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Introduction: Exploring the synergistic development of water resources, energy,
and carbon dioxide (CO,)—the WEC nexus—is essential for promoting regional
sustainable development.

Methods: Using an obstacle degree model, this study identifies key barriers
affecting the WEC nexus in China and predicts the future trend of its coupling
coordination degree.

Results: The findings reveal: (1) From 2008 to 2022, the integrated development
level of the WEC nexus in China exhibited a fluctuating upward trend, led
by the carbon system and hindered by the energy system. (2) The coupling
coordination degree improved from 0.47 in 2008 to 0.53 in 2022, shifting from
near imbalance to marginal coordination. Spatially, the southeast outperformed
the northwest, and the overall pattern displayed inertial dependence. (3) The
main obstacle factors remained relatively stable over time. Specifically, water
development was limited by per capita water resources and groundwater
proportion; energy by per capita energy production and self-sufficiency; and
carbon by investment in environmental governance and green space availability.
(4) Projections for 2026-2035 indicate continued improvement in coupling
coordination, although enhanced integration policies in water management,
energy transition, and carbon reduction are required.

Discussion: This study contributes actionable insights for policy-making
and supports ecological-economic synergies through spatial and obstacle-
based analysis.

WEC nexus, coupling coordination degree, obstacle degree model, China, implications

1 Introduction

In recent years, with the continuous development of industrialization, urbanization,
and informatization, the problems of water scarcity, frequent occurrence of extreme
weather events, and tight energy supply have become increasingly prominent. These issues
are directly related to the core goals of the United Nations Sustainable Development
Goals (SDGs): ensuring clean drinking water and sanitation, providing affordable and
clean energy, and taking climate action. With the exponential growth of the global
population and the continuous advancement of urbanization, the demand for water and
energy continues to rise. Global water consumption is expected to increase by 85%
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and energy consumption by 35% by 2035 (Li et al., 2024). For
China, which utilizes 6% of the global freshwater resources to
support the water needs of 20% of the global population, the
problem of water scarcity is even more significant. Meanwhile,
the carbon emissions associated with energy production cannot be
neglected. It is expected that by 2050, carbon emissions related to
energy production will increase by 70% in China, and greenhouse
gas emissions by 50% (Zhang et al., 2022). The continued high
level of carbon emissions not only exacerbates climate instability
but also poses a serious threat to the sustainable development of
ecosystems and economic systems. Therefore, to effectively reduce
carbon emissions and construct an integrated framework system
covering water security, energy security, and ecological environment
security, it is essential to consider water recourses, energy, and
carbon emissions as a complex coupled system. From the perspective
of multi-objective optimization, the synergistic and cooperative
development of the system internally and externally should be
realized in an all-around way.

The water-energy-carbon (WEC) nexus is defined as a
complex relationship of interactions and constraints between
water resources management, energy utilization, and carbon
reduction. As depicted in Figure 1, the processes of water resource
development, transportation, and wastewater treatment are highly
energy-intensive. For example, in urban water supply systems, the
various stages of resource development, transportation, treatment,
and distribution require significant energy inputs (Zhao et al,
2020). Given that the majority of this energy is derived from
fossil fuel combustion, these processes indirectly contribute
to increased carbon emissions. Moreover, energy production,
especially electricity production, also requires the involvement
of large amounts of water resources (Liao et al.,, 2021). This is
because the entire energy production chain, from coal mining
to electricity generation, requires water for cleaning and cooling.
As a result, increased energy consumption is accompanied by
increased water demand in urbanization. Additionally, wastewater
treatment processes is a significant sources of urban carbon
emissions (Singh et al., 2016). As cities expand, water and energy
consumption increase significantly, thereby further contributing to
the dramatic increase in carbon emissions. Overall, understanding
the WEC nexus is important for further understanding ecosystem
evolution, economic and social development, and the impact of
climate change.

The concept of nexus, also known as the coupling or linkage,
was first explicitly proposed at the conference on the Water-Food-
Energy Security Nexus held in Bonn, Germany, in 2011 (Hao et al.,
2023; Lin et al, 2021). The essence of this concept is rooted
in the framework of the SDGs, which aims to seek synergistic
strategies between two or more systems and incorporate them into
the macro decision-making perspective. This approach is designed
to mitigate conflicts both internal and external to the system and
to realize the co-development of the economy, society, and the
ecological environment (Li et al., 2016). The nexus relationship
is proposed to break the siloed nature of different elements and
further explore the interaction between them (Bleischwitz et al.,
2018). Currently, research on nexus relationships is not limited to the
water-food-energy field but extends to several aspects of sustainable
development, including water-energy (Zhang et al., 2021), water-
energy-carbon (Tian et al., 2022), water-energy-land (Pulighe and
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Pirelli, 2023), and water-energy-relationships with other elements
(Frangois et al., 2023; Silva-Afonso and Pimentel-Rodrigues, 2024).

