized by Equations (1) and (2) [4,26,28].



For the positive indicators:


   X  i j   =    x  i j   − min    x j      / ( max    x j    − min    x j    ) ,  



(1)




for the negative indicators:


   X  i j   =   max    x j    −  x  i j     / ( max    x j    − min    x j    ) ,  



(2)




where    x  i j     refers to the value of indicator variable x, indexed by j, in year i;   max    x j      and   min    x j      denote the maximum value and minimum value of indicator    x j    in overall years, respectively. After calculation, the Xij values were normalized in the range of [0,1].




2.3. Methods


2.3.1. Theoretical Framework and Indicator Evaluation System of Industrial Structure and Atmospheric Environment system


Existing studies pointed out that the relationship between urban economic development and air pollution was dialectical, and industrial structure was a linchpin to resolve the contradiction between them and achieve their coordinated development [37,38]. Firstly, the rapid development of industry, especially the secondary industry, would bring pressure to the atmospheric environment system. The aggravation of energy consumption brought about by industrial development is an important factor to increase pollutant emission and worsen air environment quality. In particular, the development of labor-intensive industries or pollution-intensive industries would bring about an increase in the intensity of air pollution emissions [6]. With the improvement of the country’s pursuit of environmental quality, in turn, it would force the upgrading of industrial structure, improve labor efficiency, and eliminate backward industries (as shown in Figure 2).



Secondly, the technological innovation of the industry could provide support for the improvement of the atmospheric environment system. On one hand, the upgrading of industrial structure (the proportion of tertiary industry and high-tech industry are increasing), technological progress, and the improvement of labor quality improve the efficiency of resource utilization, which is conducive to the improvement of air quality. On the other hand, if the resource utilization rate is ignored during this process, air pollution would occur. For instance, if heavy industry with high pollution and high energy consumption became the dominant industry economy, it would inevitably bring high emissions of waste gas, which would aggravate industrial air pollution and damage the atmospheric environment. In turn, the damaged atmospheric environment would no longer provide a free place for the emission of waste gas, resulting in the limitation of industrial emissions and an increase of environmental costs, which would further restrict the development of the industrial economy. Furthermore, with effective environmental regulation means, new technologies could be developed to create high and new technology industries of energy conservation and environmental protection, thus forcing the transformation of the industrial structure.



Thirdly, the strengthening of air quality standards and management requirements could have an effect on industry types and regional distribution. For example, as air quality standards become more stringent, local government has to reform and close high-pollution industries, increasing investment in industrial pollution emission control. At the same time, the deterioration of air environment quality could affect the labor production efficiency, capital entry, and industrial output to a certain extent.



In all, industrial structure, as an important bridge connecting human economic activities with the atmospheric environment, could control the consumption of resources and the generation of air pollutants through the optimization and upgrading of industrial structure. With further improvement of the atmospheric environment system, a beautiful and livable environment would also become an important factor to attract highly skilled talents, which would undoubtedly contribute to the regional talent aggregation, technological innovation, and industrial structure upgrading.



Referring to previous research results [26,28] and combining the principles of scientificity, systematization, integrity, and accessibility of indicator variables, we finally built the integrated indicator system in Table 1 and Table 2, below. Compared with the existing study [4], which only included industrial output and industrial investment in the industrial system, we comprehensively considered the content of three dimensions of industrial structure—level, quality, and innovation (LQI)—and 12 indicators were screened out (Table 1). Industrial structure level reflected the overall economic situation and the proportion of secondary and tertiary industries; industrial structure quality reflected the characteristics of industrial upgrading, including investment optimization, technological improvement, and energy consumption reduction; industrial structure innovation reflected the ability of industrial independent innovation. Considering that construction dust and industrial pollution emissions might worsen the air environment, we set the indicators of the proportion of the secondary industry and proportion of secondary industry investment as a negative effect at the level of industrial structure. At the same time, based on the pressure–state–response model, we constructed the atmospheric environment system with 12 indicators (Table 2). Among them, atmospheric environment pressure reflected the emission level of atmospheric pollutants and the pressure and impact brought by them; atmospheric environment reflected the quality of atmospheric environment, and the PM2.5 index was added to the level of atmospheric environment state; atmospheric environment response reflected the control level and improvement measures of air pollution.



In order to overcome the informational overlap between multiple index variables and the subjectivity of artificial weight determination, we adopted the Structure Entropy Weight (SEW) method and the Mean Squared Deviation (MSD) method to analyze the indicators’ comprehensive weights. The basic principle of the SEW method was to rank the importance degree of each indicator and then use the entropy method to quantitatively analyze the uncertainty of the typical order [28,39,40,41]. The MSD method, an objective weighting method, determined the weight according to the relative dispersion degree of the attribute value of each evaluation index [26,42,43]. Combining a subjective method (SEW) and objective method (MSD), a more scientific and reasonable evaluation result could be obtained.



