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The spatial auto-correlation analysis approach is used to examine the agglomeration features and geographical correlation of industrial agglomeration and pollutant discharge using 91 prefecture-level cities in the Yellow River Basin from 2005 to 2020 as the research target. The Yellow River Basin and the upper, middle, and lower reaches were investigated for the effects of industrial agglomeration on industrial pollution emissions. The Dubin model of the spatial panel is used to investigate the drivers of industrial pollution from both indirect effects and direct effects. The findings indicated that ① the spatial pattern of industrial pollution agglomeration and industrial agglomeration in the Yellow River Basin has spatial convergence; ② the global clustering characteristics of industrial pollution in the Yellow River Basin are apparent. The global correlations of the three pollutants are industrial wastewater > industrial smoke and dust > industrial SO2; there is a spatial association between industrial agglomeration and pollution agglomeration, and there are differences in the spatial interconnection between industrial agglomeration and the accumulation of different pollutants; ③ from the overall point of view of the Yellow River Basin, industrial agglomeration will reduce the pollution levels of industrial wastewater, industrial SO2, and industrial smoke and dust. From the perspective of different regions, industrial agglomeration in the upper, middle, and lower reaches is conducive to the decline of industrial pollution, and the role is in the middle, downstream, and upstream in order from large to small; and ④ the Yellow River Basin’s industrial pollution is primarily caused by population agglomeration, industrial structure, environmental regulation, opening to the outside world, and economic development. Their effects on industrial wastewater, industrial SO2, industrial smoke, and dust pollution vary.
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1 INTRODUCTION
Since the reform and opening up, China’s industrial development has reached a stage of rapid development. It has effectively facilitated the rapid economic growth of the country. However, fostering economic growth, the long-term extended industrial development model has also produced a significant amount of industrial pollutants, causing serious damage to the ecological environment (Ji and Zhou, 2020). Under severe pressure, this industrial development model obviously does not conform to the ecological development concept of “lucid waters and lush mountains are invaluable assets” in the context of the new era (Lu and Sun, 2019). Some existing studies on the link between industrial pollution and health status show that industrial pollution will not only produce bronchitis and kidney disease, potentially jeopardizing the occupants’ physical and mental well-being (Rahman et al., 2021; You, 2022), but also hinder economic augmentation and social steadiness (Yan and Cao, 2020). As a result, in an effort to address the serious issue of industrial pollution, the Chinese government has put in place a number of strict policies to limit environmental pollution (CPGPRC, 2013; Xinhua, 2015). The Yellow River Basin (YRB) is a crucial ecological protective screen and economic zone in China, and it is also a crucial location to win the war against poverty (Lu et al., 2021). It is a highly vital region for China’s economic, social, and ecological development (Xi, 2019). Industrial agglomeration effectively promotes the YRB’s flourishing social and economic environment and also leads to pollution agglomeration (Yang et al., 2020). In order to establish a scientific foundation for industrial pollution control in the YRB, it is vital to investigate the spatial correlation between industrial agglomeration and pollution discharge in the YRB and its affecting elements.
The YRB stretches across the three strategic regions of China’s east, west, and middle (Song and Zhang, 2020). It is an essential ecological protection district in China and a crucial spatial carrier for China’s economic and social progress (Lu et al., 2021). In October 2021, General Secretary Xi Jinping presided over the “symposium on in-depth promotion of ecological protection and high-quality development in the Yellow River Basin” in Jinan and delivered a great speech (Xinhua, 2021), pointing out that environmental preservation and superior development are neither separate from each other, nor are they confrontational and conflicting. Still, they are inherently unified and mutually reinforcing (Xinhua, 2021). However, the ecology of the YRB is vulnerable, the quality of development needs to be improved, and it faces serious environmental pollution problems (Jin, 2019). At present, the research on environmental pollution in the YRB chiefly focuses on water pollution, air pollution, and soil pollution. Bai believes that the distribution of water pollutant emissions is consistent with the pattern of economic development. The stepped distribution pattern is particularly prominent in the upstream, midstream, and downstream regions, and the primary water pollutant emissions show a pronounced spatial agglomeration influence. The characteristics of pollution agglomeration in the lower and middle reaches of the basin are particularly obvious (Bai et al., 2020). Teng described the spatial evolution pattern of two types of typical air pollutants, industrial SO2 and PM2.5 in the YRB, and realized that the air pollution in the YRB has significant agglomeration and correlation characteristics, showing a gradient of decreasing agglomeration pattern from southeast to northwest. Compared with SO2 pollution, PM2.5 pollution has a broader distribution and stronger spatial correlation (Teng et al., 2021). Liu believes that the quality of the soil environment in the YRB is generally good, but the soil environment in some areas is not optimistic. It is suggested that in view of the fact that the soil pollution risk prevention and control system in the YRB is not perfect and the management foundation is weak, which comprehensively improve the ability of soil environmental supervision and implement soil pollution risk zoning control (Liu et al., 2021). From the 1990s to the present, numerous studies have supported the hypothesis that the “Kuznets curve” shows an inverted “U" link between environmental quality and economic development (Liang et al., 2019; Du and Xie, 2020). With the rapid economic growth, environmental pollution has gradually increased, and industrial pollution has become the focus of domestic and foreign scholars (Grossman and Kreuger, 1995). Numerous research projects have been conducted on the spatio-temporal pattern of industrial pollution (Wu et al., 2020), influencing factors (Li et al., 2019), industrial pollution and economic growth (Zhou et al., 2020), industrial pollution and environmental regulation (Jia and Zhao, 2012), industrial pollution and industrial agglomeration (Yang, 2018). The research methods include geographically weighted regression (Feng et al., 2020), spatial econometric models (Hu et al., 2016), spatial auto-correlation (Li et al., 2019), and barycentric shift curves (Zhao et al., 2014), the STIRPAT model (Liu et al., 2015), and the Log-Mean Divisia Index (LMDI) diesel decomposition model (Geng et al., 2014). At present, there are few studies on industrial pollution in the YRB. Li found that industrial pollution presents a “high in the east and low in the west” spatial distribution pattern, and from west to east, the basin is divided into highly low-value areas, low-value areas, high-value areas, and extremely high-value areas of pollution emissions (Li, 2021). Previous studies have fully explained the spatial and temporal distribution and contributing factors of various pollutants in the YRB (Ding et al., 2022); however, most of them have only analyzed the pollution problem alone, and there are fewer studies consider industrial agglomeration and pollution emissions.
