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Highlights: 13 

• Industrial wastewater discharge in Sichuan province (2003–2018) 14 

China were studied  15 

• Spatial autocorrelation and environmental Kuznets curve were used to 16 

identify the spatial characteristics 17 

• Logarithmic mean Divisia index model were used to identify the 18 

driving factors 19 

• The amount of industrial wastewater discharge was reduced during 20 

this period 21 

• Five types of the environmental Kuznets curve in 18 major cities of 22 

Sichuan province  23 

• The technical effect is the main factor of the discharge of industrial 24 

wastewater reduction 25 
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Abstract 27 

Wastewater discharge is produced as a side effect of socio-economic 28 

activities and exerts severe pressure on the environment, its 29 

characteristics depend on the rate of urbanization and industrialization. 30 

We used spatial autocorrelation, environmental Kuznets curve (EKC), 31 

and logarithmic mean Divisia index (LMDI) model to study the spatial 32 

characteristics and driving factors of industrial wastewater discharge in 33 

Sichuan province (2003–2018). We showed that the amount of industrial 34 

wastewater discharge in Sichuan province for the period was reduced 35 

from 116580 to 42064.96 million tons as observed from the Moran index 36 

ranging from -0.31 to 0.30. We identified five types of the EKC 37 

(monotonically decreasing, N, inverted N, U, and inverted U shape) in 18 38 

major cities of Sichuan province. The technical effect (from -0.28 to -39 

16.37) can reduce the discharge of industrial wastewater, while structure 40 

effect (0.05–3.83), economy effect (0.19–7.79) and population effect 41 

(from -0.08 to 0.46) can promote the industrial wastewater discharge. Our 42 

findings suggest that industrial wastewater discharge was reduced and 43 

showed a scattered distribution characteristic in Sichuan Province from 44 

2003 to 2018. It is necessary to strengthen technical management 45 

measures to reduce industrial wastewater discharge in Sichuan province. 46 

 47 
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Introduction 52 

The continuous global industrialization and urbanization have led to 53 

the production of large amounts of industrial wastewater in urban areas 54 

worldwide (Duttaa et al., 2021). For instance, the discharge of industrial 55 

water is 44 million cubic meters every day in India in 2014 (Ranade et al., 56 

2014). It will not only pollute the surface water and groundwater, but also 57 

endanger human health when a large amount of industrial wastewater is 58 

discharged into the environment (Owodunni et al., 2021), such as 59 

diarrhea, malaria, and schistosomiasis (Jabeen et al., 2015). Even unsafe 60 

drinking water causes 2.2 million deaths from diarrhoea, 1.3 million from 61 

malaria and 160 million people are infected with schistosomiasis each 62 

year in the world (Jabeen et al., 2015). Given the complexity of pro-63 

cessing technology and the high processing cost of industrial wastewater 64 

pollution (Jabeen et al., 2015), the reduction of industrial wastewater 65 

discharge is more important from practical perspective than its treatment. 66 

Due to this, numerous governments worldwide have implemented various 67 

effective measures to reduce the discharge of industrial wastewater 68 

(Keiser et al., 2018; Sun et al., 2021). For instance, the Clean Water Act 69 

was established by the United States to improve water quality in 1972 70 

(Mao et al., 2021). The discharge of industrial wastewater was reduced by 71 

45.6% in the industrial park of Tianjin’s economic development area of 72 

China as a result of the overall management model for optimization of 73 



water resources (Geng et al., 2007). Additionally, the National Drinking 74 

Water Act was established to prevent water pollution in Pakistan in 2009 75 

(Jabeen et al., 2015).  76 

Understanding the characteristics of industrial wastewater discharge 77 

is basically the foundation for reducing the discharge of industrial 78 