From the above-mentioned references, we found the detailed procedures of the SEW and MSD methods. Then, we calculated the composite index Si for the industrial structure (IS) and atmospheric environment (AE) systems in year i using Equations (3) and (4):


   S i  =   ∑   j = 1  t   W 3  ×  X  i j   ,  



(3)






    W 3  =  W 1  ×  W 2  ,      W 1  =   SEW 1 + MSD 1   / 2     W 2  =   SEW 2 + MSD 2   / 2 ,   



(4)




where Si denotes the comprehensive score of the IS and AE system, which is applied to Equations (5)–(9), Xij is the normalized value of each indicator, W1 and W2 denote the average weight of SEW and MSD at the corresponding indicator level, as shown in Table 1 and Table 2. Furthermore, t denotes the number of indexes: t = 12 in the system of IS, as well as in the system of AE.




2.3.2. The Coupling Coordination Degree Model of the IS-AE System


Coupling coordination evaluation is a crucial approach to survey the relevance and coherence among all systems [44]. Coupling, as a concept in physics, refers to the phenomenon of close cooperation and interaction between two or more systems [4,26]. At the same time, coordination is the process of benign interaction and development between systems or among the elements within the system, while coordination degree is a quantitative index to measure the coordination between systems. Combining the concepts of coupling and coordination, a lot of researchers have adopted coupling coordination degree model (CCDM) to measure different systems’ relationships, such as urbanization and the eco-environment system [45,46,47,48], urbanization and the atmospheric environment system [26,49], industrial structure and the eco-environment system [4], socio-economy and the energy environment [50,51], the economy–resource–environment system [52], etc. However, few studies have explored the coupling and coordination relationship between the industrial structure system and atmospheric environment system. Thus, based on the CCDM, the relationship between the two systems was proposed, and the detailed steps were as follows [26,53]:



Step 1, Calculate the coupling degree:


  C = 2 ×       f  I  × g  A        f  I  + g  A     2        1 / 2   ;  



(5)







Step 2, Calculate the comprehensive evaluation index:


  T =   θ f  I  + β g  A  ;  



(6)







Step 3, Calculate the coupling coordination degree:


  D =   C × T   ;  



(7)




where   f  I    and   g  A    denote the comprehensive level of the industrial structure (IS) and atmospheric environment (AE) systems, respectively;  θ  and  β  (  θ   > 0  ;   β >    0;   θ + β  =1) stand for the contributions of IS and AE to the entire system. Considering the degree of coupling was not greatly affected by  α  and  β , we determined the value of   θ =     β = 0.5   [46,47].



D denotes the coupling coordination degree. The larger the D value is, the higher the coupling coordination degree between the industrial structure system and atmospheric environment system. Furthermore, combined with previous studies [4,26,47], the level of CCD could be divided into four stages and ten sub-types, as shown in Table 3.




2.3.3. The Dynamic Coupling Coordination Degree Model


In order to reflect the dynamic coupling of industrial structure and atmospheric environment, we further constructed the dynamic coupling coordination degree model (DCCDM), considering the dynamic and periodic characteristics of the entire system [4,54]. Based on the general system theory, the evolution equations of this compound system were expressed as [45,55]:


  A =     d f  I    d t   =    γ 1  f  I  +  γ 2  g  A  ,      V A  =     d A   d t   ,  



(8)






  B =     d g  A    d t   =    δ 1  f  I  +  δ 2  g  A  ,      V B  =     d B   d t   ,  



(9)




where A and B are the evolution states of the industrial structure (IS) system and the atmospheric environment (AE) system under their internal and external factors, respectively; VA and VB denote the evolutionary speed of the IS system and the AE system, as affected by internal and external factors;    γ 1    and    γ 2   ,    δ 1    and    δ 2    represent the influence coefficients of the system.



In the whole compound system, A and B interact with each other, and each system’s change would lead to the change of the whole system. VA and VBare functions of the evolutionary speed of the whole system; thus, we obtained V = f (VA, VB), where VA and VB were regarded as control variables. This meant that the coordinated coupling relationship between the IS system and the AE system could be examined by observing the changes in V.



Based on the S-shaped mechanism of sustainable development [56], it could be supposed that the dynamic relationship between IS and AE changed periodically. Therefore, in each cycle, as the changes of V were caused by VA and VB, we could analyze V by projecting the evolution trajectories of VA and VB in a two-dimensional plane. Then, the trajectory of V formed an ellipse in the coordinate system (Figure 3).



