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Abstract

Against the background of dramatic climate change, resource constraints and industrial upgrading,
optimising the coupling and coordination of the water-energy-food (WEF) system in the northeast
region is crucial to ensuring regional security and sustainable development. Existing research lacks
long-term continuity and inter-provincial analysis. This article uses data from 2005 to 2023 to evaluate
the development of the three northeastern provinces through 24 index frameworks covering safety,
coordination and resilience. The methods include entropy weight method, coupling coordination
model and constraint model. The result shows: (1) The overall development level fluctuates and has
an upward trend, reaching a medium-coordinated level, and there are significant differences between
provinces. (2) Coordination initially differentiated, and then gradually converged. From close to the
improvement of the disorder to the level of moderate coordination, Liaoning Province declined under
the impact of policies. (3) Systemic obstacles are structural and cross-regional, with energy self-
sufficiency and water efficiency as key limiting factors. In order to achieve a high level of coordination
between water, energy and food systems, it is necessary to formulate tailor-made subsystem
governance policies, enhance the technological empowerment of water and energy conservation and
efficiency improvement, and promote the development of resilient infrastructure. This integrated
approach will systematically resolve resource competition conflicts, thus enhancing the overall
resilience and sustainability of regional development.

Keywords: water-energy-food; coupling coordination; obstacle degree model; Northeast China

1. Introduction

Water, energy and food are the foundation of human well-being and sustainable social and
economic development [1]. Rapid population growth and improved living standards continue to
drive the demand for these resource. The United Nations estimates that by 2050, the global
population will reach 10 billion [2], with food and energy demands expected to rise by 60% and 80%
[3], respectively, compared to 2016 levels. Meanwhile, global water demand is projected to increase
by 20%-30%, while around 4 billion people already reside in severely water-stressed basins [4].
Against pressures from population growth, climate change, and resource scarcity, the complex
interdependencies among water, energy, and food systems have become a central focus in
sustainability science. The research on the water-energy-food (WEF) system emphasises
understanding the synergy and trade-off through the hub perspective, which provides an overall
framework for coordinating resource management and ensuring security [5]. As an important
industrial base and grain production area of China, the northeast region bears the dual responsibility
of regional revitalisation and maintaining national security priorities, including national Defence,
food, ecology, energy and industrial security [6]. At this stage, the northeast region is facing multiple
pressures from climate change, resources restrictions and industrial transformation, making it a
typical case of research system coordination and resilience. Water, energy and food form a mutually
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reinforcing system, which is characterised by both relative opposition or absolute interconnection.
The concept of WEF association was first proposed at the Bonn Conference in 2011, and has since
attracted wide attention among scholars at home and abroad [7]. Research on water, energy and food
has developed from the early single resource management to examining the interaction between the
three, and then turned to building a systematic analysis framework for the coordination of three
resources, identifying synergy and trade-off effects, assessing the impact of climate change and trade,
and developing coupling models [8,9]. Lay the theoretical foundation for this field. At present, the
WEF correlation assessment methods are diverse. Based on the method of index system and
comprehensive evaluation model, scholars Li Liang and Hao Xuechun used the pressure-state-
response (PSR) framework and comprehensive matching index to build a multi-level index system,
and applied models such as coupling coordination, element expansion and matching distance to
quantitatively analyse regional system regulation [10-13]. Adopt the method of system efficiency and
input-output analysis. Researchers Xian C and Sun Chengshuang, based on data envelope analysis
(DEA) or super-efficiency undesirable relaxation measure (SEM) and other models, measure
efficiency from the perspective of resource utilisation, and identify the loss point of efficiency [14-18].
Analyse the resource flow and supply and demand matching of WEF Scholars Feng Cheng and Qu
Song used methods such as material flow analysis, water footprint accounting and virtual water
concept to quantitatively analyse the flow of resources, and explained the important nodes in the
physical flow of the system [6,19-22]. There are also studies to explore characterisation and case
studies. Cai Xu, Wallington K and others provided policy support for the research and development
of the WEF through policy interpretation in different regional contexts [23-29].

Through the collection of relevant literature, it is found that most of the existing studies focus
on static or cross-sectional characteristics, and there are few studies on long-term dynamics, cross-
provincial heterogeneity or systematic response under the common pressure of policy-climate-
resourceThis article fills these gaps based on the situation of the three northeastern provinces of China
from 2005 to 2023.This paper studies the spatial and temporal evolution characteristics and policy
defects of the WEF system by building an evaluation framework covering the dimensions of safety,
coordination and resilience, applying entropy weight method, coupled coordination modelling and
obstacle diagnosis and other analytical methods. The purpose of the research is to explain how
resource-based areas can strengthen system coordination and resilience under multiple pressures,
and to provide empirical analysis and theoretical basis for such research.

2. Overview of the Study Area and Data Sources

2.1. Overview of the Study Area

Northeast China is located in the northeastern part of China, between 118°53'E to 135°05'E
longitude and 38°43'N to 53°33'N latitude, specifically encompassing the complete geographical unit
formed by Heilongjiang, Jilin, and Liaoning provinces. The overall terrain of Northeast China is
characterized by mountains surrounding three sides and an open plain in the central area, with a
total area of approximately 788,000 square kilometers, serving as an important national territorial
space and old industrial base in China. The main land use types are forestland and cultivated land,
which possess both ecological functions and agricultural production advantages, making it a national
resource-rich region and core grain-producing area. This region has a temperate continental monsoon
climate, with long and cold winters and warm and rainy summers. Precipitation is mainly
concentrated from June to August, and the average annual precipitation decreases from southeast to
northwest, ranging from approximately 1000 mm in the Changbai Mountain area to about 400 mm
in the western Songnen Plain. The general situation map of the study area is shown in Figure 1.
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Figure 1. General Map of the Study Area.

