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Abstract
The main resources needed for human survival are water, energy and food, and the research on the relationship among the 
three resources has become the research topic. Due to the shortage of natural resources, research on the efficiency of water–
energy–food (WEF) nexus has become a hot issue among scholars and governments all over the world. The simple models 
cannot study the correlation among them; the methods of WEF nexus gradually shift from single to integrated model. The 
data envelopment analysis (DEA) model is the most simple and effective model, which can measure the efficiency value of 
each decision-making unit (DMU) and overcomes the shortcoming that the evaluation index system needs to give the weight. 
The DEA can calculate the efficiency value, but it cannot improve the efficiency value of DMU by changing the input. In this 
paper, the zero-sum gain (ZSG) DEA model is constructed based on zero-sum game theory. The initial efficiency values of 
30 provinces in China are calculated, and each DMU is proportionally allocated according to the proportional subtractive 
method. After several iterations, the efficiency values of all DMUs reach 1, indicating that global optimization has been 
achieved. Under the condition of effectiveness, the initial input water resources are reconfigured. Finally, some conclusions 
are made, and optimization strategies are proposed for 30 provinces in China with low water resource utilization efficiency.
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Abbreviations
WEF  Water–energy–food
DMU  Decision-making unit
DEA  Data envelopment analysis
ZSG  Zero-sum gain
GDP  Gross domestic product
BRICS  Brazil, Russia, India, China, South Africa
CCR   Charnes, Cooper, Rhodes
BCC  Banker, Charnes, Cooper

1 Introduction

The main resources needed for human survival are water, 
energy and food, and are critical for meeting the sustainable 
worldwide economic development [1]. Water–energy–food 
(WEF) nexus has become one of the important risks of sus-
tainable economic development around the world. In 2015, 
the World Economic Forum ranked this risk as the first. 
Government departments pay more and more attention to 
the risk of WEF nexus. In the past, more and more govern-
ments and scholars have been paying attention to the links 
among the three. The interdependent and interactive feed-
back relationships of three resources are termed as WEF 
nexus. The exploitation and cleaning of fossil energy and the 
growth and processing of grain need a lot of water resources. 
Energy consumption in water resources production is mainly 
used for pumping and delivering water. Energy consumption 
in grain production and processing in mechanization, land 
preparation, fertilizer production, agricultural irrigation, 
food packaging, storage and other aspects. About 30% of 
energy is consumed in food processing and transportation. 
More than 70% of electricity is generated by burning coal, 
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carbon dioxide emissions are among the highest in the world 
[2].

In terms of total water resources, China ranks sixth in 
the world. But it has less than a quarter of the world’s water 
resources per person, making it one of the world’s 13 water-
scarce countries. With the cumulative impact of population 
increase, economic growth, ecological environment and 
other factors, the demand for water resources is increasing, 
and there are more and more contradictions among each 
other, making it more difficult to manage. Due to the influ-
ence of climate, topography and other factors, the amount 
of water resources in the region is extremely uneven, which 
leads to the increase of water cost and prominent contra-
diction of water resources [3]. Similarly, overall efficiency 
can be optimized by redistributing water from less efficient 
areas to more efficient ones. Water resource allocation is not 
between regions, more from the whole basin, involves the 
balance analysis of supply and demand of water resources. 
Water resource allocation is a typical multi-dimensional, 
multi-objective and complex group of semi-structured deci-
sion problem [4].

In China, there are eight major watersheds, such as the 
Yellow River, the Yangtze River, the Songhua River, the 
Liao River, the Huaihe River, the Pearl River and the Taihu 
Lake. They cover 45% of China’s land area, support more 
than 90% of its population and economic output. Table 1 
shows the drainage area, total water resources, water quality, 
population and gross domestic product (GDP) of China’s 
eight major river basins.