The water-energy (WE) nexus is a complex system that
involves multi-sectoral production, transportation, and usage,
taking into account the coupling between water and energy
resources (Yong et al., 2023). From the perspective of water-energy
synergistic research, Peng et al. (2022) used an input-output model
to explore the water-energy system linkage relationship and its
drivers and to quantify its synergistic benefits, which provided a
theoretical basis for regional synergistic development. Qiu et al.
(2022) further detailed the research object, focusing on the urban
water system, and quantitatively analyzed the energy intensity
of water-related residential use and its main influencing factors.
They pointed out that household water use is mainly influenced
by income, whereas electric energy use is mainly influenced by
education level. Building on this, Hao and Sun (2023) analyzed the
spatial-temporal evolution patterns and spatial flow patterns of coal
water footprints in China based on the top-down approach and
ecological network analysis, respectively. Their research clarified the
flow patterns of coal water footprints in the country and provided
theoretical support for reducing coal consumption. In addition,
from the perspective of policy effect assessment, Sun et al. (2021)
considered the role of environmental tax policy and simulated
the impacts of environmental tax mechanisms on the WE nexus
under different tax rates and time horizons by using dynamic
computable general equilibrium model (CGE). The study concluded
that energy tax policies are more conducive to energy conservation,
while carbon tax policies are more effective in promoting water
resource conservation. Werner and Lazaro (2023) investigated the
impacts of energy transition policies on the WE system. Their
results showed that the relevant policies can not only promote
the optimization of the energy structure, market competition,
and technological innovation but also effectively reduce the
negative impacts of energy production on water resources and
ecosystems.

With the increasing prominence of global climate issues, the
large amount of CO, emissions has become a significant obstacle
to the realization of sustainable development goals. Climate change
and water scarcity have become focal points of research in the
academic community (Davis et al., 2017). As a result, many scholars
have further incorporated carbon emissions into the study of the
water system and the energy system, respectively. Among them,
the research on water-carbon (WC) systems mainly focuses on
the two levels of quantitative assessment and optimization and
enhancement. In terms of quantitative assessment, Molinos-Senante
and Maziotis (2021) proposed a parametric methodology to estimate
the carbon efficiency and total factor carbon productivity of water
utilities. They suggested that environmental variables such as energy
costs, water treatment complexity, and population density all play
a significant role in their carbon performance. On the other hand,
Battin et al. (2023) started with river ecosystems and assessed the
contribution of ecosystem metabolism to the global river carbon
budget using the mass balance approach. The results emphasized the
complex impacts of global change on river ecosystem metabolisms
and associated carbon flux, as well as the importance of establishing
a global river observing system (RIOS). In addition, the concept
of the carbon footprint was first derived from the ecological
footprint (Rees, 1992), and has in recent years become an effective
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FIGURE 1

transport

Schematic diagram illustrating the interactions within the Water-Energy-Carbon (WEC) nexus.

way of thinking about quantifying carbon emissions intensity.
Zawartka et al. (2020) focused on the processes of wastewater
collection, transportation, and treatment, and explored the carbon
footprint of this complex system. They pointed out that the central
wastewater treatment plant contributed the most greenhouse gas
(GHG) emissions, while the sewage system contributed the least. In
terms of optimization and enhancement, Gui et al. (2024) took the
urban water system as research object. They analyzed the relevant
characteristics of the WC nexus and carbon emission intensity of
different water sources and stages based on the life cycle assessment
(LCA) model and then used scenario simulation to explore the
carbon emission reduction potential of the urban water system.
Their study proposed improving the utilization ratio of recycled
water, reducing the water distribution network leakage rate, and
strict water treatment process of ascension path to reach these
targets. Focusing on sewage treatment systems, Donald et al. (2023)
evaluated the potential of integrating hydrogen into production to
reduce GHG emissions by comparatively analyzing different system
configurations. Their research posed that integrating an electrowater
system to produce hydrogen at a sewage treatment plant and using
the produced hydrogen for local fuel cell electric buses (FCEBs)
would be a useful way to reduce GHG emissions. The results
indicated that the production of hydrogen in sewage treatment
plants through the integration of electrowater and the use of the
produced hydrogen for local FCEBs is a viable future industry with
environmental benefits. Yang et al. (2024) explored the mechanisms
of sewage treatment policies at 2,894 wastewater treatment plants in
China on water and carbon issues from a micro perspective. They
further argued that the rational expansion of urban pipelines and
wastewater treatment plants, as well as the promotion of biofilm
treatment technology, are feasible methods to improve water quality
and implement carbon reduction.

In the context of increasing global industrialization, moreover,
the continued expansion of energy demand is directly related to the
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growth of GHG emissions. How to enhance the utilization of clean
energy technologies and reduce carbon emissions has become an
urgent issue (Jin and Kim, 2019). Much of the research on energy-
carbon (EC) systems has focused on improving energy use efficiency,
optimizing energy structure, and developing carbon capture and
storage technologies. In terms of energy utilization efficiency
improvement, Karamouz et al. (2022) predicted the trends of water
resources, energy, and carbon emissions under different policy
contexts based on system dynamics (SD). And then illustrated that
improving energy utilization efficiency plays an important role in
reducing carbon emissions and sustaining economic growth, which
can be achieved through carbon emission limitation policies. Belaid
and Massié¢ (2023), conversely, evaluated the impact of energy use
efficiency on Saudi Arabia’s carbon emission intensity and assessed
its potential contribution to achieving the net-zero emission target.
They projected that energy efficiency improvement will account
for one-fifth of Saudi Arabias decarbonization contribution by
2060. Regarding energy mix optimization, Balsalobre-Lorente et al.
(2018) introduced a renewable energy consumption variable to
explore the relationship between economic growth and carbon
emissions. Their research found that for every 1% increase in
renewable energy consumption, there is a 0.134% reduction in
carbon emissions, while for every 1% increase in renewable energy
mix, there is a 1.26% reduction in carbon emissions. Despite the
significant contribution of renewable energy to carbon emission
reduction (Jin, 2022), through empirical research still indicated that
carbon emission reduction policy tools should be rearranged in
conjunction with other relevant policies, such as supply-side reforms
and strengthening decarbonization of electricity production. The
implementation of a single renewable energy policy is in the stage
of diminishing the marginal effect. Furthermore, in terms of carbon
capture technologies, Desideri et al. (2012) simulated a plant that
separates carbon dioxide from the exhaust gases of a combined-heat-
power plant and generates electricity. They evaluated the removal
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efficiency of a carbon capture system based on a molten carbonate
fuel cell (MCFC) and concluded that the separation system has
high performance and high economic returns. Akrami et al. (2023)
proposed that low-carbon heat and electricity production can be
efficiently achieved through the development and simulation of a
biomass-based combined heat and power (CHP) system, which
is equipped with post-combustion carbon capture and utilization
(CCU) unit.