At present, there has not been much research done on the connection between industrial clusters and pollution emissions, and the academic community has not yet formed a consensus on the link between the two. The following are three representative views: first, industrial encroachment increases local pollutant emissions (Chen C. et al., 2020); second, industrial agglomeration reduces regional pollution emissions (Fang et al., 2020); third, the connection between industrial clusters and emissions of industrial pollution is uncertain (He et al., 2014; Shen and Peng, 2021). In addition, prior research focused on the relationship between industrial agglomeration and individual pollutants (Li B. G. et al., 2021; Li and Han, 2022), and a few scholars from the whole country (Hu et al., 2018), urban agglomerations (Jia et al., 2020), and other administrative divisions conducted a comprehensive study of the geographical association between industrial clusters and different pollutants, but there are still gaps in the literature for the study of the YRB. So, for the YRB, where industrialization is currently accelerating, is there spatial convergence between industrial agglomeration and pollution agglomeration? Whether the two have a spatial correlation at the municipal scale? What are the different influences of industrial agglomeration on the discharge of different types of industrial pollutants? The study of the spatial relationship between industrial agglomeration and industrial pollution emissions in the YRB is helpful to clarify the spatial link between industrial agglomeration and pollution emissions here (Wu et al., 2021). It is really important for the logical formulation of regional emission reduction measures, the reduction of industrial pollution emissions, and the promotion of green and excellent development in the YRB (Ma and Xu, 2020).
In addition, considering that the YRB spans a large area, the degree of socioeconomic development, as well as the biological and topographical factors, vary by region, it is yet unclear how industrial agglomeration would affect the levels of industrial pollution in those areas. Divide the YRB into parts and study the correlation between industrial agglomeration and industrial pollution in the middle, lower, and upper reaches of the YRB, so as to fully understand whether the current YRB environmental management policy is reasonable. Policies should be enacted according to local circumstances (Wang et al., 2022), and accurate identification of the economic and social causes of industrial pollution in the YRB is the premise for rationally formulating and effectively implementing pollution control policies.
The novelty of this study is primarily seen in the following: first, under the YRB’s setting of environmental protection and high-quality advancement (Xinhua, 2021), there has been a lot of interest in the studies on environmental pollution in the YRB. At present, most of the existing studies only analyze pollution problems alone, while there are still few studies considering industrial agglomeration and pollution agglomeration. This article conducts a comprehensive study on the spatial relationship between industrial agglomeration and various pollutants in the YRB, which is not available in previous studies. Second, considering that the YRB spans a large area, we analyze the link between industrial agglomeration and industrial wastewater, industrial SO2, and industrial smoke and dust pollution in the upper, lower, and middle reaches of the YRB. Further regional heterogeneity analysis is helpful for the government to take into account the variations in the key elements affecting industrial pollution in various regions when formulating and implementing pollution control measures and implementing policies based on regional circumstances.
The main goal of this research is: to use the YRB as the study subject from 2005 to 2020, using the spatial auto-correlation analysis method to explore the agglomeration features and spatial correlation of industrial agglomeration and pollution emissions, and using the space panel Dubin model to analyze the contributing factors of industrial pollution from the two aspects of direct influence and indirect effect, and how industrial agglomeration affects the discharge of industrial pollutants at different scales in the YRB as a whole and the upper, lower, and middle reaches are, respectively, explored. It offers the theoretical underpinnings and a decision-making guide for the coordinated industrial growth of the YRB, as well as cooperative pollution prevention and control.
The frame of the rest of this article is as follows: part two is the study method and data source; the third and fourth parts are the results of the empirical study, and the third part is the space of agglomeration analysis and spatial correlation analysis of industrial agglomeration and pollution by three industrial pollutants in the YRB; the fourth part is the impact of industrial agglomeration on industrial pollution discharge at different scales in the YRB as an integral and in the upper, lower, and middle reaches; and in the fifth part, the article ends with conclusions and suggestions.
