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Abstract: Driven by economic expansion, urbanization, and population growth, the world is wit-
nessing an escalating demand for water, energy, land, and food, posing substantial threats to the
sustainable development of societies and economies. Given the intricate interdependencies inherent
within the water—energy-land—food (WELF) system, it is imperative to conduct comprehensive
assessments of the coupling coordination and sustainable development of the WELF system over
long time scales and diverse characteristic dimensions. This study selects Hebei province, China,
as the research region, constructing a comprehensive indicator system spanning from 1980 to 2020
using three dimensions: reliability (Rel), robustness (Rob), and equilibrium (Equ). The degree of
coupling coordination (DCC) and sustainable development index (SDI) were developed using the
comprehensive evaluation index and coupling coordination degree model. Additionally, the obstacle
degree model and gray relational degree model were employed to assess the indicators that hinder
or promote the SDI. The results indicate that: (1) The DCC (range of 0-1, bigger the better) of the
WELF system increased from 0.65 to 0.75 between 1980 and 1998, then fluctuated between 0.75 and
0.69, stabilizing at a moderate level of coordinated development after 2015. (2) For the WELF system
in Hebei, as Rel increased, Rob decreased, and Equ increased; similarly, as Rob increased, Equ also
increased. (3) The SDI (range of 0-1, bigger the better) rose from 0.45 in 1980, initially increased, then
decreased, and eventually stabilized. After 2014, it experienced rapid growth, reaching 0.54 by 2020,
indicating an improvement in sustainable development capability. (4) Indicators related to the Equ
dimension and the land subsystem were more critical limiting factors for SDI development, while
indicators related to the Rel dimension and the food subsystem were more significant contributors to
SDI development. These findings offer a scientific foundation and practical insights for Hebei and
comparable regions, aiding in the resolution of resource conflicts, optimization of resource allocation,
and enhancement of regional sustainable development.

Keywords: water—energy—land—food; degree of coupling coordination; sustainable development
index; reliability—robustness—equilibrium; Hebei

1. Introduction

Water, energy, land, and food are fundamental material requirements for sustaining
human life and supporting economic and social development. With the continuous growth
of the global population, accelerated urbanization, rapid economic and social develop-
ment, and the impacts of climate change, the future demand for water, energy, land, and
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food will increase significantly [1,2]. Based on the SSP2 (“middle-of-the-road” Shared
Socio-Economic Pathway) scenario, global water demand is projected to increase by ap-
proximately 50%, energy demand by around 92%, agricultural land demand by about 5%,
and food demand by 74% [3-6]. This surge in demand will place immense pressure on natu-
ral resources, therefore threatening global water security, energy security, and food security.
Simultaneously, the United Nations’ 2030 Agenda for Sustainable Development outlines 17
Sustainable Development Goals (SDGs) [7], including No Poverty (SDG 1), Zero Hunger
(SDG 2), Clean Water and Sanitation (SDG 6), Affordable and Clean Energy (SDG 7), and
Sustainable Cities and Communities (SDG 11). These goals are closely interconnected with
the water—energy-land—food (WELF) system. Therefore, understanding and optimizing the
WELF system is not only an effective approach to addressing the risks to food, energy, and
water security arising from resource competition but also crucial for exploring synergistic
management mechanisms within the WELF system, and this is key to achieving the United
Nations” SDGs and fostering sustainable regional economic and social development.

Water, energy, land, and food systems are interdependent and interact with each other,
forming a complex coupled system, often referred to as the WELF nexus. Each system
cannot be considered in isolation, as changes in one will invariably impact at least one of
the other sectors [8-10]. Specifically, land serves as the foundation for the water, energy,
and food subsystems, and changes in land use directly affect natural runoff processes.
Simultaneously, the water cycle can lead to effects such as soil erosion and sediment
deposition [11]. Diverse land-use covers and elevations will influence the construction and
efficiency of clean energy such as solar and wind power. Meanwhile, the development of
fossil fuels like coal will have detrimental effects on land [12-14]. Land degradation and
restoration will directly impact food production, while the expansion of food cultivation
leads to the conversion of non-agricultural land into arable land. In addition, there are
also interactions between water and food, water and energy, as well as food and energy
subsystems. For instance, water and energy are required for food production and irrigation,
hydropower generates energy, and water extraction consumes energy. Moreover, food can
serve as biomass energy to supplement energy resources. The specific relationships within
the WELF system are illustrated in Figure 1.
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Figure 1. Specific relationships within the WELF system.

The nexus of water, energy, land, and food has become a research hotspot in the field
of sustainable development. This interest surged, particularly regarding the water—energy—
food nexus, after it was introduced at the Bonn Conference in 2011 [15]. Since then, related
research has rapidly advanced and has been widely applied across various countries and
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regions worldwide [16-21]. As research on the water—-energy—food nexus deepened, land as
a critical subsystem has garnered increasing attention. In 2012, the European Commission
released the report “Confronting Scarcity: Managing Water, Energy and Land for Inclusive
and Sustainable Growth” [22]. In 2012, the Chinese government proposed the construction
of an ecological civilization, advocating for the intensive use and conservation of resources
such as water, land, and energy, therefore promoting green development [23,24]. In the 2014
United Nations Secretary-General’s High-level Panel on Global Sustainability, a dedicated
section discussed the “climate-land-energy-water—development nexus [25]”. In the same
year, the World Business Council for Sustainable Development conducted various activities
addressing the water—-energy-land—food nexus [8]. Additionally, the European Union’s
Horizon 2020 project, “Sustainable integrated management for the nexus of water-land-
food—energy—climate for a resource-efficient Europe”, incorporated land use and climate
sectors into its framework [26].

