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Abstract: The intricate interplay between water resources, land resources, energy systems, and
carbon emissions has emerged as a prominent discourse in academic research. Nonetheless, there
remains a dearth of comprehensive research dedicated to fostering environmentally friendly and
low-carbon development through systematic integration and coordination efforts. This study aimed
to fill this gap by integrating the coupling mechanism of the Water-Land-Energy-Carbon (WLEC)
system, thereby constructing an evaluation index framework that assesses coordinated developments
in Northwest China’s WLEC system. It scrutinizes the security levels within the Water-Land-Energy
(WLE) subsystem while conducting quantitative analyses on the degrees of coupling coordination
within the WLEC systems, alongside their associated hindering factors. The preliminary findings
were as follows: Firstly, the safety development within the WLE system demonstrates a positive trend
across Northwest China, with notable advancements primarily observed in the Qinghai and Gansu
provinces. In 2021, all five Northwestern provinces exhibited moderate levels of safe development,
except for the Qinghai province, which transitioned from moderate to robust. Secondly, the coupling
coordination degree of the WLEC system across the five provinces has consistently illustrated an
upward trajectory over the years. However, as of 2021, the system remains in a state characterized by
marginal disorder. Notably, the Qinghai and Gansu provinces have shown particularly encouraging
upward trends, with the Shaanxi province also making notable progress. Conversely, Xinjiang
has declined since 2017 due to negative interactions between the subsystems of water, soil, energy,
and carbon emissions. Thirdly, spatial variations exist in the distribution patterns between the
provinces regarding the influence of obstructing factors on indicators related to coupled coordinated
development, such as per capita arable land area, per capita energy consumption, per capita carbon
emissions, per capita construction land area, and the proportion of groundwater water in the total
amount of water supply, which demonstrated an increasing trend. These findings carry significant
practical implications for actively and steadily promoting carbon peaking and carbon neutrality in
Northwest China.

Keywords: water-land-energy-carbon system; water-land-energy system; safety development index;
coupling coordination; obstacle degree; Northwest China

1. Introduction

Water, land, and energy constitute the fundamental components that are intricately
interconnected with human activities within the Earth’s surface system [1]. These el-
ements demonstrate the interdependencies and reciprocal influences through complex
supply—-demand dynamics between human socio-economic activities and natural ecosys-
tems, resulting in substantial carbon emissions [2]. In the light of the escalating demand
for water, land, and energy in both the economy and society, coupled with the imperative
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to actively address climate change, research on the interconnectedness of “Water-Land-
Energy-Carbon” (WLEC) has emerged as a prominent subject in academic research [3,4].

The initial focus of the related research was on the “Water-Energy-Food” (WEF)
nexus [5-7], highlighting the unpredictable consequences of policymaking based solely
on a single resource due to the intricate and interconnected relationships between water,
energy, and food [8]. Subsequently, some scholars have also linked the WEF nexus system
with ecosystems [9] and socioeconomic development [10,11]. With the heightened global
attention on climate change, new perspectives have emerged, connecting water, land,
and energy to this complex issue. In recent years, an increasing number of studies have
examined the relationship between carbon emissions and water and land resources [12-14].
On one hand, researchers have unveiled that carbon emissions from the water system
encompass various aspects, such as water extraction, supply, utilization, drainage, and
sewage treatment [15]. For instance, Wang et al. discovered that China’s social water
recycling system has become more energy-intensive; specifically, the carbon emission
intensity in water supply and drainage increased by 23.3% and 78.6%, respectively, from
2009 to 2021 [16]. Additionally, research has honed in on specific areas ‘and watersheds’
water-energy-carbon systems revealing an improvement in the coupling coordination over
time but also an increase in the spatial heterogeneity [12,17]. On the other hand, the
relationship between land use and carbon emissions has emerged as a primary concern.

Several researchers have delved into the impacts of land use on carbon emissions or
balance on various regional scales, including on national [18,19], provincial [20,21], and
urban levels [12,21,22]. They have found that carbon processes are significantly influenced
by land use through human energy consumption and land management practices. For
instance, Friedlingstein et al. [23] disclosed that the changes in land use accounted for 19%
of global carbon emissions from 1959 to 2019. Moreover, specific types of land use, such
as agriculture [24], industry, residential areas, transportation infrastructure, and others,
have been identified as significant sources of carbon emissions; meanwhile, woodlands
and grasslands serve as crucial carbon sinks [19,21,25].