wastewater (Ma et al., 2020). Previous studies often used spatial 79 

autocorrelation (Chen et al., 2016; 2019; Emrehan et al., 2018; Geng et 80 

al., 2014; Ma et al., 2020; Zhang et al., 2020), environmental Kuznets 81 

curve (EKC) (Abid 2015; Ajmi et al., 2015; Azam et al., 2016; Bimonte 82 

et al., 2017; Chen et al., 2016; Emrehan et al., 2018; Liu et al., 2015; Ma 83 

et al., 2020; Murshed et al., 2021; Pérez-Suárez et al., 2015; Zhou et al., 84 

2013), and the logarithmic mean Divisia index (LMDI) model (Ajmi et 85 

al., 2015; Chen et al., 2016; Ma et al., 2020; Geng et al., 2014; Zhang et 86 

al., 2015) to quantify the characteristics, main drivers, and the 87 

relationship between industrial wastewater dis-charge and the process of 88 

urbanization. In particular, spatial autocorrelation (including global and 89 

local spatial autocorrelation) was applied to explain the relationship 90 

between variables and spatial distribution (Geng et al., 2014), such as 91 

previous study used spatial autocorrelation to explore the water resources 92 

utilization and its temporal and spatial characteristics in various provinces 93 

of Turkey from 2004 to 2014 (Emrehan et al., 2018). Moreover, the EKC 94 

was widely utilized to determine the relationship between environmental 95 



pollution and economic development (Ma et al., 2020; Murshed et al., 96 

2021; Pérez-Suárez et al., 2015), such as carbon dioxide (CO2) (Pérez-97 

Suárez et al., 2015), PM2.5 (Zhang et al., 2019a), and sulfur dioxide 98 

(SO2) (Ding et al., 2019). Moreover, the EKC is thought to have six types 99 

of correlations between environmental pollution and industrial 100 

wastewater discharge such as monotonically in-creasing, monotonically 101 

decreasing, N shape, inverted N shape, U shape, and inverted U shape 102 

(Abid 2015; Ajmi et al., 2015; Azam et al., 2016; Liu et al., 2015; Ma et 103 

al., 2020; Zhou et al., 2013). The monotonically decreasing, inverted N 104 

shape, and inverted U shape types indicate that the amount of industrial 105 

wastewater discharged eventually showed a decreasing trend with 106 

economic development (Abid 2015; Ma et al., 2020; Zhou et al., 2013). 107 

The monotonically in-creasing, N shape, and U shape types indicate that 108 

the amount of industrial wastewater discharged eventually exhibited a 109 

positive trend with an economic development (Abid 2015; Ma et al., 110 

2020; Zhou et al., 2013). In general, spatial autocorrelation and the EKC 111 

can be used to study the relationship between industrial wastewater 112 

discharge and the economy, but they cannot explain the factors that affect 113 

industrial wastewater discharge (Guan et al., 2008, Xu et al., 2014; 114 

Zhuang et al., 28). To better understand the drivers of industrial 115 

wastewater discharge, the LMDI model was applied by researchers to 116 

study effects on industrial wastewater from technical, population, 117 



economic, and industrial perspectives (Mao et al., 2021; Geng et al., 118 

2007; Emrehan et al., 2018; Chen et al., 2019; Jeong et al., 2013; 119 

González et al., 2014; Cansino et al., 2015; Román et al., 2018). For 120 

instance, some previous studies have concluded that the technical effect is 121 

the driving factor in reducing the discharge of industrial wastewater (Ma 122 

et al., 2020; Chen et al., 2016; 2019). Previous studies reported that 123 

technical effect is the main factor to reduce the discharge of industrial 124 

wastewater (Ma et al., 2020; Chen et al., 2016; 2019), and other studies 125 

believe that economic effect and urbanization effect will promote the 126 

discharge of industrial wastewater (Chen et al., 2016).   127 

At the present stage, a large number of studies have been carried out 128 

on the discharge characteristics of industrial wastewater (Chen et al., 129 

2016; 2019), driving factors (Chen et al., 2016; 2019) and its relationship 130 

with the urbanization process (Chen et al., 2016; 2019; Zhang et al., 131 

2019b; Gao et al., 2019). However, most of these studies reveal the 132 

differences at the provincial scale (Chen et al., 2016; Ilyas et al., 2019) or 133 

