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Abstract: Water resources, energy, and food are fundamental resources for ensuring human social
development. The coordinated development of these resources contributes to improving the quality
of the social environment, promoting harmony between humans and nature, and achieving economic,
social, and ecological sustainability. This study utilizes panel data from 30 provinces in China from
2003 to 2020. Using a coupled coordination degree model, the coupling coordination degree of the
Water–Energy–Food (WEF) system is calculated, and the spatiotemporal evolution and social network
connections of WEF coupling coordination are analyzed. The spatial Durbin model is employed
to investigate the spatial spillover effects of heterogeneous environmental regulation on the coor-
dinated development of the WEF system. The mechanism model is used to explore the pathways
through which heterogeneous environmental regulation influences the coordinated development
of the WEF system. The results of this study demonstrate that the coupling coordination index of
China’s provincial-level WEF system has shown a steady upward trend, except for a slight decline in
a few years. Over the research period, there has been a significant improvement in regional coupling
coordination levels. There are large differences in the level of WEF coupling coordination among
different regions, with a distribution pattern of south > north and east > west. Both formal and
informal environmental regulations have significant positive effects on the coupling coordination
development of the WEF system, as well as significant positive spatial spillover effects. Formal
environmental regulation has a stronger impact compared to informal environmental regulation.
Foreign direct investment and industrial structural upgrading are important pathways for environ-
mental regulation to promote the coordinated development of the WEF system. Both formal and
informal environmental regulations can promote the coordinated development of the WEF system by
facilitating foreign direct investment and industrial structural upgrading. This study not only pro-
vides important scientific evidence and decision-making references for policymakers in formulating
environmental regulation policies but also offers new evidence support for the theory of regional
development disparities.

Keywords: WEF system; coupling coordination degree; environmental regulation; spatial econometrics

1. Introduction

Water resources, energy, and food are essential strategic resources for sustaining hu-
man survival, promoting socio-economic growth, and maintaining regional sustainable
development [1–3]. China is currently undergoing an accelerated process of new industrial-
ization and urbanization, resulting in tremendous demand for water, energy, and food [4].
Although China possesses vast overall resource quantities, per capita resource availability
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is relatively low. There are distinct regional disparities in the distribution of water resources,
energy production, and food supply. Water resources are concentrated in the southern
regions, while agricultural production and energy reserves are concentrated in the northern
regions. This unique distribution pattern leads to frequent occurrences of phenomena such
as increased uncertainty in water resource demand, energy demand, and food supply in
China. The inter-relationships and constraints among water, energy, and food have become
increasingly prominent [5].

Water, energy, and food systems are interdependent, and their interactions are highly
complex. Water resources serve as the foundation for agricultural production, while activi-
ties such as agricultural machinery operation, fertilizer production, and food processing
require significant energy inputs [6]. Conversely, food production and supply chains also
demand substantial water and energy resources. Therefore, changes in any of these systems
may have significant impacts on the others. Water scarcity and pollution, for instance, can
affect food production and supply, while frequent trading of energy-related commodities
can exacerbate water resource depletion in neighboring cities, leading to spatial resource
transfers [7].

The coordinated development of China’s water resources, food, and energy systems
has a significant impact on achieving sustainable development [8,9]. It is not only related to
environmental protection, resource utilization efficiency, and food security but also plays an
important role in economic development and social stability. Unreasonable development
practices may have negative impacts on the environment. Coordinated development
can promote green development, reduce pollutant emissions, and protect the ecological
environment [10]. Furthermore, it helps ensure the stability and security of the food
supply. Scientific and reasonable management of water resources, improving agricultural
irrigation efficiency, and enhancing agricultural production methods can increase food
production and quality [11]. Simultaneously, optimizing energy structures and improving
the operational efficiency of agricultural production and supply chains can guarantee the
stability of the food supply chain. The development and utilization of water resources, food,
and energy are closely related to the ecological environment [12]. Studying the coordinated
development of the system can reduce water resources pollution and waste, promote
the ecological, low-carbon, and sustainable development of agricultural production, and
achieve eco-prioritized and green development of water resources, food, and energy.

As globalization continues to advance and resource scarcity increases, ensuring the
supply of essential resources such as food, energy, and water poses a unique challenge to
national sustainable development [13]. This is not only because the demand for resource
imports and exports from different countries or regions continues to grow but also due to
the complex interrelationships within the food–energy–water system. Water plays a crucial
role in energy production, including the extraction of renewable energy and unconventional
fossil fuels, which are expected to play an important role in future energy security [14].
The intricate relationship between food and water has become more complex due to the
rapid growth of agricultural globalization and food trade. This has led to large-scale virtual
water transfers between regions and significant roles in food and water security in some
areas [15].

Environmental regulation, as a policy tool and management mechanism, guides and
adjusts the rational allocation and utilization of resources through internal and external
constraints and incentives. It aims to eliminate or reduce externalities, excessive resource
utilization, and environmental pollution, thereby achieving environmental optimization
in the socio-economic context [16] Can environmental regulation have an impact on the
coordinated development of the water–energy–food system among regions in China? This
is a highly debated issue. China, as one of the most populous countries in the world, faces
challenges such as water scarcity, increasing energy demand, and food security [17]. In this
context, achieving coordinated development of the water, energy, and food systems among
regions in China becomes a significant issue.
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By introducing environmental access standards, resource taxation, emission permits,
and other measures, environmental regulation aims to guide enterprises and individuals
in the rational utilization of water resources, energy, and land resources, reduce pollution
emissions and waste, and provide security for food production and supply [18]. However,
there are still many uncertainties regarding the impact of environmental regulation on the
coordinated development of the water–energy–food system among regions in China [19].
On the one hand, environmental regulation may promote optimized resource allocation
between regions, foster efficient utilization and sustainable development, thereby improv-
ing the output and efficiency of water resources, energy, and food [20,21]. On the other
hand, environmental regulation may exacerbate resource constraints in certain regions,
result in imbalanced industrial restructuring, and thereby affect the supply and demand of
water resources, energy, and food [22]. Moreover, the implementation and effectiveness of
environmental regulation may vary across different regions, leading to competition and
coordination challenges among them [23].

Therefore, it is of great significance to deeply investigate the impact of heterogeneous
environmental regulation on the coordinated development of the water–energy–food sys-
tem among regions in China. By assessing the implementation effectiveness, resource
utilization efficiency, and economic benefits of different types of environmental regulation
policies, scientific evidence and decision support can be provided to policymakers, pro-
moting regional collaboration and sustainable utilization. In addition, it is necessary to
explore the role of environmental regulation in resource allocation, cooperation mecha-
nisms, and policy coordination among different regions, as well as how to address conflicts
and conflicting interests between regions, in order to achieve more balanced development
and sustainable resource utilization.