2.2. Selection of Indicators and Data Sources

The WEF system is a complex interconnected system, and the scientific and standardized
development of an evaluation index system represents a critical factor in measuring the coupling
coordination degree of the WEF security system. Based on the theoretical framework of WEF system
security, the actual development conditions of Northeast China, and previous research [11,19,30,31],
this study has constructed a comprehensive evaluation index system consisting of 24 indicators
across three criterion layers: Security, Synergy, and Resilience (see Table 1 for details). The distinctive
features of this index system lie not only in its three-dimensional criterion layer structure, which
differs from previous studies that organized indicators by the three subsystems, but also in how the
criterion layers encompass both the internal security status of subsystems (Security) and the efficiency
of resource conversion between subsystems (Synergy). Additionally, this system specifically
emphasizes the dimension of risk resistance capability that enables the system to respond to external
disturbances (Resilience), thereby forming a tripartite analytical framework of “Status-Connection-
Capability. In addition, each evaluation standard level includes specific indicators for the water
system, energy system, and food system, with the aim of ensuring the comprehensiveness and
systematic nature of the assessment. Among them, the water system indicators include Al, A2, A3,
B1, B5, C1-1, C2-1, and C3-3; Energy system indicators cover A4, A5, A6, B2, B3, C1-3, C2-2 and C3-
2; Food system indicators are A7, A8, A9, B4, B6, C1-2, C2-3, and C3-1.

Table 1. Comprehensive Indicator System for the WEF System in Northeast China.

Primary
Indicator Layer

Secondary

F 1 it
Indicator Layer ormula/Uni

Criterion Layer Direction Weight

Total water resources /

Security

Water Resources ~ Al: Per Capita

+

Permanent population 0.046

Subsystem Water Resources (m?/person)
Water Resources ~ A2: Per Capita Total water use /_
Permanent population - 0.095
Subsystem Water Use
(m?3/person)
Water Resources A3: Water Resource Total water use / Total
Subsystem Development & water resources (%) 0.043
y Utilization Rate ’
Total ducti
Energy A4: Per Capita o'a’ energy procuc 1 on
./ Permanent population + 0.076
Subsystem  Energy Production
(tce/person)
Ener AS: Per Capita CZI?Z?JIIEH(’::(%I}II /
&Y Energy p . - 0.035
Subsystem , Permanent population
Consumption
(tce/person)
.. Growth rate of energy
E A6: Elast
nergy 6 .a.s icity consumption / Growth - 0.041
Subsystem Coefficient of

rate of GDP (%)
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Energy
Consumption
A7: Per Capita Cultivated land area /
Food Subsystem Cultivated Land  Permanent population + 0.064
Area (m?/person)
e Total grain output /
AS: Yiel
Food Subsystem 8 Gral.n ield per Sown area of grain crops + 0.020
Unit Area 2
(kg/hm”)
| (Actual output in year
A9: i -T i
Food Subsystem 9 GI’all’.l Output t - Trend output in year B 0.019
Fluctuation Rate t) / Trend output in year
t 1 (%)
o Water-Energy Bl: Wa‘ter Total water use / GDP
Coordination N Consumption per 3/10¢ CNY - 0.052
xS Unit GDP (m )
B2:
Water-Ener Consumwfitoe; er Industrial water use /
8y . P P Total energy - 0.030
Nexus Unit Energy roduction(m® /tce)
Production p
B3: Total Total power of
Energy-Food Agricultural agricultural machinery /
. + 0.029
Nexus Machinery Power Total sown area of crops
per Unit Area (kW/hm?)
B4: Proportion of L
Energy-Food . . Effective irrigated area /
Eff I .021
Nexus ective Irrigated Cultivated land area (%) ’ 00
Area
Water-Food B5:‘Proport10n of Agricultural water use /
Agricultural Water - 0.043
Nexus Total water use (%)
Use
Water-Food B6: Wa‘ter Agrlcultu.ral water usi /
Consumption per Total grain output (m*/ - 0.055
Nexus . .
Unit Grain Output kg)
] . Total grain output /
Resilience ~ Coping Capacity Cljl' Per _Cap.lfa Permanent population + 0.060
Grain Availability
(kg/person)
C1-2: Total
Coping Capacity Reservoir Storage (108 m3) + 0.015
Capacity
] Total energy production
Coping Capacity C1-3: Energy Self- / Total energy + 0.078

Sufficiency Rate consumption (%)

C2-1: Proportion of Water-saving irrigated

Iézco;ei:}}: Water-Saving  area / Effective irrigated + 0.052
p Irrigated Area area (%)
(Current year’s
Recovery C2-2: Growth Rate consumption — Previous
Capacity of Rural Electricity year’s consumption) / + 0.010
Consumption Previous year’s
consumption (%)
. Total sown area of crops
Recovery  C23:Multiple /i Bl it e 0.036
Capacity Cropping Index (%)
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C3-1:
. Comprehensive =~ Mechanized plowing
A
Ccaialaszive Agricultural area / Cultivated land + 0.014
pacity Mechanization area (%)
Level
1 .
Adaptive ~ C3-2: Proportion of Coal consumption /
. . Total energy - 0.041
Capacity Coal Consumption .
consumption (%)
Adaptive C3-3: Area of Soil (104 hm?) N 0.025

Capacity Erosion Control

Note: “+” denotes a positive indicator (higher value is better); “—” denotes a negative indicator (lower

value is better). tce = ton of standard coal equivalent.