As the research has advanced, scholars have gained a deeper understanding of the
WLEC system, recognizing its significance in elucidating the intricate interplay between
human activities and nature. This investigation also offers novel insights for evaluating
the environmental impacts of human activities. Figure 1 depicts a schematic diagram,
illustrating the coupling mechanism between the four subsystems of WLEC: water, land,
energy, and carbon emissions [5,14,26]. Simultaneously, practical studies are emerging in
this domain [14,26-28], encompassing research focused on agriculture and industry [29,30]
highlighting excessive land resource input as a pivotal factor influencing agricultural
carbon emission efficiency and excessive water resource input as a key determinant of
industrial carbon emissions. Furthermore, relevant studies at the regional and watershed
levels have been conducted.

While prior research has established a consensus on the interrelationships between
water resources, land, energy, and carbon emissions [14], there remains a gap in studies
examining the degree of integrated and coordinated development within these four sub-
systems and identifying potential obstacles. Currently employed methodologies include
whole life-cycle assessment [31], energy analysis [32], the environmental input—output
model [17,18,28,33,34], system dynamics, the LMDI model [30], flux observation and
simulation [35], systems analysis [26]. However, limited attention has been given to con-
structing a comprehensive WLEC (Water-Land-Energy-Carbon) system safety development
evaluation index, encompassing all aspects and processes to examine the coupling and
coordinated development level of the water, soil, energy, and carbon subsystems, as well
as their inhibiting factors. Therefore, enhancing collaborative research on water resource
exploitation about land use practices and energy consumption patterns leading to carbon
emissions is crucial. This not only facilitates understanding of their intricate coupling
mechanisms but also holds significant implications for comprehending the efficiency and
capacity of resource exploitation, while promoting comprehensive investigations into the
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impact of regional multi-resource exploitation on carbon emission effects [29]. Particularly
for the Northwest region under study here, no relevant research has been conducted yet.
Hence, this study aims to address this existing gap.
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Figure 1. Schematic diagram of the coupling mechanism of the WLEC system.

The coupling relationship between water resources, land use, energy consumption,
and carbon emissions in Northwest China is crucial for promoting regional sustainable de-
velopment, given its significance as a key energy base in the country. However, there exists
a substantial lack of coordination in the allocation of water resources, land resources, and
energy within this region, which poses a constraint on achieving high-quality development
of the economy and society [36]. Although some progress has been made in promoting
the coupling relationship of the WLEC system in Northwest China, particularly regarding
water resource utilization, land use change, renewable energy development, optimization
of energy consumption structure, and research on ecosystem carbon sink function; there
is a need for a multi-element coupling perspective to explore the pathway towards green
and low-carbon development. Therefore, addressing the challenge of promoting efficient
resource utilization and synergistic reduction of carbon emissions from a multi-factor cou-
pling perspective becomes imperative to facilitate the comprehensive green transformation
of socio-economic development in Northwest China.

This study integrated the coupling mechanism of the WLEC system and established
an evaluation index system for promoting coordinated development in Northwest China.
Utilizing this evaluation index system, a quantitative analysis was conducted to assess
the level of sustainable development within the “Water-Land-Energy” (WLE) system and
examine the interrelationships between the water, land, and energy subsystems, and the
carbon emission subsystems. Additionally, a diagnostic analysis was performed to identify
the degree of coupling coordination development and the obstacles hindering coordinated
development within the WLEC system coupling. The research findings presented herein
offer practical guidance for actively and steadily achieving the targets related to carbon
emission peak and carbon neutrality, while comprehensively ensuring water resource
security, food security, and energy security in Northwest China.
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2. Method and Data Sources
2.1. Method
2.1.1. Construction of Evaluation Index System for Assessing the Coordinated
Development of WLEC System

The evaluation index system for assessing the coordinated development of the WLEC
system in Northwestern China comprised four primary indicators, thirteen secondary
indicators, and twenty-four specific metrics (refer to Table 1). The primary indicators
encompassed four subsystems: water, land, energy, and carbon emissions. The water
subsystem encompassed five secondary indicators: water supply, water utilization, water
conservation and efficiency, sewage treatment, and water use efficiency. The land subsystem
included four secondary indicators: land supply, land output, expansion of greening and
carbon sinks, and protection and restoration. The energy subsystem consisted of three
secondary indicators: energy supply, energy consumption, and energy use efficiency.
Meanwhile, the carbon emission subsystem solely focused on carbon emission intensity.
When selecting specific indicators, the reasonability and typicality were taken into account
along with the data availability and forward-looking nature.

Table 1. Evaluation index system for assessing the coordinated development of the WLEC system in
Northwest China.