In 2019, China’s primary energy output reached a new 
historic peak of 3.97 billion tons of standard coal, up 5.1% 
year on year. Also, installed power capacity reached 2.01 
billion kW. Refining capacity reached 860 million tons. 
Crude oil production growth turned positive from negative 
to 191 million tons, up 0.9%, which reversed the trend of 
continuous production declined since 2016. In 2019, Chi-
na’s annual net energy imports reached about 1 billion tons 
of standard coal, with the overall dependence on foreign 

countries at 21%. Coal imports, which use a lot of water 
to extract and produce, remained stable, with net imports 
of about 300 million tons. Natural gas imports grew at a 
slower pace, with net imports of 133 billion cubic meters, 
up 6.9% year on year, as unconventional gas extraction 
also consumes a lot of water.

From 2015 to 2020, China’s annual grain output 
remained above 650 million tons, and consumption 
exceeded output. In 2020, grain consumption of China was 
about 740 million tons, leaving a gap of about 100 million 
tons, which needed to be imported from abroad. Taking 
into account the growth of population, development of ani-
mal husbandry and grain consumption for industry, grain 
consumption is expected to reach about 750 million tons in 
2025, including over 600 million tons of grain consump-
tion. Under the requirement of self-sufficiency in grain 
and absolute grain security, the total grain output of rice, 
wheat and corn should exceed 590 million tons. Including 
soybeans and other grain crops, the total grain production 
capacity of the 14th Five-Year Plan period should reach 
650 million tons. According to the 14th Five-year Plan, 
by 2025, China will be better able to prevent floods and 
droughts, conserve and use water resources intensively and 
safely, China will also allocate water resources optimally, 
protect and manage river and lake ecosystems. And the 
country’s water security capability will be significantly 
improved.

The rest of this paper is structured are follows. Section 2 
conducts a literature review to reinforce our research moti-
vation and contribution. In Sect. 3, we present the tradi-
tional DEA model and zero-sum gain (ZSG)-DEA model. 
In Sect. 4, the allocation scheme of water resources supply 
in each province of China is obtained through the model 
calculation. The allocation scheme of water resources is 
further analyzed, and the water resources are effectively 
allocated from the regional perspective to meet the global 
optimization. In Sect. 5, some conclusions are drawn and 
some future directions are pointed out.

Table 1  The basic situation of 
eight rivers and lakes in China

River Drainage area 
(thousand  km2)

Total water resources 
(million  m3)

Water quality 
(%)

Population 
(million)

GDP (Mil-
lion yuan)

Songhua 56.1 2253.1 57.9 0.5 1.8
Liao he 22.1 565 48.9 1.7 8.9
Haihe 26.6 283.1 46.3 1.5 14.9
Yellow 75.3 917.4 66.4 4.2 24.7
Huaihe 26.9 1303.6 57.2 1.7 10.3
Yangtze 178.3 12,862.9 87.5 4.6 29.3
Pearl 44.3 4669 84.8 1.2 14.8
Taihu 3.9 313.1 73.6 1.5 18.2



International Journal of Computational Intelligence Systems           (2022) 15:56  

1 3

Page 3 of 11    56 

2  Literature Review

Scholars have concluded that climate, population growth, 
economic growth and urbanization affected the coupling 
of WEF system and usually ignored the factor of the river 
basin [5]. The security of food, water and energy resources 
are understood for several major river basins worldwide. 
Usually, experts evaluate them using a questionnaire, 
expert rating, and give relevant suggestions [6]. Taniguchi 
and Makoto [7] studied the coordination and optimization 
of transboundary river basins between different South Asia 
from the perspective of WEF nexus. They also made an 
in-depth study of the problems in South Asia. Although 
government sectors promoted grain production through 
subsidies to ensure local food demand, the increase in 
grain production consumes water, which degrades the 
resource base and reduces the total and quality of water 
resources. Mroue et al. [8] studied the balance between 
the critical water demand industry and water consumption 
in the Heihe basin. He also used the graph theory to ana-
lyze the hydrological network relationship between users 
and countries along the Heihe basin. Some researchers 
analyzed a series of complex water resource management 
problems of agriculture in the high plains and constructed 
a framework for water resource management [9–11]. From 
the perspective of the WEF nexus, scholars analyzed the 
sustainable development of BRICS (Brazil, Russia, India, 
China, South Africa) nations [12]. They also constructed 
the food security index by the principal component analy-
sis method, including agricultural machinery, land under 
grain production and agricultural added value [13]. Vito 
and Portoghese [14] analyzed food production problem 
in the Puglia area, and structured a comprehensive evalu-
ation method to the quantitative calculation of irrigation 
efficiency. The results found that the region groundwater 
extraction cost and surface water are lower, often used by 
priority, but excessive use of groundwater will affect the 
region’s ecological structure.