This article takes Heilongjiang, Jilin, and Liaoning provinces as the reference research base, and
the time period is 19 years (2005-2023). Except for the two indicators of the total water storage (C1-2)
and the area of water and soil conservation (C3-3) directly taken from the China Statistical Yearbook,
the remaining indicators were calculated in detail (see Table 1). The data used to calculate these
indicators is primarily sourced from the China Statistical Yearbook, China Water Resources Bulletin,
China Energy Statistical Yearbook, and the statistical yearbooks of each province. For certain
indicators where updated data is temporarily unavailable, the interpolation method has been applied
as a substitute.

3. Research Methodology

3.1. Entropy Weight Method

The entropy weight method is an objective weighting technique based on the degree of
dispersion inherent in the data. A greater dispersion for an indicator signifies a larger amount of
information it provides, consequently leading to a higher assigned weight in the evaluation [32]. This
study applied this method to standardize the relevant indicators and calculate their weights for
assessing Water-Energy-Food (WEF) system security.

Step 1: Data Standardization. To eliminate incomparability arising from differences in the
dimensions and scales of various evaluation indicators, the original data were standardized to obtain
dimensionless values.

For positive indicators:
Xjj — min(x;)

Xii’ = €Y)

h max( x;) — min(x;)

For negative indicators:
L max( Xj) — X;j
max(x;) — min(x;)

(2)

where (xj)represents the original value of the (i)-th sample for the (j)-th indicator; (max(x;))

Xij

and(min(x;)) are the maximum and minimum values of the (j)-th indicator across all samples,
respectively; and (x;;") is the standardized value.
Step 2: Determination of Information Entropy ((e;)).
m

1

€ = —mz Pij ln(pij) 3
_ Xy .
pij_zgglxiil ( )
where(pj;) is the proportion of the(i)-th sample for the(j)-th indicator, and (m)is the total number of
study regions.
Step 3: Determination of Indicator Weights((wj)).
8j

=SrE ©
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g =1-¢ (6)
where(g;)is the divergence coefficient.

3.2. Comprehensive Security Index

On the basis of the WEF system evaluation index system constructed in this paper and the
determined weights, the weighted sum model of safety, coordination and resilience principles is used
to calculate the safety index of water, energy, food and WEF systems, so as to evaluate the
development level of each component.

Step 1: Calculate the comprehensive development index for each subsystem.

n
Uk = Z WJ . Xij’ (k = 1,2,3) (7)
j=1

(Uk) represents the comprehensive development index of the k-th subsystem, (wj)represents the
weight of the corresponding index, and (n)represents the number of indicators in the subsystem.
Step 2: Calculate the security index for each subsystem.

n
Uk = Z WJ . Xij’ (k = 1,2,3) (8)
=1

Here, (Sk) represents the safety index of the (k)th subsystem (including water, energy and food
systems), and (wj) is the weight of the (j)th indicator in the subsystem.
Step 3: Calculate the total system security index.
3

S=Z(kask) (9)
k=1

In this formula, (S)represents the total safety index of the system, and (Wk) represents the
weight of the (k)th subsystem.In order to reflect the synergistic evolutionary relationship within the
water-energy-food network, the weights of the three subsystems are set to be equal, i.e.,, (Wk=1/3).

3.3. Coupling Coordination Degree Model

Coupling refers to the degree of interaction between two or more systems. It can describe the
mutual influence among the water, energy, and food subsystems. Based on the coupling theory and
previous studies [33,34], the specific calculation formula is as follows: .

Step 1: Calculate the coupling degree(C).
1/3

U;-U,-0
C= 1Yz Us . (10)
(U1 +U, + U3)
3
In this case, the range of coupling degree(C) is [0, 1]. When (C = 0), it indicates that the systems
are independent and tend to the state of disorder; And (€ = 1) means that there is a positive
resonance state between the systems, and the new ordered structure is developing in a positive
direction.
Step 2: Calculate the coupling coordination degree (D).

D=+C-T 11)

In the equations, (D) represents the degree of coupling coordination, and (T) is the
comprehensive development evaluation index of the water-energy-food (WEF) system. The
coefficients(a), () and(y)reflect the relative importance of each subsystem. This study believes that
the three subsystems are equally important, so the setting is(a = § =y = 1/3).

Finally, in order to visually evaluate the coordination status of water, energy and food systems,
and combined with relevant research conclusions [35-38], this paper divides the coupling
coordination degree (D)into eight levels, as shown in Table 2.