Based on the above theoretical foundation, the academic
community has further conjugated and formulated a comprehensive
relationship of the water-energy-carbon (WEC) nexus, including
water resource utilization, energy consumption, and carbon dioxide
emission reduction, aiming to promote the synergistic development
among the three (Li et al., 2019). Among them, Wang et al. (2023)
reviewed the research progress of the global WEC nexus and
proposed four frontier topics for future research. These topics
include: the study of national land spatial optimization based on
the WEC bearing capacity, the decoupling analysis of resource
consumption and economic growth under the WEC perspective,
the quantitative analysis of the determinism and uncertainty of
the complex WEC nexus, and WEC engineering measures to
boost the “negative emissions”. Regarding framework improvement,
Oh et al. (2021) designed a new framework for the WE system
by introducing a pinch analysis and tested the framework using
a case study to describe in detail how the WEC nexus can be
characterized based on this system operation. Meanwhile, based on
objective function expressions with explicit relationships, Gomez-
Gardars et al. (2022) proposed a multi-objective approach for the
WEC nexus evaluation index system. They integrated the design
optimization and change of the energy system by considering its
multi-cycle, multi-scenario, and multi-objective operation. In terms
of urban sustainable development, Zhang et al. (2023) constructed
a multi-objective dynamic optimization model based on input-
output and sustainable development theories with WEC nexus as
the constraints. They evaluated the economic development and
sustainable development level of Hebei Province and found that
there was a significant imbalance in the sustainability of various
regions in Hebei Province. Similarly, Liu et al. (2022) took 15 large-
scale water resource recovery facilities (WRRFs) as potential energy
generation units and explored the energy recovery and scheduling
strategies of WRRFs in 2030 under the renewable energy penetration
scenario through simulation optimization. This approach not
only improves the efficiency of water resources and energy use
but also provides developmental impetus for the energy system
to achieve the goal of carbon neutrality. Facing the dilemma of
high energy consumption, high emission, and high cost of sewage
treatment plants, Zhao X. et al. (2024) proposed incorporating
carbon emission costs into the operation costs to incentivize
carbon emission reduction and introducing sewage hierarchical
treatment measures to promote resource utilization. Yu et al. (2020)
further subdivided the carbon emissions of the sewage treatment
system into direct and indirect carbon emissions and evaluated
the carbon emissions of different parts of the sewage treatment
process and the influencing factors through a case study. They
proposed strengthening the integrated management of the resource
input and circulation process of the urban sewage treatment
system and further promoting the synergistic operation of water
resources, energy conservation, and carbon emission reduction.
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In addition, Zhao R. et al. (2024) introduced the land utilization
factor and emphasized the direct influence of land utilization
structure, intensity, function, and layout on the association
intensity and coupling characteristics of WEC elements from the
perspective of “nature-society”. Then they explored the optimization
strategy of land utilization pattern under WEC synergistic
constraints.

To summarize, academics have conducted multi-dimensional
analyses of the WEC nexus. In terms of measurement, the input-
output model, CGE model, and LCA model are used to quantify the
interlinkages and synergistic benefits among the three. Regarding
research perspectives, the impacts on regional synergies and the
decoupling of economic growth are explored at the macro level,
while the potential for carbon emission reduction in urban water
systems is examined at the micro level. Regarding constraints, a
multi-objective dynamic optimization model is constructed with the
WEC nexus to assist economic and social sustainability. However,
the differentiated characteristics and targeted strategies of WEC
synergistic development in different regional contexts require in-
depth excavation. There is heterogeneity in resource endowment
and development levels across regions, which should be analyzed
and formulated in detail to achieve coordinated development.
Meanwhile, in response to the complicated actual environment,
a more efficient model should be chosen to improve model
adaptability and forecasting capability.

As the largest developing country in the world, China possesses
unique ecosystems and economic development patterns. Research
related to China has both reference value for ecological protection
and resource utilization, and practical significance in promoting
regional economy development, optimizing industrial structures,
and improving economic development quality. Therefore, this article
focused on China and summarized the integrated development
levels of WE, EC, WC, and WEC in the temporal dimension. This
approach aimed to reveal the impacts of water resources, energy, and
carbon on the overall development level over the time series. Then,
by constructing a comprehensive evaluation system, the coupling
coordinated development level of the China from 2008 to 2022,
as well as its temporal evolution characteristics, was measured by
using the coupling coordination degree model. The spatial evolution
characteristics were obtained by spatial visualization analysis using
ArcGIS. Finally, the key factors affecting the WEC synergistic
development level were explored based on the obstacle degree
model. Meanwhile, the trend of the coupling coordination level in
the region from 2026 to 2035 was further predicted with the grey
forecast model. This research provides new ideas to promote the
synergistic development of the WEC nexus, facilitates the integrated
development of the regional economy, and offers specific decision
support for regional policy formulation through spatial visualization
analysis and obstacle degree models.