2 RESEARCH DESIGN
2.1 Study area and data source
The YRB is a key area for China’s national land ecological security. It is not only the core area of the sand control belt in northern China, the ecological barrier of the Qinghai-Tibet Plateau, and the “two screens and three belts” ecological barrier pattern of the Loess Plateau, but also the birthplace of important rivers such as the Yangtze River, the Yellow River, and the Lancang River, and an important supply area for China’s freshwater resources (Jin et al., 2020). The YRB is located at 36° 45′ 14.08″ N and 117° 01′ 32.72″ E. From east to west, it is about 1900 km long, and from north to south, it is 1,100 km wide. On the premise of maintaining the integrity of provincial administrative divisions and the availability of data, this article sets the scope of the study object to be eight provinces (autonomous regions): Qinghai, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong (Li Z. J. et al., 2021). Further considering the availability of data, this article finally selects 91 prefecture-level units as the research objects and divides the study area into three major areas: the upper, lower, and middle reaches. At present, there are various ways to divide the YRB. According to the “Flood Control Plan for the Yellow River Basin” approved by the State Council in 2008 (CPGPRC, 2008), the dividing points between the upper and middle reaches of the YRB are Hekou Town, Tuoke Country, Inner Mongolia Autonomous Region; the dividing point between the lower and middle reaches is Taohuayu Town, Xingyang City, Henan Province. The Qinghai-Tibet Plateau, Inner Mongolia Plateau, Loess Plateau, and Huaihai Plain are the four geomorphic units that make up the YRB’s landscape, which gradually declines from west to east (Ma and Xu, 2020). Since the YRB is expressed as a plane rather than a line in geographical space, and considering historical, cultural, and geographical factors and the feasibility of research, the upper, lower, and middle reaches of the YRB are divided as follows: The upstream area includes 36 cities including Lanzhou, Baiyin, Zhongwei, and Hohhot; the midstream region includes 29 cities including Taiyuan, Luliang, Xi’an, Yan’an, and Zhengzhou; and the downstream region includes 26 cities including Kaifeng, Xinxiang, Jinan, Zibo, etc. (Figure 1). It is worth noting that these three sub-basins are different in terms of economic space and ecological resources. The upstream water resources are sufficient, the ecological environment is good, the population is small, and the level of economic and social development is relatively backward; the middle reaches are rich in energy resources, the ecological environment is relatively fragile, and soil erosion is more serious; the lower reaches have fertile land, developed agriculture, and a high level of social and economic development, but development is greatly restricted by the lack of water resources (Chen Y. et al., 2020).
[image: Figure 1]FIGURE 1 | Location map of the study area.
The three major pollutant discharge data, industrial data, and data on the population, land area, GDP, the comprehensive utilization rate of industrial solid waste, and actual foreign investment in each city and state used in this article are derived from the 2005–2021 “China Urban Statistical Yearbook” (NBS, 2005-2021a), the “China Regional Economic Statistical Yearbook” (NBS, 2005-2021b), and the statistical yearbooks and statistical bulletins of relevant provinces (autonomous regions, municipalities) and prefecture-level cities.
2.2 Research methods
2.2.1 Agglomeration indicators
Herfindahl index, Gini coefficient, location entropy, etc., are usually used to characterize the degree of agglomeration, but these indicators do not effectively consider spatial bias, while the geographical concentration index is considered to be an effective tool to describe industrial agglomeration and pollution agglomeration. Therefore, the geographical concentration index is used to calculate industrial agglomeration and pollution agglomeration separately:
[image: image]
In Eq. 1, recognizing that the manner in which interactions occur may vary between industrial agglomeration and pollutants in different physical forms, industrial wastewater, industrial SO2, and industrial smoke and dust are used to represent three physical forms of industrial pollutants; [image: image] indicates the t year of industrial agglomeration and pollution agglomeration in a city i; [image: image] is the industrial added value and pollution discharge of city i in the t year; [image: image] it represents the administrative area of the city i; n it is the 91 cities in the YRB.
2.2.2 Spatial statistical methods
The geographical dependency of industrial agglomeration and pollution agglomeration was examined using the univariate global Moran’s I in 91 prefecture-level cities in the YRB (Chen, 2009). The univariate Moran’s I is between -1 and 1, and the significance value is tested with a p value.
The relationship between industrial and pollution agglomerations in space in 91 prefecture-level cities in the YRB was analyzed using bivariate global Moran’s I. The bivariate global Moran’s I is between -1 and 1, and the p value is used to test the significance:
[image: image]
In Eq. 2, [image: image] is the bivariate global Moran’s I; [image: image]is the 91 prefecture-level cities in the YRB; [image: image] is the geospatial weight matrix based on Queen’s principle; [image: image]is the industrial agglomeration of the prefecture-level city i; and [image: image]is the pollution agglomeration of the prefecture-level city j.