Table 2. Classification Criteria for Coupling Coordination Degree Levels.
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Coupling Coordination Degree (D) Coordination Level Coupling Degree Stage
0.00<D<0.20 Extreme Dysfunction (I) Low-Level Coupling
020D <040 Severe Dysfunction (II) Low-Level Coupling
0.40<D<0.50 Near Dysfunction (III) Antagonistic Stage
0.50<D<0.60 Primary Coordination (IV) Running-in Stage
0.60<D<0.70 Intermediate Coordination (V) Running-in Stage
0.70=D<0.80 Good Coordination (VI) Running-in Stage
0.80<D<0.90 High-Quality Coordination (VII)  High-Level Coupling
0.90<D<1.00 Superior Coordination (VIII) High-Level Coupling

3.4. Obstacle Degree Model

The degree of disability model is a diagnostic mathematical model based on the deviation of
individual indicators from the optimal value. The principle of this model is to effectively identify the
key weak links that need to be improved by quantifying the degree to which each indicator deviates
from the coordinated development goal of the system. The purpose of the calculation of the model is
to provide an accurate entry point for policy intervention and enhance the synergy of the whole
system.This method is widely adopted in relevant research [39-42].

The model follows the logical chain of first calculating the degree of index deviation, then
calculating the factor contribution rate, and finally derivating the severity of the obstacle. The specific
calculation steps are as follows.

Step 1: Calculate the indicator deviation (0ij).

0 =1-X;' (13)

In the formula, (X;;") represents the standardised value of the j-th indicator of the ith evaluation
unit, and the value range is [0, 1]. The higher (0;;) value indicates that the gap between the current
state of the indicator and the ideal state is larger.

Step 2: Calculate the factor contribution (Fj).

Fj=W, (14)

In this formula, (Wj)represents the index weight determined in the process of constructing the
indicator system and is directly used as its contribution.

Step 3: Calculate the obstacle degree (Mij).
O3 x T 100% (15)
==X
i=1( 05 X Fy) ’

Here, (n)represents the total number of indicators. The degree of disability (Mij)) ranges from

Mij =

0% to 100% .The higher the (Mij) value, the greater the indicator is an obstacle to the realisation of
high-level linkage and coordinated development, so it is recognised as a key obstacle.

4. Results and Analysis
4.1. Development Level of the WEF Security System in Northeast China

4.1.1. Analysis of the Comprehensive Development Level

As shown in Table 3, between 2005 and 2023, the overall development level of the WEF system
security system on the northeast region showed stage characteristics: initial fluctuations and ups and
downs, then tended to be relatively stable, and finally gradually rebounded. The average score in this
field fell from 0.463 in 2005 to 0.365 in 2014, and then rebounded to 0.501 in 2023, with a net increase
of 8% during this period. From the perspective of time, the development process of the development
level in the northeast region can be divided into three stages: Between 2005 and 2014, the volatility
showed a downward trend. Affected by industrial restructuring and climate change pressure, the
average decreased from 0.463 to 0.365; From 2015 to 2019, it entered the stage of adjustment and
recovery. With the promotion of policy support and ecological protection, the value gradually
increased from 0.410 to 0.486; After 2020, with the progress of water-saving technology, energy
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efficiency and grain production system, the improvement has been steadily promoted, and the
average has exceeded 0.50.

From the perspective of spatial distribution, there are significant differences between the three
in the Northeast China. Heilongjiang Province has always maintained a leading position and
performed relatively stably, exceeding 0.62 from 2009 to 2011 and from 2019 to 2020. Although there
was a temporary decline in 2023, it then rebounded to 0.588. On the other hand, the volatility of
Liaoning Province is the most significant. The lowest value in 2009 was 0.303, and it dropped to 0.230
again in 2014. Since then, although the value improved to 0.432 in 2023, the continued lower than that
of the other two provinces indicates that the system is less stable. Jilin Province was at a medium
level as a whole, showing a steady upward trend from 2005 to 2023, with a final score of 0.484.

Table 3. Comprehensive Development Level of the WEF Security System in Northeast China.

Province Heilongjiang Liaoning Jilin Regional Average
2005 0.518 0.527 0.345 0.463
2006 0.567 0.399 0.293 0.420
2007 0.526 0.363 0.386 0.425
2008 0.531 0.378 0.396 0.435
2009 0.626 0.303 0.419 0.450
2010 0.655 0.494 0.503 0.550
2011 0.647 0.476 0.410 0.511
2012 0.496 0.363 0.445 0.435
2013 0.466 0.378 0.414 0.419
2014 0.495 0.230 0.368 0.365
2015 0.506 0.323 0.401 0.410
2016 0.510 0.409 0.427 0.448
2017 0.499 0.353 0.416 0.423
2018 0.566 0.386 0.421 0.458
2019 0.622 0.392 0.445 0.486
2020 0.641 0.396 0.485 0.507
2021 0.585 0.425 0.431 0.480
2022 0.567 0.443 0.466 0.492
2023 0.588 0.432 0.484 0.501

4.1.2. Analysis of Development Levels across WEF Security Subsystems

The Northeast region as a whole has formed a development model centred on the grain system,
with significant fluctuations in the water resources system and prominent pressure on the energy
system. The development level of each subsystem shows the uneven characteristics as shown in
Figure 2. The grain subsystem has maintained a relatively advanced level of development, as the
basis for supporting the development of the regional system, especially after 2021. The water
resources subsystem ranks second, but shows significant annual volatility, which has become the
main factor in short-term system fluctuations. The energy subsystem is still relatively weak and faces
greater pressure in a specific period, which has become an important bottleneck that restricts the
overall development level of the region.

