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Abstract: Revealing the coordinated correlation between chemical industry development and the
water environment is essential for promoting high-quality development in the Yangtze River Eco-
nomic Belt. Based on the data in the Yangtze River Economic Belt from 2011 to 2021, this study
explores the spatial-temporal evolution and influencing factors of the coupled coordination between
chemical industry development and the water environment by using the global entropy method,
a coupling coordination model, and the Tobit model. The results indicate a general upward trend
in the comprehensive indices of chemical industry development and water environment systems,
albeit with distinct spatial patterns. A mismatch between the two systems is observed in terms of
spatial distribution. Regarding the coupling coordination degree, the relationship shows an upward
trend, primarily at a mild-to-moderate coupling stage, exhibiting a spatial pattern of “downstream
> midstream > upstream”. Moreover, a trend of increasing coordination and narrowing disparities
between high- and low-level regions can be observed. The model results suggest that environmental
regulation, economic development, government capacity, and urbanization play a crucial role in
promoting the coupled development of the chemical industry and the water environment. However,
openness to external markets may not enhance coupled coordination. These findings may provide
policy guidance for the development status of two subsystems in other locations.

Keywords: chemical industry development; water environment; coupling coordination; Yangtze
River Economic Belt

1. Introduction

The chemical industry is a key sector in China’s national economy, but it is also a major
source of environmental pollution [1,2]. Affected by the “hydrophilic” nature of production
and transportation, chemical enterprises are often distributed along the river system, and
a large number of chemical enterprises are distributed along the Yangtze River, which
has become an important agglomeration area for the development of China’s chemical
industry. There are more than 400,000 chemical enterprises along the Yangtze River, as well
as seven major refineries and large petrochemical bases such as Shanghai, Nanjing, and
Yizheng [3]. Among them, 30% of the environmental-risk enterprises are located within
5 km of the drinking water source, which has a profound impact on the water environment
and restricts the high-quality development of the Yangtze River Economic Belt to a certain
extent [4]. Since the Yangtze River Protection strategy was proposed in 2016, efforts to bal-
ance economic growth with environmental protection have gained momentum. The State
Council issued guidelines focusing on controlling pollution from chemical industries along
the river and strengthening the protection of key water resources. Achieving coordinated
development between the chemical industry and the water environment is a crucial step
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toward high-quality development in the Yangtze River Economic Belt. Without proper
coordination, the rapid expansion of the chemical industry could exacerbate water pollu-
tion, impeding regional sustainability. This paper aims to fill this gap by examining the
coupling relationship between chemical industry development and the water environment
and provide valuable insights for policymakers and researchers.

The existing literature focuses on two areas: chemical industry development and water
environment. Studies in the first area explore the spatial distribution and environmental im-
pacts of the chemical industry. They show that chemical industries often cluster near water
sources [5-9], with factors like economic growth, market demands, and transportation in-
fluencing their spatial distribution [10-14]. Additionally, chemical industries are known to
cause significant environmental pollution. Dong et al. [15] took the heavy chemical industry
in the Yangtze River Economic Belt as their research object and explored the impact of the
division of labor in the heavy chemical industry on regional environmental pollution and
economic development from the perspective of industrial division of labor. Wang et al. [16]
investigated the temporal and spatial changes in the distribution of chemical enterprises in
Jiangsu Province and their potential impact on water areas based on enterprise big data and
determined that some water areas are greatly affected by the chemical industry. To address
these issues, researchers suggest measures like increasing technological investment and
strengthening environmental regulations [17-19]. Studies on the water environment pri-
marily investigate water quality assessment, influencing mechanisms, and the interaction
between different industries and water resources [20-22]. Research indicates that water
quality is influenced by various factors, including economic development and industrial
structure [23-26]. Regarding the coupling relationship between economic development and
water resources, several studies have measured this interaction at different levels, such as
river basins or urban clusters [27,28]. Yu et al. [29] explored the agglomeration of pollutant
discharge from industrial enterprises and their spatial coupling characteristics associated
with water pollution discharge in the Zhangjiakou area. Zhang et al. [30] investigated
the spatial coupling relationship between pollution-intensive industrial agglomeration
and water environment pollution and found that the spatial agglomeration of polluting
industries is one of the important factors causing water pollution. Huang et al. [31] selected
Nanjing as their case study area and carried out spatial coupling based on the spatial pattern
of water environment pollution and the current situation of industrial agglomeration to
further provide decision-making suggestions for the adjustment of the future development
direction of the industry.

A review of the existing literature shows that the existing studies provide some
reference for this paper, but there are still the following shortcomings. (1) There is a lack of
understanding of the coupling interaction effect between the development of the chemical
industry and the water environment. At present, most of the research focuses on the
one-way impact of the development of the chemical industry on the water environment,
or the coupling and coordination phenomenon between some polluting industries and
the water environment, and rarely explores the coupling and interaction between the two.
(2) The evaluation of the development of the chemical industry is not systematic enough.
Although there is a lot of research on the development of the chemical industry, most
studies focus on the spatial layout of the chemical industry and its environmental effects,
and there is no consistent discussion on how to scientifically measure the development level
of the chemical industry. (3) Attention needs to be focused on the problem of pollution-
intensive industrial agglomeration in major national strategic areas; in particular, the
research on the environmental effect of chemical industry agglomeration in the Yangtze
River Economic Belt, which is the economic support belt of China, needs to be strengthened
urgently. Therefore, based on the Yangtze River Economic Belt, a typical chemical industry
development area, this paper first constructs a comprehensive evaluation system of the
two systems of chemical industry development and the water environment, uses the global
entropy method to measure the comprehensive index of the two in 2011~2021, further
describes the spatiotemporal evolution characteristics of chemical industry development,
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the water environment, and coupling coordination, and uses the Tobit model to explore
the influencing factors of the coupling coordination degree of the two in order to provide
a certain scientific basis for research and government decision-making in related fields.
There are two research purposes of this paper. On the one hand, it provides supporting
methods for the scientific measurement of the coupling and coordination relationship
between chemical industry development and the water environment. On the other hand, it
provides a decision-making basis for the promotion of the development of the chemical
industry and the water environment in the Yangtze River Economic Belt. The rest of the
organized is planned in such a way that Section 2 analyzes the coupling coordination
mechanism between chemical industry development and the water environment, Section 3
discusses the research data and methodology, Section 4 presents the results of the analysis,
and Section 5 concludes the study and offers policy recommendations.

2. Mechanism of Coupling Coordination between Chemical Industry Development and
Water Environment

System theory suggests that systems consist of interconnected subsystems that in-
fluence each other, collectively shaping the entire system [32]. Within the high-quality
development framework, the development of the chemical industry and the water environ-
ment are interlinked subsystems that exhibit a positive coupling relationship, contributing
to the high-quality development of the Yangtze River Economic Belt [30,31].

Chemical industry development impacts the water environment in several ways. On
the one hand, as a pillar of the national economy, the growth of the chemical industry brings
economic benefits that can fund technology and other resources for water environment
management, ultimately enhancing water quality. On the other hand, the rapid expansion
of the chemical industry can pose potential threats to the water environment. The chemical
industry is a known pollutant and uncontrolled growth can lead to increased wastewater
discharge, which adds pressure to water environment protection efforts, thereby potentially
limiting the sustainable growth of the chemical industry.