Many scholars worldwide have conducted research on various issues related to the
WELF system, employing different methodologies to address these complex interdepen-
dencies. Li et al. [27] used models such as the coupling coordination degree to study the
coupling coordination level of China’s water—energy—land—food system from 2006 to 2019.
This research examined the spatiotemporal distribution characteristics and regional differ-
ences and proposed policy recommendations to achieve coordinated WELF development
and balance regional resource disparities. From the perspective of the water-energy—food
nexus, Simpson et al. [28] found that coal mining in Mpumalanga Province, South Africa,
poses risks to water security, energy security, and food security. Li et al. [29] developed a
cooperative optimization model for managing the water-land—food—energy nexus within
the agroforestry system in Heilongjiang Province, China. Fan et al. [30] conducted research
on the interactions among land, water, and energy in agricultural activities in the Sanjiang
Plain region of China, and proposed a land—water—energy nexus framework based on
agricultural greenhouse gas emissions. Das et al. [31] proposed an evaluation model and
a WELF nexus-sustainability index from three dimensions: environmental, social, and
economic, and application results showed that this model can minimize the use of water,
energy, and labor in agricultural food production while maximizing net economic returns.
In addition, Susnik et al. [32] developed a national-level water—energy—food-land-climate
(WEFLC) system dynamics model for Latvia, which comprehensively assessed the multidi-
mensional impacts of policy objectives on the WEFLC system. Lee et al. [33], focusing on
the water-energy—food-land nexus, examined the comprehensive impacts of changes in
Japan’s rice production self-sufficiency on food security, water and energy consumption,
land use, and carbon emissions.

It is evident that to study the nexus relationships within the WELF complex system,
some scholars have constructed coupling models or system dynamics models to simulate
the interactions between different subsystems [34-37]. However, these methods are often
complex in terms of model construction and reliability validation and tend to focus on
specific issues. As a result, it is challenging to intuitively assess the overall coordination
and sustainability of the WELF system. Some scholars select key indicators of the WELF
system and use methods such as coupling coordination degree [38,39], Moran’'s index [40],
and copula functions [41] to conduct comprehensive evaluations of system sustainability.
However, most of these studies are conducted over relatively short time scales, typically
10-20 years, making it difficult to reflect the long-term dynamics of the WELF system.
Additionally, these evaluations often focus on the subsystems and the overall system,
with less consideration given to dimensions such as reliability, robustness, resilience,
and security.

Therefore, this study selects Hebei province, China, as the study area, as it represents
a typical region for water—energy-land—food conflicts. First, we developed an indicator
system for the WELF system that includes the subsystems of water, energy, land, and food,
considering the interrelationships between indicators and encompassing reliability, robust-
ness, and equilibrium dimensions. Second, we established a comprehensive long-term
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indicator dataset spanning from 1980 to 2020, covering the critical period of China’s rapid
economic and social development since the reform and opening-up to better reveal the tem-
poral evolution of the WELF system. Third, we applied a combination of the AHP (Analytic
Hierarchy Process) and CRITIC (Criteria Importance Through Intercriteria Correlation)
methods to determine indicator weights and used the comprehensive evaluation index
and coupling coordination degree model to construct the sustainable development index
(SDI) for quantifying the sustainability of the coupled system. Finally, we employed the
obstacle degree model and gray relational degree model to assess the indicators that hinder
or promote the development of the Hebei WELF system’s SDI, identifying the main factors
influencing SDI development. Through the construction of a comprehensive indicator
system and the application of multiple assessment models, this study not only delves
into the sustainability of the WELF system in Hebei province but also identifies the main
obstacles and promoting factors impacting sustainable development. The findings provide
a scientific basis and practical guidance for Hebei and similar regions in resolving resource
conflicts, optimizing resource allocation, and promoting regional sustainable development.

2. Materials and Methods
2.1. Study Area

Hebei province, located between 36°05" to 42°40’ N latitude and 113°27’ to 119°50" E
longitude, is situated in the North China Plain, as shown in Figure 2. It surrounds the
capital city, Beijing, and together with Tianjin, forms the Beijing-Tianjin-Hebei coordinated
development region. As the core area for economic development in northern China,
Hebei plays an irreplaceable role in maintaining national political security and promoting
regional balanced development. In recent years, with the acceleration of industrialization,
urbanization, and population growth, Hebei has faced severe conflicts and risks among
water, energy, land, and food.
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Figure 2. (a) Study area, (b) Water self-sufficiency rate, (c) Food self-sufficiency rate, (d) Energy
self-sufficiency rate, (e) Impervious land rate.
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On the one hand, resource scarcity has severely constrained the high-quality and reli-
able development of the WELF system in the region. Hebei suffers from a severe shortage
of water resources, with a long-term average water self-sufficiency rate of only 79% [42—-46].
Over the past 20 years, the over-extraction of groundwater has supported economic and
social development and agricultural water use, but this has led to severe ecological issues
such as river drying and land subsidence [47,48]. Similarly, the energy self-sufficiency rate
has shown a significant decline, dropping from complete self-sufficiency in 1980 to only
21% in 2020, forcing the region to rely heavily on external energy imports [45,49]. As one
of China’s main food-producing regions, Hebei has maintained a stable food supply, with
an average food self-sufficiency rate of 103% [45,50], ensuring regional food security. In
addition, with the rapid pace of urbanization, the area of impermeable land has expanded
significantly, doubling by 2020 compared to 1980 [51]. On the other hand, the interdepen-
dence and competition among the subsystems have also contributed to the instability of the
entire WELF system. For instance, both energy and food production consume significant
amounts of water resources [52,53], and the expansion of urban areas encroaches on arable
land [54,55]. Therefore, in the context of resource scarcity, achieving coordination within the
WELF system has become one of the core challenges for Hebei in attaining its sustainable
development goals.