The river basin usually passes through many regions, 
the population, economy and culture of each region are 
different. Depending on the resource endowments, differ-
ent region attaches different importance to water, energy, 
and food. The water resources of the downstream region/
countries are affected by the upstream region/countries 
[1]. For example, there are many biological species in the 
Yangtze River Basin, and the ecological environment is 
fragile. For the harmonious development of mankind and 
ecology, Chinese President Xi Jinping stressed that the 
Yangtze River has a unique ecosystem and is an important 
ecological treasure house in China, and a 10-year ban on 
fishing has been implemented. There are many factors that 
affect global ecological and environmental change. Global 

Catchment Initiative (GCI) has made an in-depth analy-
sis of driving factors that cause global change and their 
impact on watershed economy [15]. Life cycle assessment 
has also been applied to the quantitative calculation of 
WEF nexus, which can effectively calculate the total water, 
virtual water and energy consumption of an industry [4, 
16, 17]. Many articles used hydrological economic mod-
els to redistribute water resources in space and time, and 
gave a series of management schemes, economic values 
and policy choices [18]. It can measure and predict the 
amount of water by the hydrological model soil and water 
assessment tool, which is also an integrated model [19]. 
Taking Beijing as the case, they used quantitative research 
methods such as system dynamics or system optimization 
model to measure the internal relationship among the 
three, and gave some advice to the government department 
[2, 20]. DEA is an ideal element allocation model, which 
can consider all input–output elements and achieve the 
optimal efficiency of the allocated object [21, 22]. There 
are many papers that analyze water use efficiency by DEA 
model, Lins [23], Sun [24] and Miao [25] constructed 
environmental ZSG-DEA models to allocate China’s 
energy conservation quotas and air pollutants emission 
rights. Wang et al. [26] also established a resource alloca-
tion model that joints the input and output orientation to 
allocate provincial GDP and quotas of energy consump-
tion, coal consumption, and carbon emission in 2020.

The ZSG-DEA model was first constructed by Lins 
[23], the model was applied to sports ranking. There are 
many papers that analyze water use efficiency by DEA 
model, Lins [23], Sun [24] and Miao [25] constructed 
environmental ZSG-DEA models to allocate China’s 
energy conservation quotas and air pollutants emission 
rights. Wang et al. [26] also established a resource alloca-
tion model that joints the input and output orientation to 
allocate provincial GDP and quotas of energy consump-
tion, coal consumption, and carbon emission in 2020. A 
lot of reviews show that there are many studies on the allo-
cation of provincial energy consumption, water resource, 
and food product, but few studies have attempted to focus 
on the coordinated allocation of the three elements [25, 
27–29]. From the perspective of allocation principles and 
methods, most studies consider fairness and efficiency. 
DEA can associate the inputs of expected and unexpected 
outputs, and do not need to estimate the values of indica-
tors [30, 31]. Therefore, it is more objective than the allo-
cation models based on indicators and nonlinear optimiza-
tion, and the relevant research is more abundant [32]. The 
concept of zero-sum gain is introduced to allocate water 
resources, and the total amount of water resources is taken 
as the main constraint condition. From the perspective of 
efficiency and WEF nexus, we optimized the allocation of 
water resources in 30 regions of China.
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3  The Proposed Models

3.1  DEA Model

The core idea of DEA model is to use input–output data to 
calculate the boundary of maximum output or minimum 
input, which is an effective method to evaluate the effi-
ciency of multiple input–output decision-making units. 
Charnes et al. [33] first put forward the CCR (Charnes, 
Cooper, Rhodes) model with constant returns to scale. 
Then Banker et  al. [34] developed the BCC (Banker, 
Charnes, Cooper) model considering the variable returns 
to scale, which can be divided into two types: output-ori-
ented and input-oriented. The input-oriented BCC model 
used in evaluating the relative efficiency of the target 
 DMU0 via the basic DEA method can be express in the 
following formula (1) (if the convex constraint 

∑N

i=1
�i = 1 

is removed, it reduces to a CCR model).