From the perspective of inter-provincial differences, the specific development of the three
systems in the three provinces in the northeast can be divided into the following situations. The
development level of the three subsystems in Heilongjiang Province is shown in Figure 2-B. Relying
on the status of commodity grain production base, black soil resources and scientific and
technological investment advantages, the province’s score of the food security subsystem has steadily
improved from 0.10 in 2005 to 0.906 in 2023, laying a solid foundation for supporting the development
of high-level systems. The regional water safety subsystem fluctuates due to the influence of climate
and agricultural water use, and its value fluctuates sharply between 0.028 and 0.454, which has
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become the main factor in the annual change of the comprehensive development level of the province.

The energy security subsystem in the region is usually maintained in the high range of 0.517 to 1.0,

providing basic support for the system. The development level of the three subsystems in Liaoning

Province is shown in Figure 2-C. The water resources safety subsystem is better than the other two

provinces in most years, and its peak occurred in 2010, 2016 and 2020 respectively. This result is due

to relatively perfect water conservancy facilities and effective industrial water management.

However, due to the limited availability of total resources, it has decreased year by year since then.

The energy security subsystem is the most vulnerable system, with a sharp drop from 0.372 in 2005

to 0.034 by 2020. Since then, although there has been a slight recovery, the overall level is still at a low

level, reflecting the severe challenges faced in the process of energy structure transformation that

oppress the sustainable development of traditional industrial areas. The food security subsystem has

been at a low level for a long time, indicating that its foundation is relatively fragile. The development

level of each subsystem in Jilin Province is shown in Figure 2-D. The two subsystems of water security

and food security have shown a coordinated and stable upward trend, from 0.677 and 0.357 in 2005

to 0.590 and 0.565 in 2023, forming a mutually supportive relationship. However, the energy security

subsystem has been at a low level for many years, fluctuating between 0.1 and 0.3 in most years,

which has become an important bottleneck to fully release the advantages of water and food

resources in Jilin Province.

Development Index of WEF Systems in Northeast China
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Figure 2. Trends in Development Levels of Water Systems, Energy Systems, and Food Systems in Northeast

China.
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4.2. Coupling Coordination Analysis of the WEF Security System in Northeast China

4.2.1. Analysis of Coupling Coordination Degree

The coupling coordination degree of the WEF system in Northeast China exhibited a fluctuating
upward trend, rising from 0.457 in 2005 to a peak around 2010, before declining to a trough of 0.405
in 2014. Subsequently, it recovered gradually to 0.670 by 2023. Although significant divergence was
observed among the three provinces around 2014, their coordination degrees had all recovered to
above 0.63 by 2023, indicating a converging trend and a complex interactive process among
subsystems evolving from dysfunction towards synergy, as detailed in Figure 3.

2021 3 2021 2008

2020 2020 2009

2019 2019 2010

2018 2018 2011

2017 2012
2016 2013
2015 2014 2015 2014
ANortheast Region BHeilongjiang Province
2023 2905 2006
08
2021 2008 2021 S ; 2008

2020 2009 2020 2009
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CLiaoning Province DlJilin Province

Figure 3. Trend in Coupling Coordination of WEF Security Systems in Northeast China.

From the perspective of time, the process of improving the level of WEF coupling and
coordination can be summarized into three stages. The first stage of this level of development showed
a relatively coordinated trend from 2005 to 2010, and showed the characteristics of early
differentiation. Driven by the regional revitalization policy, Heilongjiang Province has maintained a
high degree of coordination, and Jilin Province has achieved steady improvement. At the same time,
Liaoning Province still maintains a coordinated state under the pressure of energy. Its second stage
was characterized by severe dysfunction and in-depth adjustment from 2011 to 2017, of which 2013
to 2014 became a turning point in development. The strict national environmental policy has had an
impact on Liaoning Province, and its linkage degree plummeted to 0.068.Heilongjiang Province and
Jilin Province are also in trouble due to fluctuations in water resources and agricultural policy
adjustments. Its third stage is from 2018 to 2023, which can be summarized as the trend of slow
recovery and coordinated reconstruction. With the implementation of policy absorption and the
promotion of systematic measures, Heilongjiang Province and Jilin Province have achieved a

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0575.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 January 2026 d0i:10.20944/preprints202601.0575.v1

11 of 19

relatively coordinated rapid recovery, while Liaoning Province has entered a difficult long-term
recovery process.

From the perspective of spatial distribution, there are significant differences in the WEF coupling
and coordinated development models of these three provinces. The coupling and coordination state
of the WEF system in Heilongjiang Province has always maintained a high level of adjustment.
According to Figure 3-B, it can be seen that the Dvalue of most years in the province exceeds 0.63, up
to 0.794, showing strong system stability and toughness. The level of WEF coupling and coordination
in Liaoning Province shows the most significant fluctuations. According to Figure 3-C, the province’s
adjustment showed a slow upward trend after bottoming out in 2014, reaching 0.631 by 2023, but still
lower than the initial level. The level of WEF coupling and coordination in Jilin Province shows a
steady upward trend, located between Heilongjiang Province and Liaoning Province. As shown in
Figure 3-D, while the food system continues to improve, the water system remains relatively stable,
and the degree of synergy has steadily increased from 0.453 to 0.681. The phenomenon of inter-
provincial differences in the coupling coordination rate of the WEF system vividly shows the complex
interaction between policy impact, resource endowment superiority and regional resilience.