Compared to the existing literature on water–energy–food-related research, this study
makes several contributions: (1) This study analyzes the space–time evolution characteris-
tics of the water–energy–food system coupling coordination degree among 30 provinces
in China, evaluating the differences in coordination degrees between different provinces.
By analyzing data over a long time span, it can reveal the changes and trends of the
system in different periods and regions, providing a foundation for understanding the
patterns of system changes. (2) From the perspectives of foreign direct investment and
industrial structural upgrading, this study examines the specific mechanisms through
which environmental regulation affects the coupled coordination development of the
water–energy–food system, providing decision support for governments and enterprises
in formulating comprehensive policies and implementation plans. (3) This study reveals
the spatial spillover effects of heterogeneous environmental regulation on the coupling
coordination degree of the water–energy–food system and compares the specific impacts of
formal and informal environmental regulation on the coupled coordination development
of the water–energy–food system.

The remaining sections of this paper are structured as follows: Section 2 provides the
theoretical background, discussing the relevant theories that support the research and con-
ceptualize the study. Section 3 presents the research methodology, including the variables
used and the sources of data. Section 4 presents the research findings. Section 5 discusses
the implications of the research findings. Section 6 summarizes the main conclusions and
provides policy recommendations.

2. Theoretical Background

The WEF system is an integrated system that involves the interdependence and
interaction among water resources, energy, and food [24]. In this system, water resources
are the fundamental requirement for agricultural development, while energy is a crucial
driving force in promoting development across all sectors. Food is also one of the essential
materials necessary for human survival. These three elements are interdependent and
mutually constraining [25]. In a situation where water is scarce, agricultural development
will be limited, resulting in a decline in food production. At the same time, inadequate
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energy production capacity can also affect food production and economic development.
Studying the WEF system as a whole can help to find new ways to reduce environmental
pollution and improve resource utilization efficiency [26].

Environmental and resource economics research focuses on issues related to resource
utilization and environmental protection. Environmental regulation is one of its important
research directions. Environmental regulation can take two forms: formal and informal.
Formal environmental regulation is a set of environmental policies and measures developed
and enforced by the government or legal regulations with clear legal effectiveness. Informal
environmental regulation is a voluntary norm generated through industry associations,
social organizations, or market mechanisms.

The theory of regional developmental differences is one of the important theoretical
frameworks in economic geography and regional science. This theory holds that there are
inherent differences in economic and social development among different regions, which
are influenced by multiple factors such as geographical conditions, resource endowments,
population distribution, and technological level. These factors collectively shape the
economic structure, industrial layout, and development characteristics of a region.

In China’s WEF system, due to differences in geography, climate, and resource en-
dowments, there are significant differences in water supply, food production, and energy
consumption among different regions. Water resources, food, and energy are interrelated,
and their development and utilization are closely linked and interdependent [27]. When
environmental regulations change the way water resources are managed, the mode
of food production or energy consumption structure, it may have spillover effects on
adjacent regions.

Due to differences in regional economic development, resource endowments, gov-
ernment management capabilities, and social participation levels, formal and informal
environmental regulations also vary in different regions of China. If the research method
divides China into eastern, central, and western regions, it will result in a hard division of
boundary regions. This heterogeneous research makes it difficult to evaluate the impact of
environmental regulations on different regions.

Spatial econometrics has become an essential research method for resource and en-
vironmental economics in recent years. By constructing different correlation matrices,
spatial econometric models can study heterogeneity between regions without destroying
the integrity of individual border regions. Common correlation matrices include adjacency
matrices, geographical distance matrices, economic gap matrices, and economic geographic
nested matrices. By using these different matrices, it is possible to assess the impact of het-
erogeneous environmental regulation on the development differences of the WEF system
in different regions.

In a country like China with vast territory and diverse ecological environment, explor-
ing the impact of environmental regulation on the WEF system in different regions is of
great practical significance. Due to the diversity of different regions and environmental
regulations, this issue involves complex factors and mechanisms. Existing research on
environmental regulation mainly focuses on one aspect of the WEF system, and further
discussion on the impact of heterogeneous environmental regulation on the coupled and
coordinated development of the WEF system is still needed.

3. Methods, Models and Variables
3.1. Methods
3.1.1. Comprehensive Evaluation Index

Compared to the Analytic Hierarchy Process (AHP) and the Relative Index Method
(RIM), the Entropy Weight Method (EWM) is considered a more objective weighting
method. This method determines the weights based on the variability of indicators, where
generally, indicators with higher variability are assigned greater weights. The EWM can
partially eliminate subjectivity and provide a more objective reflection of the relationships
between indicators [28]. The specific steps of the EWM are as follows:
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(1) Dimensionless processing. Due to the different dimensions of each index, in order
to be able to compare, it is necessary to eliminate the dimension of the original data.
First, the indicators are standardized:

Positive indicators : x′ij =
xij − min(xij)

max(xij)− min
(
xij

) (1)

Negative indicators : x′ij =
max(xij)− xij

max(xij)− min
(

xij
) (2)

In the formula, x′ij is the value of the index j of the evaluation object i after standard-
ization. xij is the initial value of the index. max(xij) and min(xij) are the maximum and
minimum values of the initial value of the index.

(2) Calculate the proportion of the index j of the evaluation object i to the index Pij:

pij =
x′ij

∑
i=1

x′ij
(3)

(3) Calculation of information entropy sj:

sj =
1

ln n

n

∑
i=1

pij ln pij (4)

(4) Calculate the difference coefficient dj:

dj = 1 − sj (5)

(5) Calculate the weight index:

ωj =
dj

n
∑

i=1
dj

(6)

(6) The comprehensive evaluation index is used to measure the development level of
three subsystems in 30 regions of China. The calculation formula is as follows:

w(u) =
n

∑
j=1

ωju′
ij (7)

e(y) =
n

∑
j=1

ωjy′ij (8)

f (z) =
n

∑
j=1

ωjz′ij (9)

In the formula: ωj is the index weight calculated by Formula (6); u′
ij, y′ij and z′ij are

the standardized values of the range of each index in the water resources, energy, and
food subsystems, respectively; w(u), e(y) and f (z) represent the evaluation index of the
development level of the corresponding subsystem respectively. This paper analyzes the
evolution characteristics of WEF coupling and coordinated development level in 30 regions
of China from two dimensions of time and space. From the perspective of the time
dimension, the evaluation object n = 18, that is, 18 research years from 2003 to 2020; from
the perspective of spatial dimension, the evaluation object n = 30, that is, 30 provinces,
autonomous regions, and cities, except Tibet.

3.1.2. Coupling Coordination Degree

Since the World Economic Forum included the “Water-Energy-Food Nexus” risk
cluster in the three major risk clusters in its Global Risk Report in 2011, the WEF system has
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attracted significant attention from researchers worldwide. Research in this field primarily
focuses on the conceptualization and understanding of the water–energy–food systems [29],
optimization assessment [30,31], and simulation and prediction studies [32]. The research
methods employed in this field have become increasingly diverse and include approaches
such as indicator system methodology [33], the entropy weight-TOPSIS method [34],
correlation analysis [35], data envelopment analysis [36], coupling coordination models [37],
and system dynamics [38].