region (Chen et al., 2019)  to show the temporal and spatial dynamics of 134 

industrial wastewater discharge in a certain country, such as Pakistan 135 

(Román et al., 2018), China (Chen et al., 2016), and the Yangtze River 136 

Economic Zone (China) (Zhang et al., 2019b). However, the current 137 

development of refined urban management concept requires precise 138 

management measures based on the reality of each city (Gao et al., 2019; 139 



Zhang et al., 2019b), while previous large-scale research results have 140 

been unable to meet this demand. As the first and only province in 141 

western China with a GDP higher than the national average (Ma et al., 142 

2020), Sichuan is home to more than 83.67 million people (The People’s 143 

Government of Sichuan Province 2021a).Therefore, an accurate analysis 144 

of the spatial and temporal patterns and influencing factors of industrial 145 

wastewater in major cities in Sichuan province has a high reference value 146 

for other provinces in China and other developing countries in the world. 147 

To this end, our study explored the spatial characteristics and driving 148 

factors of industrial wastewater discharge in Sichuan province by using 149 

spatial autocorrelation, environmental Kuznets curve (EKC), and LMDI 150 

model. The objectives were as follows: (1) to study the discharge 151 

characteristics of industrial wastewater in 18 major cities of Sichuan 152 

province (2003–2018), (2) to examine the driving factors of industrial 153 

wastewater discharge in 18 major cities of Sichuan province and (3) to 154 

propose tailored guidelines for environmental policy-making with regards 155 

to water quality based on our results. 156 

Materials and Methods 157 

Data Sources 158 

The 18 major cities in Sichuan province including Chengdu:CD, 159 

Zigong:ZG, Pan-zhihua:PZH, Luzhou:LZ, Deyang:DY, Mianyang:MY, 160 



Guangyuan:GY, Suining:SN, Nei-jiang:NJ, Leshan:LS, Nanchong:NC, 161 

Meishan:MS,Yibin:YB, Guang’an:GA, Dazhou:DZ, Ya’an:YA, 162 

Bazhong:BZ, Ziyang:ZY and the four major economic zones of Sichuan 163 

prov-ince (the Chengdu plain economic zone:ECD, economic zone of 164 

southern Sichuan:ESS, northeast Sichuan economic zone:ENES, Pan-Xi 165 

economic zone:EXP) were selected for study. The cities of LS, GZ and 166 

AB were not considered due to insufficient data (Fig. 1). The industrial 167 

wastewater discharge data of Sichuan province, population, gross domes-168 

tic product (GDP), GDP per capita, and added value of industry of 169 

Sichuan province were obtained from the 2004–2019 Sichuan Statistical 170 

Yearbook for this study. The industrial wastewater discharge data of 171 

major cities from 2004 to 2019 China City Statistical Yearbook. 172 

Global spatial autocorrelation 173 

We adopted the global spatial autocorrelation method to study the 174 

spatial distribution characteristics of industrial wastewater discharge. 175 

There are five indicators of spatial autocorrelation: E (I) is the value of 176 

mathematical expectation, SD is the standard deviation, P(I) is the 177 

significance level, Z represents the correlation between industrial 178 

wastewater and its location, and I is the Moran index (Ma et al., 2020; 179 

Chen et al., 2016). A Moran index > 0 expresses a positive spatial 180 

correlation; the larger the value, the more prominent the agglomeration 181 

characteristics of the research subjects are (Ma et al., 2020; Chen et al., 182 



2016; 2019). Moran index < 0 reflects a negative spatial correlation; the 183 

smaller the value, the more prominent is the discrete feature of the object 184 

in space (Ma et al., 2020; Pérez-Suárez et al., 2015). A Moran index of 0 185 

expresses a state of random distribution (Geng et al., 2014). Through the 186 

Geoda software, the analysis revealed that the industrial wastewater 187 

discharge of Sichuan province’s 18 major cities is spatial-positive or 188 

spatial-negative in space. The equation was expressed as following (Eq. 189 

1, Chen et al., 2016).  190 

 𝐼 = 𝑛 ∑ ∑𝑗𝑊𝑖𝑗(𝑋i-𝑋)(𝑋𝑗−𝑋)𝑖(∑ ∑ 𝑊ij𝑗𝑖 ) ∑ (Xi-X)𝑖 2                                                       (1) 191 

where n represents the number of study objects in this Wij study, 192 

represents the proximity of element i and element j in the space, Xi 193 

represents the industrial wastewater discharge in city i, Xj represents the 194 

industrial wastewater discharge in city j, and X rep-resents the average 195 

estimate of industrial wastewater emissions of each city. 196 

Environmental Kuznets curve 197 

We used Statistical Package for the Social Sciences (SPSS) to 198 

explore the data and the relationship between industrial wastewater 199 

discharge and economic development in Sichuan province and 18 major 200 

cities. The expression can be established following previous study 201 

(Fosten et al., 2021; Ma et al., 2020) by Eq. (2), (3) and (4) below: 202 𝑌𝑖𝑡 = 𝛽𝑖 + 𝛽1𝑖𝑋it + 𝜀it                                                                         (2) 203 