The intersection angle between VA and VB satisfied the formula   t a n α =  V A  /  V B   , thus we got the  α  as follows:


  α = a r c   tan (  V A  /  V B  ) ,  



(10)




where   α   denotes the coupling degree, and its value determined the evolutionary state of the whole system and the coupling degree of coordinated development [4,45]. Obviously, in an evolutionary cycle, the whole system would go through four phases: low-grade symbiosis phase (Ⅰ), harmonious development phase (Ⅱ), utmost development phase (Ⅲ), and high-grade symbiosis phase (Ⅳ), as shown in Figure 3a and Table 4.






3. Results and Discussions


3.1. Analysis of the Industrial Structure and Atmospheric Environment Systems


Table 1 and Table 2 displayed index weight coefficients of industrial structure and air environment system, respectively. According to the final weight coefficient in Table 1, it was exhibited that in the second level indicator, industrial structure innovation index (0.358) > industrial structure quality index (0.339) > industrial structure level index (0.304). This implies the innovation and upgrading of industrial structure had the most important influence on the whole industrial structure system. In the primary indicator, the top five index weight coefficients were listed as follows: proportion of research and development (R&D) expenditure in Gross Domestic Product (GDP) (0.108) > Energy consumption per unit of GDP (0.089) > the added value of high-tech industry accounts for the proportion of industries above scale (0.088) > proportion of tertiary industry output to GDP (0.087) > number of patent applications granted (0.086). The five coefficients accounted for 0.458 of the total weight coefficients, reflecting the positive impact of industrial structure innovation, technological progress, and the tertiary industry’s improvement made positive impact on the whole industrial structure system.



In the atmospheric environment system (Table 2), we found that atmospheric environment state index (0.409) > atmospheric environment pressure index (0.316) > atmospheric environment response index (0.275) in the second level indicator. This reflects that the urban ambient air quality had the most important effect on the whole atmospheric environment system, so urban residents had higher pursuit for better living environment and favorable air quality. Furthermore, the top five index weight coefficients were: Particulate Matter 2.5 concentration (0.107) > investment in environmental pollution control (0.099) > volume of smoke and dust emission (0.093) > waste gas treatment facilities of unit industrial output (0.091) > green coverage in built-up areas (0.085), which accounted for 0.475 of the total weight coefficient. This indicates that PM2.5 as a primary pollutant made a huge impact on urban air environment system, and the air pollution control and treatment played a positive and important role in the whole atmospheric environment system.




3.2. Variations of Comprehensive Level of Industrial Structure and Atmospheric Environment Systems


According to Equations (3) and (4), we got the final comprehensive scores of industrial structure and atmospheric environment system of the 11 prefecture-level cities in Zhejiang from 2006 to 2017, as seen in Figure 4 and Figure 5.



From 2006 to 2017, the comprehensive level of the industrial structure system of 11 cities displayed a trend of stable increase (Figure 4a). Among them, Hangzhou, the provincial capital in Zhejiang, was the highest, increasing from 0.363 in 2006 to 0.922 in 2017, with an average annual growth rate of 8.88%. In recent years, Hangzhou has pushed deeper reconciliation of the Internet, big data, artificial intelligence, and the real economy, promoted deeper integration of advanced manufacturing and the modern service industry, accelerated the transformation of old growth drivers, and promoted the continuous upgrading of industrial systems [58]. Thus, Hangzhou had the highest score of industrial structure innovation subsystem in Zhejiang (Figure 4b,c). Quzhou, which had the lowest industrial structure score, increased from 0.128 in 2006 to 0.375 in 2017, with an average annual growth rate of about 4.45%. The 12-year average ranking score of each city from high to low was: Hangzhou > Ningbo > Wenzhou > Zhoushan > Taizhou > Shaoxing > Jiaxing > Jinhua > Huzhou > Lishui > Quzhou. At the same time, the ranking results of cities in different years also varied. It was noteworthy that Zhoushan, an island city, had a high comprehensive score in industrial structure, ranking fourth in the whole province, mainly due to its developed tertiary industry (tourism dominated), lower secondary industry, and energy consumption. It was incorporated into the National New Area Construction in 2011, which had mainly developed the blue ocean economy and high-tech industries [59].



Similarly, as shown in Figure 5, the comprehensive level of atmospheric environment in Zhejiang demonstrated a trend of fluctuation and transition during 2006–2017, which was different from the changing features of industrial structure system. This phenomenon was mainly attributed to the fluctuation of the air environment quality and the instability of pollution control [58]. In general, the comprehensive value of each city was mainly distributed between 0.3 and 0.8, and the change in a single city was not obvious, reflecting that the changing difference was smaller than that of the industrial structure system. The 12-year average ranking of each city’s score, from high to low, was: Lishui > Zhoushan > Taizhou > Quzhou > Wenzhou > Shaoxing > Jinhua > Huzhou > Jiaxing > Ningbo > Hangzhou. Because of the good natural conditions (good vegetation in an island or mountainous city) and less-polluted industrial structures, Lishui and Zhoushan had the highest atmospheric environment scores in Zhejiang, at 0.732 and 0.698, respectively. In contrast, cities with more developed economies and higher levels of industrial development scored lower in the atmospheric environment system, such as Hangzhou and Ningbo. High emissions of atmospheric pollutants and poor air quality were the main characteristics of these cities. Meanwhile, the realization of high-quality regional economic development and the construction of a better ecological environment was also a serious challenge for these cities [28,29].