2 Data and methodology
2.1 Data source and indicators selection
2.1.1 Data source

This study selected the panel data of all 30 provinces in
China from 2008 to 2022. Water resources data were obtained
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from the China Environmental Statistics Yearbook, China Water
Resources Bulletin, and relevant provincial water resources
bulletins. Energy data were derived from the China Statistical
Yearbook China Energy Statistical Yearbook, National Bureau
of Statistics (National Bureau of Statistics of China, 2023), and
statistical yearbooks of provinces and cities. Carbon emission
data came from the China Carbon Emission Accounting Database
(China Carbon Emission Accounting Database, 2023), with energy
carbon emissions referred to in the study by Wang and Li (2022).
Additionally, the energy carbon emission coeflicients were taken
from the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, and the discounted standard coal coefficients were taken
from the General Principles for the Calculation of Comprehensive
Energy Consumption (GBT2589-2020).

2.1.2 Evaluation indicator selection

Based on the theoretical analysis of relevant literature
(Li et al, 2023; Yang and Ran, 2024; Yuan et al., 2024) and the
representativeness of the indicators, this research constructed a
comprehensive evaluation system for the WEC nexus, as shown
in Table 1. Systematically, the indicator system includes water
resources, energy and carbon emission reduction elements, and
builds a three-level structure (objective layer, criterion level and
evaluation indicators). The indicators not only emphasize the
characteristics of each element, but also reflect the interactions
between them, which fully reflects the development status of
the WEC nexus system. Regarding value relevance, indicators
including water resource utilization rate and energy self-
sufficiency rate are used to highlight the value of evaluating
the sustainable utilization of resources (Li et al., 2022; Sarkodie,
2022). Meanwhile, the indicator system also emphasizes the
environmental protection-oriented feature, which guides economic
activities to seek environmental governance while pursuing
economic growth, and realizing the economic and ecological
coordinated development (Czyzewski et al, 2022). Regional
adaptability considers the distributional variability of water
resource endowment, economic progress and energy structure (e.g.,
water yield modulus, secondary industry GDP ratio) in different
regions, which provides a theoretical basis for locally adapted
policy formulation. Moreover, the selected indicators are relatively
independent from each other, both to avoid crossover and double
counting, and to represent the main aspects of the WEC nexus
system, which is oriented to meet the sustainable development
requirements.

2.2 Evaluation index calculation

Prior to the calculation of the evaluation index, the raw
data underwent standardization to eliminate the influence of
variations in scale. The standardized calculation formulas are
shown below (Lv et al., 2024), where le denotes the raw data, and
lej denotes the processed data:

For positive indicators:

, X;—min(X,;,...,X,,)

+0.0001

T max(Xy....X,,;) - min(X,;,.... X

mj
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For negative indicators:

L max(le,...,ij)—Xij

= 0.0001
Y max(le,... ,ij) —min (le, ,ij) !

The entropy weight method was employed to calculate the
indicator weights, based on the processed panel data. A linear
weighting was applied to the water, energy and carbon systems
to calculate their respective comprehensive evaluation indices
(Cai et al,, 2019; Wang et al., 2021), which were used as a basis for
assessing the composite development level of the subsystems. The
expression is presented below:

Uoi = Z (“’f‘X;i)
Upi(i = 1,2,3) represents the evaluation indices of the water system,
energy system, and carbon system in year i, respectively. w; denotes
the indicator weights.

2.3 Coupling coordination degree model

Coupling coordination degree model is a way to work
out how two or more systems interact and synchronize with
each other. With the Stata tool, the strength of the interaction
between multiple systems and the consistency of subsystems is
measured using the coupling degree and the coordination degree,
respectively (Jiang et al., 2022). In doing so, it reveals the state of
coordination. The following formulas are provided below:

34U, x U, x U,

U,+U,+U;

T=aU,+bU,+cU,

D=VCxT

The coupling degree of each water-energy-carbon system is
represented by C, and it ranges from 0 to 1, as shown above. Besides,
T denotes the comprehensive evaluation index of the WEC nexus,
where the coefficients a, b, and ¢ represent the importance of each
system. The hypothesis of this paper is that the subsystems are
equally important,a=b=c= % was adopted. And D represents the
coupling coordination degree of the integrated system. This is also
located between 0 and 1.

To better measure the coordination and development level of
systems, this was classified into three categories and ten grades
(Table 2) based on current research (Deng and Liu, 2023).

2.4 Obstacle degree model

The key influencing factors that restrict the further development
of systems can be identified by the obstacle degree model (Bai et al.,
2022). The model is primarily dependent on the weights of indicators
for evaluation objects, and it assesses the level to which each
indicator hinders the integration progress of the system. Thus, the
SPSS tool was utilized in this section to calculate the obstacle degree
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TABLE1 Comprehensive evaluation system of WEC nexus.