𝑌𝑖𝑡 = 𝛽0𝑖 + 𝛽1𝑖𝑋it + 𝛽2𝑖𝑋𝑖𝑡2 + 𝜀𝑖𝑡                                  (3)                         204 𝑌𝑖𝑡 = 𝛽0𝑖 + 𝛽1𝑖𝑋𝑖𝑡 + 𝛽2𝑖𝑋it2 + 𝛽3𝑖𝑋𝑖𝑡3 + 𝜀𝑖𝑡         (4)                         205 

 206 

Yit represents the industrial wastewater discharge of a province or a city 207 

in the year t; Xit is the GDP of a province or city in the year t, ε is an error 208 

term, β0 is the intercept, and β1i, β2i, β3i are constant terms of the 209 

variables. 210 

Logarithmic Mean Divisia Index (LMDI) 211 

We applied the LMDI method to analyze the changes in industrial 212 

wastewater dis-charge in 18 major cities in Sichuan province from 2003 213 

to 2018. The factors that affect industrial wastewater discharge include 214 

technical, structural, economic, and population effects. The equation was 215 

expressed as following (Eq. 5, Ma et al., 2020). 216 

𝑊𝑡 = ∑ 𝐷𝑖𝑡𝑛
𝑖 = ∑ 𝑊𝑖𝑡𝐶𝑖𝑡

𝑛
𝑖 ⋅ 𝐶𝑖𝑡𝐺𝑖𝑡 ⋅ 𝐺𝑖𝑡𝑃𝑖𝑡 ⋅ 𝑃𝑖𝑡 217 

                                = ∑ (𝑊𝑖,𝑒𝑓𝑓 ⋅ 𝑊𝑖,𝑡𝑒𝑐 ⋅ 𝑊𝑖,𝑒𝑐𝑜 ⋅ 𝑊𝑖,𝑝𝑜𝑝)𝑛𝑖          (5) 218 

where Wt represents the total industrial wastewater discharge in year t; Ci 219 

represents the total amount of urban domestic sewage discharge of the 220 

city i; Gi is the gross regional product and represents the total population 221 

of the city i; ΔWt
i represents the industrial wastewater discharge of the 222 

city i in the year t; and W0
t represents the industrial wastewater discharge 223 

of the city i in the base year.  224 



According to the LMDI type of the total contribution decomposition 225 

equation, the contribution of each factor to the sewage discharge intensity 226 

is obtained (Ran et al., 2019). The equation was expressed as following 227 

(Eq. 6, 7, 8 and 9). 228 𝛥𝑊𝑡𝑒𝑐,𝑖 = 𝑊𝑖𝑡−𝑊𝑖0𝑙𝑛 𝑊𝑖𝑡−𝑙𝑛 𝑊𝑖0 ⋅ 𝑙𝑛 (𝑊𝑡𝑒𝑐,𝑖𝑡𝑊𝑡𝑒𝑐,𝑖0 )         (6) 229 

𝛥𝑊𝑠𝑡𝑟,𝑖 = 𝑊𝑖𝑡−𝑊𝑖0𝑙𝑛 𝑊𝑖𝑡−𝑙𝑛 𝑊𝑖0 ⋅ 𝑙𝑛 (𝑊𝑠𝑡𝑟,𝑖𝑡𝑊𝑠𝑡𝑟,𝑖0 )        (7) 230 

𝛥𝑊𝑒𝑐𝑜,𝑖 = 𝑊𝑖𝑡−𝑊𝑖0𝑙𝑛 𝑊𝑖𝑡−𝑙𝑛 𝑊𝑖0 ⋅ 𝑙𝑛 (𝑊𝑒𝑐𝑜,𝑖𝑡𝑊𝑒𝑐𝑜,𝑖0 )        (8) 231 

𝛥𝑊𝑝𝑜𝑝,𝑖 = 𝑊𝑖𝑡−𝑊𝑖0𝑙𝑛 𝑊𝑖𝑡−𝑙𝑛 𝑊𝑖0 ⋅ 𝑙𝑛 (𝑊𝑝𝑜𝑝,𝑖𝑡𝑊𝑝𝑜𝑝,𝑖0 )      (9) 232 

ΔWtec,i represents the contribution of science and technology to industrial 233 

wastewater discharge, Wttec,i represents the ratio of industrial 234 

wastewater discharge and industrial added value in the tth year of the ith 235 

city; W0
teci represents the ratio of the annual industrial wastewater 236 

discharge and industrial added value of the ith city of the base year. 237 

ΔWstr,i represents the contribution value of industrial structure to 238 

industrial wastewater, Wt
str,i represents the ratio of industrial added value 239 