The water environment also impacts chemical industry development. The production
and transportation activities of chemical enterprises rely heavily on water resources, pro-
viding crucial support for the development of the chemical industry, thus laying a solid
physical and ecological foundation. Furthermore, with stricter water environment protec-
tion policies, the pressure on the chemical industry to upgrade and transform is expected to
foster greener and more sustainable growth, reinforcing the symbiotic relationship between
the chemical industry and the water environment, leading to coordinated development.

3. Research Data and Methods
3.1. An Overview of the Research Region

The Yangtze River Economic Belt is a crucial base for petrochemicals, pesticides,
coatings, and inorganic chemicals in China. Covering an area of approximately 2.05 million
km?, it represents 21% of China’s total land area. The region comprises 11 provinces and
cities: Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chongging, Sichuan,
Yunnan, and Guizhou. It is typically divided into three subregions based on economic
development: the upstream region includes Chonggqing, Sichuan, Guizhou, and Yunnan;
the midstream region comprises Hubei, Hunan, and Jiangxi; and the downstream region
includes Shanghai, Jiangsu, Zhejiang, and Anhui (Figure 1). The upstream region is focused
on phosphate and natural gas-based chemicals, while the downstream region is known for
petrochemicals and fine chemicals. In 2021, the operating income of the chemical industry
was CNY 8.8886 trillion in the Yangtze River Economic Belt (it is calculated based on
the “China Industrial Statistical Yearbook 2022"); the revenue was CNY 1.344 trillion in the
upstream region, CNY 1.8725 trillion in the midstream region, and CNY 5.7171 trillion in
the downstream region, indicating that the downstream region significantly outperforms
the upstream and midstream regions. With the continued advancement of the Yangtze
River Protection strategy, significant progress has been made in controlling the chemical
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plants surrounding the Yangtze River phenomenon, leading to substantial improvements
in water quality. Data indicate that in 2021, the proportion of water bodies with good
quality in the Yangtze River Economic Belt reached 92.8%, reflecting a positive trend in
water environment protection.
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Figure 1. Regional scope of Yangtze River Economic Belt.

3.2. Indicator Selection and Construction

3.2.1. Construction of Evaluation Indicators for Chemical Industry Development and
Water Environment

A comprehensive evaluation system was constructed to assess the development of the

chemical industry and the water environment following the principles of scientific validity
and data availability. The chemical industry development subsystem consists of 9 indi-
cators based on industry scale, industry growth, and industry efficiency. Industry scale
encompasses income and employee numbers for large-scale chemical enterprises; growth
rate assesses the year-on-year growth of the chemical industry; and industry efficiency
examines profitability. The water environment subsystem contains three element levels
based on the “pressure-state-response” model, which are water environment pressure,
water environment state, and water environment response. Water environment pressure
includes factors like industrial pollution, water environment state covers the total volume
of water resources and supply, and water environment response involves water resource
utilization and management. The detailed indicators are presented in Table 1.

Table 1. Chemical industry development and water environment evaluation index system.

Target Criterion Layer Index Calculation Method
The total assets of chemical enterprises above a
Total assets . .
designated size
. L The total income of chemical enterprises above a
industry scale Operating income desi .
esignated size
Number of employees The average number of workers e.mployed. by
. chemical enterprises above a designated size
chemical :
industry Asset growth rate (Asset growth/total asse’c?J of the previous year)
development x 100%

industry growth

Growth rate of operating income

(Growth in operating income/total operating
income in the previous year) x 100%

industry benefits

Operating income per CNY 100 of assets

(Operating income/total assets) x 100%

Realized profit per capita

Total profit/average number of workers per year

Debt-to-asset ratio

(Total liabilities/total assets) x 100%
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Table 1. Cont.

Target Criterion Layer Index Calculation Method
Total industrial water use per unit of (Industrial output value/total industrial water
industrial output value consumption) x 100%
Total chemical oxygen demand emissions (Industrial output/total chemical oxygen
water . g . - o
. per unit of industrial output demand emissions) x 100%
environment
pressure Total nitrogen oxide emissions per unit of

industrial output value (Industrial output/total NOx emissions) x 100%

Total phosphorus emissions per unit of (Industrial output/total phosphorus emissions)

industrial output value x 100%
Total amount of water resources The total amount of water resources in the region
water Total amount of water supply The total amount of water supplied by the region
environment
Water Water resources per capita Total water resources/total population of
environment p p the region
state
Section ratio of class I-III water quality Section ratio of class I-III water quality
Industrial water reuse Industrial water reuse
Industrial water saving per unit of (Industrial output value/total industrial water
water output value saving) x 100%
environment Wastewater treatment facility capacity Wastewater treatment facility capacity
response
Investment in industrial wastewater (Industrial wastewater treatment
treatment accounts for GDP proportion investment/GDP) x 100%

3.2.2. Selection of Influencing Factors

The coupling coordination degree (D) between chemical industry development and
the water environment reflects their two-way characteristic relationship and is influenced
by various factors [23,24,26]. This study examines how economic development level, gov-
ernment capacity, environmental regulation, industrial structure, openness to external
markets, and technology investment affect the coupling coordination between chemical
industry development and the water environment in the Yangtze River Economic Belt by
building on existing research (Table 2). (1) Economic development level (ECO): A higher
level of economic development brings increased production capacity, funding, and tech-
nology investment, which can support chemical industry growth and water environment
management as represented by GDP. At the same time, in order to eliminate the influence
of heteroskedasticity, GDP is logarithmic. (2) Government capacity (GOV): Local govern-
ments, through public fiscal expenditure, provide financial support and infrastructure for
the regional chemical industry and water resource development. This support is mea-
sured by the ratio of local fiscal expenditure to GDP. (3) Technology investment (TEC):
Technology investment provides production and pollution control technologies for the
chemical industry and supports water environment protection, promoting the develop-
ment of both. This investment is represented by the ratio of local science and technology
expenditure to total government fiscal expenditure. (4) Environmental regulation (ENV):
In the context of the Yangtze River Protection strategy, achieving coordinated economic
and environmental development is crucial. According to the Porter Hypothesis, stringent
environmental regulations can drive chemical enterprises toward green innovation, en-
hancing the coupling coordination between chemical industry development and the water
environment. This is measured by the ratio of industrial pollution control investment to
local fiscal expenditure [33]. (5) Urbanization (URBAN): The development of urbaniza-
tion has a huge impact on water resource utilization and water consumption [34,35], and
the wastewater generated can have negative effects on water quality through a variety
of pollutants [36]. It is measured by the ratio of the urban population to the permanent
population. (6) Openness to external markets (OPEN): As the “Golden Waterway” of China,
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the Yangtze River Economic Belt has benefited from international industrial capital inflows,
with foreign enterprises contributing knowledge, talent, and technology to the chemical
industry. This factor is measured by the ratio of total import and export value to GDP.

Table 2. Selection of influencing factors.