10.3389/feart.2025.1570713

Objective layer Criterion layer Evaluation Calculation Symbol  Attribute @ Weight
indicators method
Annual Average Total Annual Precipitation X1 + 0.0863
Precipitation
Per Capita Water Resources Total Water X2 + 0.2146
Resources/Total Population
Total Water Use Groundwater Proportion Groundwater/Total Water X3 + 0.1983
Resources
Water Resource Utilization Water Supply/Total Water X4 - 0.0088
Rate Resources
Water Yield Modulus Total Water X5 + 0.1607
Resources/Regional Area
Domestic Water Use Ratio Domestic Water Use/Total X6 + 0.0732
Water
Water Use
Total Water Supply Total Water Supply X7 + 0.128
Water Utilization Efficiency .
Water Use per 10,000 CNY Industrial Water X8 - 0.0121
Industrial Added Value Use/Industrial Added Value
Water Use per 10,000 CNY Total Water Use/GDP X9 - 0.0032
GDP
Forest Coverage Rate Forest Area/Land Area X10 + 0.0843
i . Wastewater Discharge Total Wastewater Discharge X11 - 0.0153
Environmental Protection
Urban Sewage Treatment Treated Sewage/Total X12 + 0.0152
Rate Sewage Discharge
Per Capita Energy Primary Energy Y1 + 0.2465
Production Production/Total
Population
Energy Self-Sufficiency Primary Energy Y2 + 0.1733
Energy Supply Rate Production/Total
Consumption
Fixed Asset Investment in State-Owned Energy Y3 + 0.1249
Energy Industry Industry Investment/Total
Social Investment
Energy Thermal Power Generation Thermal Power Y4 - 0.1159
Ratio Generation/Total Power
Generation
Natural Gas Consumption Total Natural Gas Y5 + 0.1045
Consumption
Energy Consumption
Per Capita Energy Total Energy Y6 - 0.0102
Consumption Consumption/Total
Population
Energy Consumption per Total Energy Y7 - 0.0051
GDP Consumption/GDP
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TABLE 1 (Continued) Comprehensive evaluation system of WEC nexus.

10.3389/feart.2025.1570713

Objective layer Criterion layer Evaluation Calculation Symbol  Attribute  Weight
indicators method
Coal Consumption/Total Y8 - 0.0345
Coal Consumption Ratio Energy Consumption
Secondary Industry GDP
Ratio Secondary Industry Added Y9 + 0.0189
Value/GDP
Environmental Protection Industrial Pollution Control Industrial Pollution Control Y10 + 0.1142
Investment Investment
Industrial Solid Waste Treated Solid Waste/Total Y11 + 0.0356
Utilization Rate Production
Sulfur Dioxide Emissions Total SO,Emissions Y12 - 0.0163
Per Capita Carbon Total Carbon Z1 - 0.0578
Emissions Emissions/Total Population
Emission Density
Carbon Emission Density Total Carbon 72 - 0.0411
Emissions/Regional Area
Carbon Emissions per Total Carbon 73 - 0.0253
10,000 CNY GDP Emissions/GDP
Carbon Economy
Carbon Emission Elasticity Carbon Emission Growth 74 - 0.0252
Coefficient Rate/GDP Growth Rate
Carbon Per Capita Green Space Area Urban Green Space/Total 75 + 0.1692
Population
Electricity Use per GDP Total Electricity Use/GDP Z6 - 0.0276
Environmental Governance Total Environmental 77 + 0.4875
Low-Carbon Reduction Investment Governance Investment
Industrialization Level Industrial Added 78 - 0.0879
Value/GDP
Urban Green Coverage Rate Green Space Area/Urban 79 + 0.0785
Built-Up Area

and to better identify how much the key factors influence the
regional WEC coupling coordination degree with SPSS tool. The
calculation formula is as follows:

(1-X})w,

2 (1=Xp)w,

Q=

2.5 Grey forecast model

model (GM(1,1)) is an invaluable

tool for addressing issues of uncertainty and incomplete

A grey forecast

information (Hamzacebi and Es, 2014). It does this by processing
raw data using techniques such as interpolation and extrapolation
to predict future movements. GM(1,1) possesses distinct strengths
in short-term prediction and processing irregular data, and it has
been widely applied in multiple fields. This article forecasted the
WEC nexus coupling level in China from 2026 to 2035 by using
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a Python programming tool, with a view to providing a forward-
looking theoretical basis for the governance behaviors of relevant
authorities.

3 Results and analysis

3.1 Comprehensive development analysis
of the WEC nexus

The comprehensive indices of the water, energy, and carbon
systems in China from 2008 to 2022 were estimated separately,
and the temporal evolution trend of the comprehensive index of
each subsystem was obtained, as shown in Figure 2. In general,
the carbon system displayed the highest level of development,
with an average annual index of 0.36. And the energy system
showed the lowest level of coordination, with an average
annual index of 0.2.
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TABLE 2 Coupling coordination degree evaluation grade division.

Level of coordination

degree of coupling coordination

10.3389/feart.2025.1570713

Type of coupling coordination

[0.0,0.1) Extreme discoordination
[0.1,0.2) Severe discoordination
Dysfunctional recession class (0.0 < D < 0.4)
[0.2,0.3) Moderate discoordination
[0.3,0.4) Mild discoordination
Intermediate transition class (0.4 <D < 0.5) [0.4,0.5) Near discoordination
[0.5,0.6) Minimal coordination
[0.6,0.7) Basic coordination
Coordinated development class (0.5 < D < 1.0) [0.7,0.8) Intermediate coordination
[0.8,0.9) Satisfactory coordination
[0.9, 1.0) High coordination

Specifically, the water system comprehensive evaluation index
followed a fluctuating upward trend, but its growth rate was the
lowest among the four systems (with a growth rate of 8.8%). The
phenomenon demonstrated that water environment management
in China had gradually overcome the early wave situation and
stepped into the stable progress stage under the dual effects of policy
promotion and technology advancement. The growth rate curve
tendency showed that the development rate of the water system
fluctuated drastically around 2011. This was inextricably linked to
the advancement of large-scale hydraulic projects and facilities such
as the South-to-North Water Diversion in China, which resulted in
damage to the regional water ecology by extent of the large-scale
construction activities.

In addition, the composite index of the energy system was
rising slowly from 0.19 to 0.22, and although it still displayed
a growing trend, its overall developing degree was weak and its
growth fluctuated significantly. This reflected the enormity that
the energy system faced in the transition process: the necessity
to ensure energy security supply and to strengthen control over
fossil fuel usage for a low-carbon transition. According to the
growth rate curve, the energy system evaluation index was in a
negative growth phase in more than half of the years, which was
mainly due to the effects of industrialization and urbanization,
and further exacerbated the stiff growth of energy consumption.
The mismatch between energy structural adjustment and economic
development pattern aggravated energy security instability and
dependence in China.