FPrimary Secondary Specific Indicators Indicator Weights
Indicators Indicators Properties  Shaanxi Gansu Qinghai Ningxia Xinjiang
Per Cap“';‘nvef’taetre;/llfjros‘éffs (Cubic Positive 005 005 003 005 006
Water supply . -
Proportion of {if;;?iﬁ;ﬁ;l(“ /:)"tal amount  Neeative 003 003 007 003 002
Per capita water use (Cubic meters/person) Negative 0.06 0.06 0.03 0.05 0.03
Water use Agriculture water use per unit of arable .
Water S (Cubic A Jha) Negative ~ 0.03 0.04 0.04 0.04 0.03
Economical use Water reuse rate (%) Positive 0.06 0.02 0.10 0.04 0.04
trseeaveﬁge;it Wastewater treatment rate (%) Positive 0.02 0.03 0.03 0.03 0.03
Water efficiency ~ 'Vater Outﬁﬁgias;enf‘x;;gnete“/ ten Positive 003 003 003 004 004
Per capita arable la_nd (ha/person) Moderate 0.04 0.12 0.06 0.04 0.04
Land supply Per Capltlfifo"lgzttg‘;gt/‘;grlsf;‘; (Square yjoderate 005 004 004 003 002
Per capita output of grain crops Y
Land production (Tons/ person) Positive 0.09 0.06 0.06 0.07 0.03
Output rate fﬁggg‘;{;‘%‘;ﬁ;ar‘d (ha/ten b Gtive 002 002 002 003 0.04
Protecting and
Land Enhancing Forest coverage rate (% Positive 0.06 0.06 0.06 0.07 0.06
Natural Carbon &
Sinks
Agricultural chemical fertilizer and
pesticide use per unit of arable land Negative 0.04 0.04 0.07 0.03 0.07
COHtI‘Ql and (Tons/ha)
remediation Proportion of area of soil erosion under
control in total land area administrative Positive 0.04 0.06 0.07 0.04 0.04
region (%)
Per capia ﬁgi%ycgg‘l’fgg‘;‘;ﬁ)(n’“s of Positive 002 003 003 0.03 0.04
Energy supply Pro1;2{;2?;2:;;;‘;?&&22{%’ (1(r)/1 )total Positive 0.06 0.04 0.04 0.06 0.05
Proporgfe)ﬁgf;i‘)’;ag/le) energy Posiive 006 003 003 004 003
Per capita energy consumption (Tons of .
Ener Energy standard coal /Ferson) Negative 0.03 0.03 0.03 0.05 0.09
gy consumption Proportion of Non-fossil Energy in Total Positive 0.06 0.05 0.02 0.04 0.05
Primary Energy Consumption (%) ’ ’ ’ ' ’
Pmporg;’;g; giﬁ‘ﬁpﬁffﬁ% " Total  pogitive 003 001 003 004 003
Energy efficiency ~ LnersY output rate (Tons of standard Posiive 003 003 003 003 0.05

coal/ten thousand Yuan)
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Table 1. Cont.

IPri.mary Secondary Specific Indicators Indicator . W-E!ights: P P
ndicators Indicators Properties  Shaanxi Gansu Qinghai Ningxia Xinjiang
Per capita carbon emissions (Tons/person) Negative 0.03 0.04 0.05 0.05 0.05
Carbon Emissions o e e e ey Negative ~ 002 003 002 002 003
€mIssions mntensity Carbon emissions per unit of construction Negative 0.04 0.04 0.02 0.05 0.04

land (Tons/square kilometers)

The weights of these metrics reflected their respective contributions towards achieving
a coordinated development level, which determined the effectiveness and practicality
of the evaluation indicator system. Considering the disparities in resource endowment
between the five provinces, we employed the entropy weight method [37] to calculate
the province-specific weights for each indicator. The resulting weights are presented in
Table 1. Amongst the five provinces, Qinghai and Gansu exhibited higher weights for
the land and water subsystems, while Shaanxi, Ningxia, and Xinjiang demonstrated a
greater emphasis on the land and energy subsystems. Additionally, the carbon emission
subsystems accounted for a relatively smaller proportion across all five provinces.

Before assessing the coordinated development of the WLEC systems for the proposed
five provinces, each indicator was normalized using a maximum and minimum value
normalization method. The indicator properties are listed in Table 1 and the corresponding
formulas for positive, negative, and moderate indicators are shown in Equation (1).

y; = ——min_ Positive indicators
max min
y; = X;f::xf;x{,Negative indicators (1)
min

y;=1- ﬁ,Moderate indicators

where, y; represents the normalized value of the indicator i, x; denotes the original value
of the indicator i, and xmin and Xmax represent the minimum and maximum values of this
indicator, respectively. Additionally, dpes; signifies the appropriate value of the respective
indicator. In this study, the dp.s; value of the per capita arable land area was 2.6, which
was the global average arable land area in a unit of one thousand hectares per one million
people in 2020. For the per capita construction land area, dpeg; took the value of 100, because
China had a requirement of controlling the per capita urban land target strictly within
100 square meters [38].