4.2.2. Analysis of Coupling Coordination Degree Levels

Between 2005 and 2023, the overall coupling and coordination level of the WEF system in
Northeast China was upgraded from the critical disorder stage (III) to the moderate coordination
stage (V), achieving an important transformation from the conflict stage to the coordination stage. As
shown in Figure 4, it is not a straight upward process, but a fluctuating upward trend.

Through the analysis of the changes in the level of coupling and coordination over time, the
development path of different provinces is revealed. The coupling and coordination level of
Heilongjiang Province maintained a high regulatory level for most of the research period, mainly
between primary coordination (IV) and good coordination (VI). Since then, it has entered a period of
fluctuation adjustment from 2012 to 2017. The main reason is that the region has been affected by
policy adjustments such as water resource fluctuations, the restructuring of the agricultural structure,
and climate change. The adjustment capacity has continued to decline. By 2017, it is close to the stage
of disregulation (III). Its development level from 2018 to 2023 can be summarized as the final recovery
and strengthening period. With the improvement of hydrogistic conditions and the adjustment of
agricultural structure adaptability, the adjustment level gradually recovers to above the medium
adjustment level (V).

The coupling and coordination development level of the WEF system in Liaoning Province has
experienced the most violent fluctuations, presenting a complete cycle of high-level linkage, cliff
collapse and long-term recovery. In 2014, the energy subsystem of Liaoning Province was severely
impacted by strict national environmental policies including the Action Plan for the Prevention and
Control of Atmospheric Pollution, resulting in a sharp decline in its WEF coordination level, and
finally falling into extreme dysfunction ( I, D=0.068).At the same time, the food subsystem failed to
play an effective buffering role. Since 2015, the energy system of Liaoning Province has gradually
entered a stage of slow recovery under the impetus of industrial restructuring and policy support.
By 2023, the coordination level of its WEF system has generally recovered to the fourth-level
adjustment level. It is worth noting that its recovery has slowed down significantly compared with
the previous recession.

The level of WEF system coupling and coordination in Jilin Province showed a steady upward
trend, from extreme disorder (I) in 2005 to moderate coordination (V) in 2023. Its development
process can be summarized into three stages: low-level combination, rapid rise, and stability and
strengthening. There are two reasons why the province continues to move forward. One of the
reasons is the continuous improvement and stability of its food subsystem, and the water supply
system also constitutes the main support of the WEF system. On the other hand, the most important
reason is that Jilin Province has gradually improved the energy subsystem through the development
of new energy, and jointly promoted the steady improvement of the coordination of the whole
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system. The very different evolution paths of these three provinces reveal the complex interaction
between internal resource structure, policy response and external shocks, and provide a basis for
differentiated systematic coordination.
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Figure 4. Trend in WEF Security System Coupling Coordination Levels in Northeast China.

4.3. Research on Obstacle Factors Affecting the Coordinated Development of the WEF Security System in
Northeast China

4.3.1. Analysis of Obstacle Factors at the System Level

The main obstacles to the coordinated development of the WEF in the northeast region are the
major stage obstacles to the development of the energy subsystem, followed by the importance of the
water resources subsystem. As shown in Figure 5, the model also shows significant step-by-step
fluctuations and obvious inter-provincial structural differences.

From the perspective of time, the fault structure of each WEF subsystem in the northeast region
is characterized by policy impact and climate response, and the research period can be divided into
three stages. The first stage of the WEF system in the northeast region is from 2005 to 2012, which can
be summarized as the accumulation and fluctuation period, and the barriers in the energy and water
resources subsystems are on the rise alternately. Between 2009 and 2011, it was affected by the
fluctuation of precipitation and the demand for agricultural water, and the obstacles to the use of
water resources were significantly aggravated. The second stage is 2013-2017, which can be
summarized as a period that marks a significant policy impact. Under the constraints of strict
environmental protection regulations such as the Action Plan for the Prevention and Control of
Atmospheric Pollution (referred to as the Ten Measures), the operating obstacles of the energy
subsystem are forced to continue to intensify, especially from 2014 to 2016, and eventually evolving
into the main bottleneck that hinders the scheduling of the system. The third phase (2018-2023)
transitioned into a repair and adjustment period. With the implementation of energy-saving
renovations and structural optimization, the energy obstacle degree decreased slightly, and the food
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subsystem obstacle degree generally declined slowly and steadily. However, the water resources
obstacle degree experienced periodic rebounds due to climatic fluctuations and issues related to
water-use efficiency.

Regarding interprovincial disparities, the obstacle structures of the three provinces are closely
tied to their respective resource endowments, industrial positioning, and policy responses. The
degree of water resource barriers in Heilongjiang Province is relatively prominent, which is caused
by its large-scale agricultural irrigation and climate sensitivity. The level of energy barriers in the
region is generally lower than that of Liaoning Province and Jilin Province, showing an upward trend
since 2020, which also shows that the transformation of clean energy is still facing continuous
challenges. As a traditional heavy industry base, the barrier rate of the energy subsystem in Liaoning
Province has been maintained at a high level for many years, exceeding 40% in most years, and
continued to remain above 43% from 2013 to 2020.This highlights the great pressure facing the
province in energy transformation. The province’s water resources barriers are also passively at a
high level due to the competition and utilization efficiency of industrial water. The barrier structure
of the WEF system in Jilin Province is more balanced. The degree of the energy barrier increased
significantly around 2020, reaching 47.75% that year, reflecting the difficulty of coordinating new
energy and traditional energy in the process of integration and elimination. On the contrary, the
failure rate of the food subsystem is generally on a downward trend, indicating that agricultural
stability is gradually improving.