Coupling coordination is a quantitative indicator that describes the interdependence
and coordinated development of two or more systems or subsystems. Compared to
other analysis methods such as indicator system methodology, correlation analysis, and
data envelopment analysis, the coupling coordination model is capable of integrating the
water resources system, energy system, and food system into a comprehensive research
framework. Furthermore, unlike system dynamics models, the coupling coordination
model can analyze the variations in the water–energy–food systems of different regions
over different time periods and evaluate the level of coordinated development from both
temporal and spatial dimensions.

In this study, the coupling coordination model is employed to examine the level of
coordination in China’s water–energy–food systems. It involves the evaluation of coupling
degree (C value), coordination degree (D value), and coordination index (T value). The
coupling degree model reflects the degree of interconnection, restriction, and promotion
between the two systems or subsystems. When the coupling degree is high, it indicates
a mutually coordinated and orderly development. Conversely, a low coupling degree
suggests a lack of coordination. The coupling degree value for provincial-level WEF
systems in China is denoted by C and calculated using the following formula:

C = 3 ×
3
√
(w(u)× e(y)× f (z)

w(u) + e(y) + f (z)
(10)

In the formula, C ∈ [0, 1] represents the coupling degree, where C = 0 indicates no
correlation between the systems. As C increases, the interconnection between systems
becomes stronger. When C reaches 1, the coupling degree is saturated, indicating that the
systems are in a completely fitting state and developing towards an ordered structure.

Although coupling degree is an important indicator reflecting the degree of interde-
pendence between systems, it has limitations when evaluating long-term studies across
multiple regions. The coupling coordination model is the most commonly used method for
analyzing the coupling relationships between three systems. It can effectively reflect the
synergistic effects between systems. To better illustrate the coordinated development status
between systems, it is necessary to further introduce the coupling coordination model:

D =
√

C × T (11)
T = α × w(u) + β × e(y) + γ × f (z) (12)

In the equation, D represents the coupling coordination degree, with a value range of
(0, 1]. The higher the D value, the better the coordinated development between systems.
T represents the comprehensive evaluation index of the water, energy, and food subsystems
in the WEF system, with a value range of (0, 1]. The higher the T value, the more coordinated
the overall development status of the three subsystems. α, β and γ represent the importance
levels of the three subsystems. Based on the mechanism described in the paper, it is assumed
that the importance of the water, energy, and food subsystems is equal, so α = β = γ = 1/3.

According to the explanation in the methodology section, D is an important indicator
of the level of coordinated development between subsystems, and it complements the
limitations of the coupling degree model. Additionally, T represents the overall level
of coordinated development in the WEF system, enabling a comprehensive evaluation
of the interconnections and interactions between the subsystems. The weights α, β
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and γ are equally divided among the three subsystems to avoid subjective bias and
promote objectivity.

3.2. Variables Selection

Coupling coordination degree of the WEF System. This study focuses on the coupling
coordination degree of the WEF system as the core explained variable. A scientifically
reasonable evaluation index system is essential for accurately assessing the level of coupling
coordination in the WEF system. Drawing upon existing research achievements and
adhering to principles of scientificity, systematicity, comprehensiveness, and authenticity,
we have constructed an evaluation index system for interprovincial WEF system coupling
coordination and development in China, as detailed in Table 1 below. Building upon
Table 1, we have applied the comprehensive evaluation index method and the coupling
coordination degree model to calculate the comprehensive evaluation indices of the three
subsystems, as well as the overall evaluation index and coupling coordination degree of
the WEF system.

Table 1. Evaluation Index System for interprovincial WEF System coupling coordination
and development.

Target Level Indicators Attribute

Water Resources Subsystem

Per capita water consumption −
Total available water resources per capita +

Proportion of ecological water usage +
Proportion of domestic water usage −

Total precipitation +
Water productivity +

Irrigated area +
Wastewater discharge volume −

Water consumption per RMB 10,000 GDP −
Water consumption per RMB 10,000 industrial value added −

Energy Subsystem

Energy production +
Energy consumption −

Energy self-sufficiency rate +
Per capita energy consumption −

Energy industry investment +
Coal consumption ratio −

Total renewable energy production +
Energy structure +

Energy consumption per RMB 10,000 GDP −
Energy consumption per RMB 10,000 industrial value added −

Food Subsystem

Per capita grain production +
Grain yield per unit area +

Per capita grain consumption −
Total power of agricultural machinery +

Crop sown area +
Fertilizer use per unit of arable land −

Natural population growth rate −
Rural residents’ disposable income +

Heterogeneous environmental regulation (LnER). This article characterizes heteroge-
neous environmental regulation from the perspectives of formal and informal regulations.
To measure formal environmental regulation (ER1), the method of Wang et al. (2016) is
adopted [39]. It measures the formal environmental regulation by the ratio of environ-
mental pollution control investment and pollutant discharge fees to GDP. The higher the
proportion is, the stronger the environmental regulation. Following Chen et al. (2022) [40],
informal environmental regulation (ER2) is measured by using a composite index based
on income level, population density, and education level, calculated through the entropy
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method. Education level is measured by the proportion of the population with higher
education, indicating a stronger environmental awareness. Income level is measured by
the average wage of urban employees, and population density is measured by the pro-
portion of provincial population to regional area, indicating higher environmental quality
requirements in areas with higher income levels and larger population densities.

Industrial Structure Upgrading (LnAIS). Industrial structure upgrading has a profound
impact on the coordinated development of water resources, food, and energy systems [41].
By optimizing water resource utilization efficiency, improving agricultural modernization,
promoting energy structure transformation, driving technological innovation, and achiev-
ing green production, a virtuous interaction between industrial structure upgrading and
the coordinated development of water resources, food, and energy systems can be realized.
The proportion of added value of the tertiary industry to the added value of the secondary
industry is used as a proxy variable for industrial structure upgrading.

Trade Exports (LnTEX). Exports have a certain impact on the coordinated development
of water resources, food, and energy systems. They can bring economic benefits, optimize
resource allocation, promote technological innovation, and facilitate resource integration.
However, they may also lead to internal supply-demand imbalances, market risks, and
resource sustainability issues [42]. We use the ratio of regional total export value to GDP as
an indicator of trade exports.

Urbanization (LnURB). In the process of urbanization, on the one hand, population
growth and urban expansion lead to increased demand for water resources. In addition,
during the urbanization process, a large amount of farmland is converted into urban areas,
resulting in a reduction in arable land. This affects food production capacity and food
security. If the food supply cannot meet the needs of the urban population, it may result
in food deficits, rising food prices, and thus impacting the coordinated development of
water resources and energy systems. On the other hand, urbanization is often accompanied
by higher industrial agglomeration effects and resource allocation efficiency, which can
promote rational resource utilization. The ratio of urban population to total population is
used to measure the level of urbanization.

Foreign Direct Investment (LnFDI). Foreign direct investment is often accompanied by
the introduction and transfer of technology, which may bring advanced water resource, en-
ergy, and environmental management technologies. The introduction of foreign technology
can improve resource utilization efficiency, reduce pollution emissions, and promote sus-
tainable development [43]. Foreign direct investment can also accelerate the development
and utilization of water resources and energy. In some cases, this may lead to excessive
exploitation and consumption of resources, causing environmental problems. In this study,
the natural logarithm of actual foreign direct investment is used as a measure of the foreign
direct investment variable.