2.1.2. Evaluation of Safety Development Level within the WLE System

The safety development index of the WLE system (WLESDI) comprised three subsys-
tem sub-indices: the water subsystem sub-index (WSDI), the land subsystem sub-index
(LSDI), and the energy subsystem sub-index (ESDI). The scores for each sub-index, as well
as the overall safety development index, were calculated using Equation (2):

WSDI = ¥-7_; a;WSDI; x 100
LSDI = Y7, #;LSDI; x 100
ESDI = Y7, v;ESDI; x 100

WLESDI = WSDI + LSDI + ESDI

(2)

where, WSDI, LSDI, and ESDI represent the safety development indices of water, land, and
energy, respectively. WSDI;, LSDI;, and ESD]; are the specific indicator values of water,
land, and energy after being normalized according to Table 1 and Equation (1). «;, 3;, and
v; represent the indicator weights of the water, land, and energy systems, respectively,
which are a certain ratio of weights in Table 1 to ensure that the sum of the weights for
the water, land, or energy systems is 1. The values of the WLESDI ranged from 0 to 100.
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Furthermore, WLESDI was categorized into six levels: weak, weak-moderate transition,
moderate, moderate-strong transition, strong, and very strong (as illustrated in Table 2).

Table 2. Grading evaluation standard of WLESDI.

Score Classification
WLESDI < 40 Weak
40 < WLESDI < 60 Weak—-moderate transition
60 < WLESDI < 70 Moderate
70 < WLESDI < 80 Moderate—strong transition
80 < WLESDI < 90 Strong
90 < WLESDI < 100 Very strong

2.1.3. Correlation Analysis

After the calculation of the safe development index of the water, land, and energy
subsystems, namely WSDI, LSDI, and ESD], the interrelationships between water, land,
and energy, as well as the WLE system and the carbon emission subsystem were analyzed
using Pearson’s correlation. The carbon emission values were calculated as the weighted
sum of the specific indicators, which were recalculated to ensure that their sum was 1,
using a similar method to the water, land, and energy subsystems.

3
CDI = ) " 6;CDI; x 100 (3)
i=1

where, CDI represents the carbon emission subsystem sub-index; CD]; signifies the normal-
ized value of these indicators according to Table 1 and Equation (1). 6; denotes the weight
of the indicators layer with a sum of 1.

2.1.4. Coupling Coordination Model

The coupling degree of coordination [39] reflected the level of coupling and coordi-
nated development between the four subsystems. The formula is presented as follows:

D=+VCxZ (4)

Hl=

U; xUp x Uz x Uy
C= 2 )
((U1+U2+U3+U4)/4.)

Z=(U;+U;+U;3+Uyg)/4 (6)

U=y, %05/ 0
Uy =y, % Bi/ L1 Bs
Us = y; * i/ X1 Vi
U4 = Yi * ei/Z?zl 91

where D denotes the coupling degree of coordination ranging from 0 to 1; a value closer
to 0 indicates a weaker coordinated interaction influence between the subsystems, while
a higher value suggests a stronger coordination. C represents the coupling degree with
values between 0 and 1; a larger value signifies a higher level of coupling. Z stands for
the integrated score of each subsystem. Uy, Uy, Us, Uy are the normalized indicator values
obtained by multiplying the indicators with their respective weights (the sum of the weights
for each subsystem equals to 1) for the water, land, energy, and carbon emission subsystems,
respectively. The coupled and coordinated development types within the water, soil, energy,
and carbon systems were classified into ten levels [40] (Table 3).

)
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Table 3. Classification criteria for the coordinated development type of the WLEC system in North-

west China.
Score Level Classification

0<C<0.1 Extreme disorder
01<C<02 Serious disorder
02<C<03 Moderate disorder
03<C<04 Low disorder
04<C<05 Marginal disorder
05<C<06 Marginal coordination
06<C<0.7 Low coordination
07<C<08 Moderate coordination
08<C<09 Good coordination
09<C<1.0 High coordination

2.1.5. Obstacle Degree Model

The obstacle degree model [41] was employed to diagnose the primary factors con-
straining the coordinated development of these four subsystems in Northwest China and
provided a reference for enhancing their coupling and coordination relationship. The
calculation formula is as follows:

O] . Wi X (1 — aij) (8)

T Wi x (1 —aij)

where O; represents the obstacle degree that reflects the influence level of each indicator on
the coupled and coordinated development level of these four subsystems; W; denotes the
contribution degree of factor i; 1 — aj; signifies the deviation degree of indicator i; while a;;
represents the normalized value of indicator i.