to regional GDP of the ith city in year t, W0str,i represents the ratio of 240 

industrial added value and regional GDP of the ith city of the base year. 241 

ΔWeco,i represents the contribution value of economic development to 242 

industrial wastewater discharge, ΔW0
eco,i represents the ratio of the 243 

regional GDP of the ith city in the tth year, the total population of the ith 244 



city in the tth year, and Wteco,i represents  the ratio of GDP of the ith city 245 

region to the total population of the ith city in the base year, ΔWpop,i is the 246 

contribution value of the total population to industrial wastewater 247 

discharge, Wt
pop,i represents the total population of the ith city in the tth 248 

year, and W0
pop,i represents is the total population of the ith city in the 249 

base year. 250 

The contribution value of the industrial structure effect, economic 251 

effect, and population effect on the discharge of industrial wastewater is 252 

greater than 0, indicating that industrial organization, economic, and 253 

population effects promote the discharge of industrial wastewater. 254 

Results 255 

Spatio-temporal variation of industrial wastewater discharge 256 

The total amount of industrial wastewater discharged in Sichuan 257 

decreased from 116580 million tons in 2003 to 42064.96 million tons in 258 

2018, and peaked at 118130 million tons in 2005 (Fig. 2). The discharge 259 

of industrial wastewater in the ECD and ENES exhibited a downward 260 

trend from 2003 to 2018 (Fig. 2). The discharge of industrial wastewater 261 

in the EXP exhibited a decreasing trend from 2003 to 2011 and an 262 

increasing trend from 2012 to 2018 (Fig. 2). The discharge of industrial 263 

wastewater in the ESS has been fluctuating between 2003 and 2018 (Fig. 264 

2). The major cities of CD, ZG, LZ, GY, SN, NJ, LS, NC, DZ, YA, and 265 



ZY exhibited a decreasing trend in industrial wastewater discharge from 266 

2003 to 2018 (Table S1). The industrial wastewater discharge of PZH 267 

first decreased, but then increased in 2003–2018 (Table S1). The cities of 268 

DY, MY, MS, YB, BZ, and GA exhibited a positive trend first, further, 269 

shifting to a negative trend in 2003–2018 (Table S1). 270 

Analysis of Global Spatial Autocorrelation of industrial wastewater 271 

discharge 272 

The Moran index of industrial wastewater discharge in Sichuan 273 

province ranged from -0.310 to 0.302 in 2003–2018 and was significant 274 

(Table 1). From 2011–2014, the Moran index of industrial wastewater 275 

discharge in the four major economic zones of Sichuan Province varied 276 

between 0.11 and -0.30 which indicated that the discharge of industrial 277 

waste water in the four economic zones showed discrete state during this 278 

period (Table S1). The Moran index of industrial wastewater discharge in 279 

Sichuan province ranged from -0.112 to -0.159 in 2015–2018, which 280 

indicated that the discharge of industrial waste water in the four economic 281 

zones showed discrete state during this period (Table 1). 282 

Analysis of EKC of industrial wastewater discharge 283 

The EKC curve of the total amount of industrial wastewater 284 

discharged and the economy of Sichuan province shows a monotonic 285 

decreasing shape (Table 2). Among the 18 major cities, the EKC curves 286 