Population Size (LnPOP). Population has complex and important impacts on the water–
resource–energy–environment system. On the one hand, regions with larger populations
have more abundant human resources, providing more intellectual and physical resources.
On the other hand, population growth leads to increased waste and pollutant emissions.
Improper handling of waste and pollutants can cause pollution to water resources, soil, and
air, endangering human health and ecological balance. The number of permanent residents
in the region is used to measure this indicator.

3.3. Model Construction
3.3.1. Construction of Spatial Durbin Model

Inter-regional commodity trade has led to the cross-regional flow of water, energy,
and food. There are variations in water resources, energy, and food production conditions
across different regions. Therefore, conducting cross-regional optimization and allocation
of resources can enhance overall efficiency and achieve rational utilization of resources.
The Space Durbin model incorporates the characteristics of Spatial Error Model (SEM)
and Spatial Lag Model (SAR), allowing for the analysis of regional differences and spatial
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patterns. This is of significant importance in studying the development of water resources,
food, and energy in different regions under environmental regulations. Through spatial
analysis using the model, specific regions’ advantages and potentials can be identified,
providing support for regional development and resource allocation.

In this study, the Space Durbin model is used to examine the specific impact of hetero-
geneous environmental regulations on the coupling and coordination of the water–energy–
food system in China. The research method employed is based on Chen et al. (2023) [44].
The constructed Space Durbin model is presented as follows:

LnCCDit = ρWijLnCCDit + β1LnERit + γXit + Wij ∗ (β3LnERit + εXit) + µi (13)

In the formula, LnCCD represents the logarithm of coupling coordination degree,
LnER represents the logarithm of environmental regulation. The environmental regulation
used in this paper includes formal environmental regulation and informal environmental
regulation. In the follow-up, two different environmental regulations will be modeled
and studied separately. X is the control variable, including industrial structure upgrading
(LnAIS), trade export (LnTEX), urbanization (LnURB), foreign investment (LnFDI), popula-
tion (LnPOP). ui represents the spatial fixed effect, and Wij is the weight matrix. i denotes
different regions, and t denotes different years.

The spatial econometric model needs to design a spatial weight matrix to reflect
the impact of neighboring provinces on the explained variables. This paper constructs
the spatial weight matrix of geographical distance from the perspective of geographical
distance. In this paper, the expression of geographical distance weight matrix is constructed
as shown in Equation (14):

W1 =
1√

(xi − xj)
2 + (yi − yj)

2
(14)

Among them, W1 represents the geographical distance weight matrix, xi and yi repre-
sent the latitude and longitude of the provincial capital cities in each region, and the data
come from the National Basic Geographic Information Center. The Euclidean distance be-
tween the two is calculated by latitude and longitude to represent its geographical distance.

In addition to considering the influence of geographical distance on variables, this
paper also considers the influence of economic gap. To this end, this paper also constructs
an economic geographical distance weight matrix for robustness testing. The economic
geographical distance matrix constructed in this paper is shown in Equation (15):

W2 = W1diag
(
Y1/ Y , Y2/ Y , · · ·Yn/ Y

)
(15)

Among them, W2 is the economic geographic distance weight matrix, Yi =
1

tn−t0+1

tn
∑
t0

Yit

is the per capita GDP of each region during the observation period, and Y is the per capita
GDP of all regions during the observation period.

Anselin (1995) argues that the inclusion of spatial lag terms in the results obtained
from spatial Durbin models incorporates the spatial dependence between the independent
and dependent variables. Therefore, considering only the direct regression results would
overlook the marginal effects of the independent variables on the dependent variable,
leading to biased estimation [45]. To address the heterogeneity in the scope and subjects
of spatial effects, LeSage (2009) decomposes the impact of independent variables on the
dependent variable in spatial Durbin models into direct, indirect, and total effects [46]. The
vector form of the spatial Durbin model can be represented as follows:
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Yt = (In − ρW)−1(Xtβ + WXtθ) + (In − ρW)−1ε∗t (16)

Among them, the error term includes random error term, spatial effect and time effect,
and the explained variable is relative to the kth explanatory variable in different spatial
units at a specific time point. The partial differential matrix of (xik, i = 1, 2 . . . , N) is:

[
∂Y

∂X1k
,

∂Y
∂X2k

. . .
∂Y

∂XNk

]
t
=


∂y1

∂X1k

∂y1
∂X2k

. . . ∂y1
∂XNk

∂y2
∂X1k

∂y2
∂X2k

. . . ∂y2
∂XNk

. . . . . . . . .
∂yN
∂X1k

∂yN
∂X2k

. . . ∂yN
∂XNk

 = (In − ρW)


βk w12θk . . . w1Nθk

w21θk βk . . . w2Nθk
. . . . . . . . .

wN1θk wN2βk . . . βk

 (17)

In the above equation, the direct effect refers to the average of the diagonal elements
of the partial differentiation matrix on the right-hand side, while the indirect effect is the
average of the corresponding row or column of the off-diagonal elements of this matrix.

The prerequisite for using the spatial Durbin model to study the spillover effects of
heterogeneous environmental regulation on the coordinated development of China’s water–
energy–food system is the presence of spatial correlation between environmental regulation
and the water–energy–food system. To examine this, the Moran’s I test is employed to
test the existence of spatial correlation, and the results are presented in Table 2. The
Moran’s statistics for formal environmental regulation, informal environmental regulation,
and the level of coordination are all significantly positive, indicating that heterogeneous
environmental regulation and the coordinated development of the water–energy–food
system are not randomly (uniformly) distributed in space but exhibit obvious clustering
characteristics and positive spatial correlation.

Table 2. Global Moran’s I test results.

LnER1 LnER2 LnCCD

W1 W2 W1 W2 W1 W2

2003 0.085 *** 0.203 *** 0.072 *** 0.456 *** 0.093 *** 0.322 ***
2004 0.085 *** 0.246 *** 0.084 *** 0.453 *** 0.093 *** 0.328 ***
2005 0.081 *** 0.292 *** 0.088 *** 0.442 *** 0.087 *** 0.315 ***
2006 0.085 *** 0.298 *** 0.075 *** 0.451 *** 0.087 *** 0.311 ***
2007 0.080 *** 0.353 *** 0.095 *** 0.430 *** 0.084 *** 0.308 ***
2008 0.077 *** 0.353 *** 0.108 *** 0.422 *** 0.087 *** 0.312 ***
2009 0.083 *** 0.272 *** 0.083 *** 0.435 *** 0.087 *** 0.316 ***
2010 0.084 *** 0.238 *** 0.034** 0.428 *** 0.087 *** 0.311 ***
2011 0.084 *** 0.292 *** 0.085 *** 0.418 *** 0.086 *** 0.307 ***
2012 0.087 *** 0.176 *** 0.068 *** 0.419 *** 0.084 *** 0.298 ***
2013 0.087 *** 0.139 *** 0.055 *** 0.416 *** 0.080 *** 0.288 ***
2014 0.086 *** 0.117 *** 0.079 *** 0.412 *** 0.081 *** 0.290 ***
2015 0.082 *** 0.139 *** 0.057 *** 0.411 *** 0.086 *** 0.315 ***
2016 0.082 *** 0.116 *** 0.036** 0.409 *** 0.090 *** 0.336 ***
2017 0.083 *** 0.152 *** 0.061 *** 0.407 *** 0.094 *** 0.346 ***
2018 0.079 *** 0.169 *** 0.072 *** 0.396 *** 0.097 *** 0.355 ***
2019 0.081 *** 0.174 *** 0.077 *** 0.400 *** 0.099 *** 0.364 ***
2020 0.072 *** 0.174 *** 0.078 *** 0.371 *** 0.100 *** 0.372 ***

Note: *** p < 0.01.