2.2.3 Space panel Dubin model
The formation of the industrial pollution agglomeration pattern between prefecture-level cities in the YRB has a strong spatial interaction effect. If the spatial correlation between its contributing factors is ignored, the model estimation result will have a large error compared to the actual situation. The spatial lag model, the spatial error model, and the spatial Dubin model are common spatial econometric models, and the differences in the models are mainly due to the interaction terms of the spatial matrix and variables. Among the three models, the spatial Dubin model is the most standard because it not only fully accounts for the spatial correlation issues brought on by the explanatory and explained variables as well as their interactions but also has the ability to capture the spatial spillover effects of various variables. Therefore, for the sake of solving the problems of spatial dependence of spatial data, the spatial Dubin model is used in this work to analyze the data by regression, and its general formula is as follows:
[image: image]
In Eq. 3, i and j both represent urban individuals; t represents the year; [image: image] represents the estimable spatial auto-regressive relationship coefficient to assess how the dependent variable Y affects nearby spatial observations; X represents all explanatory variables; [image: image] is a geospatial weights matrix based on Queen’s principles; [image: image] is the spatial lag variable of the dependent variable; [image: image]represents the influence of the independent variable on the dependent variable (Shen and Peng, 2021); [image: image]is the coefficient of the spatial lag term [image: image] of the independent variable; [image: image] are individual fixation and time fixation, respectively; and [image: image] is a normal-distributed random error term.
3 SPATIAL PATTERN AND CORRELATION OF INDUSTRIAL AGGLOMERATION AND INDUSTRIAL POLLUTION
3.1 Spatial characteristics of the industrial agglomeration level
ArcGIS 10.8 was used to visualize the industrial agglomeration of 91 prefecture-level cities in the YRB in 2005, 2010, 2015, and 2020, respectively, (Figure 2). Using the natural fracture method, in this study, the value of an urban industrial cluster is divided into four categories, which are defined as an extremely low-value area, a low-value area, a high-value area, and an extremely high-value area, from low to high.
[image: Figure 2]FIGURE 2 | Spatial pattern of industrial agglomeration in the Yellow River Basin in 2005, 2010, 2015, 2020.
From the perspective of changing trends, the agglomeration of industrial level in the lower reaches of the YRB showed a slow downward trend from 2005 to 2020, the middle reaches expanded annually, and the upper reaches grew steadily. The high-value regions of industrial agglomeration in the YRB are chiefly concentrated in Qingdao, Zibo, and Zaozhuang in the downstream area, followed by Jinan and Weihai, etc.; the high-value regions of industrial agglomeration are chiefly distributed in Taiyuan and Zhengzhou in the middle reaches; the low-value regions of industrial agglomeration are chiefly distributed in Baiyin and Yinchuan in the upper reaches of the YRB. It is evident that the spatial pattern of industrial agglomeration in the YRB shows non-equilibrium because there are striking differences in growth policies, infrastructure, location conditions, and industrial foundations between the YRB’s high-value industrial agglomeration areas and low-value industrial agglomeration areas, causing elements such as population, funds, and technology to continuously flow from the low-value areas of industrial agglomeration to the high-value areas of industrial agglomeration (Pierson, 2000).
3.2 Spatial aggregation characteristics of the three major industrial pollutants
ArcGIS 10.8 was used to spatially visualize the three major industrial pollutants (industrial wastewater, industrial SO2, and industrial smoke and dust) and pollution agglomeration in 91 prefecture-level cities in the YRB in 2005, 2010, 2015, and 2020, respectively. As shown in the figure: there is spatial convergence in the spatial pattern of pollution agglomeration and industrial agglomeration . The areas with extremely high pollution concentrations are chiefly concentrated in Zibo and Zaozhuang in the downstream areas, and the pollution agglomeration high-value regions are around the extremely high pollution accumulation areas. Baiyin, Yinchuan, and Haidong in the upper reaches of the YRB have formed contiguous low-value areas of pollution agglomeration. The spatial distribution patterns of pollution agglomeration of the three major industrial pollutants have strong similarities with slight differences, as follows:
3.2.1 Industrial wastewater
According to the geographical distribution pattern, the industrial wastewater pollution agglomeration level in the YRB is typically high in the lower and middle reaches and low in the upper reaches (Figure 3). The extremely high-value regions are chiefly concentrated in Kaifeng, Zibo, and Zaozhuang in the downstream area, and the high-value areas are chiefly distributed in Xi’an and Taiyuan in the midstream area; the low-value areas and extremely low-value areas where industrial wastewater pollution is concentrated are chiefly distributed in Baotou City, Baiyin City, and Haidong City in the upstream region.
[image: Figure 3]FIGURE 3 | Spatial pattern of industrial wastewater discharge agglomeration in the Yellow River Basin in 2005, 2010, 2015, 2020.
3.2.2 Industrial SO2
The level of industrial SO2 pollution agglomeration in the YRB generally shows a spatial distribution pattern of low agglomeration levels in addition to the high levels of individual cities in the lower and middle reaches of the YRB (Figure 4). The majority of high-value locations are found in Rizhao, Zibo, and Luliang in the lower and middle reaches; the majority of the highly low-value zones with industrial SO2 pollution are dispersed in Ordos, Baiyin, and Tianshui in the upstream areas; low-value areas are chiefly concentrated and distributed in Lanzhou, Haidong, and Yinchuan.
[image: Figure 4]FIGURE 4 | Spatial pattern of industrial SO2 emission agglomeration in the Yellow River Basin in 2005, 2010, 2015, 2020.