Furthermore, carbon system’s evaluation index increased from
0.27 to 0.39, which was the most significant growth among the
four systems (with a growth rate of 45%). That was closely related
to the growing international attention to global climate issues and
the Paris Agreement. From the growth rate curve, the carbon
system showed large up-and-downs around both 2011 and 2018,
which corresponded to key points including the beginning of
carbon emission rights market pilots in China and the landing of
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a nationwide carbon market. The growth rate stabilized after 2019,
reflecting that carbon emission reduction in China had gradually
stepped into an institutionalized track. An increase in clean energy
shares, a greening transformation of industry and an enhanced
carbon sink capacity of ecosystems had combined to drive the
speedy development of the carbon system and accelerate the regional
low-carbon transition.

of the
integrated index of water, energy, and carbon systems, further
integration explored the development level of the WEC nexus

Based on the above respective measurements

(as shown in Figure 2d). Overall, the evaluation index of WEC
nexus presented a fluctuating upward trend (from 0.23 to 0.3), and
the growth rate was the smoothest one among the four systems.
The less volatile growth rate of the WEC nexus system reflected
a much more stable and balanced pattern than the evolutionary
trend of the separate systems. Meanwhile, this highlighted the
strengths of integrating the water, energy, and carbon management
to facilitate the overall synergistic level of WEC nexus improvement.
With the evaluation index peaking twice, in 2016 and 2021, it
reflected the remarkable achievements of green development
strategies and circular economy planning in China, respectively,
which promoted the economic structural shift to environmental
protection  while also achieving high-efficient recycling
of resources.

3.2 Spatial-temporal evolution analysis of
coupling coordination degree

3.2.1 Temporal evolution characteristics

As depicted in Figure 3, from 2008 to 2022, the coupling
coordination of the WEC nexus system in China exhibited a steady
upward trend overall. Especially during the Twelfth Five-Year Plan
period (2011-2015), the implementation of the energy conservation
and emission reduction plan greatly boosted this process, and the
coupling and coordination levels of the four-dimensional systems
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Temporal evolution (2008-2022) of coupling coordination degrees

for the Water-Energy (WE), Water-Carbon (WC), Energy-Carbon (EC),

and Water-Energy-Carbon (WEC) nexus systems in China.
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had been significantly improved. Among these, the average value
of the coupling coordination degree in the WC nexus was 0.55,
which was the maximum among the four-dimensional systems, with
an average annual growth rate of 12.2%. This increase reflected
not only the close correlation between the water resources system
and the carbon system but also indicated its positive effect on
resource utilization and regulation. The sustainable utilization of
water resources was crucial for maintaining ecological balance and
driving low-carbon development in the region, while the continual
promotion of carbon reduction measures directly impacts regional
environmental quality and sustainable development. In addition, the
coupling and coordination levels between the WE nexus and the EC
nexus had shown a steady growth trend, especially for the EC nexus,
with an average annual growth rate of up to 12.6%. This growth
rate reflected the interdependence between energy consumption
and carbon emission reduction. In particular, the accumulation of
regional carbon dioxide stocks was exacerbated by an expansion of
energy demand. Effective energy policies, especially those related
to renewable energy utilization, could reduce dependence on
fossil energy sources as well as carbon emissions. Thereby, the
optimization of the energy structure and the improvement of
environmental quality will be realized.
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FIGURE 4

Spatial distribution of the WEC nexus coupling coordination degree across China’s 30 provinces in: (a) 2008; (b) 2012; (c) 2018; (d) 2022.

Besides, taking 2008 as the benchmark year, the regional
coupling coordination value of WEC nexus increased from 0.47
to 0.53, with a growth rate of 10.6%. This robust growth validated
the policy synergies of the water management system, the dual-
control mechanism for energy, and the carbon trading market
structure. The comparison revealed that WEC nexus had the
lowest average annual fluctuation, which showed significant stability
characteristics, indicating that it possessed better resistance to
disturbances. Meanwhile, it also indicated that the utilization
of institutional innovation to address the resource-environment
dilemma will achieve the transformation of regional coupling from
near discoordination to minimal coordination.

3.2.2 Spatial evolution characteristics

A spatial distribution analysis was implemented using ArcGIS
10.8 on the basis of the calculated coupling coordination value to
visualize the data. According to Figure 4, the coupling coordination
in China gradually increased gradually from north to south and
from west to east. And large variations were observed between
different provinces, indicating an overall development trend of
inertia dependence.

The trends in temporal evolution could be roughly categorized
into three periods. (1) 2008-2012 was the slow-growth phase, when
the percentage of regions at low coupling coordination levels (<0.5)
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exceeded 65%, which reflected insufficient policy attention to multi-
system synergies in earlier years. (2) 2013-2018 was the rapid
development period, with the high-value area gradually expanding
to the central and western regions, while the regions in low coupling
only accounted for less than 40% of the total. (3) 2018-2022 was
the stable development period, with provinces and cities basically
entering the minimal coordination stage, which indicated that the
low-coupling region was gradually transitioning to the medium
level, but interprovincial differences still existed.