In the model, assuming that an evaluation system has 
N decision units of the same type, each decision unit has 
R input indicators and M output indicators. θo is the rela-
tive efficiency of  DMUo, λi is the weight coefficient, xi 
and yi (i = 1, …, N) are the input and output amount of 
 DMUi, respectively.

In some cases, the total amount of a certain input (or 
output) is fixed, and the inputs (or outputs) of each DMU 
are related to each other to ensure that the total amount 
remains unchanged. The core idea of the ZSG-DEA 
model is that the loss (or gain) of one player must be the 
gain (or loss) of other players, that is, the total return must 
be zero. However, the traditional DEA model can only 
give the relative efficiency of the initial state, but cannot 
make DMU integrate inputs (or outputs) to help it achieve 
DEA effectiveness. Under the strictest water resources 
management system, it is necessary to analyze the differ-
ential allocation of water resources. The traditional DEA 
model can only calculate the relative efficiency of the 
initial, but cannot help us realize the increase of DEA 
efficiency by adjusting the distribution results.

(1)

min �o

s.t.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

N∑
i=1

�iyij ≥ yoj, j = 1, 2, ...,M

N∑
i=1

�ixik ≤ �oxok, k = 1, 2, ...,R

N∑
i=1

�i = 1,

�i ≥ 0, i = 1, 2, ....,N

3.2  The ZSG‑DEA Model

To solve the water allocation issue, we use the ZSG-DEA 
model which is proposed by Lins [23]. After several itera-
tions, each DMU achieves its valid boundary of efficiency. 
In the input-oriented model, if  DMUo is an invalid DMU, 
its ZSG-DEA efficiency value is θo. The  DMUo must 
reduce the usage of input xo. According to the ZSG-DEA 
model, an inefficient DMU unit must reduce a certain 
amount of input (or accept a certain amount of output) to 
become effective DEA. To keep the total amount of input 
(or output) unchanged, other DMU must accept a certain 
amount of input (or reduce a certain amount of output) in 
proportion to their initial input (or output) value.

In the input-oriented model, if the  DMUo is a non-DEA 
effective decision unit, its ZSG-DEA efficiency value is 
φo. To achieve DEA effectiveness, the model will reduce 
the input k of DMU by μo = xok(1 − φo), and distribute this 
reduction to other DMU in proportion (2).

In the model, all DMUs are reducing the proportion of 
input. After adjustment, the redistribution amount of input 
k to  DMUi is the following formula (3).

The input-oriented BCC model is used in evaluating the 
relative efficiency of  DMUo by the proportional increase 
strategy. Then the ZSG-DEA method can be expressed in 
the following formula (4).

where xo and yo are the input amount and output amount of 
 DMUo respectively, xi and yi are the input amount and output 
amount of  DMUi respectively, φo is the efficiency of  DMUo 
under the ZSG-DEA method, and λj is the weight coeffi-
cient. According to the φo value and relevant parameters in 
formula (4), the allocation mode of xi among DMUs can be 

(2)
xik∑

i≠o

xik
× xok(1 − �o).

(3)

x�
k
=
�
o≠i

⎡
⎢⎢⎢⎣

xik∑
i≠o

xik
⋅ xok(1 − �o)

⎤
⎥⎥⎥⎦
− xik(1 − �i) i = 1, 2, 3, ...,N.

(4)

min �o

s.t.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

N∑
i=1

�iyij ≥ yoj , j = 1, 2, ...,M

N∑
i=1

�ixik

�
1 +

xok(1−�o)∑
i≠o

xik

�
≤ �oxok, k = 1, 2, ...,R

N∑
i=1

�i = 1

�i ≥ 0 , i = 1, 2, ...,N
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revised, thereby keeping the total amount of xi unchanged 
and improving efficiency of all DMUs.