3.2.3 Industrial smoke and dust
According to the spatial distribution pattern, the level of industrial smoke and dust pollution accumulation in the YRB is typically higher in the downstream area and lower in the upper and middle reaches (Figure 5). The extremely high-value regions are chiefly distributed in Rizhao City, Zibo City, and Binzhou City in the downstream area, and also in Shizuishan, Xining, and Jiayuguan in the upstream area; the high-value regions are chiefly located in Taiyuan, Zhengzhou, and Jinan in the lower and middle reaches; the extremely low-value areas and low-value areas of industrial smoke and dust pollution are chiefly dispersed in Lanzhou City, Baiyin City, and Haidong City in the upstream area.
[image: Figure 5]FIGURE 5 | Spatial pattern of industrial smoke and dust emission concentration in the Yellow River Basin in 2005, 2010, 2015, 2020.
3.3 Spatial correlation characteristics of industrial agglomeration and pollution agglomeration
Geoda 1.18.0 was used to calculate the univariate global Moran’s I and its significance for industrial agglomeration and pollution agglomeration in the YRB from 2005 to 2020 (Table 1). The results show that the univariate global Moran’s I of industrial agglomeration and the three major industrial pollutants’ agglomeration are all positive and pass the significance test. It can be proved that the spatial distribution of industrial agglomeration and pollution agglomeration in the YRB has a positive spatial correlation, and the phenomenon of spatial agglomeration is evident, but there are differences in the spatial dependence of different pollutants. It can be proved that the pollution of the three major industrial pollutants in the cities in the research area is not merely affected by their emissions but also by the cities nearby. Industrial wastewater agglomeration’s fluctuations of Moran’s I from 2005 to 2020 revealed a changing rising tendency, and the changes of Moran’s I of industrial agglomeration, industrial SO2 agglomeration, and industrial smoke and dust agglomeration showed a fluctuating downward tendency. The spatial correlation with pollution agglomeration is still strong.
TABLE 1 | Moran’s I statistics on industrial agglomeration and pollution agglomeration in the Yellow River Basin in 2005–2020.
[image: Table 1]The bivariate global Moran’s I of industrial agglomeration and agglomeration of three major industrial pollutants in the YRB from 2005 to 2020 were calculated and their significance. The findings demonstrated that the industrial agglomeration and pollution agglomeration interact spatially. The three bivariate global Moran’s I all passed the significance test, in which the results of industrial agglomeration and industrial smoke and dust pollution agglomeration were negative values, and the other two were positive values, which can be obtained, that there is spatial relativity between industrial agglomeration and pollution agglomeration, and there are discrepancies in the spatial interaction influences of industrial agglomeration and different pollutant agglomerations. According to the index value, consequently, industrial wastewater has the largest spatial association with industrial agglomeration, followed by industrial SO2, and industrial smoke and dust has the lowest correlation.
4 AN EMPIRICAL ANALYSIS OF THE INFLUENCING FACTORS OF INDUSTRIAL AGGLOMERATION ON INDUSTRIAL POLLUTION IN THE YELLOW RIVER BASIN
4.1 Indicator selection and model construction
Considering the quantifiability, representativeness, and availability of indicators, industrial pollution is used as the elucidated variable, industrial agglomeration is used as the explanatory variable, and population agglomeration, industrial structure, opening to the outside world, economic development, and environmental regulation are used as control variables. The connection between industrial agglomeration and pollution from industry is investigated by constructing an econometric model. The specific indicators are shown in Table 2.
TABLE 2 | Definition and explanation of variables.
[image: Table 2]① Population agglomeration: the expansion of the density of the population can bring about an increase in consumption needs, thereby increasing the consumption of resources such as energy (Sheng and Tang, 2020; Yuan et al., 2020), and the higher the density of the population, the larger the production scale, and the more serious the environmental pollution (Xiao et al., 2021). This article expresses the population agglomeration based on the total population of the region at the years’end rather than the administrative area of the region. ② Industrial structure: modernizing the industrial infrastructure can stop the spread of industrial pollution (Ma and Cao, 2021). The production value of the secondary industry is used in this work as a proportion of GDP to characterize the industrial structure. ③ Environmental control: it is generally accepted that environmental regulation plays a vital part in reducing air pollution (Hao et al., 2018; Zhang et al., 2020), and this study describes environmental regulation using the industrial solid waste’s total use rate. ④ Open to the outside world: foreign direct investment can play a technological spillover effect, thereby improving the environmental pollution in the region where it is located; at the same time, it may also increase air pollution in less developed regions (Huang and Zhou, 2019). This article expresses the dependence on foreign capital in terms of the actual amount of foreign capital utilized each year. ⑤ The level of economic development: the environmental Kuznets curve theory deems that the degree of economic progress and pollution are closely correlated, and generally have an inverted “U" shape relationship (Grossman and Kreuger, 1995). In this study, the GDP per capita is a measure of economic growth (Dai and Lin, 2021). ⑥ Industrial agglomeration: pollution agglomeration is a derivative of industrial agglomeration . The pollution effect of industrial agglomeration encourages pollution agglomeration and results in a rise in pollution emissions; on the other side, the self-purification effect of industrial agglomeration brings out the reduction in pollution emissions and inhibits pollution agglomeration (Jia et al., 2020). This study uses the geographical concentration of the industrial added value to represent industrial agglomeration.