Obstacle Level (%)
Obstacle Level (%)

NNNNNNNNNNNNNNNNNNNNNNNN
Year Year
ANortheast Region

Obstacle Level (%)
Obstacle Level (%)

________________

Year
CLiaoning Province Dlilin Province

Figure 5. Barrier Degree Results for Water Systems, Energy Systems, and Food Systems in Northeast China.

4.3.2. Analysis of Obstacle Factors at the Indicator Level

The main obstacle to the coordinated development of the WEF system in the northeast region is
the widespread structural defects in the energy subsystem, which are reflected in the inadequacy of
indicators C1-3 (energy self-sufficiency) and A4 (per capita energy output). In addition, indicators
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such as A2 (per capita water consumption), A7 (per capita arable land area), C1-1 (per capita grain
supply) and C2-1 (proportion of water-saving irrigation area) have also had a significant impact on
the safety of the WEF system. This is mainly because there is a close intrinsic correlation between the
indicators of each subsystem, and energy constraints will hinder the development of water and food
systems. Therefore, according to the image display and specific index values in Figure 6, it can be
concluded that the model is characterized by the significant existence of structural weaknesses,
obvious inter-system effects, and the complexity of interrelated regional characteristics.
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Figure 6. Barrier Levels for the Collaborative Development of WEF Security Systems in Northeast China.

From the perspective of time, the changes in important obstacles of the WEF system reflect the
three stages of the shifting policy focus. During the period of dominant growth from 2005 to 2012,
the obstacles in the northeast region were mainly concentrated on indicators related to resource
abundance and basic efficiency. During the period of severe environmental constraints from 2013 to
2017, national policy intervention intensified the resource competition between subsystems in the
region, further exacerbating the barriers to relevant indicators such as A2 and C1-3. In the subsequent
stage of system recovery and resilience construction, that is, from 2018 to 2023, due to the policy shift
to building multi-dimensional resilience, the attention of indicators related to long-term adaptability
such as C2-1 and C3-2 in the region was further increased. This development shows that the coping
approach has shifted from addressing symptoms to strengthening basic capabilities.

From the perspective of spatial distribution, the characteristics of important obstacles show
significant inter-provincial differences. The obstacles of the WEF system in Heilongjiang Province are
shown in Figure 6-B. The main problems are reflected in the changing limiting factors in the water,
grain and energy systems. The indicators related to the main obstacles include A1, A2, B1, B6, C1-1,
C1-3 and C2-1, among which A2 (per capita water consumption) and B6 (unit grain production water
consumption) are particularly prominent. Under the influence of the policy, Liaoning Province shows
the characteristics of systematic response and correlation breakage. As shown in Figure 6-C, the
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obstacles are concentrated in indicators such as A4, A7, C1-1 and C1-3. Jilin Province faces challenges
in stability and related efficiency in the follow-up development model. According to Figure 6-D, it
can be concluded that the main obstacles in the province are concentrated in indicators such as A4,
A7, C1-3 and C2-1.

5. Conclusions and Policy Implications

5.1. Conclusions

Based on the three-dimensional evaluation index system covering safety, coordination and
resilience, this study use the entropy weighting method to standardize and weight the 19-year long-
term panel data in the northeast from 2005 to 2023. The article also systematically analyzes the spatial
and temporal change characteristics of the safety of regional water, energy and food systems through
comprehensive safety index, coupled coordination model and obstacle model. The overall conclusion
of the article can be summarized in the following aspects.

(1) The comprehensive development level of the WEF system in the northeast region shows a
fluctuating upward trend, and the whole has entered the stage of moderate adjustment, with a
cumulative increase of 8% during the survey. There are still significant differences between the
provinces as a whole, and three research regional phenomena with typical characteristics have also
been formed.With a solid foundation of food security, Heilongjiang Province has been at the top for
many years and maintained a stable trend. Jilin Province shows a steady growth trend. Restricted by
energy transformation and grain production, Liaoning Province is still at a low level with great
fluctuations. The subsystems of WEF also present an uneven pattern, dominated by food security,
but water resources fluctuate significantly, and the energy subsystem is under great pressure.

(2) The change of WEF system coupling coordination shows the model of “gradual convergence
from the initial divergence state, and improvement of the overall volatility”. The coordination level
of the WEF system has developed from a state close to dysfunction to a moderate degree of
coordination. From 2013 to 2014, under the influence of the environmental policy of Liaoning
Province, the province’s industrial adjustment capacity declined sharply, and the vulnerability of the
traditional industrial system was exposed. Although Heilongjiang Province maintains a high
adjustment capacity, it is still affected by the annual fluctuations of water resources. Jilin Province
have achieved a continuous improvement in the level of adjustment, becauase of the improvement
of the food subsystem.