3.3. Variations in CCD of IS and AE Systems


The coupling coordination degree represented the coordinated development behavior of the integrated IS and AE system. Figure 6 shows the spatial distribution of 11 cities by coupling coordination degree type, according to the stages defined in Table 3.



The results showed that:




	(1)

	
There was no serious uncoordinated city in the whole province during 2006–2017, which meant that the relationship between industrial structure and atmospheric environment system in Zhejiang generally maintained a benign development situation. Influenced by the natural environment near the sea, Zhejiang’s overall air circulation was strong and the perennial rain was sufficient, thus the air environment quality of each city was better than that of the whole country. Meanwhile, as a major province of private economy, Zhejiang had been constantly optimizing its industrial structure and gradually developing towards diversification, internationalization, and modernization. The IT industry, electronic equipment, and biological medicine industries had become the main development direction of the secondary industry, and the chemical industry, steel, cement, and other gas-related industries with high pollution had been gradually phased out [60];




	(2)

	
Hangzhou, Ningbo, and Wenzhou took the lead in realizing the transformation from barely coordinated development to superior coordinated pattern, in 2016, 2017, and 2017, respectively. The three cities had the highest levels of economic development in Zhejiang, leading the industrial transformation and upgrading of Zhejiang. Due to the implementation of beautiful Zhejiang construction and air pollution control, the capital input for air environment control in the three cities had been continuously increased, pollutant emission had been gradually reduced, and the effect of air quality improvement had begun to be obvious. The optimized industrial structure and the continuously improved atmospheric environment system embody the superior coordinated pattern;




	(3)

	
Shaoxing, Jinhua, Taizhou, Zhoushan, Lishui, and Quzhou remained at the stage of barely coordinated development. Moreover, the comprehensive level of industrial structure in these six cities was always lower than the atmospheric environment system score. This means that these six cities are facing a more severe challenge of industrial structure upgrading and optimization. For example, Shaoxing, Taizhou, and Jinhua are the leading textile, steel, cement, metallurgy, and power industries in Zhejiang province, the proportion of high-tech industry is relatively low, as well as the research and development (R&D) input and new product output. Therefore, these cities need to make more efforts in optimizing the industrial structure to meet the arrival of the superior coordinated stage [33];




	(4)

	
Jiaxing and Huzhou realized the transformation from slightly uncoordinated development to barely coordinated development after 2007. As shown in Figure 4b, in 2006, the proportion of the secondary industry in Jiaxing and Huzhou exceeded 50%, the proportion of the fixed assets investment in the secondary industry was nearly 60%, and the high proportion of the high-pollution industries, such as chemical fiber, clothing, energy and power, cement and steel aggravated the pollutant emissions. This was the main reason why the two systems were located in a slightly uncoordinated development state. Since the 12th five-year plan, the industrial structure of Jiaxing and Huzhou has been continuously upgraded, the equipment manufacturing industry and strategic emerging industries have been developed rapidly, new energy, new materials, and new technologies have emerged, enterprises with outdated production capacity have been eliminated, pollution emissions have been reduced, and the air environment has been greatly improved [33].










3.4. Variations in DCCD and Evaluation of the Coordinated Pattern


The fitting equations in Table 5 were acquired based on the nonlinear fitting of the scores of comprehensive levels of the IS and AE system of every city in Zhejiang province. VA and VB of the IS and the AE of each city were obtained by calculating Equations (8) and (9) for further processing. Finally, the dynamic coupling coordination degrees of the IS and AE of 11 cities from 2006 to 2017 were obtained through Equation (10). Figure 7 displays the evolution characteristics of dynamic coupling coordination degree of different cities.