Looking at geographical differences, the Yangtze River Delta
(Zhejiang, Shanghai, Jiangsu) and Pearl River Delta (Guangdong)
region played a leading role in WEC nexus and were the first
regions to enter into minimal coordination. Its strengths were
centered on industrial structure optimization and cross-sectoral
collaboration mechanisms, which allowed them to develop
innovatively on the basis of its superior geographic conditions.
For example, by establishing the Yangtze River Delta Eco-Green
Integrated Development Demonstration Region, it reinforced
inter-provincial resource allocation efficiency and boosted the
industrial greening transformation. Conversely, the development of
the three northeastern provinces (Jilin, Heilongjiang, and Harbin)
and part of the inland northwest (Qinghai) lagged behind, and
the coupling coordination was always at the near discoordination
stage. As the region was dominated by high-consumption and
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FIGURE 5
Average obstacle degrees (2008-2022) of key indicators hindering the development of: (a) Water system (X1-X12); (b) Energy system (Y1-Y12); (c)
Carbon system (Z1-Z9) in China (30 provinces).

high-pollution industrial structure, and the new industries are
relatively underdeveloped, which intensified the conflict between
energy demand and low-carbon transition. Moreover, due to the
influence of geomorphology and climate, water resources in Qinghai
were unevenly distributed, and seasonal differences were obvious,
thus hindering the water resources deployment and utilization.
And although the three northeastern provinces possessed relatively
abundant water resources, the water resources allocation in
industry, agriculture and so forth still existed a contradiction
between supply and demand owing to the heavy industry
development.

3.3 Obstacle degree analysis

By averaging the obstacle degree values of all the provinces, we
could obtain the stacked map of obstacle degree for water system,
energy system, and carbon system in China during 2008-2022,
as shown in Figure 5. According to the graph, it was observed that
the obstacle factors contributions of the three systems displayed a
relatively stable character and basically did not change significantly
over time. This phenomenon indicated that the factors affecting
the integrated development of the systems had a high stability and
embodied rigid characteristics.
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Regarding the water system, per capita water resources (X2)
and groundwater proportion (X3) were consistently the most
prominent hindering factors from 2008 to 2022 (with an average
annual barrier above 0.25). These were followed by water yield
modulus (X5) and total water supply (X7). Specifically, indicators
X2 and X5 reflected the structural conflict between economic
progress and insufficient resource endowment, and exposed the
regional overloading problem arising from the rapid urbanization
process in China. And indicators X3 and X7 illustrated the deeper
exploitation crisis, where groundwater overexploitation was not only
exacerbating the discrepancy between water supply and demand, but
also posing a serious danger to its security. Therefore, the central
contradiction in China’s water resources lied in “insufficient total
quantity, unequal distribution and ineflicient utilization”

Regarding the energy system, the top four annual rankings were
concentrated on per capita energy production (Y1), energy self-
sufficiency rate (Y2), fixed asset investment in energy industry (Y3),
and industrial pollution control investment (Y10). The most notable
were per capita energy production (Y1) and energy self-sufficiency
rate (Y2), both of which had average annual barriers above 0.2.
This showed that energy security and pollution control were two
principal issues that required urgent attention in China. The energy
production scale had continued to expand as demand continued
to grow, yet the limited nature of resources had intensified the
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TABLE 3 Forecast value of coupling coordination degree during
2026-2030 in China.

Year Predict value Year Predict value
2026 0.545 2031 0.566

2027 0.549 2032 0.57

2028 0.553 2033 0.575

2029 0.557 2034 0.579

2030 0.562 2035 0.584

pressure for energy self-sufficiency, which had led to an increase
in the external dependence and a decrease in energy security.
In addition, the accelerated pace of industrialization resulted in
increased pollution, although investment in pollution control had
increased, it was still not sufficient to fully offset the speed and scale
of pollution.

For the carbon system, the barrier indicators mainly focused
on total investment in environmental governance (Z7), and per
capita green space area (Z5). The high obstacle level of indicator Z7
showed that China had insufficiently invested in environmental
governance and was lagging behind in financing. Indicator Z5
also exposed the shortcomings of ecological construction, with low
green space per capita weakening the self-purification of ecosystems
while exacerbating the carbon pressure. This phenomenon was
closely associated with economic development and resource
allocation policies in China, where more resources were invested
in production, contributing to the absence of ecological governance
and construction. Furthermore, the conflict between urbanization
and land-usage structure restricted the green space expansion.

3.4 Coupling degree prediction

Having clarified the practical situations of the synergistic
development of the system and the key obstacle factors
impacting growth in the previous phases, this section adopted
a reasonable forecasting method to speculate on the future
trend of China in strengthening the implementation of water
management, energy transition and carbon reduction requires
more attention (Table 3). This analysis aimed to further determine
the strategic direction and policy focus in the forthcoming
evolutionary process.

As predicted by the model, the coupling coordination level in
China is expected to display a steady upward trend from 2026
to 2035, basically maintaining the previous growth rate, with an
average annual growth rate of 3.9%. This aligns with the objectives
of the high-quality development plan. However, the numerical range
of the coupling coordination level during the forecast period is
expected to be between 0.545 and 0.584, which is still in the
minimum coordination stage. This phenomenon indicates that
under the current policy continuity, the WEC nexus coupling
improvement level still exhibits poor synergy, inadequate innovation
incentives and other issues.
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4 Discussion
4.1 Implications

First, by measuring the comprehensive evaluation index of WEC
nexus and the subsystems (water, energy, and carbon) in China,
the understanding of the ecological construction achievements of
the region has been deepened. Meanwhile, the results indicates
that water resources management, energy use, and carbon emission
reduction are a unified entity, and the WEC nexus has a certain
coupling and coordination relationship. Fluctuations in any one of
the subsystems will influence the overall situation. Therefore, there
is a necessity to consider the synergistic development between the
three subsystems, so as to not only facilitate the overall progress of
the WEC nexus but also take into account the development of the
subsystems themselves. This approach will drive the efficient and
coordinated development of WEC in the region (Zhu et al., 2024).