2.2. Evaluation Indicators System and Data Sources

To scientifically and reasonably reflect and evaluate the sustainable development
characteristics of the Hebei WELF system, this study follows the principles of purposeful-
ness, comprehensiveness, systematicness, feasibility, and representativeness [56,57], refers
to the representative indicators selected by existing relevant studies [58-60], focuses on
the four subsystems of WELF and evaluating them from three dimensions of reliability,
robustness, and equilibrium. A total of 38 indicators that can comprehensively reflect the
characteristics of the sustainable development of the WELF system in Hebei were selected
and the evaluation indicators system was constructed as shown in Figure 3 and Table 1.
The blue border represents the positive indicator, indicating that larger values are more
conducive to sustainable development. The red border represents a negative indicator,
indicating that smaller values are more conducive to sustainable development.

Sustainable Development Index(SDI)

____—

Reliability Robustness Equilibrium

-

Equl0

Energy

Figure 3. Evaluation indicators of the WELF system.
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Table 1. Data sources of the WELF system evaluation indicators.
Code Indicator Dimensions Unit Data
Sources
RelW1 Water resources Rel /Water billion m3 123
RelW2 Inbound water Rel/Water billion m® 123
RelW3 Outbound water Rel/Water billion m? 123
RelW4 Groundwater table Rel /Water m 123
RelW5 Ecology water consumption Rel/Water billion m? 12,3
RelE1 Primary energy production Rel/Energy million-ton standard coal 6
RelE2 Energy consumption Rel/Energy million-ton standard coal 6
RelE3 Industrial water consumption Rel/Energy billion m? 123
RelL1 Cropland area Rel/Land km? 89
Rell2 Sown area Rel/Land km? 89
Rell.3 Water area Rel/Land km? 89
Rell 4 Impervious area Rel/Land km? 89
RelF1 Food production Rel/Food million-ton 457
RelF2 Food consumption Rel/Food million-ton 457
RelF3 Agricultural water consumption Rel/Food billion m? 12,3
RobW1 Total water consumption per 10,000 CNY GDP  Rob/Water m3/10,000 CNY GDP 12,345
RobW2 Water resources per capita Rob/Water m3/person 12345
RobW3 Water consumption per capita Rob/Water m3 /person 12,345
. million-ton standard 456
RobE1 Energy consumption per 10,000 CNY GDP Rob/Energy c0al /10,000 CNY GDP
Secondary industry water consumption per 3 12345
RobE2 10,000 CNY GDP Rob/Energy m° /10,000 CNY GDP
. . million-ton standard 456
RobE3 Energy consumption per capita Rob/Energy coal/person
. . . million-ton standard 456
RobE4 Primary energy production per capita Rob/Energy coal /person
RobL1 Primary industry GDP per cropland area Rob/Land million CNY /km? 4589
RobL2 .Second.ary and tertiary industries” GDP per Rob/Land million CNY /km? 4589
impervious area
RobL3 Population per impervious area Rob/Land person/km? 4589
RobF1 Food production per capita Rob/Food million-ton/person 457
RobF2 Food consumption per capita Rob/Food million-ton/person 457
Primary agricultural water consumption per 3 12345
RobF3 10,000 CNY GDP Rob/Food m® /10,000 CNY GDP
Equl Food production per cropland Equ/Land-Food million-ton /km? 45789
Equ2 Water consumption per cropland Equ/Land-Water m3 /km? 12,3859
Equ3 Energy consumption per impervious Equ/Land-Energy gliil/olil;gn standard 68,9
Equ4 Water consumption per impervious Equ/Land-Water m3 /km? 12,3859
Equb Water consumption per food production Equ/Food-Water m3/ kg 123457
Equé Water consumption per energy consumption  Equ/Energy-Water m?3 /kg standard coal 12,36
Equ7 Water self-sufficiency rate Equ/Water-Water % 123
Equ8 Food self-sufficiency rate Equ/Food-Food % 457
Equ9 Energy self-sufficiency rate Equ/Energy-Energy % 456
Equl0 Impervious land rate Equ/Land-Land Y% 89

! Hebei Water Resources Bulletin [42]. 2 China Water Resources Statistical Yearbook [43]. 3 Haihe River Basin
Water Resources Bulletin [44]. * Hebei Statistical Yearbook [45]. 5 China Statistical Yearbook [46]. © China
Energy Statistical Yearbook [49]. 7 China Rural Statistical Yearbook [50].  Resources and Environmental Science
Data Platform (http://www.resdc.cn, accessed on 20 May 2024). 9 30m Annual Land Cover Dataset in China
(https:/ /zenodo.org/records /5210928, accessed on 20 May 2024).