Influencing Factor Calculation Method
Economic development (ECO) Measured in terms of GDP per capita and logarithm
Government capacity (GOV) The ratio of local fiscal expenditure to GDP

The ratio of local science and technology expenditure to

Technology investment (TEC) government fiscal expenditure

The proportion of investment in industrial pollution

Environmental regulation (ENV) control in local fiscal expenditure

The ratio of the urban population to the resident

Urbanization (URBAN) population

Openness to external markets (OPEN) Total imports and exports as a percentage of GDP

3.3. Research Methods
3.3.1. Global Entropy Method

In this study, the global entropy method is used to measure the comprehensive index
of the two major systems of chemical industry development and the water environment,
and the specific calculation steps are as follows [37]:

(1) Construct a global evaluation matrix:

If necessary, use P evaluation indicators x1, X2, .. ., xp, to evaluate the comprehensive
level of T year in n regions through the collection of data. A cross-section data table every
year X' = (Xij)nxp and a T tension section data table in T year can be observed. Global
thinking is introduced to arrange the T section data table in chronological order from top to
bottom to form a global evaluation matrix of nT x p, which is recorded as follows:

X = (X1/X2/- . -XT);ﬂ"Xp = XijnTXp (1)

In the formula, X is the global evaluation matrix; P is the number of evaluation
indicators; n is province; T is year; x;; is the value of the j-th index in the i-th evaluation unit.
(2) Standardization of indicators:

L Xjj — Minx;
Positive indicators : zjj = ——————— 2)
maxxj — minx;
L Minx; — Xij
Negative indicators : z;; = 3)

maxxj — minx]-

In the formula, z;; is the normalized index value; x;j is the raw data of the j-th indicator
of the i-th province; maxxj and minx; are the maximum and minimum values, respectively.
In order to avoid a logarithm of 0 when calculating the entropy of information, 0.0001 is
added to all values of both the forward and negative indicators.

(3) Calculate the proportion of the indicator:

Xij

T
ity X

Vi = ,1<i<nT, 1<j<p 4)

In the formula, y; is the proportion of the i-th province in this indicator under the j-th
indicator.
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(4) Calculate the information entropy:
= kY " filnf, 1 <i<nT, 1 <j<p 5)

Among them, K = ﬁ, where g is the information entropy of the j-th indicator.
(5) Calculate the difference coefficient:

g=1-¢ (6)

where g. is the information utility value of the j-th indicator.
(6) Calculate the weight of each indicator:

where wj is the weight of the j-th indicator.
(7) Calculation of composite index:

P
Fi = ZWjYij (8)
i=1

where F; is the composite index.

3.3.2. Coupling Coordination Degree Model

The coupling coordination degree reflects the level of coordination between sys-
tems [38]. Compared to the coupling degree, the coupling coordination degree is more
effective in evaluating the coordination during the interaction and coupling process [39].
This study uses the coupling coordination degree model to assess the degree of coordination
between the chemical industry and the water environment. The formula for calculating the
coupling coordination degree is as follows [40]:

k
(pxe)
C={ = 9
[we)]z ®
2
T =uap+ Be (10)

D=+CT (11)

where C represents the coupling degree between the chemical industry system and the
water environment system; p is the comprehensive development index for the chemical
industry system; e is the comprehensive development index for the water environment
system; k is the coordination coefficient, set to 2; D is the coupling coordination degree,
with higher values indicating stronger coupling coordination between the two systems; T
is the overall coordination index for both systems. The values for « and {3 are coefficients
set to 0.5.

Research on the classification of coupling coordination types is quite extensive [41,42],
with common benchmarks used to categorize the levels of coupling coordination into six
stages: severely disordered, moderately disordered, mildly coordinated, preliminarily
coordinated, moderately coordinated, and highly coordinated development. The coupling
coordination degree can be classified into these stages of 0-0.2, 0.2-0.4, 0.4-0.5, 0.5-0.6,
0.6-0.8, and 0.8-1, respectively.
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3.3.3. Relative Development Degree Model

The coupling coordination degree model can effectively evaluate the coupling and
coordinated development level of chemical industry development and the water environ-
ment, but it cannot evaluate the relative development status of the two [43]. So, the relative
development index can be used to reflect the relative development degree between the two
systems [41,44]. It is calculated as follows:

E=p/e (12)

where E is the relative development coefficient; p is the comprehensive development index
for the chemical industry system; e is the comprehensive development index for the water
environment system. An E value between 0 and 0.8 indicates that the water environment is
lagging behind; an E value between 0.8 and 1.2 suggests synchronized development; while
an E value greater than or equal to 1.2 indicates that the chemical industry lags behind
(Table 3).

Table 3. Period and type of coupling coordination development and water environment.

Basic Type
D Value Period Relative Coefficient . e .
of Development Type of Coupling Coordination
Hioh-level I 0<E<038 High-level coupling coordination—-water development lagging
08<D<1 18h- e\:ie: coupiing 08<E<12 High-level coupling coordination-synchronized development
coordination E>12 High-level coupling coordination—chemical industry lagging
Mod i 0<E<038 Moderate coupling coordination-water development lagging
0.6<D <08 0 era(;e. coupting 08<E<12 Moderate coupling coordination—-synchronized development
coordination E>12 Moderate coupling coordination—chemical industry lagging
Prelimi i 0<E<08 Preliminary coupling coordination-water development lagging
05<D <06 refiminary coupiing 08<E<12 Preliminary coupling coordination—-synchronized development
coordination . . .. . .
E>12 Preliminary coupling coordination—chemical industry lagging
Mild I 0<E<038 Mild coupling coordination-water development lagging
04<D<05 ! ;F)up.mg 08<E<12 Mild coupling coordination—-synchronized development
coordination E>12 Mild coupling coordination—chemical industry lagging
Mod ‘mbal 0<E<038 Moderate imbalance and decline-water development lagging
02<D<04 o er?itillmr alance 08<E<1.2 Moderate imbalance and decline-synchronized development
and declime E>12 Moderate imbalance and decline-chemical industry lagging
S imbal 0<E<038 Severe imbalance and decline-water development lagging
0<D <02 evercei gn ﬁ ance 08<E<12 Severe imbalance and decline-synchronized development
and declime E>12 Severe imbalance and decline—chemical industry lagging

3.3.4. Kernel Density Estimation

Kernel density estimation is a non-parametric method that can describe the distribution
location, shape, and extent of the coupling coordination degree solely based on sample
data, offering robust results [45]. This study uses kernel density estimation to depict the
dynamic evolution characteristics of the coupling coordination degree between chemical
industry development and the water environment, with the following calculation formula:

f(x) = r;;%";’“) (13)

where f(x) represents the density function; n is the number of cities; Xi is the coupling
coordination degree for each province and city in the Yangtze River Economic Belt; x is the
mean coupling coordination degree; h is the bandwidth; and k() is the kernel function.
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3.3.5. Tobit Model

The coupling coordination degree between chemical industry development and the
water environment in the Yangtze River Economic Belt falls between 0 and 1, suggest-
ing a censored dependent variable, making the Tobit model an appropriate choice for
analysis [46,47]. This study uses the Tobit model to empirically examine the factors affect-
ing the coupling coordination degree in the Yangtze River Economic Belt. The formula is
as follows:

n
Vit = Bo + 21 Bexit + Eit
t=
0, Y;t <0

Yie = (14)

where Yj; is the dependent variable; x;; represents the independent variable; (3 is the
constant term;f3; is the vector of corresponding coefficients;i=1, 2, ..., 11, which denotes
the 11 provinces and cities in the Yangtze River Economic Belt that are the focus of this
study; t=1, 2, ..., n, and n indicates the number of independent variables; and ¢j; is the
random error term.