The LM test indicates that using spatial econometric models is more appropriate than
using non-spatial econometric models. The Wald_SDM/SAR value and LR_SDM/SAR
value both pass the significance test at the 1% level, rejecting the null hypothesis that the
Space Durbin model can degenerate into a spatial autoregressive model. The Wald_SDM/
SEM value and LR_SDM/SEM value also pass the significance test at the 1% level, rejecting
the null hypothesis that the Space Durbin model can degenerate into a spatial error model.
Therefore, this paper uses the Space Durbin model that simultaneously fixes time and
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studies individuals as the empirical model. The test results are shown in Table 3. Due to
space limitations, Table 3 only reports the test results based on geographic distance matrix.

Table 3. Test of applicability of Space Durbin model.

Test Type LnER1 LnER2

LM test

LM_error 204.724 *** 768.337 ***
Robust_LM_error 85.693 *** 347.215 ***
LM_lag 352.600 *** 725.004 ***
Robust_LM lag 233.569 *** 303.883 ***

LR test
LR_SDM/SAR 102.65 *** 110.65 ***
LR_SDM/SEM 121.06 *** 127.68 ***

Wald test
Wald_SDM/SAR 44.61 *** 68.84 ***
Wald_SDM/SEM 128.32 *** 136.75 ***

Fixed effects test
LR_both/ind 106.92 *** 105.94 ***

LR_both/time 866.75 *** 854.32 ***
Note: *** p < 0.01.

3.3.2. Construction of Influence Mechanism Model

The implementation of environmental regulations can enhance the level of ecological
environmental protection and resource utilization efficiency, reduce environmental pol-
lution, and emissions, thereby attracting foreign enterprises to invest in China. Foreign
investment brings advanced environmental protection technology and management ex-
perience, which can improve the level of environmental protection through technology
transfer and innovation [47]. Environmental regulations can require companies to adopt
more environmentally friendly measures in the production process, reducing pollution and
minimizing damage to the ecological environment. The improvement in environmental
governance capabilities has led to the improvement of China’s ecological environment,
increasing the stability and reliability of the investment environment for foreign-funded
enterprises in China and attracting more foreign investment [48]. Strict control and supervi-
sion of companies have been imposed through environmental regulations, and companies
that fail to meet environmental standards may face substantial fines and compensation
costs [49]. At the same time, the government provides rewards and support policies such
as tax incentives to companies that comply with environmental standards. Enterprises
that meet environmental requirements will be more competitive and attract more foreign
investment. Based on the above analysis, this study examines the mechanism by which
environmental regulations promote foreign direct investment and the coordinated develop-
ment of the water–energy–food system. The proposed mediation model is presented in
Equation (18).

LnFDIit = β0+β1LnERit + ∑ LnXit + ϵt + µi (18)

In the equation, LnFDI represents the logarithm of foreign direct investment, while
LnER represents the logarithm of environmental regulations, which include both formal
and informal regulations. X is the control variable, including industrial structure upgrading
(LnAIS), trade exports (LnTEX), urbanization (LnURB), foreign investment (LnFDI), and
population size (LnPOP). ϵt represents time fixed effects, and µi represents individual
fixed effects.

Formal environmental regulations require companies to assume environmental re-
sponsibilities, including compliance emissions, waste treatment, and environmental risk
management. This forces companies to improve their environmental management level
by adopting cleaner, energy-saving, and environmentally friendly production methods,
promoting industrial structure upgrading [50]. To comply with regulations, companies
may need to invest in environmental governance facilities, pollution prevention tech-
nologies, and clean energy to meet environmental standards. Informal environmental
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regulations can shape consumer preferences and increase demand for environmentally
friendly products and services in the market [51]. As consumers become more concerned
about environmentally friendly products and brands, companies must accelerate the adjust-
ment of their industrial structure to develop and produce more environmentally friendly
and sustainable products. Industrial structure upgrades can promote the application of
green production methods, reducing negative impacts on water resources, energy, and the
environment. By strengthening research and development and promoting clean produc-
tion processes and low-carbon production methods, water resources, energy consumption,
waste, and pollutant emissions can be reduced, achieving sustainable development of water
resources, energy, and food production. Based on the above analysis, this study examines
the mechanism by which environmental regulations promote the coupled and coordinated
development of the water–energy–food system through industrial structure upgrading,
and the proposed mediation effect model is shown in Equation (19).

LnAISit = β0 + β1LnERit + ∑ LnXit + ϵt + µi (19)

In the equation, LnAIS represents the logarithm of industrial structure upgrading,
while LnER represents the logarithm of environmental regulations, which include both
formal and informal regulations. X is the control variable, including industrial structure
upgrading (LnAIS), trade exports (LnTEX), urbanization (LnURB), foreign investment
(LnFDI), and population size (LnPOP). ϵt represents time fixed effects, and µi represents
individual fixed effects.

3.4. Data Source

The annual data for this study are collected from 30 provinces (municipalities and
regions) in China from 2003 to 2020, excluding the sample data from the Tibet region due to
the severe level of data missing. The primary sources of data for this study include “China
Statistical Yearbook”, “China Regional Economic Yearbook”, “China Industrial Statistical
Yearbook”, “China Environmental Yearbook”, and “China Energy Statistical Yearbook”.
Some data are also sourced from the EPS database, the website of the National Bureau of
Statistics, and the China Statistical Information Network. The data on pollution tax and
fees for calculating environmental regulations are obtained from the Wind database. Since
the earliest available data on investment in environmental pollution control in the statistical
yearbooks is from 2003, the starting period for this study is set as 2003.