As shown in Figure 7, the DCCD phase of 11 cities could be roughly divided into three types:




	(1)

	
Upgraded—utmost development type, only Hangzhou. The phase of DCCD shifted from the harmonious development phase to the utmost development phase after 2016. Since the G20 summit, Hangzhou’s air environment improved drastically, with stricter emissions of air pollutants and more steady improvement in air quality [61,62]. As shown in Figure 5, after 2016, Hangzhou surpassed Ningbo and Jiaxing in the comprehensive score of the atmospheric environment system. Relying on the upgraded industrial structure of the service industry and digital economy industry in Hangzhou, its harmonious relationship between the atmospheric environment system is gradually developing into a positive direction;




	(2)

	
Stable—harmonious development type, including Wenzhou, Lishui, and Zhoushan. These cities are in the stage of harmonious development phase with 0° < α < 90°. With the specific weight of secondary and tertiary industries rising, the contradiction between the transformation process of IS and the AE has become increasingly prominent and intensified [63]. Among them, industrial pollution in Wenzhou is more serious, which has a greater impact on the air environment system. Lishui and Zhoushan have better air environment systems, but relatively backward industrial structure and technology, which has potential development risks;




	(3)

	
Transitional—harmonious development type, including the remaining seven cities. These cities have gone through a transition from low-grade symbiosis to the harmonious development stage. During 2006–2007, Ningbo, Shaoxing, and Jiaxing were in the stage of low-grade symbiosis, with the industrial structure leading by the secondary industry, resulting in the increase of air pollutant emissions and environmental pressure. After 2008, Ningbo, Shaoxing, and Jiaxing entered into the harmonious development phase, and the contradiction between the transformation process of IS and the AE became increasingly prominent and intensified. Apparently, the time span of these features varied in other cities;




	(4)

	
No city has yet entered the stage of high-grade symbiosis. This signifies that there is still a long way before Zhejiang realizes the mutual promotion of industrial structure and atmospheric environment and the advanced coordinated co-development. How to take the air environment as an important factor to attract scientific and technological talents in the future, promote the concentration of talents and technologies, and improve the quality of regional industrial structure is one of the problems that Zhejiang needs to explore and solve in the next stage, especially in the coming 14th five-year plan (2021–2025).









Additionally, considering the limitations of the study period (12 years), there was no typical S-shaped curve in the IS and AE integrated system, which was different from the urbanization and eco-environmental system [45] and the industrial structure and eco-environmental system [4].




3.5. Policy Implication


Based on the above analysis, the following strategies could be adopted for relevant government departments:




	(1)

	
Develop differentiated regional optimization strategies. It could be seen from the previous analysis that both industrial structure and atmospheric environment system scores and the coupling and coordination degree of 11 cities had certain spatial differences. Figure 8 shows the distribution results of 12-year averages of IS and AE comprehensive score of 11 cities. On the basis of the distribution points, the 11 cities could be classified into four types: (Ⅰ) double fine city, only Wenzhou. In the future, Wenzhou should keep the coordinated pace of industrial structure optimization and air environment improvement; (Ⅱ) IS lag-behind city, including Quzhou, Lishui, Taizhou, and Zhoushan; the latter two cities tended to be closer to the double fine city class. In the future, we need to intensify the upgrading of industrial structure and increase investment in scientific and technological innovation; (Ⅲ) double backward city, including Jiaxing, Huzhou, Shaoxing, and Jinhua. These four cities are in the critical period of industrial restructuring, so they need to increase capital investment in technological innovation and resolutely implement the prevention and control of air pollution; (Ⅳ) AE lag-behind city, Hangzhou and Ningbo were listed in this class. As a result, they are obliged to improve their atmospheric environment actively and take the path of sustainable development;




	(2)

	
Eliminate backward industries and reduce the proportion of high-polluting industries. For most cities in Zhejiang, the key task in the next stage is to continue to adjust and upgrade the industrial structure to usher into a high-grade symbiosis phase. Government departments need to increase investment to transform traditional industries, strictly implement the 13th five-year plan (2016–2020) for the prevention and control of industrial pollution in Zhejiang, which came into effect in 2016, and carry out the rectification of heavy-polluting industries, such as steel, cement, lead batteries, electroplating, printing and dyeing, paper-making, leather-making, and chemical industry. In particular, they need to strictly control the production capacity of “high-pollution and high-emission” industries. For instance, urban iron and steel enterprises should effectively adopt such methods as complete closure, transformation and development, local transformation, and overseas relocation to promote transformation and upgrading. Meanwhile, effective air pollution control and strict environmental impact assessments must be carried out before the approval of any new projects in the whole province [53];




	(3)

	
Open up channels for scientific and technological innovation and add impetus to development. There are two dimensions of technological innovation: one is technological innovation of enterprises, through the research and development investment of new technologies and products to reduce the emission of pollutants; the other is technological innovation of atmospheric pollution control, fully co-opting and relying on the regional complex atmospheric pollution control technologies, such as power plant ultra-low emissions technology, coal-fired power plants to take off the white organic waste gas treatment technology. Many advanced applicable treatment technologies and process equipment have been developed and utilized effectively to pursue good social and ecological benefits. In fact, the government actively supports the cultivation of a number of internationally competitive large-scale leading enterprises in energy conservation and environmental protection, supports the development of enterprises’ technological innovation capacity, speeds up the acquisition of major key core technologies, and promotes the industrialization, dissemination, and application of key technologies and equipment for air pollution control.