The reliability dimension is used to characterize the reliability of individual subsys-
tems. These indicators primarily include quantitative and qualitative resources within each
subsystem, reflecting the abundance of resources within the subsystem. The richer the
resources, the higher the corresponding reliability, providing adequate resource assurance
for the sustainable development of the WELF system. The robustness dimension is used
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to characterize the efficiency of each subsystem. These indicators mainly consist of the
ratios between resource indicators and socio-economic indicators within each subsystem,
reflecting the efficiency of resource distribution and output in each subsystem. The higher
the efficiency, the greater the corresponding robustness, making the sustainable devel-
opment of the WELF system less susceptible to external disturbances. The equilibrium
dimension is used to characterize the degree of coordination between pairs of subsystems.
These indicators primarily involve calculating the ratios between different indicators of
two subsystems, reflecting the conversion efficiency and impact between the subsystems.
The higher the coordination, the more balanced the subsystems are, making the sustainable
development of the WELF system less susceptible to internal competition and conflicts.
The study period spans from 1980 to 2020. Economic and social data, energy data,
water resource data, and agricultural data are primarily sourced from the China Statistical
Yearbook, Hebei Statistical Yearbook, Hebei Water Resources Bulletin, China Water Re-
sources Statistical Yearbook, Haihe River Basin Water Resources Bulletin, China Energy
Statistical Yearbook, and Rural Statistical Yearbook. Land-use data are obtained from the
Resources and Environmental Science Data Platform and the 30 m Annual Land Cover
Dataset in China. Missing data for some years are filled using interpolation methods.

2.3. Methodology
2.3.1. Standardization of Indicators

Due to the different units of measurement among various evaluation indicators, the
raw evaluation data are standardized using the range normalization method. For positive
indicators, the calculation equation is:

Xi — Xmin

X = i Tmin_ (1)

i
/ Xmax — Xmin

For negative indicators, the calculation equation is:

Xmax — X;
XZ] — max 1 (2)
Xmax — Xmin
where Xij is the standardized result of the i-th data for the j-th indicator, X,y is the
maximum value of the j-th indicator, x,,;, is the minimum value of the j-th indicator.

2.3.2. Weight Determination

This study employs a comprehensive weighting method that integrates the AHP and
the CRITIC method. This method combines subjective judgment with objective data analy-
sis, allowing for a more thorough and accurate assessment of the relative importance of
each evaluation indicator. The AHP method involves constructing a hierarchical structure,
performing pairwise comparisons, and conducting a consistency check to ultimately calcu-
late the relative importance weights of each evaluation indicator. The detailed calculation
process can be referred to in the relevant literature [61]. The CRITIC method calculates the
variability of indicators and the conflict between them [62,63]. By combining these aspects,
it determines the final weight for each indicator. The calculation equation is as follows:

Variability of indicators:
B
Y= mZi:1 Xij (3)

1 m R
Sj = 7 L (= ) @)

where: x;; is the i-th data of the j-th indicator after standardization; ] is the average value
of the j-th indicator; S; is the standard deviation of the j-th indicator.
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Conflict between indicators:
C X (g — Xy) (X0 — X52)
Tiyjz = : —
\/Zz 1 xl]y Xj ) (xi,jz _ij)

Rj=3 7 1(1-7jy) (6)

where x; j, and x; j, are the i-th data of the jy-th and jz-th indicators, X, and ¥j; are the
average values of the jy-th and jz-th indicators, and r;, ;, are the correlation coefficients of
the jy-th and jz-th indicators. R; is the conflict of the jz-th indicators.

Weight of CRITIC method:

(5)

S.R;
W= 1T 7)
T SiR;
The equation for determining the combined weight of AHP and CRITIC is as follows:

wh x wt

— J J

w] - 217}21 w]A % w;j (8)
where: w].A is the weight of the j-th indicator obtained by the AHP method, w]C is the weight
of the j-th indicator obtained by the CRITIC method, and w; is the combined weight of
AHP and CRITIC.

By combining the weights derived from both the AHP and CRITIC methods, the
comprehensive weight for each indicator is determined, providing a balanced approach
that incorporates both subjective expertise and objective data.

2.3.3. Comprehensive Evaluation Methodology

For calculating the evaluation index of water, energy, land, and food subsystems, the
calculation equation is as follows:

W(x) Z]r'l:l wW,]XW,]
E(x) 27:1 wE,/XE] )
L(x) = Z;?:l wr,;j XL,
F(x) = Oy wr, X,

where W(x), E(x), L(x) and F(x) are the evaluation indexes of water, energy, land and
food subsystems, respectively, and the larger the index is, the better the development level
of the subsystems is. wy j, wg ;, wy ;, and wp ; are the weights of the j-th indicator of water,
energy, land, and food subsystems, respectively. Xy j, Xg j, X1 j, and X are the values of
the j-th indicator of water resources, energy, land, and food subsystem, respectively.

A comprehensive evaluation index (CEI) was used to characterize the comprehensive
development level of the WELF system. The calculation equation was as follows:

CEI = aW(x) + BE(x) + yL(x) + 6F(x) (10)

where «, B, 7, and ¢ are the coefficients. Considering that each subsystem is equally
important to economic and social development, & = f =y =6 =0.25.
The calculation of the WELF system coupling degree is as follows:

_ V/W(x)E(x)L(x)F(x)
CD = X Wy T B + L(x) + () (11)

where CD is the coupling degree. A larger value indicates a stronger correlation between
subsystems.
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The calculation of the WELF system degree of coupling coordination is as follows:

DCC = /CEI x CD (12)

where DCC is the degree of coupling coordination, and the larger the value, the higher the
coupling coordination degree of the multidimensional system. The classification of DCC is
shown in the following Table 2.

Table 2. Classification of DCC.