of industrial wastewater discharge and economic growth of CD, NJ, LS 287 

and ZG are monotonically decreasing (Table 2). The EKC curves of 288 

industrial wastewater discharge and economic growth of LZ, GY, SN and 289 

MS are U-shaped (Table 2). The EKC curves of industrial wastewater 290 

discharge and economic growth of DZ, YA, BZ, ZY and MY are inverted 291 

N shape (Table 2). The EKC curves of industrial wastewater discharge 292 

and economic growth of PZH, YB, DY and NC are N shape (Table 2). 293 

Only the EKC curve of industrial wastewater discharge and economic 294 

growth in GA presents an inverted U shape (Table 2). 295 

Analysis of logarithmic mean Divisia index of industrial wastewater 296 

discharge 297 

The results showed that the contribution value of technological 298 

effect to industrial wastewater discharge is < 0, while the contribution 299 

value of structural effect and economic effect to industrial wastewater 300 

discharge is > 0 from 2003 to 2018 (Fig. 3). The contribution value of 301 

population effect to industrial wastewater discharge in ZY, SN, ZG and 302 

NJ is > 0 (Fig. 3). However, the contribution value to the industrial 303 

wastewater discharge of CD, DY, MY, LS, MS, YA, LZ, YB, DA, NC, 304 

GA, BZ, DZ and PZH is < 0 (Fig. 3). Our results demonstrated that the 305 

technical effect had the highest contribution to the discharge of industrial 306 

wastewater (-0.28 to -16.37), followed by the structure effect (0.05 to 307 

3.83), the economic effect (0.19 to 7.79), whereas the population effect (-308 



0.08 to 0.46) had the least contribution to industrial wastewater discharge 309 

(Fig. 3). 310 

Discussion 311 

Spatio-temporal characteristics of industrial wastewater discharge 312 

The amount of industrial wastewater discharged from Sichuan 313 

province have decreased from 116580 million tons to 42064.96 million 314 

tons from 2003 to 2018 (Table 1). The main driver of this decrease was 315 

seemingly the implementation of energy conservation, and 316 

emissionreduction, that had been previously introduced by the Sichuan 317 

Provincial Government (Zhang et al., 2020). The chemical oxygen 318 

demand decreased by 5.43% due to the development of a circular 319 

economy model from 2006 to 2010 (Ghisetti and Quatraro 2017).  320 

Our results further showed that the industrial wastewater discharge 321 

of ECD, ESS, and ENES was reduced by 70%, 59%, and 76%, 322 

respectively, while the industrial wastewater discharge of EXP (PZH) 323 

increased by 73% (Fig. 2). Most of the cities with high discharge of 324 

industrial wastewater are concentrated in the ECD (Fig. 2), thus 325 

resonating with some previous studies. In particular, a previous study has 326 

reported that the areas of high industrial wastewater discharge are mainly 327 

characterized by relatively developing economies, large populations, and 328 

high industrialization (Zhou et al., 2013). Therefore, it is necessary to 329 



properly control the population and adjust the industrial structure to 330 

reduce the discharge of industrial waste water in cities with high 331 

discharge of industrial waste water. Since the chemical industry can 332 

promote the discharge of industrial waste water, while the mining 333 

industry has little influence on the discharge of industrial waste water, the 334 