4. Results
4.1. Analysis of Spatiotemporal Evolution of WEF System Coupling and Coordination
Development in China

The degree of coupling model and coupled coordination model were used to measure
the coupling and coordination degrees of the WEF system in China from 2003 to 2020. The
results are shown in Figure 1. Overall, the coupling and coordination index of the WEF
system at the provincial level in China has shown a steady upward trend, except for a
slight decline in 2010–2011 and 2013–2014. This indicates that the regional connections and
coordination levels of the provincial-level WEF system in China are gradually increasing.
The average degree of coupling and coordination has increased from 0.210 in 2003 to 0.911 in
2020, with an annual average growth rate of 10.51%. This means that the coordination level
of the provincial-level WEF system in China has changed from a state of serious imbalance
to a state of high-quality coordination, showing the gradual strengthening of regional
connections. There are significant differences in the level of coupling and coordination
of WEF systems between regions, with overall distribution patterns of south > north and
east > west. In 2003, most regions in the country were in a state of serious imbalance in terms
of coordinated development, with only Hainan in a state of barely coordinated development.
From 2003 to 2010, the index of coupling and coordination of the WEF system increased
rapidly, with an annual average growth rate of 20.10%, and the overall coordination level
significantly improved. In 2010, all regions in the country had a level of coupling and
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coordination at or above a barely coordinated state, with Jilin, Liaoning, and Jiangxi in a
state of good coordination. In 2011, due to persistent drought and less precipitation, the
comprehensive evaluation index of the water resources subsystem decreased significantly
(Figure 1), which led to a slight decline in the coupling and coordination degree of the WEF
system. From 2015 to 2020, the overall growth rate slowed significantly, with an average
annual growth rate of 4.01%.
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Figure 1. Spatio-temporal evolution diagram of WEF system coupling coordination.

The spatiotemporal evolution of the WEF system coupling and coordination shows
that there are significant differences in development between different regions in China.
The theory of regional development differences holds that geographic, economic, social,
and other factors lead to differences in the development status and level between different
regions. These differences can be reflected in aspects such as economic growth, income
distribution, industrial structure, human resources, and infrastructure. There are signif-
icant differences in the level of coupling and coordination of the WEF system between
regions, with an overall distribution pattern of south > north and east > west. This re-
flects the difference in economic development levels between regions in China and is
consistent with the core region relatively developed viewpoint in the theory of regional
development differences.

4.2. The Impact of Heterogeneous Environmental Regulations on the Spatial Metric Estimation
Results of WEF System

Table 4 reports the impact of heterogeneous environmental regulations on the coupling
coordination degree of the WEF system. W1 represents the geographic distance spatial
weighting matrix, while W2 represents the economic geography distance spatial weighting
matrix. From the first two columns of Table 3, it can be observed that the coefficient of
formal environmental regulation (LnER1) is significantly positive at the 1% level under the
estimation of both spatial weighting matrices. This indicates that formal environmental
regulation helps mitigate the negative impact of external shocks on the local WEF system,
thereby promoting the coupling and coordinated development of the local WEF system.
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Table 4. The impact of heterogeneous environmental regulations on the coupling coordination degree
of the WEF system.

Variables W1 W2 W1 W2

LnER1
0.087 *** 0.125 *** — —
(8.190) (7.640) — —

LnER2
— — 0.015 ** 0.014 *
— — (2.020) (1.780)

LnAIS
0.356 *** 0.034 0.402 *** 0.310 ***
(11.580) (1.160) (12.630) (10.550)

LnTEX
−0.100 *** 0.116 *** −0.092 *** −0.068 ***
(−7.760) (10.090) (−6.820) (−4.950)

LnURB
0.006 0.571 *** 0.038 0.056

(0.160) (10.350) (1.020) (1.480)

LnFDI
0.030 *** 0.089 *** 0.040 *** 0.034 ***
(4.280) (8.810) (5.350) (4.510)

LnPOP
0.422 *** 0.743 *** 0.386 *** 0.345 ***
(5.000) (34.440) (4.330) (3.670)

Spatial−rho 0.054 *** 0.339 ** 0.101 *** 0.632 ***
sigma2_e 0.006 *** 0.029 *** 0.007 *** 0.008 ***

R−sq 0.5787 0.9195 0.3290 0.7418
Individual fixed Yes Yes Yes Yes

Time fixed Yes Yes Yes Yes
N 540 540 540 540

Note: * p < 0.1, ** p < 0.05, *** p < 0.01.

From the last two columns of Table 4, it can be seen that the coefficient of informal
environmental regulation (LnER2) is significantly positive at the 10% level under the
estimation of both spatial weighting matrices. This suggests that informal environmental
regulation also contributes to mitigating the negative impact of external shocks on the local
WEF system, thereby enhancing its coupling and coordinated development.

4.3. Analysis of "Neighborhood" Effect of Heterogeneous Environmental Regulation

Table 5 reports the decomposition results of the coupling coordination effects of het-
erogeneous environmental regulations on the WEF system. W1 represents the geographic
distance spatial weighting matrix, while W2 represents the economic geography distance
spatial weighting matrix. From the first two columns of Table 5, it can be observed that
formal environmental regulation (LnER1) not only significantly promotes the coupling
coordination degree of the local WEF system but also has a significant positive spillover
effect on neighboring areas. The coefficients are significantly positive at the 5% level under
the estimation of both spatial weighting matrices, indicating significant positive spatial
spillover effects of formal environmental regulation. This suggests that formal environmen-
tal regulation helps promote the coupling and coordinated development of the local and
neighboring WEF systems.

From the last two columns of Table 5, it can be seen that informal environmental
regulation (LnER2) not only significantly promotes the coupling coordination degree of
the local WEF system but also has a significant positive spillover effect on neighboring
areas. The coefficients are significantly positive at the 5% level under the estimation of
both spatial weighting matrices, indicating significant positive spatial spillover effects of
informal environmental regulation. This suggests that informal environmental regulation
helps promote the coupling and coordinated development of the local and neighboring
WEF systems.
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Table 5. Effects of “neighborhood” effect of heterogeneous environmental regulation.

Variables W1 W2 W1 W2

LR_Direct
0.088 *** 0.122 *** 0.016 ** 0.019 **
(7.980) (7.150) (2.06) (2.41)

LR_Indirect
0.221 ** 0.156 ** 0.122 ** 0.203 ***
(2.380) (1.990) (2.06) (4.47)

LR_Total
0.308 *** 0.278 *** 0.114 ** 0.222 ***
(3.220) (3.630) (2.23) (4.69)

Control
variables Yes Yes Yes Yes

R-sq 0.5787 0.9195 0.3290 0.7418
Individual fixed Yes Yes Yes Yes

Time fixed Yes Yes Yes Yes
Log-likelihood 552.8741 172.9610 577.2304 524.2584

N 540 540 540 540
Note: ** p < 0.05, *** p < 0.01.

4.4. The Results of the Mechanism Analysis

Table 6 reports the mechanism by which heterogeneous environmental regulations
promote the coupling and coordinated development of the WEF system. The dependent
variables in the first two columns of Table 6 are the logarithm of foreign direct invest-
ment. Analysis of the first two columns of Table 6 shows that both formal and informal
environmental regulations can effectively promote the level of foreign direct investment,
with coefficients passing the hypothesis test at the 1% significance level. Among them, the
coefficient of formal environmental regulation on foreign direct investment is higher than
that of informal environmental regulation, indicating that formal environmental regulation
has a stronger driving force.