DCC [0,0.4) [0.4,0.5) [0.5, 0.6) [0.6, 0.7) [0.7,0.8) [0.8,0.9) [0.9,1]
Barely Low-Level Moderate- Good . .
Dysfunctional Near'Dys Coordinated ~ Coordinated Level Coordinated High Quahty
Level . functional . Coordinated
Decline . Develop- Develop- Coordinated Develop-
Decline Development
ment ment Development ment

For calculating the evaluation index of reliability, robustness, and equilibrium, the
calculation equation is as follows:

Rel(x) = Yi1 WRel jXRel,j
Rob(x) = Yi1 WRob, i XRob,j (13)
Equ(x) = Yy WEqu,iXEqu,j

where Rel(x), Rob(x), Equ(x) are reliability, robustness, and equilibrium evaluation in-
dexes, respectively, Wre; j, WRop,j, WEqu,j are the weights of the j-th indicator of reliability,
robustness, and equilibrium, respectively. Xg;, Xropj, Xequ,; are the values of the j-th
indicator of reliability, robustness, and equilibrium, respectively.

Based on Rel, Rob, and Equ, the sustainable development index (SDI) is constructed
by calculating geometric mean values, as shown below. It can be used to identify changes
in the reliability, robustness, and equilibrium of the WELF system, and the higher the SDI,
the better the sustainable development capability.

SDI = {/Rel x Rob x Equ (14)

2.3.4. Obstacle Degree Model

In evaluating the sustainable development capacity of the WELF system, it is crucial
to identify the obstructive factors that impact sustainability. This understanding plays a
vital role in making informed policy adjustments. This study introduces three metrics for
analysis and diagnosis: factor contribution, indicator deviation, and obstacle degree.

The factor contribution F; represents the weight of a single factor in relation to the
overall goal. The indicator deviation I; is the difference between 100% and the standardized
value of a single indicator, calculated as I; = 1 — x;;. The obstacle degree O; reflects the
extent to which a single indicator affects the sustainable development of the WELF system,
calculated as:

0= i (15)
J Y1 Flj

2.3.5. Gray Relational Degree Model

This study calculates the correlation degree of each evaluation indicator by construct-
ing a gray correlation degree model. The greater the correlation degree, the higher the
contribution degree of the indicator to the sustainable development of the WELF system.
The calculations are as follows:

i) = miniminj|y(i) - x]»(i)| + pmaximax]']y(i) — xj(i)]
! ly(i) — x]-(i)] + pmaximaxj‘y(i) — x]-(i)|

(16)
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where: €;(i) is the correlation coefficient of the j-th indicator; y(i) is the reference series,
representing the SDI of the WELF system; x;(i) is a comparative series and represents the
j-th indicator value that affects the SDI of the WELF system. p is the resolution coefficient,

0.5 in this study.
1 )
0 = 527:1 €i(i) (17)

where 0; is the correlation degree of the j-th indicator.

3. Results
3.1. Temporal Variation Analysis of WELF System

The characteristics of the changes in the evaluation index for the water, energy, land,
and food subsystems in Hebei from 1980 to 2020 are illustrated in Figure 4. The evaluation
index for the water subsystem exhibited rapid growth from 1980 to 1990, increasing from
0.30 to 0.58. However, between 1990 and 2002, the index experienced a fluctuating decline,
with values ranging from 0.42 to 0.58. After 2002, the index resumed its upward trajectory,
reaching 0.72 in 2020. The evaluation index for the energy subsystem demonstrated an
initial increase followed by a decline, with 1995 marking the turning point. From 1980
to 1995, the index rose from approximately 0.50 to a peak of 0.65. After 1995, it steadily
declined, stabilizing around 0.47 after hitting this value in 2013. The evaluation index
for the land subsystem showed an initial decline followed by growth, with 2009 marking
the turning point. Between 1980 and 2009, the index experienced a fluctuating decline,
including two brief periods of recovery, ultimately falling from 0.58 to 0.37. From 2009 to
2020, the index rebounded quickly, reaching 0.48 in 2020, although it did not return to its
historical peak. The evaluation index for the food subsystem exhibited fluctuating growth
from 1980 to 2003, rising from 0.42 to 0.60. This was followed by a sharp decline from 2003
to 2015, dropping to 0.54. However, from 2015 to 2020, the index rapidly increased again,
reaching 0.56 in 2020.

Over the past four decades, the water, energy, land, and food subsystems in Hebei
have experienced significant fluctuations. As illustrated in Figure 4a, the water subsystem
exhibits the greatest variability, with a standard deviation of 0.09 and a range between
the lowest and highest values of 0.43. In contrast, the food subsystem is relatively more
stable, with a standard deviation of 0.04 and a range of 0.21. The mean evaluation index
for the water, energy, land, and food subsystems are 0.50, 0.55, 0.47, and 0.52, respectively.
This indicates that the comprehensive evaluation of the energy subsystem is the most
favorable, followed by the food subsystem, with the land subsystem showing the lowest
average performance.

Considering the influence of different times, 1980, 2000, and 2020 are selected as the
three specific years to compare the four subsystems, as shown in Figure 4b. In 1980, the land
subsystem had the highest development level among the four, while the water subsystem
was the least developed. In 2000, the energy subsystem had remained relatively stable,
but the land subsystem had significantly declined. Meanwhile, both the water and food
subsystems had improved. In 2020, the energy, land, and food subsystems showed minimal
changes, whereas the water subsystem had significantly improved, becoming the most
developed among the four subsystems.

Based on the evaluation index of the WELF system, the CEI, CD, and DCC were
calculated for the period from 1980 to 2020, as illustrated in Figure 5. The CEI can be
divided into two distinct phases: from 1980 to 1998, it increased from 0.45 to 0.56, while
after 1998, it fluctuated between 0.49 and 0.56. The CD shows an upward trend before 1985,
after which it remained relatively stable, fluctuating within the range of 0.98 to 1.00. This
indicates a strong interconnection among the WELF system.