Second, the coupling coordination degree of WEC nexus in
China is characterized by a distribution of “high in the east and low
in the west, high in the south and low in the north” The coupling
degree of the eastern coastal areas (e.g., Yangtze River Delta, Pearl
River Delta) and the provinces along the Yangtze River Economic
Belt is relatively higher, while the northwestern inland (e.g.,
Qinghai) has long been in the low-coupling range. The formation
of such pattern closely correlates with the regional economic
development and resource endowment (Ren and Ni, 2025). The
eastern region accounts for a higher proportion of technology-
intensive and low-carbon industries, with stronger synergistic
management capabilities (Liang et al., 2022). And the western region
relies on a high energy resource dependence, with prominent inter-
systemic contradictions. Therefore, for the promotion of regional
synergistic development, interregional cooperation and linkages
ought to be strengthened to facilitate the resource sharing and
advantage complementarity. In addition, attention also needs to
be focused on addressing regional development imbalance to
narrow the regional growth gap and achieve a new situation of
coordinated regional progress through differentiated policies and
precise implementation of measures.

Moreover, this article identifies the key influencing elements
of the water, energy and carbon systems through the obstacle
degree model, and emphasizes the “problem-oriented” principle
of ecological construction. In the face of global water scarcity
(Wang et al., 2024), attention should be paid to the contradiction
between economic balance, population development and limited
resources, and to settle the groundwater exploitation issue. From a
long-term perspective, it is necessary to strengthen water resources
management and allocation, improve water use efficiency, and
strictly control the development and utilization of water. Regarding
energy security, the industrial structure needs to be optimized, the
energy transition accelerated, and based on this, pollution control
investment enhanced and environmental protection supervision
strengthened. In addition, conflicts in developing countries are
also recognized as being associated with global warming and
climate change, of which the most significant greenhouse gas is
carbon dioxide (72 per cent) (Sanglimsuwan, 2011; Adams and
Acheampong, 2019). Therefore, as for carbon emission reduction, it
is required to continuously increase the environmental governance
capital investment, including financial subsidies and green finance,
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and to optimize the utilization of capital. Besides, concerning the
contradictory relationship between urbanization and land usage,
urban construction shall be reasonably planned, and ecological
restoration projects shall be carried out to expand the green area thus
to enhance the regional carbon sink capacity.

Finally, our findings reveal that the WEC nexus in China will
remains at the minimum coordination stage during 2026-2035,
which demonstrates the insufficiency of the current policy incentives
for the coordinated development of water, energy, and carbon
systems in China. Therefore, it is crucial to emphasize the
importance of advancing the WEC nexus system by enhancing
the development level of the water, energy, and carbon system.
To achieve a leap from minimal coordination to intermediate
or even high coordination, a deeper level of coordination and
optimization in policy-making is necessary. More attention
should be paid to strengthening the implementation of water
management, energy transition and carbon reduction. Most notably,
it is essential to focus more on the synergies between these
three elements.

4.2 Limitations and future research
directions

However, the study is not without limitations. First, the coupled
coordination model assumes that the water, energy and carbon
systems are equally important, and fails to consider the effects
of regional natural conditions and resource endowments on the
weights. Therefore, a dynamic weight adjustment model may be
developed in future research to optimize the weight allocation
of subsystems by combining the ecological differences of regions.
Furthermore, based on the obstacle degree model and the grey
prediction model, only critical constraints have been proposed,
without exploring the impact mechanisms of the differentiated
policies and lacking the feasibility assessment of specific measures.
Further research should design policy scenario simulation models to
assess the marginal effects of different policy combinations on WEC
nexus coupling.

5 Conclusion

This article investigated the synergistic development and
temporal evolution of the WEC nexus using the comprehensive
evaluation method and the coupling coordination degree model
from 2008 to 2022 in China. And the spatial evolution was
then explored. Moreover, the key obstacle factors affecting the
development of the water, energy, and carbon systems were
summarized based on the obstacle degree model, and the coupling
coordination tendency of the research region from 2026 to 2035
was further predicted. The major conclusions of this research
are as follows:

(1) The overall trajectory of the integrated WEC development level
in China from 2008 to 2022 was characterized by a fluctuating
upward trend. The carbon system had the highest level of
integrated development, with an average annual index of 0.36,
while the energy system had the lowest level of coordination,
with an average annual index of only 0.2.
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(2) The coupling coordination level of the WEC nexus in China
exhibited a trend of steady increase. Taking 2008 as the
benchmark, the value of the coupling coordination degree
grew from 0.47 to 0.53, with a growth rate of 10.6%, realizing
the leap from near discoordination to minimal coordination.
In the spatial dimension, the coupling and coordinated
development had obvious geographical differences, with the
southeast developing better level than the northwest. The
overall development trend presented an inertial dependence.
There was significant stability in the obstacles affecting the
development of the water system, energy system, and carbon
system from 2008 to 2022. The water system was primarily
influenced by per capita water resources and groundwater
proportion. The energy system was mainly affected by per
capita energy production and energy self-sufficiency rate. The
carbon system was mainly affected by total investment in
environmental governance and per capita green space area.
(4) According to the grey prediction results, the coupling
coordination degree of the WEC nexus in China will
maintain a steadily increasing tendency from 2026 to 2035.
However, to further increase the level of regional coupling, the
implementation of water management, energy transition, and
carbon reduction requires strengthening. Most notably, it is
essential that more attention be paid to the synergies between
the three elements.
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