This study first performs the appropriate tests on the model and indicators to assure the reliability of the regression results: to ensure data stationarity and weaken the influence of the collinearity and heteroscedasticity of the series on the estimated results, take the logarithm of some indicators of the model; use the Hausman test to measure the feasibility of the random effect model. If the chi-square p value of the model is less than 0.1, it means the fixed effect should be chosen as the model’s estimate approach; otherwise, the random effect should be selected as the estimation method.
4.2 Regression results
Before performing the spatial econometric estimation, and after successfully passing the Lagrangian multiplier (LM), the robust Lagrangian multiplier (Robust LM), the likelihood ratio (LR), and the Hausman test, this article finally chooses the city and time to be double fixed; the effect SPDM was used for regression estimation.
LeSage et al. believed that using the sum [image: image] of the spatial lag terms directly [image: image] to describe the spatial interaction may generate wrong results. Therefore, it is necessary to decompose the direct influence and the indirect influence in the form of partial derivatives. The area’s industrial pollution discharge is directly impacted by changes in many social and economic aspects, as shown by the direct influence. In contrast, the region’s shifting social and economic conditions have an impact on the release of industrial pollutants into nearby areas, which is what the indirect effect indicates (Zhuang et al., 2021). Therefore, this study analyzes the indirect influence, direct influence, and total influence of the SPDM model to further evaluate the geographical interaction of the influencing elements of industrial pollution (Table 3).
TABLE 3 | Regression results of the impact of industrial agglomeration on industrial pollution in the Yellow River Basin.
[image: Table 3]4.2.1 Industrial wastewater
Negative is the agglomeration of the industrial regression coefficient with respect to industrial wastewater discharge; however, it does not pass the significance test, proving that industrial agglomeration reduces the intensity of wastewater discharge to a certain extent, but the effect is not significant. This may be due to the higher demands of residents for local environmental quality, which forces the government to adopt stricter environmental regulations, increase investment in pollution prevention and control, and curb pollution accumulation. Population concentration and industrial wastewater pollution have a 0.3616 correlation coefficient, which is positive and has passed the significance test. That is, the increase in population size significantly exacerbates local industrial wastewater pollution, and the rising levels of population agglomeration often mean an increase in the scale of production, which can cause the intensity of industrial wastewater outflow to increase. The regression coefficients of industrial structure, environmental regulation, and opening to the outside world on industrial wastewater discharge are positive, yet none of them have been shown to be significant. It may be that the degree of openness and supervision is not strong enough, so their effect on the intensity of discharge is not significant. The influence coefficient of economic development on industrial wastewater is −0.2207, and it has passed the significance test at the level of 5%, illustrating that economic growth is helpful in reducing the intensity of wastewater discharge.
4.2.2 Industrial SO2
The four factors of industrial agglomeration, environmental control, economic growth level, and opening up to the outside world, are important reasons affecting urban industrial SO2 pollution. From the perspective of direct effects, industrial SO2 pollution is negatively correlated with industrial agglomeration and environmental control; that is, the increase in industrial agglomeration and environmental management and control has significantly reduced local industrial SO2 pollution, playing a restraining role. The main reason is that most cities in the YRB are dominated by industrial development at the present stage, and China emphasizes green growth as the orientation and has issued a number of policies (Xinhua, 2021), thereby restraining industrial SO2 emissions. From the perspective of indirect effects, the greater a city’s level of industrial agglomeration , the more it will inhibit the industrial SO2 pollution of surrounding municipalities, while the direction of the city’s opening to the outside world is just the opposite. Positive spillover effects from growth in the urban industrial agglomeration may benefit the nearby cities, while the expansion of the openness of the city to the outside world will promote an increase in the production volume, resulting in an increase in pollution emissions and spreading to the surrounding towns. In addition, population concentration and industrial organization do not significantly affect industrial SO2 pollution.
4.2.3 Industrial smoke and dust
A total of six factors, including industrial agglomeration, population agglomeration, industrial structure, environmental control, opening to the outside world, and economic development, have an important impact on urban industrial smoke and dust pollution. The impact coefficients of industrial agglomeration, environmental control, and exposure to the outside world on regional industrial smoke and dust pollution are, in terms of direct consequences, −0.3032, −0.002, and −0.0701, respectively. This shows that industrial agglomeration, environmental control, and opening up have a significant inhibitory effect on local industrial smoke and dust pollution and can be used as a key factor in controlling industrial smoke and dust pollution in the YRB. Next, the degree of industrial structure and economic growth has increased, which has intensified the industrial smoke and dust pollution in the area. As a result, the proportion of the secondary industry has increased, and the purpose of enterprises engaged in economic activities is to make profits, and in the process of profitability, some enterprises may cause environmental pollution. The effective coefficient of environmental regulation on industrial smoke and dust pollution in surrounding areas is −0.0057 when looking at indirect effects, and it has passed the significance test at a level of 5%; it demonstrates how the region’s tight environmental regulations not only limit local pollution but also slow down the spread of industrial smoke and dust pollution to nearby cities. Environmental laws, both statutory and informal, directly control how industrial firms discharge pollutants, and this regulatory constraint sends a signal of emission reduction to neighboring areas through the demonstration warning effect, and there is no nearby transfer of pollution under environmental regulations (Shen et al., 2017); similarly, due to the increase of the municipal population, the pollution emissions of the city will increase. For industrial smoke and dust, a pollutant with spatial mobility, the degree of industrial smoke and dust pollution in the surrounding neighboring cities will increase as a result of the city’s pollution level having an effect on the pollution levels of its bordering cities.