The DCC exhibits a similar pattern to the CEI, with 1998 serving as a turning point.
From 1980 to 1998, the DCC increased from 0.66 to 0.75, transitioning from a low to a
moderate level of coordinated development. From 1998 to 2020, the DCC demonstrated
a U-shaped trajectory: a sharp decline from 0.75 to 0.70 between 1998 and 2002, followed
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by fluctuations around 0.70 from 2002 to 2015, indicating a coordination level between
low and moderate. After 2015, the DCC experienced a rapid increase from 0.70 to 0.75,
stabilizing at a moderate level of coordinated development.
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Figure 4. Change characteristics of evaluation indexes of the WELF system in Hebei from 1980 to
2020, displayed in (a) box chart, (b) radar chart, and (c) line chart.
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Figure 5. Change characteristics of coupling coordination degree in Hebei from 1980 to 2020.
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3.2. Temporal Variation Analysis of SDI of WELF System

The evaluation index for reliability (Rel), robustness (Rob), and equilibrium (Equ) of
Hebei from 1980 to 2020 were calculated, and their pairwise relationships were analyzed,
as shown in Figure 6. From Figure 64, it is evident that as Rel increases, Rob exhibits a
decreasing trend. When Rel is between 0.40 and 0.50, Rob stabilizes between 0.50 and 0.60.
However, when Rel increases to 0.50-0.60, Rob decreases to 0.30-0.50, indicating that an
increase in Rel does not necessarily enhance Rob. Figure 6b shows that as Rel increases, Equ
also shows an increasing trend, suggesting that improving Rel contributes positively to Equ
and overall SDI. From Figure 6c, it can be observed that as Rob increases, Equ also increases.
When Rob is between 0.40 and 0.50, Equ changes slowly with Rob and remains within
the 0.40-0.50 range. However, when Rob is between 0.50 and 0.70, Equ increases rapidly,
though the Equ range remains between 0.30 and 0.60. This indicates that while an increase
in Rob generally enhances Equ, the Equ corresponding to Rob in the 0.50-0.60 range may
be lower than that in other ranges.
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Figure 6. Index correlation. (a) Rel between Rob, (b) Rel between Equ, (c) Rob between Equ.

The variation characteristics of the evaluation indices for Rel, Rob, Equ, and SDI in
Hebei from 1980 to 2020 are illustrated in Figure 7. Rel exhibited a fluctuating downward
trend overall, with a significant decline from 0.59 to 0.41 between 1980 and 2009. However,
from 2009 to 2020, it remained relatively stable and showed a slight upward trend. This
indicates a deterioration in the resource endowment of Hebei, but the introduction of
new water sources through the South-to-North Water Diversion Project in 2014 slightly
improved reliability. Rob’s trend can be divided at 1996: from 1980 to 1990, Rob increased
significantly from 0.39 to 0.65. However, from 1990 to 2020, it fluctuated between 0.55
and 0.60. This suggests that the efficiency of each subsystem improved considerably from
the initial stages, providing the WELF system with strong resilience to disturbances, but
further improvement to support WELF development remains challenging. Equ demon-
strated three distinct phases: from 1980 to 1998, it showed a fluctuating increase from
0.45 to 0.55. A significant decline occurred from 1998 to 2002, dropping from 0.55 to 0.45,
followed by a steady increase from 2002 to 2020, reaching 0.54. The rapid decline in Equ
from 1998 to 2002 is linked to consecutive droughts in Hebei, that is because when there
is a drought, water resources, water self—sufﬁciency rate, water consumption per food
production, and other relevant indicators are affected by reduced rainfall during droughts,
which in turn brings negative effects to the corresponding subsystems, which exacerbated
water shortages, reduced the efficiency and impact of inter-system transformations, and
significantly decreased coordination and equilibrium. With subsequent policy adjustments
and efficient resource utilization, the coordination within the WELF system improved,
leading to enhanced equilibrium.

Over the past 40 years, Rob exhibited the greatest variability, with a standard deviation
of 0.06, yet it also had the highest average evaluation value of 0.56. Equ displayed moderate
variability, with a standard deviation of 0.05, and had the lowest average evaluation value
of 0.45. Rel had the lowest variability, with a standard deviation of 0.04 and a moderate
average evaluation value of 0.48. At the specific time points of 1980, 2000, and 2020, Rel
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was highest in 1980, followed by 2020, and lowest in 2000. Rob remained nearly constant
between 2000 and 2020, with its lowest value in 1980. Equ was relatively low in both 1980
and 2000 but highest in 2020. In 1980, Rel was the highest at 0.58, followed by Equ at 0.44
and Rob at 0.39. In 2020, Rob was the highest at 0.58, while Rel and Equ were similar at
0.51 and 0.52, respectively.
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Figure 7. Change characteristics of Rel, Rob, and Equ of the WELF system in Hebei from 1980 to 2020
displayed in a (a) box chart, (b) radar chart, (c) line chart, and (d) change characteristics of SDI of
WELF system in Hebei from 1980 to 2020.

By analyzing the SDI of the WELF system of Hebei from 1980 to 2020, It can be found
that the overall change trend shows an increase from 0.45-0.57 from 1980 to 1995, a decrease
to 0.45 from 1995 to 2002, a stable fluctuation of 0.46 from 2002 to 2014, and a rapid increase
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to 0.54 from 2014 to 2020, shows that the sustainable development capability is better
during this period. The decline in SDI from 1995 to 2002 is directly related to consecutive
droughts in Hebei, while the rapid increase from 2014 to 2020 is positively influenced by the
South-to-North Water Diversion Project, that is because after the operation of the middle
route of the South-to-North Water Diversion Project, due to the increase in the available
water resources, the development and utilization of local water resources will be reduced,
thus contributing to the recovery of indicators such as Outbound water, Groundwater table,
and water self-sufficiency rate.