2.2. Data Sources

The data utilized in this study primarily originated from various sources, including
the China Statistical Yearbook, the China Urban Statistical Yearbook, the China Urban
Construction Statistical Yearbook, the China Environmental Statistical Yearbook, the China
Energy Statistical Yearbook, and the China Rural Statistical Yearbook. Additionally, energy-
related data were mainly collected from the provincial statistical yearbooks of five provinces
in Northwest China. The proportions of renewable energy generation and terminal energy
in total energy consumption were calculated based on the Energy Balance Sheet of these
five provinces. It is worth noting that the carbon emissions calculation followed the
methodology proposed by Wang et al. [42]. Detailed data and sources can be found in
Table 4. The study period spanned from 2010 to 2021.

Table 4. Data and sources.

Data

Sources

Total Amount of Water Resources; Amount of
Groundwater Resources; Total Amount of Water
Supply; Total Use of Aériculture Water; Arable Land;
Forest Coverage Rate
Water Reuse Rate; Wastewater Treatment Rate; Area
of Construction Land; Total Land Area
Administrative Region
Output of Grain Crops; Use of Agricultural Chemical
Fertilizer and Pesticide
Area of Soil Erosion under Control
Total Energy Production; Proportion of Non-fossil
Energy in Total Primary Energy Production; Total
Energy Consumption; Proportion of Non-fossil
Energy in Total Primary Energy Consumption
Permanent Population; Arable Land; Gross Domestic
Product (GDP)

China Statistical Yearbook

China Urban Construction Statistical Yearbook

China Rural Statistical Yearbook

China Environmental Statistical Yearbook
China Energy Statistical Yearbook; Shaanxi Statistical
Yearbook; Xinjiang Statistical Yearbook; Qinghai
Statistical Yearbook; Ningxia Statistical Yearbook;
Gansu development yearbook

China Statistical Yearbook
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3. Results
3.1. Dynamic Changes in the Safety Development Level of the WLE System

From 2010 to 2021, the safety development indices (WLESDI) for the WLE system
of the five provinces in Northwest China exhibited an increasing trend, as shown in
Figure 2. Notably, Qinghai and Gansu experienced a higher rate of increase than the
other provinces, with their WLESDI scores rising from 25 and 20 in 2010 to 70 and 66
in 2021, respectively. Ningxia, Xinjiang, and Shaanxi had relatively high original safety
development indices within the WLE system; however, their values have fallen behind
those of the other provinces since 2017.

80
2

_§ 70
=

- 60
g _
2§ 50
g 5
=
S0
[

ZE 30
]

£
*

P 10
|-

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Shaanxi Gansu Qinghai Ningxia Xinjiang

Figure 2. The safety development index for the WLE system in five provinces of Northwest China
(2010-2021).

Further analysis of Northwest China based on the sub-indices for each subsystem
(Figure 3) revealed consistent increases across all three subsystems during the study period.
Specifically, the land subsystem sub-index rose from a score of 9 in 2010 to a value of 25 in
2021. The values of the water subsystems and energy subsystems reached almost twice
of their original values (with the value of the water subsystem increasing from 9 in 2010
to 20 in 2021 and the value of the land subsystem increasing from 10 to 22). However, the
improvement observed within the water subsystem has been relatively limited since 2017.

70

I
[=]

WLE system
(] L¥¥]
(=] (=]

|
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I ]
0H|iI|III|||

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

—
(=]

The subindex of safety development of the

W water subsystem M Land subsystem ™ Energy subsystem

Figure 3. The subindex of safety development of the WLE system in Northwest China.

The average value of the WLESDI in Northwest China reached 67 in 2021. The
provinces ranked according to WLESDI values in descending order were Qinghai (70.46),
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Correlation coefficient
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Xinjiang (66.71), Shaanxi (66.68), Gansu (65.67), and Ningxia (64.06). According to the crite-
ria in Table 3, the WLE system in Qinghai achieved a relatively high level of moderate—strong
transition, while the other four provinces remained at a moderate level.

3.2. Correlation between the WLE System and the Carbon Emission Subsystem

We investigated the correlation between the water, land, and energy subsystems
and the carbon emission subsystem (Figure 4). Throughout the study period, a positive
correlation was observed between the water, land, and energy subsystems and the carbon
emission subsystem in the Qinghai and Gansu provinces, indicating that promoting safety
development of these subsystems led to enhanced carbon emission efficiency. The water,
land, and energy subsystems, and the carbon emission subsystem of Shaanxi and Ningxia
were not synchronized. Specifically, the water and carbon emission subsystems in Shaanxi
exhibited a negative correlation, while the water, land, and carbon emission subsystems in
Ningxia also showed a negative correlation. In addition, all the water, land, and energy
subsystems, and the carbon emission subsystem in Ningxia displayed a negative correlation
indicating a significant improvement in green and low-carbon economic development.
Similarly, Xinjiang’s water, land, and energy subsystems, and carbon emission subsystem
were negatively correlated. The WLE system exhibited a positive correlation with the
carbon emission subsystem in Shaanxi, Gansu, and Qinghai, whereas Ningxia and Xinjiang
demonstrated a negative correlation.