Table 6. Results of mechanism of action.

Variables LnFDI LnAIS

LnER1
0.630 *** — 0.419 *** —

(4.06) — (9.32) —

LnER2
— 0.337 *** — 0.066 ***
— (5.54) — (3.19)

LnAIS
−0.140 −0.024 — —
(−0.98) (−0.18) — —

LnTEX
0.225 *** 0.334 *** 0.045 ** 0.042 **

(3.62) (6.42) (2.34) (2.32)

LnURB
3.292 *** 3.127 *** 0.324 *** 0.295 ***
(15.04) (14.35) (4.07) (3.46)

LnFDI
— — −0.013 −0.003
— — (−0.98) (−0.18)

LnPOP
1.312 *** 1.223 *** −0.093 *** −0.142 ***
(22.07) (20.15) (−3.68) (−5.37)

R−sq 0.732 0.739 0.524 0.455
Individual fixed Yes Yes Yes Yes

Time fixed Yes Yes Yes Yes
N 540 540 540 540

Note: ** p < 0.05, *** p < 0.01.

The dependent variables in the last two columns of Table 6 are the logarithm of
industrial structure upgrading. Analysis of the last two columns of Table 6 shows that
both formal and informal environmental regulations can effectively promote industrial
structure upgrading, with coefficients passing the hypothesis test at the 1% significance
level. Among them, the coefficient of formal environmental regulation on industrial
structure upgrading is higher than that of informal environmental regulation, indicating
that formal environmental regulation has a stronger driving force.
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5. Discussion

By studying the spatiotemporal evolution trend of the coupling and coordination
degree of the WEF system in 30 provinces of China from 2003 to 2020, as well as the impact
of heterogeneous environmental regulations on the coupling and coordination degree of the
WEF system, we found a significant growth trend in the coupling and coordination degree
of the WEF system during the research period. Formal and informal environmental regula-
tions have significant positive spatial spillover effects on the coordinated development of
the WEF system. Compared with informal environmental regulation, formal environmental
regulation has a stronger promotional effect on the coordinated development of the WEF
system. Moreover, foreign direct investment and industrial structure are the key paths
for heterogeneous environmental regulations to promote the coupling and coordination
development of the WEF system.

This paper analyzes the impact of different types of environmental regulations on
the coupling and coordination development of the WEF system, clarifying the key paths
for environmental regulations to promote the coupling and coordination development of
the WEF system. By studying the different impacts of formal and informal environmental
regulations, policy suggestions and practical experience can be provided to promote co-
operation and communication between regions, and potential solutions can be provided
to improve the efficiency of environmental regulation policy guidance and promote the
sustainable use of water, energy, and food resources. This research is of great significance
for government decision making, policy formulation, and the development of strategies
that ensure the long-term balance and resilience of China’s water–energy–food systems.

Since the proposal of location theory by Karl Wepman, the analysis of regional devel-
opment differences has gradually expanded from geographical location to resource endow-
ments, industrial structure, and policy orientation. The distribution pattern of the coupled
coordination level of the WEF system in different regions can be explained from multi-
ple levels such as economic development, geographical environment, and environmental
regulatory policies. There are significant geographical differences in China’s conditions,
with the western and southwestern regions either being in arid areas or mountainous areas
with scarce water resources, which poses a restrictive impact on the development of the
water–energy–food system [5]. Different regions have significant differences in energy and
food resource endowments; for example, the western part of a region may be rich in water
resources, coal, or oil and gas, while its eastern part is relatively poor. The imbalance in
resource endowments leads to differences in energy supply and food production capacity,
which in turn affects the coordination level of the system.

There are significant differences in the economic development stage and industrial
structure in various regions of China. The eastern coastal areas are economically developed,
highly industrialized, and have greater energy needs, but with scarce water resources [52].
Conversely, the western region is mainly agricultural-based with stronger food production
capacity but relatively insufficient energy supply. This difference in development stage and
industrial structure results in the water–energy–food system being poorly coordinated [53,54].
There are significant differences between southern and northern regions in water resource,
energy, and food policies, with different investment and support efforts from the govern-
ment, which directly impacts coupled coordination level of the system [37]. Differences
also exist in China’s emphasis on water resources and environmental protection, with some
areas facing serious issues such as water pollution and overexploitation of water resources,
which limit the coordinated development of the water–energy–food system.

Formal environmental regulations provide guidance and constraints for the coor-
dinated development of the WEF system. Relevant departments carry out systematic
planning and regulation according to regulatory requirements to ensure balance and coor-
dination among subsystems. At the same time, formal environmental regulations can also
promote the coordinated development of the WEF system through economic incentives
and market mechanisms. Informal environmental regulations are usually based on social
customs and moral norms, which can guide the public in self-restraint regarding the use of
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water resources, energy, and food. The formation of informal environmental regulations
requires a certain degree of consensus and increased awareness.

Compared to informal environmental regulations, formal environmental regulations
have higher coefficients and significance, indicating that they exert a stronger force on the
degree of coupling and coordination within the local WEF system. Formal environmental
regulations are formulated and enforced by the government and have mandatory enforce-
ment power. The government can constrain and supervise various sectors and enterprises
to manage and utilize resources according to regulations through laws, regulations, and
policies. This mandatory enforcement compels all stakeholders to actively participate and
comply with the standards, thereby enhancing the overall coordination of the WEF system.

Formal environmental regulations can promote the establishment of cross-border
cooperation mechanisms among neighboring regions. By establishing common environ-
mental protection standards and resource management policies, neighboring regions can
cooperate and negotiate to address shared challenges related to water resources, energy,
and food. This cooperation mechanism can facilitate resource sharing and optimal alloca-
tion, promoting the coordinated development of the WEF system in neighboring regions.
Some regions may be rich in water resources but relatively scarce in energy and food,
while others may have the opposite situation. Through formal environmental regulations,
neighboring regions can establish resource exchange and mutual assistance mechanisms,
achieve optimal resource utilization through rational resource allocation and cooperative
relationships, and promote coupled coordination development [55].

In an informal regulatory environment, neighboring regions can enhance cooperation
through information sharing and experience transfer. Best practices in resource manage-
ment, environmental protection, and agricultural production can be shared among regions
to deepen understanding of issues, explore solutions, and learn from each other’s experi-
ences within the framework of the WEF system. In an informal regulatory environment,
market mechanisms can play a promoting role. Through free trade and supply–demand
adjustment in the market, neighboring regions can allocate and exchange resources based
on their resource endowments and demands. The role of market mechanisms can opti-
mize resource allocation to some extent and promote the coordinated and harmonious
development of the WEF system.

Formal environmental regulations have a stronger positive impact on the local WEF
coupling and coordination than informal regulations, and their influence coefficients are
more significant. Under the estimation of the geographical distance matrix, formal en-
vironmental regulations also have a greater impact on neighboring regions compared to
informal regulations. However, when considering the economic factor, under the estima-
tion of the economic geographical distance matrix, the impact of informal environmental
regulations on neighboring regions is greater than that of formal environmental regulations,
and the estimated coefficient is more significant. We believe that the reason behind this
phenomenon may be the result of population interregional mobility, with economic factors
being important drivers of population mobility. Based on this development, we believe that
the economic development level between regions is an essential consideration in studying
the impact of informal environmental regulations.