In the original model, the invalid DMU is allocated its 
excess input in proportion to other DMUs. According to 
Eq. (4), some DMU may still fail to achieve DEA effec-
tiveness. There are two solutions. One is the proportional 
subtraction formula proposed by Lins [23], and the other 
is the iterative method. The iterative method is adopted 
in this paper. Through multiple iterations, multiple redis-
tribution of input k can be realized. Finally, all DMUs 
will reach the effective boundary. The result of multiple 
iterations is the optimal allocation of efficiency.

In this paper, ZSG-DEA model of Eq. (4) was used 
to redistribute water resources in 30 provinces of China. 
Figure 1 shows the ZSG-DEA unified effective boundary 
formation process. The initial efficiency value of  DMU1 
is low. After two iterations, the input quota of  DMU1 
continues to decline until it reaches a uniform effec-
tive boundary. The initial efficiency value of  DMU2 is 
1. After two iterations, its input quota keeps rising and 
reaches a uniform effective boundary.  DMU3 does not 
reach the initial ZSG-DEA effective boundary, but its ini-
tial efficiency value is high. After the first iteration, its 
input quota increases significantly, making its efficiency 
value lower than the ZSG-DEA effective boundary after 
the first iteration. In the second iteration, its input quota 
must be reduced to achieve the unified ZSG-DEA effec-
tive boundary.

4  Case Study

4.1  Background and Data Resources

According to the above analysis, the data required include 
water resources quantity (W), energy production (E), GDP 
and food production (F). In the paper, water resources are 
taken as model inputs, while energy output, GDP and food 
production are taken as model output variables. Water 
resource is the basic element of energy production, food 
growth and economic. The input of water resources in a 
certain region remains unchanged, and the higher the output 
of the three, the higher the utilization efficiency of water 
resources in the region; otherwise, the lower it is. DEA 
model is used to calculate the water efficiency of 30 prov-
inces in China. We found that many provinces have low uti-
lization efficiency of water resource. Then, ZSG-DEA model 
is used to redistribute water resources with low efficiency 
and repeated iterative calculations were carried out to make 
the efficiency values of all areas reach 1. In this case, the 
amount of water resources is the optimal allocation. The data 
sources are as follows:

(1) The water resources quantity from 2014 to 2020 
comes from China Statistics Yearbook (2015–2021). As 
shown in Fig. 2, Heilongjiang, Jiangsu, Inner Mongolia, 
Guangdong and Xinjiang consume the most water annu-
ally. Beijing, Tianjin, Hainan and Qinghai consume less 
water each year. Other provinces data are in the middle. The 
annual water consumption of each province is relatively sta-
ble, showing a decreasing trend year by year. The reason for 
higher water consumption in Inner Mongolia and Xinjiang 
is that they are resource-based regions, which consume a lot 

Fig. 1  Forming process of the 
uniform ZSG-DEA
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of water resources to exploit and produce energy, and also 
bring high GDP. Jiangsu and Guangdong belong to China’s 
coastal areas, where the manufacturing industry is relatively 
developed. Water resources are mainly used in this industry, 
and water resources use efficiency is relatively high.

According to the policy of the 14th Five-Year Plan, the 
efficiency of water consumption in all provinces needs to 
be greatly improved, with the total water consumption per 
10,000 yuan of GDP falling by 23%. Therefore, this paper 
uses the water resources supply of each region in 2020 as a 
reference, which is more convincing.

(2) The energy consumption of each province from 2015 
to 2021 comes from China Energy Statistics Yearbook 
(2015–2021) and China Statistics Yearbook (2015–2021). 
Energy production is an important index reflecting the scale, 
composition and production results of energy production. 
According to the causes of energy, it is divided into primary 
energy (also known as natural energy) production and sec-
ondary energy (also known as artificial energy) production. 
The paper mainly collects the primary energy production of 
30 provinces and cities, as shown in Fig. 3. Primary energy 
production refers to qualified products produced by enter-
prises producing primary energy during the reporting period 
through exploitation of existing natural energy resources in 

the 14th Five-Year Plan, energy production will increase by 
10%.