4.3 Upper, middle, and lower sections of the Yellow River Basin heterogeneity analysis
The YRB is further divided into three sections in this article: upstream, midstream, and downstream which investigate the influences of industrial agglomeration on industrial pollution in various regions and conduct regression analysis on the link between industrial agglomeration and three major industrial pollutants (Table 4).
TABLE 4 | Regression results of the impact of industrial agglomeration on industrial pollution in the upper, middle, and lower reaches of the Yellow River Basin.
[image: Table 4]The regression results demonstrate that, at the scale of the YRB, the regression coefficients of industrial agglomeration on three major industrial pollutant emissions are all negative, indicating that, from a broad perspective, an increase in industrial agglomeration will result in a reduction in the level of industrial pollution. The magnitude of the coefficient shows that industrial agglomeration has a more obvious effect on industrial SO2 emission reduction. From a regional perspective, industrial agglomeration has a significantly detrimental impact on the amount of three major industrial pollutants that is emitted in the middle, lower, and upper reaches, and the regression coefficients from large to small are in the middle, downstream, and upstream, indicating that industrial agglomeration of all the three regions will be beneficial to the reduction of industrial pollution; and the regional differences are more obvious, and the effect on the reduction of industrial pollution in the lower and middle reaches is more obvious than that in the upstream. Possible causes are as follows: recently, the lower and middle reaches of the YRB began to develop earlier than the upstream areas, and with the improvement of industrial agglomeration, the features of high added value, low energy consumption, and low pollution of industries in the region are particularly prominent; the level of environmental protection technology in the lower and middle reaches is relatively high, and industrial agglomeration is helpful for centralized pollution control and disposal, so industrial agglomeration brings positive externalities that benefit the environment within the region. Due to geographical and historical reasons, the upstream region’s industrial development is comparatively slow, and the overall technical level of the industry is relatively low. The upstream region’s production efficiency has increased as a result of the technological diffusion effect, and as the industrial agglomeration occurs, pollution emissions become less intense, although there are still gaps as compared to the region’s lower and middle reaches.
Second, the regression results demonstrate that the industrial structure in the lower and middle reaches significantly aggravates industrial pollution. In the context of industrialization promoting urban development, an important factor causing pollution agglomeration is the rise in the share of secondary industry in the national economic structure. The YRB’s high, lower, and middle reaches all have negative environmental control coefficients that are affected differently by industrial pollution, and the reason is that the regional environmental management and control efforts are different, which indicates that the upper, lower, and middle reaches of the YRB should continue to strengthen the control of industrial pollution; the local industrial smoke and dust pollution is significantly hampered by the opening of the downstream areas to the outside world. Foreign capital has introduced a higher degree of technology, and as technology spreads, the production process will be improved to some extent, lowering the overall amount of pollutant emissions, the less pronounced pollution in the upstream and midstream areas may be due to the low level of openness to the outside world and the difficulty of obtaining trade opportunities. From the significant values in the data obtained from economic development, economic growth has a similar impact on industrial pollution in the middle, lower, and upper reaches as it has on the entire YRB.
5 CONCLUSION AND POLICY IMPLICATIONS
5.1 Conclusion
This research uses the spatial auto-correlation analysis approach to thoroughly examine the distribution characteristics and geographical correlation of industrial agglomeration and pollution from the YRB’s industrial statistics from 2005 to 2020, and on this basis, utilizing the spatial econometric model to explore the critical variables influencing industrial pollution in the YRB, the principal findings are as follows:
1) The YRB’s industrial pollution agglomeration and agglomeration of industrial spatial patterns are spatially converging. The high-value areas of pollution agglomeration and industrial agglomeration are chiefly concentrated in Zibo, Zaozhuang, Zhengzhou, and Taiyuan in the lower and middle reaches. The agglomerated low-value regions are chiefly concentrated in Baiyin City, Yinchuan City, and Haidong City in the upper reaches.
2) Moran’s I of industrial agglomeration, industrial wastewater, industrial SO2, and industrial smoke and dust are all obviously positive, manifesting that the global clustering characteristics of industrial pollution in the YRB are obvious, and the global correlations of the three pollutants are industrial wastewater > industrial smoke and dust > industrial SO2. The spatial correlation intensity varied and altered over the study period, exhibiting a trend toward a gradual waning.
3) There is a spatial association between agglomeration of industrial and pollution agglomeration, on the basis of the bivariate global spatial auto-correlation test. Additionally, there are variations in the spatial interaction impacts of various pollution agglomerations and agglomeration of industrial. From the correlation index value, it can draw a conclusion that the largest spatial association exists between industrial wastewater and agglomerations of industries, followed by industrial SO2, and industrial smoke and dust is the lowest.