Formal environmental regulations exist in the form of laws and regulations, with
clear constraints and enforceability. This provides legal protection for foreign investors,
regulates their direct investment activities, ensures their legitimate rights and interests in
economic activities, and reduces potential risks and uncertainties. In contrast, informal en-
vironmental regulations are often based on customs, conventions, or unwritten agreements,
with weaker constraints and reliability. Formal environmental regulations often define
investment conditions, procedures, and limitations through laws, policies, and institutions,
enabling foreign investors to understand the legal framework and rules of the investment
environment in advance and anticipate potential risks and limitations. This transparency
and predictability help foreign investors formulate investment strategies and make in-
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formed decisions. Informal environmental regulations often lack clarity and predictability,
and may involve subjectivity and variability, bringing uncertainties to foreign investment.

Formal environmental regulations, through government guidance and policy regula-
tion, can effectively promote the upgrading of industrial structure. The government can
use means such as laws, policies, and planning to clarify the direction, focus, and policy
support for industrial development, guiding resources towards industries with high added
value, technological intensity, and environmental friendliness. In comparison, informal
environmental regulations often fail to provide clear government guidance and effective
policy support, making it difficult to facilitate the orderly upgrading of industrial structure.

Formal environmental regulations, through mechanisms for industrial access and
exit, can effectively regulate market competition and drive the optimization of industrial
structure. The government can set relevant entry conditions and standards to restrict the
growth of inefficient, highly polluting, or excessive production capacity, thereby promoting
the transition of industrial structure towards a more competitive and sustainable direc-
tion [39]. At the same time, the government can also encourage non-compliant enterprises
to exit the market through policy regulation and financial support, in order to meet the
requirements of industrial upgrading. Informal environmental regulations often fail to
provide effective mechanisms for access and exit, leading to inadequate constraints and
guidance in industrial structure adjustment.

It is necessary to balance the development of formal and informal environmental regu-
lations. The impact of formal environmental regulations should outweigh that of informal
environmental regulations, but this does not mean that the government needs to focus all
attention on formal environmental regulations. Formal environmental regulations have
mandatory enforcement, and violations will face legal sanctions. This form of regulation
can compel enterprises and individuals to comply with environmental laws and regula-
tions, ensuring the effective implementation of environmental standards. However, formal
environmental regulations require enterprises to invest substantial resources in compliance
transformation, equipment updates, and monitoring. This may increase operational costs
for businesses, particularly for small and medium-sized enterprises, potentially posing a
burden [56].

Informal environmental regulations encourage the participation of stakeholders in
environmental protection and promote environmental awareness and responsibility among
enterprises and the public. This participation can enhance information sharing, cooperation,
and negotiation, improving the effectiveness of environmental management [57]. However,
informal environmental regulations also lack legal enforceability, making it difficult to
effectively supervise and punish non-compliant enterprises and individuals, potentially
leading to environmental violations [58].

6. Conclusions and Policy Recommendations
6.1. Conclusions

Water resources, food, and energy are interdependent and mutually restrictive key
resources. Water resources are the foundation of agricultural irrigation and energy pro-
duction, food is the cornerstone of human survival and social stability, and energy is the
driving force behind economic development and social progress. The coordinated develop-
ment of these three areas is crucial to ensuring people’s livelihood needs and achieving
sustainable economic development. We used data from 30 provinces in China from 2003 to
2020 and analyzed the impact of heterogeneous environmental regulation on the coupling
coordination of the WEF system using a coupled coordination degree model. The study
found that:

(1) Overall, the coupling coordination index of the provincial-level WEF system in China
showed a stable upward trend except for a slight decline in 2010–2011 and 2013–
2014. During the research period, the regional coupling coordination level showed
significant improvement. In 2003, most of the regions in the country were in a state
of severe imbalance in the WEF system coupling coordination index. After decades
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of development, in 2020, the coupling coordination index of the WEF system in
most regions of the country is in a state of high-quality coordination. The level of
coupling coordination of the WEF system in various regions varies greatly, showing a
distribution pattern of south > north and east > west overall.

(2) Formal environmental regulations and informal environmental regulations both have
significant positive effects on the coupling coordination development of the WEF
system and also have significant positive spatial spillover effects. Heterogeneous envi-
ronmental regulations can not only promote the coupling coordination development
of the local WEF system but also promote the coupling coordination development of
the neighboring WEF system. Compared with informal environmental regulations,
formal environmental regulations have a stronger impact.

(3) Foreign direct investment and industrial structure upgrading are important paths for
environmental regulation to promote the coupling coordination development of the
WEF system. Both formal and informal environmental regulations can promote the
coupling coordination development of the WEF system by promoting foreign direct
investment and industrial structure upgrading. Among them, formal environmental
regulation has a greater impact than informal environmental regulation.

6.2. Policy Recommendations

Based on the above research conclusions and considering the reality of China’s devel-
opment, this paper proposes the following policy recommendations:

First, optimize regional planning and strengthen cross-regional cooperation. Scientific
and reasonable regional planning should be carried out according to the water resources,
energy, and land conditions in different regions. Consider factors such as the ecological
carrying capacity, climate conditions, and agricultural suitability of each region to ensure
the coordinated development of water resources, energy, and food production. Cooperation
between different regions should be strengthened to jointly promote the coordinated
development of the WEF system of water resources, energy, and food. Establish cross-
regional cooperation mechanisms and joint prevention and control mechanisms to jointly
formulate and implement cross-regional planning, policies, and measures.

Second, enhance public participation awareness, attach importance to environmental
protection propaganda and education, and improve the public’s awareness and sense of
responsibility for environmental management and protection. Environmental issues are
usually complex system projects involving multiple factors and stakeholders. Strengthening
public participation awareness can incorporate more voices into the decision-making
process, making environmental policies more comprehensive, scientific, and democratic.
Public participation can provide more information, perspectives, and suggestions, promote
diversified decision making on environmental issues, and also provide more scientific
basis for governments and relevant departments to formulate more effective environmental
policies and measures.

Third, guide regions to make reasonable environmental regulation measures. The
central government should strengthen the top-level design of environmental regulation,
establish clear policy frameworks and laws and regulations, and provide overall guidance
and support to local governments. The central government should also strengthen the
coordination and cooperation between adjacent regions in environmental protection poli-
cies and ecological law enforcement. Through strengthening information communication
and establishing cooperation mechanisms, the strategy of ecological environment joint
prevention and control should be implemented to jointly address cross-regional environ-
mental issues. Adjacent regions should implement integrated environmental governance,
jointly formulate emission constraints and environmental management standards. By
cooperating and sharing technology, resources, and experience, the goal of coordinated
management and unified standards can be achieved, and the positive spatial spillover
effect of environmental regulation can be leveraged.
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