In addition, other necessary air pollution prevention programs need to be strengthened continuously. In July 2018, Zhejiang province released the “Three-year Action Plan to Win the Blue-Sky Defense War”, which specifically required the province to ban the addition of new chemical parks, intensify the renovation of existing chemical parks. That has significantly reduced the total emission of major air pollutants and enhanced people’s sense of blue-sky happiness.





4. Conclusions


Research on the interaction between industrial structure and environmental system is not only an important part of sustainable economic development, but also a vital foundation for guiding regional industrial structure’s adjustment and formulating environmental policies. In this study, the CCDM and DCCDM were established to evaluate the coupling coordinated relationship between industrial structure and atmospheric environment integrated system, with 11 prefecture-level cities in Zhejiang province as the case.



From 2006 to 2017, the comprehensive level of industrial structure system of the 11 cities showed a trend of stable increase, while the comprehensive level of atmospheric environment demonstrated a trend of fluctuation and transition. Because of the spatial differences among the different cities, we put forward the differentiated regional development strategy, and the 11 cities could be classified into four types: (Ⅰ) double fine city, (Ⅱ) IS lag-behind city, (Ⅲ) double backward city, and (Ⅳ) AE lag-behind city. Various types of cities need to take targeted measures to optimize the industrial structure and improve the air environment.



The coupling coordination degree (CCD) analysis results found that Hangzhou, Ningbo, and Wenzhou took the lead in realizing the transformation from barely coordinated development to superior coordinated pattern, while other cities were still in the stage of barely coordinated development. Fortunately, there was no seriously uncoordinated city in the whole province.



During the study period, the DCCD phase of 11 cities could be roughly divided into three types: upgraded—utmost development type (only Hangzhou), stable—harmonious development type (Wenzhou, Lishui, and Zhoushan), and transitional—harmonious development type (the remaining seven cities). This means for most cities the contradiction between the transformation process of IS and the AE has become increasingly prominent and intensified.



Given the limitations of the study period, there was no typical S-shaped curve in the IS and AE integrated system, differing from urbanization and the eco-environmental system. Future research can expand the time span of the research area, further reveal the coupling and coordinated evolution law between industrial structure and the atmospheric environment system, and provide support for the development of regional ecological civilization and the upgrading of industrial structure. Additionally, this study lacked in-depth discussion on the process mechanism from the pollution industry perspective. Further study should explore the process mechanism of coupling coordination by quantitatively analyzing their relationship.
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Figure 1. Indicators of industry structure and waste gas discharged in Zhejiang province during 1990–2017. 
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Figure 2. Interaction mechanism between industrial structure and atmospheric environment system. 
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Figure 3. The coupling evolving process between the industrial structure and atmospheric environment system. Note: (a) expresses the coordination degree and coordination phase; (b) expresses the spiral subordination relationship. (Source: references [45,57]). 
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Figure 4. Trends in the comprehensive level of industrial structure in Zhejiang 11 cities. (Note: ISL, ISQ, and ISI represent the score of industrial structure level, industrial structure quality, and industrial structure innovation, respectively; (a) represents the variation characteristics of each city from 2006 to 2017; (b) represents the each city’s three industrial structure subsystem scores in 2006; (c) represents the each city’s three industrial structure subsystem scores in 2017). 
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Figure 5. Trends in the comprehensive level of atmospheric environment in Zhejiang 11 cities. (Note: AEP, AES, and AER represent the score of atmospheric environment pressure, atmospheric environment state, and atmospheric environment response, respectively; (a) represents the variation characteristics of each city from 2006 to 2017; (b) represents the each city’s three atmospheric environment subsystem scores in 2006; (c) represents the each city’s three atmospheric environment subsystem scores in 2017). 
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Figure 6. The spatial distribution of coupling coordination degree (CCD)’s evolutionary stages in Zhejiang in 2006–2017. 
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Figure 7. The dynamic coupling coordination degree model (DCCDM) value between the IS and AE systems in Zhejiang 11 cities. 






Figure 7. The dynamic coupling coordination degree model (DCCDM) value between the IS and AE systems in Zhejiang 11 cities.