4) Industrial agglomeration, population agglomeration, industrial structure, environmental control, opening to the outside world, and economic development are the primary determinants of industrial pollution in the YRB, and there are differences in their impact on three major industrial pollutants. In terms of immediate effects, the population growth exacerbates local industrial wastewater pollution, while economic development is beneficial to reduce the intensity of wastewater discharge. Additionally, the degree of industrial agglomeration can be increased, and environmental regulation can lower local industrial SO2 emissions, and the development of the economic level will aggravate the local industrial SO2 pollution. Industrial agglomeration, environmental regulation, and opening to the outside world have a significant inhibitory effect on local industrial smoke and dust pollution, and the improvement of industrial structure and economic development level has exacerbated the industrial smoke and dust pollution in the region.
5) Industrial agglomeration, population agglomeration, environmental management and control, and opening to the outside world can affect industrial pollution in adjacent areas through indirect effects, and there are differences in their impact on three major industrial pollutants in adjacent cities. Industrial SO2 pollution in neighboring cities was more severely restricted and the more agglomeration of industrial there was. However, the higher the degree of opening up of the city, the more it will promote industrial SO2 pollution in surrounding cities. In addition, the contributing factors of industrial smoke and dust pollution are more complex and diverse, the enhancement of environmental control has a very obvious inhibitory effect on industrial smoke and dust pollution in surrounding cities, and one of the primary causes of industrial smoke and dust pollution is the growth of the population.
6) Industrial agglomeration will lower the pollution levels of three major industrial pollutants from a broad perspective of the YRB. From the standpoint of different regions, industrial agglomeration in the middle, lower, and upper reaches is beneficial to the reduction of industrial pollution, and the impact is in the middle, lower, and upper reaches in descending order. In addition, due to differences in industrial structure, opening to the outside world, environmental control, and economic development levels in the middle, lower, and upper reaches, the pollution levels of industrial wastewater, industrial SO2, and industrial smoke and dust differ between regions.
5.2 Policy implications
1) The YRB’s ecological environment quality, sustainable economic and social growth, and influence on the nation as a whole are crucial, and it is also a key area for comprehensive environmental pollution control, and there is a problem of unbalanced regional development (Xinhua, 2021). Although the natural resource endowments and economic development conditions are different in each region of the YRB, the YRB may achieve high-quality development by sticking to the environmental bottom line of economic growth and encouraging the green transformation of industry.
2) Industrial agglomeration and pollution agglomeration are spatially interconnected, indicating that pollution agglomeration in the YRB is both an environmental issue and a development issue. The YRB frequently struggles with the conflict between coordinating industrial expansion and environmental prevention. Industrial agglomeration, pollution agglomeration, and the surrounding areas are closely related as a result of the spatial effects of these phenomena. Therefore, when formulating industrial development policies and environmental governance policies, to eliminate local “policy islands,” a joint cross-provincial and cross-regional prevention and control system should be implemented through government power, enterprise power, market power, and social power to jointly promote green industrial transformation and improve quality and efficiency (Zhou et al., 2022).
3) The YRB must fundamentally restructure its economic development model and adhere to the idea of green development in order to effectively control industrial pollution and organize the promotion of the development of an ecological society. which improve the degree of agglomeration of industries, lower the production costs for businesses, and accelerate the flow of factors and technology spillovers. Furthermore, implement stricter pollution control policies and put in place an environmentally friendly development path that is innately compatible with the objectives and methods of ecological and environmental protection governance.
4) To control industrial pollution in the YRB, we must continue to take the road of industrial agglomeration development. At the same time, coordination of the overall situation is required, and efforts should be made to implement actions in accordance with regional conditions. Given the regional variations in industrial pollution output, actions should be performed in accordance with local circumstances, and the management and control of high industrial pollution discharge areas should be strengthened. A combined preventive and control mechanism for industrial pollution emissions must first be established, along with ongoing efforts to promote regional exchanges and collaboration. ① It should be considered the primary location for industrial pollution control in the entire YRB for areas with a relatively established economy and substantial pollution in the lower parts of the basin, and the policy strength and capital arrangement should be arranged. ② The natural setting in the middle reaches of the YRB has been impacted by the industrial firms’ fast expansion, where industrial pollution is gradually transported. Environmental concerns should be given more attention, inspection and oversight should be increased, the economic structure should be transformed and upgraded, and green growth should be pursued. ③ For the YRB’s upper reaches, where the degree of industrial pollution is low when shifting sectors, it is important to avoid the phenomenon of pollution transfer and fully follow the developmental principle that “clear streams and green mountains are priceless assets."
Based on the research purpose of how to develop industrial agglomeration while ensuring environmental quality, this article analyzes the spatial correlation between industrial agglomeration and industrial pollution in the YRB, studies the impact of industrial agglomeration on environmental pollution, and provides support for ecological protection and high-quality development in the YRB. Since the upper YRB involves many ethnic autonomous regions, some of its data have not been made public. The authors tried their best to supplement it through various methods during the research process, but there are still some missing data to a certain extent. At the same time, due to data limitations, six indicators were selected as the factors affecting industrial pollution in the YRB, and there are still some omissions of variables, which need to be further explored.
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2020 0518 0.536" 01447 0220 0461 0026+ 01917

***fnlowast** indicates that the statistical value is significant at the 1% level.
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* stands for p < 001, **fnlowast* stands for p < 0.05, and *fnlowast stands for p < 0.1. Robust standard errors are reported in parentheses.
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