Shaanxi Gansu Qinghai Ningxia Xinjiang Average value

B Water—Carbon M Land — Carbon ' Energy —Carbon ® Water+Land+Energy — Carbon

Figure 4. Correlation coefficients of the water and carbon subsystem, the land and carbon subsystem,
the energy and carbon subsystem, and the WLE system and carbon subsystem in five provinces of
Northwest China.

3.3. Coupling Coordination Degree of the WLEC System

The coupling coordination degree of Qinghai, Gansu, and Shaanxi demonstrated a
consistent increase from 2010 to 2021 (Figure 5), ultimately reaching a relatively high level
of low coordination by 2021. Among them, the Qinghai province was close to a moderate
coordination level. The coupling coordination degree of Ningxia and Xinjiang was expected
to experience a significant increase by 2021, ultimately achieving an unoptimistic level of
low coordination. However, it should be noted that the current trend suggested a slight
increase for both provinces.

(Note: Equations (3)-(5) only consider U1, U2, and U3, and the corresponding weights a, b,
and c are treated as equal weights)

The improvement in the coupled and coordinated development levels between the
four subsystems (water, land, energy, and carbon emissions) varied between the provinces
(Figure 6). Notably, Qinghai demonstrated a significant increase from 0.24 in 2010 to
0.46 in 2021, indicating a relatively low pressure on resource demand for economic and
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social progress. Gansu, Shaanxi, and Ningxia followed with fluctuating changes over
certain years. Xinjiang outperformed the other four provinces in 2012-2016; however, it has
experienced a decline since 2017. By 2021, all five provinces were expected to demonstrate
moderate dislocation—-evolution characteristics. Throughout the study period, a noticeable
upward trend in the level of coordinated development between the water, land, and energy
systems was observed in Northwest China.

0.80
0.70
0.60
0.50
0.40

0.30

Coupling coordination of the WLE system

0.20
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

s Shaanxi Gansu Qinghai == Ningxia Xinjiang

Figure 5. Coupling coordination degree of the WLE system in five provinces of Northwest China
(2010-2021).

0.50
0.45
0.40

0.35

system

0.30

0.25

Coupling coordination degree of the WLEC

0.20
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

s Shaanxi Gansu === Qinghai Ningxia Xinjiang

Figure 6. Coupling coordination degree of the WLEC system in five provinces of Northwest China
(2010-2021).

3.4. The Obstacles to the Coupling Coordinated Development of the WLEC System

The main obstacles affecting the coupled and coordinated development of the five
provinces in 2021 (obstacle degree > 0.10) are illustrated in Figure 7. Among them, the per
capita energy consumption emerged as the primary obstacle factor for all five provinces.
Per capita carbon emissions pose a significant challenge for Gansu, Shaanxi, Ningxia, and
Xinjiang. The scarcity of per capita arable land area hindered progress in Qinghai, Gansu,
Shaanxi, and Xinjiang. Additionally, the per capita construction land area acted as a major
impediment for Qinghai, Gansu, and Shaanxi. Furthermore, carbon emissions per unit of
construction land area, water reuse rate, per capita water resources, agricultural chemical
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Xinjiang

Qinghai ~ Ningxia

Gansu

Shaanxi

fertilizer, and pesticide use per unit of arable land area also contributed to hindrances in
multiple provinces. The mean values of the obstacle degrees for each indicator in the five
provinces (Figure 8) showed a consistent upward trend for indicators such as per capita
arable land area, per capita energy consumption, per capita carbon emissions, per capita
construction land area, and the proportion of groundwater in the total amount of water

supply from 2010 to 2021.

Carbon emissions per unit of construction land
Per capita carbon emissions

Per capita energy consumption

Per capita arable land

Water reuse rate
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4. Discussion
4.1. About the Safety Development Level of the WLE System

The WLESDI for the five provinces in Northwest China has been on an upward tra-
jectory, a trend that aligns with the escalating index of the energy subsystem as reported
by Xu et al. [43]. In their comprehensive evaluation of the safety development indices of
the Water-Land-Energy Nexus across China’s 31 provinces, Xu et al. observed that within
the Northwest region, it was specifically the water subsystem safety development index in
Xinjiang that exhibited a rise. This increase was attributed to the focus of the safety devel-
opment indicators on water consumption, whereas this study also encompassed indicators
related to water reuse and sewage treatment. Furthermore, the provinces of Qinghai and
Gansu have demonstrated a more pronounced growth in their safety development indices
compared with the other provinces, a phenomenon largely attributed to advancements in
their land and water subsystems. Prior research has documented an enhancement in the
efficiency of cultivated land use in Qinghai from the year 2005 to 2017, and a sustainable
utilization of water resources in Gansu from 2006 to 2015 [44,45].