3.4. Data Sources and Processing

Following the industry classification methods outlined in the China Chemical Industry
Yearbook and the China Industrial Statistics Yearbook, the chemical industry is defined as
comprising five sub-sectors within the manufacturing industry: petroleum, coal, and other
fuel processing; chemical raw material and chemical product manufacturing; pharma-
ceutical manufacturing; chemical fiber manufacturing; and rubber and plastic products.
The data in this study come from various sources, including the China Industrial Statistics
Yearbook, China Statistical Yearbook, and China Environmental Statistics Yearbook from 2012
to 2022, and statistical yearbooks and ecological environment bulletins from Shanghai,
Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chonggqing, Sichuan, Guizhou, and
Yunnan. In addition, in order to eliminate the influence of price factors on the calculation
and regression results, this paper uses 2000 as the base period for all economic indexes. The
underlying data are deflated using the GDP deflator. For missing statistical data, the mean
interpolation method was used to fill in the gaps, with the following calculation formula:

Yiz1 Biyi

i (15)

y =
where ¥ is the mean; B; is a descriptive symbol indicating whether or not to answer, where
B; =1is “yes” and B; = 0 is “no”; n; is a single number.

Additionally, Table 4 provides the descriptive statistics for the coupling coordination
degree and its influencing factors.

Table 4. Descriptive statistics.

Variable Mean Std. Dev Min Max Obs
D 0.507 0.010 0.328 0.741 121
ECO 8.523 0.535 7.410 9.589 121
GOV 0.299 0.268 0.121 1.208 121
TEC 0.026 0.015 0.008 0.059 121
ENV 0.006 0.006 0.0001 0.034 121
URBAN 0.586 0.133 0.350 0.896 121
OPEN 0.320 0.315 0.029 1.398 121

4. Results and Analysis
4.1. Analysis of Chemical Industry Development
Figure 2 shows the comprehensive evaluation indices for chemical industry develop-

ment from 2011 to 2021 in the Yangtze River Economic Belt, calculating the annual means
for the entire belt and for the upstream, midstream, and downstream areas (Figure 2).
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Overall, the comprehensive evaluation index of chemical industry development showed
a fluctuating upward trend, increasing from 0.2330 in 2011 to 0.3277 in 2021. Regionally,
the trends in each subregion aligned with the overall Yangtze River Economic Belt. The
downstream region consistently led the trend throughout the observation period, followed
by the midstream and upstream regions, which remained below the belt’s average level.
The downstream region’s economic growth and higher consumption rates contributed to
its strong chemical industry development, whereas the midstream and upstream regions
focus on phosphate and natural gas-based chemicals, with lower added value compared
to the downstream petroleum and fine chemicals, which explains their lower indices. In
particular, the average value of the upstream area is significantly lower than that of the
midstream and downstream areas, which is due to the fact that the upstream area is in the
Yangtze River Economic Belt zone of loose environmental regulation, and in the process of
gradient transfer of the chemical industry, the chemical enterprises it encompasses are more
inefficient and more polluting and the economic development of the region is relatively
backward as a whole, so the comprehensive development level of the chemical industry is
significantly low.

0.6 r —— Yangtze River Economic Belt upstream area

—— midstream area —— downstream area

<
n
T

o
~
T

<
w
T

o
)
T

comprehensive evaluation index
(=]

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
year

(=]

Figure 2. Temporal evolution of the comprehensive evaluation level of chemical industry develop-
ment in the Yangtze River Economic Belt from 2011 to 2021.

By selecting the years 2011 and 2021 as key time points, the comprehensive evaluation
indices of chemical industry development were categorized into five levels (Figure 3). In
general, the Yangtze River Economic Belt exhibited a growth trend, with an “east-high, west-
low” spatial pattern, indicating that the eastern region’s chemical industry development
was significantly ahead of other regions. Additionally, the spatial structure remained
relatively stable from 2011 to 2021. Notable exceptions can be observed in the upstream and
midstream regions, with Hubei’s chemical industry advancing from the third to the second
level, driven by the province’s 14th Five-Year Plan for High-Quality Manufacturing that
emphasized the modernization of the chemical and energy industries. Conversely, Hunan’s
chemical industry fell from the second to the third level, likely due to the province’s 2020
implementation of the Relocation and Reconstruction Plan for Chemical Enterprises Along
the River that caused many chemical enterprises to relocate away from the river, reducing
Hunan'’s chemical industry status.



Water 2024, 16, 2164

11 of 20

a.y2011

b.y2021

o
e
e
I o 18
||

0.2342 - 0.8318

Figure 3. Spatial evolution of the comprehensive evaluation level of chemical industry development
in the Yangtze River Economic Belt from 2011 to 2021.

4.2. Analysis of the Water Environment

The comprehensive evaluation index for the water environment from 2011 to 2021 was
calculated, with annual means for the overall region and the upstream, midstream, and
downstream areas (Figure 4). Overall, the water environment index showed a slow upward
trend, with a peak in 2016 at 0.3162, suggesting that the Yangtze River Protection strategy
had a significant impact on reducing industrial pollution and improving water quality.
Regionally, due to the abundant wetland resources in the middle reaches of the Yangtze
River, strong hydrological regulation and control capabilities, and numerous restoration
engineering cases [48], the comprehensive evaluation index of the water environment is al-
ways higher than the overall level of the water environment in the Yangtze River Economic
Belt and shows an obvious “M”-shaped fluctuation trend, which is affected by the “Yangtze
River Protection” strategy. In 2016, the highest value was 0.4023, while the upstream and
downstream areas generally showed characteristics of a low comprehensive level of the
water environment, which was due to the fact that the total phosphorus discharge concen-
tration in the Yangtze River basin was generally characterized by a high concentration in
the upstream and downstream reaches and a low concentration in the middle reaches [49].
Among them, the upstream area was only higher than the global average in 2012 because
the “Yangtze River Basin Comprehensive Utilization Plan” (2012-2030) released in 2012
planned a number of hydropower stations in the upstream main stream and main tribu-
taries, which adjusted the water ecological service function of the upstream area in the
short term. The downstream areas have a high degree of urbanization, high population
density, dense areas such as nature reserves and drinking water source protection areas, and
prominent sudden environmental risks [50], and their comprehensive water environment
scores are always lower than the average level of the Yangtze River Economic Belt. It can be
seen that in the process of water environment management in the Yangtze River Economic
Belt, attention should be paid to the protection and governance of water resources in the
upstream and downstream areas.

Using 2011 and 2021 as key time points, the comprehensive evaluation index of
the water environment was divided into five levels (Figure 5). Generally, the indices
across provinces and cities showed an upward trend, with a “west-high, east-low” spatial
distribution, indicating a spatial mismatch with the chemical industry development pattern.
Notable changes occurred between 2011 and 2021, with stable patterns observed in Hubei,
Anhui, and Shanghai, and these cities maintained their respective third, fourth, and lowest
levels. Among the upstream areas, Sichuan, Yunnan, and Chongqing’s water environment
indices declined, while Guizhou rose from the lowest to the third level, likely due to precise
strategies aimed at improving the quality of the Wujiang River’s water. In the midstream
region, Hunan’s water environment advanced from the fourth level in 2011 to the highest
level in 2021, indicating that the chemical industry relocation initiative had a positive
impact on water protection. Conversely, the status of Jiangxi dropped from the highest to
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the second level. In the downstream region, both Jiangsu and Zhejiang’s water environment
indices fell, suggesting that these eastern provinces focused more on the economic benefits
of chemical industry development than on water protection.

0.5  —#—Yangtze River Economic Belt upstream area
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Figure 4. Temporal evolution of the comprehensive evaluation level of the water environment in the
Yangtze River Economic Belt from 2011 to 2021.

b.y2021

Figure 5. Spatial evolution of the level of comprehensive water environment assessment in the
Yangtze River Economic Belt from 2011 to 2021.