3.3. Obstacle Degree Analysis

According to the obstacle degree calculation results (shown in Figures 8 and 9), the
cumulative obstacle factors for Equ and Rel are relatively high, accounting for 36% and
35%, respectively. The cumulative obstacle factors for Rob account for 29%, indicating that
there are numerous indicators affecting the SDI of Hebei’s WELF system within the scope
of Rel and Equ. Over the period from 1980 to 2020, the most significant obstacle factors
for SDI were energy self-sufficiency rate (Equ9), energy consumption per impervious area
(Equ3), Impervious land rate (Equl0), Primary industry GDP per cropland area (RobL1),
and water consumption per impervious area (Equ4), contributing 5.4%, 5.2%, 4.0%, 3.9%,
and 3.7% respectively, totaling over 22%. Notably, four of these are Equ indicators, and
four are related to the land subsystem, indicating that the conversion efficiency between
the WELF system related to land is a critical limiting factor for SDI.
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Figure 8. Annual obstacles factors during 1980-2020.

Between 1980 and 2000, the significant obstacle factors for SDI were primary industry
GDP per cropland area (RobL1), water consumption per impervious area (Equ4), secondary
and tertiary industries GDP per impervious area (RobL2), water consumption per energy
consumption (Equé), and energy self-sufficiency rate (Equ9), contributing 5.2%, 5.2%, 5.0%,
4.4%, and 4.1%, respectively, cumulatively exceeding 23%. Three of these are Equ indicators,
and four are related to the land subsystem. From 2000 to 2020, the prominent obstacle
factors were energy consumption per impervious area (Equ3), energy self-sufficiency
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rate (Equ9), impervious land rate (Equ10), energy consumption per capita (RobE3), and
population per impervious area (RobL3), contributing 8.4%, 6.8%, 6.2%, 5.7%, and 5.4%,
respectively, cumulatively exceeding 32%. Three of these are Equ indicators, with three
indicators related to both the energy and land subsystems. It is evident that compared
to the 1980-2000 period, the 2000-2020 period showed an increased impact of the energy

subsystem on the constraints of the SDI of the WELF system, alongside the continuing
influence of the land subsystem.

01980-2000 @2000-2020 =1980-2020
6%

Grey relational degree

%
§ 4%
o0
<
% 3%
:g; 2%
S
1%
0%
S5 535592353355555838823833538328228858%88%°
SRRl adRdRAddEdnMEBBREIEREggruranAaddaag
Figure 9. Obstacles factors during 1980-2020.
3.4. Gray Correlation Degree Analysis
Based on the results of the gray relational degree analysis, the gray relational degrees
of various indicators with SDI for the periods 1980-2000, 2000-2020, and 1980-2020 are
shown in Figure 10. From 1980 to 2020, the indicators with the highest gray relational
degrees to SDI were Agricultural water consumption (RelF3), Sown area (RelL2), Industrial
water consumption (RelE3), food self-sufficiency rate (Equ8), and impervious land rate
(Equ10), with values of 0.70, 0.68, 0.68, 0.67, and 0.62, respectively. Among these, three are
Rel indicators, and four are related to the food and land subsystems.
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Figure 10. Gray correlation degree during 1980-2020.

In the 1980-2000 period, the indicators with the highest gray relational degrees to SDI
were water consumption per capita (RobW3), water consumption per energy consumption
(Equé), sown area (Rell2), agricultural water consumption (RelF3), and food production
per capita (RobF1), with values of 0.72, 0.70, 0.70, 0.69, and 0.68, respectively. Notably,
three of these indicators are related to the food subsystem. From 2000 to 2020, the
indicators with the highest gray relational degrees to SDI were food self-sufficiency rate
(Equ8), agricultural water consumption (RelF3), industrial water consumption (RelE3),
sown area (RelL2), and primary energy production (RelE1), with values of 0.78, 0.71, 0.70,
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0.67, and 0.67, respectively. Among these, four are Rel indicators, and three are related to
the food subsystem. Overall, indicators of Rel and those related to the food subsystem
show a stronger correlation with SDI, highlighting the significant role of food security
in ensuring the sustainable development of the WELF system in Hebei over the past
40 years.

4. Discussion
4.1. Policy Recommendations

As a crucial province in northern China, Hebei faces interconnected and complex
systemic issues regarding the security and sustainable development of its water, energy,
land, and food subsystems. Based on the findings of this study, the following policy
recommendations are proposed:

(1) Water subsystem: On the demand side, implement stringent water management
regulations to enhance water use efficiency, such as promoting water-saving irrigation
technologies to increase the robustness of the WELF system and reduce unnecessary
agricultural and industrial water demand. On the supply side, increase the proportion
of unconventional water sources to alleviate the pressure on groundwater extraction.
Additionally, advance inter-basin water transfer projects, such as the efficient use of the
South-to-North Water Diversion Project, to mitigate the uneven spatial distribution of water
resources and enhance the reliability of the WELF system.

(2) Energy subsystem: In response to the decline in energy self-sufficiency, accelerate
the transition of the energy structure by increasing the share of renewable energies such
as wind and solar power, therefore reducing dependence on external energy sources.
Optimize the energy consumption structure by promoting energy-saving technologies
and equipment, particularly in industrial and residential electricity usage, to improve
energy efficiency.