Ningxia, Xinjiang, and Shaanxi initially exhibited relatively high original safety devel-
opment indices within the WLE system but have been outpaced by Qinghai and Gansu
since 2017. In the cases of Ningxia and Xinjiang, a decline in the per capita water resources
and sewage treatment rates has contributed to a downturn in the water subsystem safety
development indices. Conversely, in Shaanxi, the safety development indices of the land
subsystem have been negatively impacted by a decreasing trend in the per capita arable
land area.

4.2. About the Coupling Coordination Degree of the WLEC System

The findings on the coupling and coordinated development of the WLEC system in
this study were congruent with other research in various regions within China, reflecting
a progressive evolution towards a higher level of coupling over time [12,46]. Notably,
the upward trajectory of the coupling coordination degree was especially pronounced
in Qinghai and Gansu. This trend was supported by the positive interplay observed
between the water, land, and energy subsystems, and the carbon emission subsystem
in these provinces. It suggested that both Qinghai and Gansu were actively fostering
sustainable development across these areas while also enhancing the efficiency of carbon
emissions. By integrating the insights from Ye et al. [47] and Ren et al. [48], it became
clear that the harmonization between these four subsystems in Qinghai and Gansu was on
an upward trajectory. The expectation is for these provinces to transition from a state of
marginal disorder and marginal coordination to one marked by low coordination, moderate
coordination, or even good coordination.

Despite the positive correlation between the WLE system and the carbon emission
subsystem, the water resources subsystem was found to have a negative correlation with
the carbon emission subsystem. This dynamic somewhat impeded the integrated and
coordinated development of the WLEC system, primarily due to the scarcity of natural
water resources. The research by Jiang Chuan et al. [49] also indicated that the water
resources have become a critical bottleneck in the urbanization development of the Shaanxi
province. In contrast, since 2017, Xinjiang has been observed to lag, which can be linked
to the negative correlation between its water, soil, and energy subsystems and the carbon
emission subsystem. This suggests that during a period of rapid development, there
was a lack of emphasis on improving carbon emission efficiency in tandem with water
resource management and the development of land and energy resources. Moreover, it
underscores the need for enhanced coupling and coordination between the water resources,
land use, and energy systems in Xinjiang. The research by Wang et al. [50] also revealed
weak correlations between Xinjiang’s industrial water systems, energy systems, and carbon
systems, indicating a lack of synergistic effects and the absence of control-dependence
relationships. In essence, the management of water resources, land resources, energy
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consumption, and carbon emissions in Xinjiang has historically been fragmented, leading
to potential imbalances within the WLEC system.

Interestingly, while the coupling coordination degree of the WLE system in Ningxia
was less than that in Xinjiang, the WLEC system’s degree surpassed Xinjiang’s. This dis-
crepancy can be attributed to the positive correlation between Ningxia’s energy subsystem
and carbon emission subsystem. Specifically, the robust development of Ningxia’s energy
subsystem has led to improvements in carbon emission efficiency, thanks to increased
clean energy utilization and enhanced energy efficiency, while maintaining a stable en-
ergy supply. It is important to note that the entire region is still categorized as being of
a marginal disorder type, indicating a significantly lower level of integrated and coordi-
nated development compared with the WLE subsystems. This situation underscores the
increased pressure on Northwest China to reduce carbon emissions while striving for peak
carbon neutrality. Consequently, there is an imperative to explore and establish a systematic
approach towards a green, low-carbon, and high-quality development path for the region.

4.3. About the Obstacles to the Coupling Coordinated Development of the WLEC System

The current challenges impeding the integrated and coordinated development of the
WLEC system in Northwest China are multifaceted, encompassing issues related to energy
consumption, the efficacy of carbon reduction measures, the availability of land, the supply
of water resources, conservation strategies, and the efficient use of these resources. These
insights are corroborated by the weighted results derived from the entropy weight method
applied to the indicators across the five provinces in this study:.