industrial structure can be adjusted by reducing the proportion of 335 

chemical industry (Claudia et al., 2017; Ma et al., 2020; The People’s 336 

Government of Sichuan Province 2021b). 337 

The Moran index was previously used to evaluate the spatial 338 

agglomeration characteristics of pollutant emissions (Ma et al., 2020). For 339 

instance, a previous study concluded that Tur-key's provincial water 340 

consumption changed from 0.1286 to -0.025 from 2004 to 2014, thus, 341 

suggesting that the distribution pattern of areas with high water 342 

consumption changed from agglomeration to dissociation (Chen at al., 343 

2016). The Moran index of most major cities in this study was < 0 (Table 344 

1), indicating that the discharge of industrial wastewater has spatial 345 

discrete characteristics in most of the 18 major cities in Sichuan province. 346 

Therefore, each city should formulate corresponding emission reduction 347 

measures according to the specific situation of local industrial wastewater 348 

discharge (Emrehan et al., 2018). 349 

Environmental Kuznets curve changes of major industrial cities 350 

As mentioned, the EKC can be utilized as an indicator for studying 351 



the relationship between environmental pollution and economic 352 

development (Pérez-Suárez et al., 2015; Lu et al., 2021). Moreover, 353 

previous studies have found that the EKC curve of environmental 354 

pollution and economic development exhibits not only an inverted U 355 

shape (Ajmi et al., 2015; Azam et al., 2016; Bimonte et al., 2017; Liu et 356 

al., 2015). From this standpoint, we found that the EKC curve of total 357 

industrial wastewater discharge and economic growth in Sichuan 358 

Province is monotonically decreasing (Table 2). The EKC of industrial 359 

wastewater discharge and economic growth in the 18 major cities of 360 

Sichuan province has five types: monotonous decreasing shape (CD, NJ, 361 

ZG and LS), N shape (DZ, YA, BZ, ZY, and MY), inverted N shape 362 

(PZH, DY, NC and YB), U-shaped (LZ, GY, SN and MS), and inverted U 363 

shape (GA) (Table 2). The types of EKC are monotone decreasing type; 364 

inverted N and inverted U type represent decreasing industrial wastewater 365 

discharge with economic growth (Table 2) (Zhou et al., 2013). In turn, 366 

this emphasizes that the pollution caused by the discharge of industrial 367 

wastewater from these cities (CD, NJ, ZG, LS, PZH, DY, NC, YB, and 368 

GA) have been improved to a certain extent. These cities can achieve the 369 

emission reduction of industrial wastewater as long as they continue to 370 

implement the policies and measures of industrial wastewater discharge 371 

management formulated at the present stage in the future development 372 

process (Chen et al., 2016; Ma et al., 2020). However, the types of EKC 373 



are N and U types expressing that industrial wastewater discharge is 374 

increasing with economic growth (Table 2) (Murshed et al., 2021). This 375 

finding suggests that the pollution driven by the discharge of industrial 376 

wastewater from these cities (DZ, YA, BZ, ZY, MY, LZ, GY, SN, and 377 

MS) was owing to the effective measures to improve the pollution in a 378 

timely manner. Thus far, these cities need to formulate relevant policies to 379 

control water pollution and achieve green development in accordance 380 

with environmental changes (The People’s Government of Sichuan 381 

Province 2021b). 382 

Analysis of Driving Factors of Industrial Wastewater Discharge in 383 

Major Cities 384 

A previous study has concluded that population, economy, and 385 

urbanization level were the main drivers of industrial wastewater 386 

pollution (Zhang et al., 2020). Moreover, many studies have analyzed the 387 

drivers of industrial wastewater using LMDI (Chen et al., 2013; Geng et 388 

al., 2007; 2014; Ma et al., 2020). For example, some studies have found, 389 

by using LMDI, that economic or technical effects are the main factors 390 

influencing the industrial wastewater discharge of Chinese provinces 391 

(Chen et al., 2013; Geng et al., 2014). The same result has been reported 392 

for industrial wastewater discharge in the Yangtze River Economic Zone 393 

from 2002 to 2015 (Chen et al., 2019). Meanwhile, our results indicated 394 

that technical effect is the main factor in the reduction of industrial 395 



wastewater discharge in 18 major cities in Sichuan province (from -0.28 396 

to -16.37) (Fig. 3). Although previous studies have shown that technical 397 

effects have a limited impact on the reduction of industrial wastewater 398 

discharge (Ma et al., 2020), Sichuan province still needs to import foreign 399 

advanced wastewater treatment in the future (Chen et al., 2016). For 400 

instance, both physical treatment technologies (adsorption, chemical 401 

treatment technologies such as coagulation and flocculation), biological 402 

treatment technologies (activated sludge or biofilm) and wastewater reuse 403 

technology should be adapted (Mao et al., 2021; Sathaiah and 404 

Chandrasekaran 2020).  405 

The industrial structure effect (from 0.05 to 3.83), economic effect 406 

(from 0.19 to 7.79), and population effect (from -0.08 to 0.46) will 407 

increase the discharge of industrial wastewater according to the current 408 