[image: Sustainability 12 01278 g007a][image: Sustainability 12 01278 g007b]







[image: Sustainability 12 01278 g008 550] 





Figure 8. Rankings in IS and AE systems of 11 cities in Zhejiang province. (Note: 1. Hangzhou, 2. Ningbo, 3. Wenzhou, 4. Jiaxing, 5. Huzhou, 6. Shaoxing, 7. Jinhua, 8. Quzhou, 9. Zhoushan, 10. Taizhou, 11. Lishui). 
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Table 1. Comprehensive indicator system of industrial structure.
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Second Level Indicator

	
SEW1

	
MSD1

	
W1

	
Primary Indicator

	
SEW2

	
MSD2

	
W2

	
W3

	
Effect






	
Industrial Structure Level

	
0.296

	
0.311

	
0.303

	
Gross domestic product (GDP) per capita (Yuan)

	
0.228

	
0.266

	
0.247

	
0.075

	
Positive




	
Proportion of secondary industry output to GDP (%)

	
0.206

	
0.246

	
0.226

	
0.068

	
Negative




	
Proportion of tertiary industry output to GDP (%)

	
0.332

	
0.237

	
0.285

	
0.087

	
Positive




	
Proportion of tertiary industry employment (%)

	
0.234

	
0.251

	
0.242

	
0.073

	
Positive




	
Industrial Structure Quality

	
0.369

	
0.309

	
0.339

	
Proportion of secondary industry investment (%)

	
0.212

	
0.268

	
0.240

	
0.081

	
Negative




	
Proportion of tertiary industry investment (%)

	
0.237

	
0.236

	
0.236

	
0.080

	
Positive




	
The added value of high-tech industry accounts for the proportion of industries above scale (%)

	
0.266

	
0.254

	
0.260

	
0.088

	
Positive




	
Energy consumption per unit of GDP

	
0.285

	
0.242

	
0.264

	
0.089

	
Negative




	
Industrial Structure Innovation

	
0.335

	
0.380

	
0.358

	
Number of research and development (R&D) personnel (10,000 people)

	
0.188

	
0.261

	
0.225

	
0.080

	
Positive




	
Proportion of R&D expenditure in GDP (%)

	
0.336

	
0.268

	
0.302

	
0.108

	
Positive




	
Number of patent applications granted

	
0.261

	
0.221

	
0.241

	
0.086

	
Positive




	
Output value of high and new technology industry

	
0.215

	
0.249

	
0.232

	
0.083

	
Positive








Note: SEW denotes the calculation results of the Structure Entropy Weight method; MSD represents the weight coefficient of Mean Squared Deviation method; W1, W2 denote the average weight of SEW and MSD at the corresponding level; W3 is the result of W1 × W2, the final weight of each indicator.
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Table 2. Comprehensive indicator system of atmospheric environment.
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Second Level Indicator

	
SEW1

	
MSD1

	
W1

	
Primary Indicator

	
SEW2

	
MSD2

	
W2

	
W3

	
Effect






	
Atmospheric Environment Pressure

	
0.258

	
0.374

	
0.316

	
Total volume of waste gas emission (100 million standard cubic meters)

	
0.237

	
0.272

	
0.255

	
0.081

	
Negative




	
Volume of sulfur dioxide emission (10,000 tons)

	
0.201

	
0.214

	
0.207

	
0.065

	
Negative




	
Volume of nitrogen oxide emission (ton)

	
0.248

	
0.238

	
0.243

	
0.077

	
Negative




	
Volume of smoke and dust emission (10,000 tons)

	
0.314

	
0.276

	
0.295

	
0.093

	
Negative




	
Atmospheric Environment State

	
0.453

	
0.365

	
0.409

	
Sulfur dioxide concentration (μg/m3)

	
0.174

	
0.205

	
0.190

	
0.078

	
Negative




	
Nitrogen dioxide concentration (μg/m3)

	
0.191

	
0.193

	
0.192

	
0.078

	
Negative




	
Particulate Matter 10 concentration (μg/m3)

	
0.173

	
0.193

	
0.183

	
0.075

	
Negative




	
Particulate Matter 2.5 concentration (μg/m3)

	
0.320

	
0.203

	
0.262

	
0.107

	
Negative




	
Good air quality rate

	
0.142

	
0.206

	
0.174

	
0.071

	
Positive




	
Atmospheric Environment Response

	
0.289

	
0.261

	
0.275

	
Investment in environmental pollution control

	
0.453

	
0.265

	
0.359

	
0.099

	
Positive




	
Waste gas treatment facilities of unit industrial output

	
0.246

	
0.414

	
0.330

	
0.091

	
Positive




	
Green coverage in built-up areas

	
0.301

	
0.321

	
0.311

	
0.085

	
Positive
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Table 3. Evolutionary stages of coupling coordination degree between the industrial structure (IS) and atmospheric environment (AE) Systems.
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Division of Development Stages

	
D

	
Coordination Types






	
Seriously uncoordinated development

[0.0, 0.3]

	
0.0 ≤ D < 0.1

	
Extremely uncoordinated development




	
0.1 ≤ D < 0.2

	
Seriously uncoordinated development




	
0.2 ≤ D < 0.3

	
Intermediate uncoordinated development




	
Slightly uncoordinated development

[0.3, 0.5]

	
0.3 ≤ D < 0.4

	
Slightly uncoordinated development




	
0.4 ≤ D < 0.5

	
On the verge of coordinated development




	
Barely coordinated development

[0.5, 0.8]

	
0.5 ≤ D < 0.6

	
Barely coordinated development




	
0.6 ≤ D < 0.7

	
Slightly coordinated development




	
0.7 ≤ D < 0.8

	
Intermediate coordinated development




	
Superior coordinated development

[0.8, 1.0]

	
0.8 ≤ D < 0.9

	
Favorable coordinated development




	
0.9 ≤ D < 1.0

	
Quality coordinated development
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Table 4. The dynamic coupling coordination degree (DCCD) evolutionary process of the whole system.