(3) The food production of each province from 2014 to 
2020 comes from China Statistics Yearbook (2012–2020). 
As shown in Fig. 4, Heilongjiang, Henan and Shandong are 
the main areas of grain production in China, with grain out-
put increasing year by year. Hebei, Inner Mongolia, Jilin, 
Jiangsu, Anhui and Sichuan are in the second tier of grain 
production. From the national strategic point of view, Hei-
longjiang, Liaoning and Jilin are China’s grain production 
bases. The amount of cultivated land must not be less than 
1.8 billion mu. By 2025, grain output will increase by 15% 
and meet the requirements of the 14th Five-Year Plan, total-
ing 750 million tons. Grain production refers to the total 
amount of grain produced in a calendar year. It includes 
summer crops, early rice and autumn crops by harvest sea-
son, and cereals, legumes and tubers by crop variety.

(4) The GDP of each province from 2014 to 2020 comes 
from China Statistical Yearbook (2015–2021), and is con-
verted into the value under the price level of 2015. It can be 
seen from Fig. 5 that GDP of different provinces and cities 
has shown an increasing trend in recent years. Among them, 
Jiangsu and Guangdong have the fastest economic devel-
opment, because the manufacturing industry is relatively 

Fig. 2  2014–2020 water con-
sumption in different regions 
of China

Fig. 3  2014–2020 energy 
production in different regions 
of China
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developed, which contributes the most to the regional eco-
nomic development. At the same time, compared with Fig. 1, 
water consumption in the two provinces is also the largest. 
The GDP of each province in 2025 is forecasted according 
to its GDP in 2020 and annual GDP growth target in the 14th 
Five-Year Plan. The total GDP of 30 provinces in 2025 will 
be 1,289,698 billion yuan.

4.2  Results and Discussion

ZSG-DEA model of Eq. (4) was used to redistribute water 
resources in 30 provinces. The efficiencies are listed in 
Table 2. As we can see from Table 2, only 13 of the 30 
provinces and cities have initial DEA efficiency value of 1, 
such as Beijing, Shanghai and Tianjin. There are 2 provinces 
and cities with efficiency values between 0.6 and 1, 5 prov-
inces and cities with efficiency values between 0.5 and 0.6, 
and the rest provinces and cities with water resource effi-
ciency values less than 0.5. The comprehensive efficiencies 
of water resources in Qinghai, Jiangxi, Guangxi, Guizhou 
and Yunnan provinces are low. It fully shows that the utiliza-
tion efficiency of water resources in all provinces of China 
is seriously unbalanced, and there is still a big gap between 

the overall efficiency targets of water resources. To achieve 
the overall optimal efficiency of all provinces, it is necessary 
to reallocate water resources in all provinces. However, the 
efficiency value and relaxation variable of the traditional 
DEA model do not conform to the constraint of the estab-
lished total amount. The paper introduces ZSG-DEA model 
to adjust the water resources quota of each province.

After three iterations, the water resource efficiency of all 
provinces is effective, and the value is equal to 1, as shown 
in Fig. 6. Theoretically, we can redistribute water resources 
across China’s provinces. However, the allocation of water 
resources is mainly affected by river basins. As shown in 
Table 1, there are eight river basins in China. These basins 
affect the economic and demographic development of Chi-
na’s provinces.

From a regional perspective, Heilongjiang, Jilin and 
Liaoning belong to the three provinces in northeast China, 
and are located near each other, mainly influenced by the 
Liao he River basin and Songhua River basin. The prov-
inces of northeastern have been identified as China’s most 
important grain production base. Grain growth is greatly 
constrained by water resources. Heilongjiang province’s 
demand for water resources will reach 148.965 billion cubic 

Fig. 4  2014–2020 food produc-
tion in different regions of 
China

Fig. 5  2014–2020 GDP in dif-
ferent regions of China
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meters in the coming years. Liaoning can allocate 26.73 bil-
lion cubic meters to Heilongjiang to meet the needs of agri-
culture and industry. In addition, Jilin Province also has a 
water shortage of 55.82 billion cubic meters, requiring vari-
ous departments to regulate and control to meet the demand 
for water resources.