4.3. Analysis of the Coupling Coordination Degree
4.3.1. Spatiotemporal Evolution Pattern

Figure 6 depicts the temporal evolution characteristics of the coupling coordination
degree between chemical industry development and the water environment in the Yangtze
River Economic Belt during 2011-2021. The coupling coordination degree displays a
gradual upward trend, with an increase from 0.4868 to 0.5352, indicating a progression
from mild to preliminary coupling coordination. Regionally, the pattern “downstream >
midstream > upstream” persisted throughout the study period, with the downstream and
midstream regions maintaining a higher coordination degree than the belt’s overall level.
The downstream region experienced stages of preliminary and moderate coordination,
with the highest coordination degree of 0.6104 in 2016, reflecting its rapid response to the
Yangtze River Protection strategy as the most economically developed and open region.
The midstream region, primarily in the stages of mild and preliminary coordination, also
peaked in 2016 at 0.5705, indicating the beneficial effects of the Yangtze River Protection
policy in improving the coordination between chemical industry development and the
water environment. The upstream region remained in mild coordination throughout
the study period, with its lower coordination degree attributed to its relatively lower
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economic development and limited resources and technology for chemical industry and
water environment advancement.
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Figure 6. Coupling and coordination of chemical industry development and water environment in
Yangtze River Economic Belt from 2011 to 2021.

An examination of the spatial and temporal differences in coupling coordination stages
during the study period (Figure 7a) highlights the pattern of higher levels in Jiangsu and
Zhejiang, and lower levels in Chongqing, Sichuan, and Yunnan. Jiangsu and Zhejiang
maintained moderate coordination throughout the study period, with mean coordination
degrees of 0.7000 and 0.6267, respectively. In contrast, Jiangxi and Sichuan remained in
the preliminary coordination stage, with mean values of 0.5370 and 0.5438. Regions like
Hunan, Chongqing, and Guizhou exhibited progressive improvements in their coordi-
nation degrees. However, notable decreases in coupling coordination were observed in
Shanghai, Anhui, and Hubei, suggesting that these regions might have focused excessively
on chemical industry development or water environment governance at the expense of
maintaining a balanced approach.
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Figure 7. Coupling and coordination stages and types of chemical industry development and water

environment in the Yangtze River Economic Belt from 2011-2021.

Regarding the type of coupling coordination, significant and diverse changes could
be observed across the provinces and cities of the Yangtze River Economic Belt from 2011
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to 2021 (Figure 7b). The three main types identified were chemical industry lagging, wa-
ter environment lagging, and synchronized development, accounting for 57.9%, 21.5%,
and 20.7%, respectively. Spatially, the pattern showed that “chemical industry lagging”
types were concentrated in the upper and middle reaches of the river, while “water en-
vironment lagging” types were more common in the lower reaches. At the provincial
and municipal level, Jiangsu and Zhejiang consistently fell under the “moderate coupling
coordination-water environment lagging” type, while Jiangxi and Sichuan remained in the
“mild coupling coordination-chemical industry lagging” type. Meanwhile, Chongqing and
Guizhou transitioned from “moderate imbalance and decline—chemical industry lagging”
to “mild coupling coordination-synchronized development”. However, Hubei experi-
enced several transitions from “mild coupling coordination-synchronized development”
to “preliminary coupling coordination—synchronized development” and later to “moderate
coupling coordination—chemical industry lagging”. Similarly, Anhui, Shanghai, and Hunan
showed various types over time, indicating that the coupling interaction between chemical
industry development and the water environment in these regions is unstable and requires
special attention.

4.3.2. Dynamic Evolution Characteristics

Using kernel density estimation, this study analyzed the dynamic evolution character-
istics of the coupling coordination degree between chemical industry development and the
water environment in the Yangtze River Economic Belt from 2011 to 2021 (Figure 8). With
the Epanechnikov kernel function, three cross-sectional points—2011, 2016, and 2021—were
selected to assess the dynamic evolution of coupling coordination through variations in
distribution position, peak count, and distribution shape. The results indicate a general
rightward shift in the density curve, signifying an upward trend in coupling coordination
across the Yangtze River Economic Belt’s region. An examination of the peak height and
distribution shape shows a decline in peak height followed by an increase, with the peak
width expanding initially and then contracting, indicating a growing disparity in abso-
lute coordination levels. In 2011, the coordination degree clustered around 0.45, mainly
in Shanghai and Anhui. In 2016, the range was between 0.50 and 0.56, with a focus on
Anhui, Jiangxi, Hunan, and Sichuan; by 2021, the concentration was at 0.52, primarily in
the midstream areas of Anhui, Jiangxi, and Hubei. The changes in distribution pattern
also suggest a decreasing gap between high-level coordination provinces like Jiangsu and
Zhejiang and the overall average level in the Yangtze River Economic Belt, pointing to a
more balanced trend in coupling coordination.
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Figure 8. Kernel density estimation of coupling coordination degree between chemical industry
development and water environment in Yangtze River Economic Belt from 2011 to 2021.
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4.4. Analysis of Influencing Factors on the Coupling Coordination Degree

Before estimating the regression of the influencing factors of the coupling coordination
degree of the two systems, a collinearity test is required (Table 5). As can be seen from
Table 4, the VIF value of each variable is less than 10, and its mean value is 3.74, indicating
that there is no collinearity and a regression estimation can be made. The regression analysis
of the influencing factors on coupling coordination between chemical industry development
and the water environment in the Yangtze River Economic Belt is shown in Table 6. Overall,
economic development (ECO), urbanization (URBAN), government capacity (GOV), and
environmental regulation (ENV) have significant positive effects, while openness (OPEN)
exhibits noticeable negative impacts. Technology investment (TEC) has limited explanatory
power. Specifically, the regression coefficient for local economic development (ECO) is
0.108 and is significant at the 1% level, indicating that improved economic development
promotes coupling coordination between chemical industry development and the water
environment in the Yangtze River Economic Belt. The coefficient for urbanization (URBAN)
is 0.504, also significant at the 1% level, indicating that urbanization positively affects the
coupled development of the chemical industry and the water environment. The reason may
be that urbanization reflects the continuous expansion of the urban economy, and relevant
studies have pointed out that the rapid agglomeration of the population is conducive to the
rational use of water resources, and the scale effect brought by urbanization can promote
the coupling coordination of the two systems to a certain extent. Government capacity
(GOV) has a regression coefficient of 0.159, which is significant at the 1% level, implying that
government capacity may significantly promote the improvement in coupling coordination
between the chemical industry and the water environment. The impact of technology
investment (TEC) on coupling coordination is not statistically significant, suggesting that
technology investment has yet to play a significant role in fostering coupling coordination
between the chemical industry and the water environment. This lack could be because
the chemical industry, as a pollution-intensive sector, sees much of the government’s
technology investment directed toward high-end industries, reducing the positive impact
of technology on coupling coordination. The regression coefficient for environmental
regulation (ENV) is the largest at 4.860 and is significant at the 1% level, indicating that
environmental regulation is a powerful driver of coupling coordination, with increasingly
stringent policies promoting coordinated development. Hence, increasing the strength
of environmental regulation is critical for achieving coupling coordination in the Yangtze
River Economic Belt. The regression coefficient for openness (OPEN) is —0.156 and is
significant at the 1% level, suggesting that openness to foreign markets may negatively
impact coupling coordination between the chemical industry and the water environment.
This possible effect could be because, in a typical pollution-intensive industry like the
chemical industry, the “pollution haven” hypothesis indicates that foreign investment
might bring high-energy-consumption and high-emission industries into the host country,
causing irreversible environmental damage and inhibiting coupling coordination [51].