Table 4. The dynamic coupling coordination degree (DCCD) evolutionary process of the whole system.





	Phase
	System Status
	Range of α
	Performance





	Ⅰ
	Low-grade symbiosis phase
	−90° < α ≤ 0°
	The upgrading process of urban industrial structure was slow. During this period, the IS system started to exert pressure on the AE. Contradiction between the IS and the AE system appeared, but was not yet obvious.



	Ⅱ
	Harmonious development phase
	0° < α ≤ 90°
	The trend of upgrading and optimizing IS system was gradually emerging. With the proportion of secondary and tertiary industries rising, the contradiction between the transformation process of IS and the AE had become increasingly prominent and intensified.



	Ⅲ
	Utmost development phase
	90° < α ≤ 180°
	The industrial structure was undergoing rapid transformation and upgrading. Human beings took various measures to reconcile the contradiction between the IS and the AE. Through the constant adjustment and optimization of all the elements in the whole system, the coupling coordination relationship between them was developing into a benign process.



	Ⅳ
	High-grade symbiosis phase
	−180° < α ≤ −90°
	The relationship between the IS and the AE converted from serious interactive coercion to mutual promotion. The whole system tended to reach high-grade coordinated development.
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Table 5. Curve fitting of development trend between IS and AE systems in Zhejiang 11 cities.






Table 5. Curve fitting of development trend between IS and AE systems in Zhejiang 11 cities.





	City
	Curve Fitting of IS System
	R2
	City
	Curve Fitting of AE System
	R2





	Hangzhou
	I = −8E−05x3 + 0.0024x2 + 0.0323x + 0.3267
	0.999
	Hangzhou
	A = 0.0008x3 − 0.0143x2 + 0.0885x + 0.2097
	0.841



	Ningbo
	I = −0.0005x3 + 0.0097x2 + 0.0031x + 0.2087
	0.992
	Ningbo
	A = 8E−05x3 + 0.0011x2 − 0.0064x + 0.3854
	0.934



	Wenzhou
	I = −8E−05x3 + 0.0025x2 +0.0149x + 0.2118
	0.994
	Wenzhou
	A = 9E−05x3 − 0.0001x2 + 0.0018x + 0.5301
	0.747



	Jiaxing
	I = −0.0003x3 + 0.0074x2 − 0.0047x + 0.1204
	0.997
	Jiaxing
	A = 0.0043x3 − 0.008x2 + 0.0454x + 0.4128
	0.650



	Huzhou
	I = −0.0002x3 + 0.0046x2 + 0.0016x + 0.1182
	0.988
	Huzhou
	A = 0.0005x3 − 0.0076x2 + 0.0371x + 0.4697
	0.803



	Shaoxing
	I =5E−05x3 − 0.0009x2 + 0.0375x + 0.0986
	0.994
	Shaoxing
	A = 0.001x3 − 0.0168x2 + 0.0788x + 0.4456
	0.773



	Jinhua
	I = −0.0001x3 + 0.0027x2 + 0.0102x + 0.1513
	0.995
	Jinhua
	A = 0.0005x3 − 0.0081x2 + 0.0426x + 0.4489
	0.832



	Quzhou
	I = −0.0002x3 + 0.0042x2 − 0.0078x + 0.1336
	0.995
	Quzhou
	A = 0.0007x3 − 0.011x2 + 0.0322x + 0.6561
	0.787



	Zhoushan
	I = −0.0002x3 + 0.0053x2 − 0.0158x + 0.3188
	0.979
	Zhoushan
	A = −3E−05x3 + 0.0005x2 + 0.0062x + 0.6453
	0.881



	Taizhou
	I = −0.0001x3 + 0.0028x2 + 0.0081x + 0.1910
	0.995
	Taizhou
	A = −0.0001x3 + 0.0039x2 − 0.0213x + 0.6332
	0.887



	Lishui
	I = −0.0002x3 + 0.0046x2 − 0.0157x + 0.1897
	0.995
	Lishui
	A = 0.0006x3 − 0.01x2 + 0.0508x + 0.65
	0.840







Notes: x denotes time. I denote the comprehensive level of industrial structure as f(I). A represents the comprehensive level of atmospheric environment g(A).
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