There are five provinces in North China: Beijing, Tian-
jin, Hebei, Shanxi and Inner Mongolia. The water require-
ments of Beijing, Tianjin, Shaanxi and Hebei are 19.255, 
13.18 and 34.526 billion cubic meters, respectively. Inner 
Mongolia is China’s main coal production base, which will 
require 92.19 billion cubic meters of water. To solve the 
problem of water resources in North China, Beijing, Tianjin 
and Hebei will receive water from Jiangsu mainly through 
the South-to-North Water Diversion Project. The demand for 
water resources in Inner Mongolia can be replaced by water 
right trading. The water rights trading mechanism of water 

resources in northwest China has been relatively mature. In 
addition, agricultural water-saving measures can be used to 
replace agricultural water-saving into industrial water.

East and central of China are mainly influenced by the 
Yangtze River basin, from which a total of 10 provinces 
draws their water. Jiangsu, Zhejiang, Shandong and Henan 
have a high demand for water resources, which can be rede-
ployed from the Yangtze River basin to meet the needs of 
industrial manufacturing. The demand for water resources 
in Jiangsu and Zhejiang reached 271.27 billion  m3 and 77.73 
billion  m3 respectively, mainly due to the fact that two prov-
inces are large in agriculture as well as industry. Jiangsu’s 
GDP ranks first in China. It can allocate water resources 
from Hubei, Hunan and other provinces.

The overall utilization efficiency of water resources in 12 
provinces of southwest, South and northwest China is not 
high, mainly due to the restriction of industrial structure. 

Table 2  ZSG-DEA model efficiency scores of the water of Chinese provinces in 2025

Provinces Initial 1st iteration 2nd iteration 3rd iteration Adjustment amount

φ0 W0 φ1 W1 φ2 W2 φ3 W3 W3−W0

Beijing 1.0000 40.6 1.0000 54.017 1.0000 54.017 1.0000 59.855 19.255
Tianjin 1.0000 27.8 1.0000 36.987 1.0000 36.987 1.0000 40.984 13.184
Hebei 0.6880 182.8 0.9019 184.123 0.9907 184.123 0.9999 183.371 0.571
Shanxi 1.0000 72.8 1.0000 96.858 1.0000 96.858 1.0000 107.326 34.526
Inner Monglia 1.0000 194.4 1.0000 258.644 1.0000 258.644 1.0000 286.596 92.196
Liaoning 0.5442 129.3 0.8323 111.607 0.9829 111.607 0.9999 102.570  − 26.730
Jilin 1.0000 117.7 1.0000 156.596 1.0000 156.596 1.0000 173.520 55.820
Helongjiang 1.0000 314.1 1.0000 417.901 1.0000 417.901 1.0000 463.065 148.965
Shanghai 0.5367 97.5 0.8270 83.696 0.9821 83.696 0.9998 76.490  − 21.010
Jiangsu 1.0000 572 1.0000 761.029 1.0000 761.029 1.0000 843.276 271.276
Zhejiang 1.0000 163.9 1.0000 218.064 1.0000 218.064 1.0000 241.631 77.731
Anhui 0.5088 268.3 0.8178 218.076 0.9819 218.076 0.9999 196.100  − 72.200
Fujian 0.4282 183 0.7611 135.044 0.9743 135.044 0.9998 113.197  − 69.803
Jiangxi 0.2696 244.1 0.6199 137.765 0.9528 137.765 0.9996 93.709  − 150.391
Shandong 1.0000 222.5 1.0000 296.031 1.0000 296.031 1.0000 328.026 105.526
Henan 1.0000 237.1 1.0000 315.455 1.0000 315.455 1.0000 349.547 112.447
Hubei 0.3747 278.9 0.7260 186.868 0.9704 186.868 0.9998 148.867  − 130.033
Hunan 0.3607 305.1 0.7163 198.818 0.9693 198.818 0.9998 156.109  − 148.991
Guangdong 1.0000 405.1 1.0000 538.970 1.0000 538.970 1.0000 597.219 192.119
Guangxi 0.1418 261.1 0.4277 111.553 0.9043 111.553 0.9992 52.260  − 208.840
Hainan 0.5670 44 0.8419 39.326 0.9836 39.326 0.9998 36.646  − 7.354
Chongqing 0.4566 70.1 0.7753 54.654 0.9752 54.654 1.0000 46.849  − 23.251
Sichuan 0.5633 236.9 0.8463 206.836 0.9849 206.836 0.9999 192.769  − 44.131
Guizhou 0.3400 90.1 0.6811 59.366 0.9611 59.366 0.9997 44.658  − 45.442
Yunnan 0.3511 156 0.6965 103.228 0.9645 103.228 0.9997 79.206  − 76.794
Shaanxi 1.0000 32.2 1.0000 42.841 1.0000 42.841 1.0000 47.471 15.271
Gansu 0.3523 90.6 0.6928 60.827 0.9632 60.827 0.9996 46.547  − 44.053
Qinghai 0.2248 109.9 0.5489 59.202 0.9346 59.202 0.9994 35.848  − 74.052
Ningxia 1.0000 24.3 1.0000 32.330 1.0000 32.330 1.0000 35.825 11.525
Xinjiang 0.6106 70.2 0.8651 65.689 0.9864 65.689 1.0000 62.864  − 7.336
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Guangxi, Yunnan and Guizhou have developed tertiary 
industry, followed by primary and secondary industry, and 
their water demand is far less than that of the provinces in 
east China. Water resources from Guangxi can be diverted 
to Guangdong to meet its water demand. Water resources 
from Gansu, Qinghai, Xinjiang and other provinces are 
transferred to Inner Mongolia through allocation projects to 
meet the water needs of coal production and coal-chemical 
related industries in Inner Mongolia.