Table 5. Collinearity test results.

Variable VIF
ECO 2.31
URBAN 6.98
GOV 2.39
TEC 3.39
ENV 1.65
OPEN 5.71

Mean 3.74
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Table 6. Tobit regression results.

Variable Regression Coefficients Standard Error z-Statistic p-Value
ECO 0.108 *** 0.018 5.960 0.000
URBAN 0.504 *** 0.126 4.000 0.000
GOV 0.159 *** 0.037 4.354 0.000
TEC —0.319 0.768 —0.415 0.678
ENV 4.860 *** 1.287 3.776 0.000
OPEN —0.156 *** 0.048 —3.238 0.001
Constant —0.725 0.160 —4.544 0.000

Note: *** indicate significance at the 1% level.

5. Conclusions and Policy Recommendations
5.1. Conclusions

This study constructs a comprehensive evaluation indicator system for both the chem-
ical industry development system and the water environment system based on an analysis
of the coupling mechanism between chemical industry development and the water environ-
ment. It employs the global entropy method to calculate the weights and comprehensive
indices, constructing a coupling coordination model to analyze the relationship between
chemical industry development and the water environment from 2011 to 2021 in the
Yangtze River Economic Belt. The use of this method allows for a clear understanding of
spatiotemporal evolution patterns and influencing factors. The following conclusions can
be drawn:

(1) From 2011 to 2021, the overall level of chemical industry development in the
Yangtze River Economic Belt consistently improved, exhibiting a relatively stable spatial
distribution pattern with a noticeable “east-high, west-low” trend. The comprehensive
water environment index showed a slow upward trend with relative stability, presenting a
spatial pattern of “west-high, east-low”, which significantly differs from the spatial pattern
of chemical industry development.

(2) The coupling coordination degree between chemical industry development and
the water environment showed a relatively small variation with a general upward trend,
maintaining a state of mild-to-preliminary coordination. The spatial pattern indicated
a “downstream > midstream > upstream” pattern. At the provincial level, Jiangsu and
Zhejiang are high-level coupling coordination regions, while Chongqging, Yunnan, and
Guizhou are low-level regions. The dynamic analysis suggests that coupling coordination
will continue to increase, with the gap between high-level regions and the overall level in
the Yangtze River Economic Belt narrowing.

(3) The Tobit model regression analysis of influencing factors indicates that coupling
coordination between chemical industry development and the water environment in the
Yangtze River Economic Belt is influenced by multiple factors. Specifically, economic
development, government capacity, urbanization, and environmental regulation have
significant positive effects, while openness has significant negative impacts, with technology
investment having a limited effect.

5.2. Policy Recommendations

The Yangtze River Economic Belt is a major strategic region and economic support belt
in China, and the coordination between the chemical industry and the water environment
is directly related to the realization of high-quality development in the region. Based on
the research findings for the spatiotemporal differentiation characteristics and influencing
factors of the coupling coordination degree between chemical industry development and
the water environment in the Yangtze River Economic Belt from 2011 to 2021, this paper
puts forward the following policy recommendations:

(1) The Yangtze River Economic Belt spans across different regions of China with
varying natural conditions and resource endowments, leading to heterogeneity in the
development of the chemical industry and the water environment. The chemical industry
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shows an “east-high, west-low” spatial distribution pattern, consistent with Chen et al. [52].
Meanwhile, the water environment demonstrates a “west-high, east-low” pattern, aligned
with the findings of Yang et al. [53]. Considering the chemical industry’s development
trends, the downstream region significantly outperforms the midstream and upstream
regions, possibly because downstream areas focus on high-added-value industries like
petrochemicals and fine chemicals. The overall water environment trend follows a pat-
tern of “midstream > upstream > downstream”, likely due to tighter water environment
management strategies in the midstream region. Differentiated development strategies
should be adopted to address the significant spatial mismatch between chemical industry
development and the water environment. The downstream region in the Yangtze River
Economic Belt should focus on improving water environment quality through governance
and protection efforts. The midstream and upstream regions need to prioritize chemical
industry development and promote industry upgrades and transformations to increase
value chain integration.

(2) Studies indicate that while coupling coordination between chemical industry
development and the water environment has shown an upward trend in recent years, it
still remains at a mild-to-preliminary stage of coordination, suggesting the existence of
significant room for improvement in achieving coordinated development. Additionally,
specific strategies should be proposed given the differences in coupling coordination
stages and types across regions. For example, high-level coordination regions like Jiangsu
and Zhejiang should address their water environment lags, continue to implement strict
environmental regulation policies, and increase funding for water environment protection
while promoting green upgrades in chemical industry structures. Regions like Shanghai,
Hubei, Hunan, and Anhui, with varying coordination types, should monitor changes in
their coupling coordination stages and regularly assess chemical industry development
and water environment status, employing various measures to stabilize coordination types.
These measures could include strengthening environmental regulations in the chemical
industry and formulating appropriate water environment protection policies. In Jiangxi and
Sichuan, which consistently show “mild coordination with chemical industry development
lagging”, the focus should be on increasing technology and capital investment in chemical
industry development, continually driving industry transformation and upgrading for
high-quality growth. For regions like Chongqing and Guizhou, which have transitioned
from “moderate disorder with chemical industry lagging” to “mild coordination with
synchronized development”, reliance on past chemical industry and water environment
development strategies should continue to achieve sustained synchronized development.

(3) The effects of factors like economic development, urbanization, environmental
regulation, government capacity, and openness must be considered thoroughly to improve
coupling coordination between chemical industry development and the water environment
in the Yangtze River Economic Belt. The regression coefficient for environmental regulation
is the highest, indicating that stringent environmental regulation has the strongest effect
on coupling coordination, consistent with Zou et al. [54]. Therefore, reasonable increases
in environmental regulation intensity are key to achieving coordinated chemical industry
development and water environment protection in the Yangtze River Economic Belt. On the
one hand, it is necessary to strictly enforce the environmental control policies of the chemical
industry in the Yangtze River Economic Belt and strengthen the policy of eliminating
backward production capacity in the chemical industry. On the other hand, relevant water
resource protection policies should be formulated and implemented to strictly protect the
ecological environment of water resources. Additionally, it is necessary to give full play
to the scale effect brought about by urbanization and improve the overall water resource
utilization efficiency of the Yangtze River Economic Belt. We should give full play to the
government’s role in regulation and control, appropriately increase local investment in
the chemical industry and water environment governance, and promote the coordinated
development of the two; pay attention to the negative effects of opening up to the outside
world, strictly regulate the access system of relevant foreign-funded chemical enterprises,
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and realize the transformation of the chemical industry from “quantity” to “quality”;
finally, pay attention to the insignificant role of scientific and technological investment,
increase scientific and technological investment in technological innovation and water
environment management in the chemical industry, and promote innovation with science
and technology.

Due to the difficulty of obtaining data on the development of the chemical industry
and the water environment, this study took 11 provinces and cities in the Yangtze River
Economic Belt as the research object to explore the coupling coordination level of the
development of the chemical industry and the water environment. It is surely necessary
to further optimize the index system in the future and include more perspectives and
compare different areas, so as to more systematically explore the internal mechanisms
and influencing factors of chemical industry development and the water environment.
In particular, the river flow has an important impact on chemical industry development
and the water environment, and it is necessary to include the flow direction of water in
the influencing factors of coupling coordination in order to better explore the synergistic
interaction.