study (Fig. 3). Enterprises need to transform from an industrial economy 409 

to a service economy (Geng et al., 2014; Ma et al., 2020) since previous 410 

studies have shown that the adjustment structure of industry (Lu et al., 411 

2020; Zhang et al., 2021). As the economic effect can also promote the 412 

discharge of industrial wastewater, we need measures to reduce the 413 

discharge of industrial wastewater including increasing investment in 414 

sewage treatment facilities for encouraging technical innovation, and 415 

continuous amelioration of sewage treatment equipment to ensure 416 

economic development and reduce the discharge of industrial wastewater 417 



(Chen et al., 2016). The results further indicate that the population effect 418 

of most cities can also promote the discharge of industrial wastewater 419 

(Fig. 3). Therefore, enterprises must frequently carry out the activities 420 

broadening the knowledge about scientific and industrial aspects of 421 

wastewater. This will help promoting wastewater treatment knowledge 422 

among residents and will reward those who report illegal discharge of 423 

industrial wastewater (Ma et al., 2020; Chen et al., 2019). 424 

Conclusions 425 

This study uses spatial autocorrelation, EKC, and LMDI models to 426 

analyze the spatio-temporal characteristics and influencing factors of 427 

industrial wastewater discharge in 18 major cities and four major 428 

economic zones in Sichuan Province (China) in 2003–2018. Our results 429 

showed that (1) the discharge of industrial wastewater and the Moran 430 

index decreased from 116580 million tons to 42064.96 million tons and 431 

from-0.310 to 0.302, respectively. The EKC curve of Sichuan's industrial 432 

wastewater discharge and economy is monotonically decreasing. (2) The 433 

industrial wastewater in major cities and the four major economic zones 434 

showed an overall downward trend (513.37, 170.98 and 89.56 million 435 

tons for ECD, ESS and ENS, respectively). Despite this, industrial 436 

wastewater discharge has increased by millions of tons. (3) The EKC of 437 

industrial wastewater discharge and economic development in major 438 

cities are monotonically decreasing (CD, NJ, ZG, LS), N shape (DZ, YA, 439 



BZ, ZY, MY), inverted N shape (PZH, DY, NC, YB), U-shape (LZ, GY, 440 

SN, MS), and inverted U-shaped (GA). (4) During the study period, 441 

technical effects were the major contributions of the discharge (from -442 

0.28 to -16.37), followed by economic effects (from 0.19 to 7.79), 443 

industrial structure effects (from 0.05 to 3.83), and population effects 444 

(from -0.08 to 0.46). These results suggest that from 2003 to 2018, the 445 

total amount of industrial wastewater discharge in Sichuan province 446 

exhibited a decreasing trend, whereas the technical effect played a 447 

significant role in reducing industrial wastewater discharge. 448 

 449 

Supplementary Materials  Table S1: Industrial wastewater discharge in 450 

18 major cities of Sichuan province 2003-2018. 451 
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Figure legends 659 

 660 

Fig. 1 Study area of Sichuan Province, China. 661 

CD (chengdu), DY(deyang), MY (mianyang), LS (leshan), MS 662 

(meishan), ZY (ziyang), SN (suining), YA (ya’an), ZG (zigong), LZ 663 

(luzhou), NJ (neijing), YB (yibin), GY (guangyuan), NC (nanchong), GA 664 

(guang’an), DZ (dazhou), BZ (bazhong), PZH (panzihua), LS 665 

(liangshanzhou), BA (a’bazhou) and GZ (ganzizhou). ECD (chengdu 666 

plain economic zone, including CD, DY, MY, LS, MS, ZY, SN and YA), 667 

ESS (southern sichuan economic zone, including ZG, LZ, NJ and YB), 668 

ENES (northeast sichuan economic zone, including GY, NC, GA, DZ and 669 

BZ), EXP (panxi economic zone, including PZH and LS) and ENWS 670 

(northwest sichuan ecological economic zone, including BA and GZ). 671 

  672 

  673 



Fig. 2 The industrial wastewater discharge in 2003–2018 of Sichuan 674 

Province, China. 675 

 676 

 677 

 678 

 679 

Fig. 3 Decomposition analysis results of industrial wastewater discharge 680 

in 2003–2018 of Sichuan Province, China. 681 
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Table S1 Industrial wastewater discharge in 18 major cities of Sichuan 684 

province 2003-2018 685 



Figures

Figure 1

Study area of Sichuan Province, China.

CD (chengdu), DY(deyang), MY (mianyang), LS (leshan), MS (meishan), ZY (ziyang), SN (suining), YA
(ya’an), ZG (zigong), LZ (luzhou), NJ (neijing), YB (yibin), GY (guangyuan), NC (nanchong), GA (guang’an),
DZ (dazhou), BZ (bazhong), PZH (panzihua), LS (liangshanzhou), BA (a’bazhou) and GZ (ganzizhou).
ECD (chengdu plain economic zone, including CD, DY, MY, LS, MS, ZY, SN and YA), ESS (southern sichuan
economic zone, including ZG, LZ, NJ and YB), ENES (northeast sichuan economic zone, including GY, NC,



GA, DZ and BZ), EXP (panxi economic zone, including PZH and LS) and ENWS (northwest sichuan
ecological economic zone, including BA and GZ).

Figure 2

The industrial wastewater discharge in 2003–2018 of Sichuan Province, China.



Figure 3

Decomposition analysis results of industrial wastewater discharge in 2003–2018 of Sichuan Province,
China.
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