5  Conclusions and Future Directions

5.1  Conclusions

From the perspective of DEA value, the comprehensive 
efficiency value of water resources in Beijing and Tianjin 
reaches effective value 1. Compared with other provinces 
and cities, the water resource efficiency value is rela-
tively low. The water resource efficiency values of some 
provinces are only between 0 and 0.5, such as Qinghai, 
Guangxi, Jiangxi. From Fig. 7, we can find that about 10 
provinces need to make major adjustment. These provinces 
are mainly distributed near China’s three major economic 
circles, which are the main undertakers of water resource 
consumption.

The main reason is unreasonable industrial structure 
and backward industrial technology. In this paper, ZSG-
DEA model is used to allocate water resources in 30 
provinces and regions of China from the perspective of 

improving distribution efficiency and watershed, and DEA 
effective water resources allocation scheme is obtained. 
But the results are far from the final answer to China’s 
water shortages and efficient usage. The principle of fair-
ness and efficiency must be considered in determining 
the distribution scheme. The distribution scheme pre-
sented can only satisfy DEA validity, but cannot reflect 
the fairness of distribution. As water resources are greatly 
affected by the basin where they are located, the basin will 
be affected by many other factors, and even affect the water 
supply of the basin.

Fig. 6  Initial water resource efficiency in different provinces

Fig. 7  Changes in the water 
resources share of each province
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5.2  Future Directions

It is very difficult to study the relationship between water, 
energy, and food resources in the framework of economy, 
environment, and society. Based on the equity perspective, 
the fairness interval of water resources allocation is deter-
mined. Then, aiming at improving DEA efficiency, fairness 
deviation index was added to the constraint conditions, 
and an allocation scheme with both fairness and efficiency 
could be obtained through programming solution.

Based on the paper, future research may focus on some 
aspects. On the one hand, the paper does not consider 
different industrial structures among the regions. We 
can choose an industry or agriculture in a high energy 
consumption, high water consumption industry, in-depth 
analysis the internal relationship of its water resources, 
energy, and food resources. On the other hand, we can try 
to combine the ZSG-DEA model with other quantitative 
models to study WEF nexus, such as system dynamics and 
full life cycle assessment model.
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