Author Contributions: Conceptualization, Y.X. and Z.D.; methodology, Y.X. and S.D.; data curation,
Y.X. and S.D.; writing, Y.X., Z.D. and S.D.; supervision Z.D.; funding acquisition, Y.X. and Z.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Social Science Foundation Major Project of China
(23&ZDA105), the Scientific Research Fund of Hunan Provincial Education Department (23A0356),
and the Xiangtan Social Science Federation 2024 “Leadership Question - Expert Defense” Social
Science Planning Project (2024049).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Acknowledgments: This work was supported by the National Social Science Foundation Major
Project of China (23&ZDA105). The authors would also like to thank the editors and anonymous
reviewers for their valuable comments and suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liu, H;Jin, E; Liu, Y;; Ding, J.; Xu, X. Evaluation and optimization of petrochemical industrial spatial organization in China. Acta
Geogr. Sin. 2011, 66, 1332-1342.

2. Ji, X;; Song, Y;; Sun, Y.; Wang, D.; Meng, H.; Li, S.; Huang, X. Temporal and spatial evolution and influencing factors of chemical
industry in Yangtze River Delta from the perspective of admission rate. Geogr. Res. 2020, 39, 1116-1127.

3. Zhang, HM.; Qin, H. Research on the problem of “heavy chemical industry encircling the Yangtze River” in the Yangtze River
Economic Belt. China Natl. Cond. Natl. Strength 2017, 4, 38-40.

4. Chinese Government Network. At the Symposium on in-Depth Promotion of the Development of the Yangtze River Economic Belt;
Xinhua News Agency: Beijing, China, 2018. Available online: https://www.gov.cn/xinwen/2019-08/31/content_5426136.htm
(accessed on 3 February 2020).

5. He, D.F; Dong, Y.P; Liu, X.M.; Zhou, X.H.; Zhang, EE,; Sun, S.S. Zircon U-Pb geochronology and Hf isotope of granitoids in East
Kunlun: Implications for the Neoproterozoic magmatism of Qaidam Block, Northern Tibetan Plateau. Precambrian Res. 2018, 314,
377-393. [CrossRef]

6.  Lisitsin, V. Spatial data analysis of mineral deposit point patterns: Applications to exploration targeting. Ore Geol. Rev. 2015, 71,
861-881. [CrossRef]

7. Willem, M. Oil refineries and petrochemical industries in Europe. Geo J. 1984, 9, 421-430.

8.  Zhang, W.Z.; Dong, K.G,; Tian, S.C. Development and evolution of spatial distribution of Chinese petrochemical industry. Geogr.
Res. 2009, 28, 1378-1388.

9. Zou, H.; Duan, X.J. Spatial evolution of chemical industry and its influencing factors in the regions along the Yangtze River. Geogr.
Res. 2019, 38, 884-897.

10. Treitl, S.; Jammernegg, W. Facility location decisions with environmental considerations: A case study from the petrochemical
industry. J. Bus. Econ. 2014, 84, 639-664. [CrossRef]

11. Powe, N.A.; Willis, K.G. Industrial location and residential disamenity: A case study of the chemical industry in Castleford,

England. J. Environ. Manag. 1998, 17-29. [CrossRef]


https://www.gov.cn/xinwen/2019-08/31/content_5426136.htm
https://doi.org/10.1016/j.precamres.2018.06.017
https://doi.org/10.1016/j.oregeorev.2015.05.019
https://doi.org/10.1007/s11573-014-0730-8
https://doi.org/10.1006/jema.1998.0193

Water 2024, 16, 2164 19 of 20

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Kwon, HM.; Lee, C.J.; Seo, D.H.; Moon, I. Korean experience of process safety management (PSM) regulation for chemical
industry. J. Loss Prev. Process Ind. 2016, 42, 2-5. [CrossRef]

Meng, X.L. Research on the size and distribution of refineries in USA. Petrochem. Ind. Trends 2002, 10, 18-21.

Tian, G.H.; Miao, C.H.; Hu, Z.Q.; Miao, ].M. Environmental regulation, local protection and the spatial distribution of pollution-
intensive industries in China. Acta Geogr. Sin. 2018, 73, 1954-1969.

Dong, X.L.; Zhang, Y.Y. Industrial Division of Labor, Environmental Pollution and Regional Economic Development: An Empirical
Study Based on the Heavy Chemical Industry in the Yangtze River Economic Belt. Econ. Latit. 2020, 37, 20-28.

Wang, Z.W.; Cai, H.Y,; Chen, M.L. Analysis method of spatiotemporal variation characteristics of chemical enterprises based on
big data and their potential impact on waters. J. Geo-Inf. Sci. 2022, 24, 673-683.

Fleischer, M. Regulation and innovation in the chemical industry: A comparison of the EU, Japan and the USA. Surf. Coat. Int.
Part B Coat. Trans. 2003, 86, 21-29. [CrossRef]

Jayarethanam, P. Importance of clusters in industry development: A case of Singapore’s petrochemical industry. Asian J. Technol.
Innov. 2006, 14, 1-27.

Lin, L. Research on cluster innovation mechanism and spatial response of heavy chemical industry. Acta Geogr. Sin. 2016, 71,
1400-1415.

Zhang, Q.H. Evaluation of water environment carrying capacity based on DPSIP model. Resour. Conserv. Environ. Protec. 2018,
11, 25.

Cha, M.H.; Wu, Q.; Ma, C.G.; Zhai, ].W. Evaluation of water environment carrying capacity in Inner Mongolia based on DPSIR
model. . Inn. Mong. Agric. Univ. 2020, 41, 65-73.

Zhao, Y.; Xing, Y.; Sun, Y.; Kong, H.Y.; Zhang, L.Z. Temporal and spatial evolution characteristics of water quality in watershed
basin based on GIS and its comprehensive evaluation. Compr. Util. Resour. China 2018, 36, 194-196.

Zhang, X.; Chang, Y.M. Spatiotemporal Analysis of the Impacts of Economic Agglomeration and Income Gap on Water Pollution:
Based on the Test of Intermediary Effect and Dynamic Spatial Threshold Effect. China Environ. Sci. 2023, 15, 108-120.

Zhang, N.; Li, H.Y.; Zhang, ].B.; Wang, Z.C.; Jiang, M.Q. Spatio-temporal evolution characteristics and influencing factors of
collaborative water environment management in China: Reflections on the Closed-loop and Collaborative Mechanism of Water
Governance Process. China Environ. Sci. 2023, 43, 6763-6777.

Qi, G.Z.; Wang, Z.B.; Li, HM.; Chen, Y. Impacts of urbanization development on water environment in coastal waters of Chinese
mainland. J. Univ. Jinan 2022, 36, 363-371.

Li, M.H,; Lu, C. Coupling and coordination relationship between new urbanization, economic development and water ecological
environment in the Huaihe River eco-economic belt and its driving factors. Bull. Soil Water Conserv. 2023, 43, 282-293.

Xing, X.; Xiu, C.B.; Liu, Y.C. Research on the coupling and coordination relationship between water resource utilization efficiency
and economic development in the Yellow River Basin. Softw. Sci. 2020, 34, 44-50.