(3) Land subsystem: Strictly control the conversion of agricultural land to non-
agricultural uses and implement a balance system for the occupation and compensation of
arable land to ensure food security. Promote urban intensification strategies to enhance
land-use efficiency, limit the rapid expansion of impervious surfaces, and protect soil qual-
ity and ecosystems. Implement arable land quality improvement projects to enhance land
productivity through soil improvement and crop rotation practices.

(4) Food subsystem: Increase investment in agricultural technology to boost per-unit
area yield and reduce per-unit area water consumption while emphasizing eco-friendly
agriculture to ensure food quality and environmental sustainability. Promote the adjust-
ment of agricultural structures by developing specialty and branded agriculture to increase
the added value of agricultural products, raise farmers” incomes, and foster sustainable
agricultural development.

4.2. Development Trend and Policy Impact of Water—Energy—Food System in Different Regions
of China

Due to the uneven distribution of water, energy, land, and food resources in China,
there are significant disparities in the research characteristics and sustainable development
trajectories related to these resources across different regions of the country. Consequently,
we also compared pertinent research findings on the water—energy—food system in the
Middle and Upper Reaches of the Yellow River Basin (MUYR, a typical northern region) [64],
the Yangtze River Economic Belt (YREB, a typical southern region) [65], and Tianjin (an
adjacent area) [66], as illustrated in Figure 11.
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Figure 11. Development trend of the water—energy—food system in different regions of China (Data
were modified based on literature [64—66]).

Considering the variations in methodologies and indicators employed across different
studies, the primary focus is on comparing the evolution trends of the water—energy—food
system. It is evident that since 2005, the water—energy—food system in the MUYR has
exhibited steady development. This aligns with the objectives of China’s national strategy
for ecological conservation and high-quality development in the Yellow River Basin [67],
which was introduced by the Chinese government in 2019. The development of the
water—energy—food system in the YREB from 2008 to 2019 displayed fluctuating changes,
suggesting that the region’s resource-carrying capacity had been stretched beyond its limits.
The introduction of the Great Yangtze River Protection Program in 2016 [68] effectively
ensured the green and sustainable development of the region. It is noteworthy that the
water-energy—food system started to exhibit positive development trends following 2016.
Both Tianjin and Hebei are part of the Beijing-Tianjin-Hebei region. The announcement of
the Coordinated Development Strategy for the Beijing-Tianjin—Hebei region in 2014 [69],
along with the commencement of the middle route of the South-to-North Water Diversion
Project, has significantly bolstered the sustainable development of the water—energy—food
system in Tianjin and Hebei. Tianjin’s water-energy—food system has demonstrated a
pronounced upward trajectory post-2014, mirroring the developmental trend observed for
Hebei in this study.

4.3. Limitations and Suggestions

(1) While this study attempted to address the limitation of previous research focusing
only on a 10-20-year time scale by selecting a longer research period spanning 40 years
(1980-2020), it may still be insufficient for a comprehensive assessment of the impacts of
slow-changing or underlying trends on truly long-term sustainable development. Future
research could consider incorporating data from even longer time spans and conducting
scenario-based simulations to predict development trends over the coming decades.

(2) Despite establishing a framework comprising 38 indicators, including reliability,
robustness, and equilibrium, constraints related to the availability of long-term data may
have led to some limitations in indicator selection, such as a reliance on limited data
sources and insufficient consideration of interrelations among indicators. Future research
could refine the indicator framework by introducing more diverse and multidimensional
indicators while strengthening the logical connections and interactive analyses among
indicators to ensure a comprehensive reflection of system complexity.

(3) This study employed a combination of AHP and CRITIC methods to determine
indicator weights. However, these methods inherently possess subjectivity and potential
biases. Future research could explore the integration of additional analytical methods or
expert consultations to enhance objectivity. Furthermore, sensitivity analyses could be
conducted to assess the impact of different weight selections on the results.
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5. Conclusions

(1) The evaluation index of water, energy, land, and food subsystems in Hebei fluctu-
ated significantly from 1980 to 2020. Among them, the water subsystem showed the most
significant fluctuations but maintained a continuous upward trend. The energy subsystem
experienced an initial increase followed by a decline, while the land subsystem initially
declined before increasing, albeit not reaching its peak. The food subsystem witnessed an
initial increase followed by a decline and then a rebound, showing relatively stable patterns.
The DCC of the WELF system also exhibited phased changes, transitioning gradually from
low coordination to moderate coordination. After 2015, it stabilized between 0.7 and 0.75,
indicating a moderate coordination status.

(2) For the WELF system in Hebei, with the increase of Rel, the Rob presented a
decreasing change, the Equ presented an increasing change, and with the increase of Rob,
the Equ presented an increasing change. Over the past 40 years, Rob showed the highest
variability and the highest evaluation index, at 0.56, whereas Equ exhibited moderate
variability and the lowest evaluation index, at 0.45. Rel remained the most stable, with a
moderate evaluation index of 0.48. The SDI increased from 0.45 in 1980, showed a trend
of initial increase followed by a decrease, and then stabilized. After 2014, it experienced
rapid growth, reaching 0.54 by 2020, showing that the sustainable development capability
is better.

(3) Energy self-sufficiency rate (Equ9), energy consumption per impervious area
(Equ3), impervious land rate (Equl0), primary industry GDP per cropland area (RobL1),
and water consumption per impervious area (Equ4) exhibited the highest obstacles to
SDI, with all four being Equ indicators. Agricultural water consumption (RelF3), sown
area (RelL2), industrial water consumption (RelE3), food self-sufficiency rate (Equ8), and
impervious land rate (Equ10) showed relatively high correlations with SDI, with three of
them being Rel indicators.
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