(3) The obstacles of the energy system have the characteristics of structural prominence, cross-
field relevance of the system, and inter-provincial heterogeneity. Energy self-sufficiency and per
capita energy productivity are usually common obstacles in the energy system. The issues facing
Heilongjiang Province mainly focus on the efficiency of water resources utilization and the
contradictions in the relationship between water, grain and energy. After the policy shock, Liaoning
showed the characteristics of damage to the energy system and weak food security. Jilin Province is
facing the double constraints of energy supply and agricultural water efficiency. The change of these
obstacles over time reveals that the shift in policy logic has shifted from a growth-oriented focus to
an emphasis on environmental constraints, and then to building systematic resilience.

5.2. Policy Implications

In order to achieve the high synergy of the WEF system, it is necessary to adopt a multi-
dimensional strategy, including policy orientation, technological innovation and resilient
infrastructure integration. Taking the three provinces in the northeast region as reference cases, this
article puts forward policy suggestions with characteristics and reference significance to realize the
sustainable development of WEF under the background of technological innovation of the times.

(1) In order to solve systemic shortcomings, the state should adopt a policy-based approach. The
construction of a sound policy framework is the primary prerequisite for solving the structural
shortcomings of WEF and improving the development level of the whole region.More importantly,
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the country also needs to implement differentiated policies according to the actual regional situation.
Taking Northeast China as example, differentiated policies can be roughly divided into the following
three categories.The first type is an area where the contradiction between water resources and food
represented by Heilongjiang Province is the main problem. The government can improve the
efficiency of agricultural water use by combining water-saving irrigation technology with ecological
compensation and agricultural subsidy policies. Second, in regions like Liaoning Province where the
primary conflict lies in the severe disruption of the energy system under sustainable and green
development, with other systems unable to provide adequate compensation, governments need to
promptly design transitional industrial policies to support the green transformation of heavy
industry. They should enhance the foundational capacity of the food system through measures such
as constructing high-standard farmland and protecting black soil, while implementing financial
subsidy policies to drive the development of local clean energy sources like biomass and wind power.
Third, in regions like Jilin Province where obstacles to the water-energy-food system are relatively
balanced and the primary conflict lies in the coordination of these three elements, governments
should strengthen water--water-grain synergies by establishing “integrated water-fertilizer-pesticide
technology demonstration zones.” Western new energy bases should be supported with green
electricity consumption policies to overcome energy supply bottlenecks. Finally, at the regional level,
the state should establish cross-administrative boundary collaborative governance mechanisms. For
instance, Northeast China should explore water rights trading and ecological compensation
mechanisms based on river basins like the Songhua and Liao Rivers, establish regional green
transition funds, and support interprovincial infrastructure projects.

(2) Leverage technology as a driver to promote cross-system coordination. Technological
innovation serves as the key driver for overcoming resource utilization bottlenecks and achieving
system coupling and synergy, with a focus on advancing technology integration to enhance coupling
efficiency. Based on the current research status in Northeast China, nationally implementable
measures can be categorized by system as follows: First, in the grain production sector, the state can
reduce water and energy consumption by developing and promoting integrated water-saving,
energy-saving, and fertilizer-saving agricultural techniques and machinery, such as smart precision
irrigation, integrated water-fertilizer-pesticide application equipment, and conservation tillage
technologies for cold regions. Second, in the energy-water-resource coupling domain, the state can
explore models combining wind and solar power bases with water-saving ecological restoration by
promoting the large-scale utilization of unconventional water resources in energy production, such
as recycled water cooling technology in coal-fired power and chemical industries.-water-energy
coupling, the state can promote the large-scale utilization of non-conventional water resources in
energy production, such as recycled water cooling technologies in coal-fired power and chemical
industries, and explore models integrating wind and solar power bases with water-saving ecological
restoration. Finally, at the system management level, all system bases should accelerate the
construction of regional WEF system big data monitoring networks and smart management
platforms. These platforms should integrate multi-source data and utilize digital twin and artificial
intelligence technologies to achieve resource flow simulation, risk early warning, and coordinated
scheduling.

(3) The improvement of the overall resilience of the WEF system is enhanced through
infrastructure support. The country’s infrastructure system with modern interconnection and
resilience is the physical foundation for promoting resource flow, buffering external shocks, and
ensuring the long-term stable operation of the system. In infrastructure construction, priority should
be given to multi-functional integration and obstacle reduction. In the field of water resources,
infrastructure needs to be based on existing large-scale projects to promote the construction of small
and medium-sized reservoirs with water storage and connection functions, connecting rivers and
lakes, and the construction of underground reservoirs. Renovate aging irrigation systems and
upgrade metering facilities to establish a flexible water network. In the energy sector, the nation must
enhance power transmission corridors, backbone grids, and regulatory power sources like pumped-
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storage hydroelectricity and new energy storage in western regions rich in renewable energy (e.g.,
Jilin, Heilongjiang). It should also advance upgrades to urban and industrial park heating networks
and multi-energy complementary projects. In the food sector, sustained investment is needed in high-
standard farmland, storage logistics, emergency reserves, and soil and water conservation projects,
including black soil protection initiatives. Finally, the state must concurrently plan and advance
cross-regional, link-type infrastructure interconnectivity across these three domains. Examples
include the Songliao Canal water resource allocation project in Northeast China and the physical
network for regional electricity markets, systematically enhancing the long-term resilience of
complex ecosystems.
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