Yu, X.Y.;; Zhang, L.P; Chen, X.C; Yang, K.; Huang, Y.Q. Analysis of coupling and coordinated development of water resources
and social economy in Hubei Province. Resour. Environ. Yangtze River Basin 2018, 27, 809-817.

Yu, H.; Zhong, J.; Liu, S.Q.; Yang, D.W. Spatial coupling characteristics of agglomeration of sewage industrial enterprises and
water pollution in Zhangjiakou area. J. Nat. Resour. 2020, 35, 1416-1424.

Zhang, S.S.; Zhang, L.; Zhang, L.C.; Gao, S. Spatial coupling relationship between polluting enterprise agglomeration and water
environment pollution in Taihu Lake Basin, southern Jiangsu. Sci. Geogr. Sin. 2018, 38, 954-962.

Huang, Y.J.; Liu, PH.; Huang, L. A Case Study of Industrial Adjustment Based on Water Environment and Enterprise Layout.
Environ. Ecol. 2021, 3, 43—48.

Adams, K.M.; Hester, P.T.; Bradley, ] M.; Meyers, T.].; Keating, C.B. Systems Theory as the Foundation for Understanding Systems.
Syst. Eng. 2014, 17, 112-123. [CrossRef]

Zhang, C.; Li, ].X.; Yuan, Z.L. The Impact of Environmental Regulatory Intensity on the Efficiency of Green Innovation: A
Moderating Effect Based on Fiscal Pressure. . Technol. Econ. Manag. 2024, 4, 101-107.

Kan, D.X,; Lv, L.J. Impact of urbanization on water resources utilization in China. City Issues 2018, 7, 4-12.

Zhang, H.Q.; Li, Y.M.; Zhang, C.]J. Population, economy, and industrial urbanization on water Dynamic effects and regional
differences of resource consumption impact. Ind. Technol. Econ. 2019, 38, 83-90.

Kassouri, Y. Monitoring the spatial spillover effects of urbanization on water, built-up land and ecological footprints in sub-
Saharan Africa. J. Environ. Manag. 2021, 300, 113690. [CrossRef]

Pan, X.F; Liu, Q.; Peng, X.X. Dynamic Evaluation and Analysis of China’s Regional Innovation Ability Based on Global Entropy
Model. Oper. Res. Manag. 2015, 24, 155-162.

Yang, X.Y.; Niu, EQ. Spatio-temporal coupling process of urbanization process and resource and environmental pressure in
Liaoning Province. World Geogr. Res. 2022, 31, 317-328.

Liu, L.K,; Liang, L.T.; Gao, P,; Fang, D.C.S.; Wang, H.H.; Wang, H. Coupling relationship and interaction between ecological
protection and high-quality development in the Yellow River Basin. J. Nat. Resour. 2021, 36, 176-195.

Zhao, ].J.; Liu, Y.; Zhu, Y.; Zhu, YK,; Qin, S.L.; Wang, Y.H.; Miao, C.H. Spatiotemporal pattern and influencing factors of coupling
of new urbanization and ecological environment in the Yellow River Basin. Resour. Sci. 2020, 42, 159-171.

Liu, H.; Zhang, Y.; Zheng, W.S. Evaluation of spatio-temporal coupling and coordinated development of urban land intensive use
and regional urbanization: A case study of cities in bohai rim region. Geogr. Res. 2011, 30, 1805-1817.


https://doi.org/10.1016/j.jlp.2015.10.001
https://doi.org/10.1007/BF02699589
https://doi.org/10.1002/sys.21255
https://doi.org/10.1016/j.jenvman.2021.113690

Water 2024, 16, 2164 20 of 20

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.
52.

53.

54.

Wang, T.; Wang, H.T. Research on the evolution of the coupling relationship between the agglomeration degree of high-tech
industry and the ecological environment. Sci. Technol. Prog. Countermeas. 2020, 37, 44-53.

Li, X.M.; Qin, X.H.; Chen, W.; Fang, 5.Q. Research on the coupling and coordination degree of tourism development and ecological
civilization construction in the Silk Road Economic Belt. J. Cent. China Norm. Univ. 2020, 54, 611-623.

Gai, M,; Qin, B.; Zheng, X.X. Spatiotemporal pattern evolution analysis of coupling and coordination of economic growth
momentum transformation and green development. Geogr. Res. 2021, 40, 2572-2590.

Cui, M.S; Liu, R.Q. Research on the coupling coordination degree of digital economy and green innovation: A case study of cities
in the Yangtze River Delta region. East China Econ. Manag. 2024, 38, 25-37.

Cameron, A.C.; Trivedi, PK. Microeconometrics: Methods and Applications; Cambridge University Press: Cambridge, UK, 2005.
Cheng, Z.; He, J.L.; Xu, S.; Yang, X. Coupling assessment for the water-economy-ecology nexus in Western China. Ecol. Indic.
2023, 154, 110648. [CrossRef]

Chen, L.; Wang, X.L.; Yang, C.; Lv, X.R. Spatiotemporal variation characteristics and driving factors of vegetation GPP in the
Yangtze River Basin from 2000 to 2015. ]. Cent. China Norm. Univ. 2021, 55, 630-638.

Li, HS.; Zhu, G.Q.; Yang, Q.P. Practice and prospect of joint research on the protection and restoration of the Yangtze River.
Environ. Prot. 2022, 50, 15-18.

Yao, S.M.; Zhang, Y.C.; Chai, Z.H.; Jin, Z.W.; Qu, G. Protection and restoration status of rivers and lakes in the lower reaches of
the Yangtze River and suggestions for countermeasures. Yangtze River Technol. Econ. 2022, 6, 1-10.

Jaffe, A.B.; Palmer, K. Environmental regulation and innovation: A panel data study. Rev. Econ. Stat. 1997, 79, 610-619. [CrossRef]
Chen, Q.J.; Wu, X.F. Analysis and optimization suggestions of chemical industry layout in Yangtze River Economic Belt. Chem.
Ind. 2018, 36, 5-9.

Yang, Q.; Hu, E; Zhao, Z.Y.; Chen, Y.H.; Zhang, X.L.; Wang, H.R. Assessment of water resources and water environment indicators
in the Yangtze River Economic Belt and countermeasures. J. Beijing Norm. Univ. 2019, 55, 731-740.

Zou, H.; Duan, X.J. Research on the evolution and influencing mechanism of China’s chemical industry. Sci. Geogr. Sin. 2020, 40,
1646-1653.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ecolind.2023.110648
https://doi.org/10.1162/003465397557196

	Introduction 
	Mechanism of Coupling Coordination between Chemical Industry Development and Water Environment 
	Research Data and Methods 
	An Overview of the Research Region 
	Indicator Selection and Construction 
	Construction of Evaluation Indicators for Chemical Industry Development and Water Environment 
	Selection of Influencing Factors 

	Research Methods 
	Global Entropy Method 
	Coupling Coordination Degree Model 
	Relative Development Degree Model 
	Kernel Density Estimation 
	Tobit Model 

	Data Sources and Processing 

	Results and Analysis 
	Analysis of Chemical Industry Development 
	Analysis of the Water Environment 
	Analysis of the Coupling Coordination Degree 
	Spatiotemporal Evolution Pattern 
	Dynamic Evolution Characteristics 

	Analysis of Influencing Factors on the Coupling Coordination Degree 

	Conclusions and Policy Recommendations 
	Conclusions 
	Policy Recommendations 

	References