Over the course of the research period, there was a notable increase in the degree of
hindrance posed by key indicators, such as per capita arable land area, per capita energy
consumption, per capita carbon emissions, per capita construction land area, and the
proportion of groundwater in the total water supply. This upward trend suggested that
these specific indicators were increasingly becoming more constraining factors for the
coupled and coordinated development of the WLEC system in Northwest China. The
expansion of the economic output and population have led to an escalating demand for
water, soil, and energy, thereby intensifying the pressure to reduce carbon emissions [51].
Conversely, indicators like the wastewater treatment rate, the water output rate, per capita
energy production, and the energy output rate have demonstrated a decreasing trend in
their degree of obstruction. This reduction in their restrictive impact indicates a positive
shift towards the coupling and coordinated development of the WLEC system, which can be
credited to the national focus on ecological and environmental protection initiatives. There
is a particular emphasis on improving the efficiency of water and energy use. Furthermore,
the accelerated development of renewable energy sources, coupled with a reduction in the
intensity of energy consumption, has not only enhanced carbon emission efficiency but
also facilitated a higher degree of integration and coordination within the WLEC system.

4.4. Limitations and Future Research

The present study, while insightful, has certain limitations that warrant recognition.
Firstly, the reliance on data from provincial-level statistical yearbooks imposed constraints
on the level of detail and the temporal scope of the analysis conducted. This limitation
suggests that more granular and possibly more current data could provide a richer under-
standing of the subject matter. Secondly, the research methodology employed in this paper,
although indicative of the safe and coordinated development within the WLEC system,
may not exhaustively encapsulate the nuanced interplay occurring within the subsystems.
The complexity of the WLEC interactions can vary significantly across different sectors,
which points to a need for future research to concentrate on particular domains, such as
industry and agriculture. By doing so, more targeted models can be developed to simulate
the WLEC interactions within various human activities and gain a deeper understanding of
the processes at play within distinct fields. Subsequent studies could also aim to model the
complex WLEC interaction processes within the context of specific policies. This approach
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could facilitate the simulation and forecasting of future trends in resource utilization inten-
sity, energy utilization efficiency, and carbon emission efficiency. The development of such
refined models could prove instrumental in guiding researchers towards the formulation
of more precise and actionable strategies for green and low-carbon development. In turn,
this would not only enhance our ability to address the challenges at hand but also deepen
our grasp of the principles underlying sustainability. By acknowledging these limitations
and building upon them, future work can continue to push the boundaries of knowledge
in this critical area of study.

5. Conclusions

(1) The security development level of the WLE system in five provinces in Northwest
China demonstrated a noticeable upward trend from 2010 to 2021, with Qinghai and Gansu
experiencing the most significant improvements. However, Ningxia, Xinjiang, and Shaanxi
have lagged behind since 2017, with different subsystems posing limitations on their safety
development. In Xinjiang and Ningxia, the water subsystem was the primary constraint,
while in Shaanxi, it was the land subsystem. The WLE system in Qinghai has achieved a
relatively high level of moderate-strong transition, while the other four provinces remained
at a moderate level.

(2) The coupling coordination degree of the WLEC system in these five provinces
fluctuated but generally increased. Qinghai and Gansu showed the most noticeable im-
provements, with a positive correlation between the water, land, and energy subsystems,
and the carbon emission subsystems. Shaanxi followed, albeit with restrictions due to
negative correlations between the water subsystem and the carbon emission subsystem.
Xinjiang’s backward trend since 2017 was attributed to negative correlations between the
water, land, and energy subsystems, and the carbon emission subsystem. Ningxia’s cou-
pling coordination degree is better than Xinjiang’s, mainly due to a positive correlation
between the energy subsystem and the carbon emission subsystem. It is important to note
that the entire region is still categorized as being of a marginal disorder type.

(3) During the study period, the obstacle factors affecting the coupling and coordinated
development of the WLEC system in Northwest China exhibited dynamic changes. The
indicators such as per capita cultivated land area, per capita energy consumption, per
capita carbon emission, per capita construction land area, and the groundwater supply
ratio demonstrated an increasing trend in their obstacle degrees. Spatial variations exist the
provinces regarding the main obstacle factors and their respective degrees of obstruction.
These differences were significantly influenced by obstacles such as per capita energy
consumption, per capita carbon emission, per capita cultivated land area, and per capita
construction land area.

The WLEC system in Northwest China is currently characterized as being of a marginal
disorder type. In the pursuit of carbon peak and carbon neutrality, it is imperative for
Northwest China to explore and establish a systematic regional pathway towards green,
low-carbon, and high-quality development. This entails the optimal management of multi-
factor resources from a multifactor coupling perspective, enhancing the overall planning
and system integration of water resources, land resources, and energy. Furthermore, it is
crucial to effectively coordinate and promote the efficient utilization of regional resources,
as well as carbon emission reduction efforts, in order to achieve positive synergies while
minimizing negative impacts.
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