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Abstract: Research on the Yellow River Basin’s virtual water is not only beneficial for rational water
resource regulation and allocation, but it is also a crucial means of relieving the pressures of a shortage
of water resources. The water stress index and pull coefficient have been introduced to calculate
the implied virtual water from intraregional and interregional trade in the Yellow River Basin on
the basis of a multi-regional input–output model; a systematic study of virtual water flow has been
conducted. The analysis illustrated that: (1) Agriculture is the leading sector in terms of virtual
water input and output among all provinces in the Yellow River Basin, which explains the high
usage. Therefore, it is important to note that the agricultural sector needs to improve its water
efficiency. In addition to agriculture, virtual water is mainly exported through supply companies in
the upper reaches; the middle reaches mainly output services and the transportation industry, and the
lower reaches mainly output to the manufacturing industry. Significant differences exist in the pull
coefficients of the same sectors in different provinces (regions). The average pull coefficients of the
manufacturing, mining, and construction industries are large, so it is necessary to formulate stricter
water use policies. (2) The whole basin is in a state of virtual net water input, that is, throughout
the region. The Henan, Shandong, Shanxi, Shaanxi, and Qinghai Provinces, which are relatively
short of water, import virtual water to relieve local water pressures. However, in the Gansu Province
and the Ningxia Autonomous Region, where water resources are not abundant, continuous virtual
water output will exacerbate the local resource shortage. (3) The Yellow River Basin’s virtual water
resources have obvious geographical distribution characteristics. The cross-provincial trade volume
in the downstream area is high; the virtual water trade volume in the upstream area is low, as it
is in the midstream and downstream areas; the trade relationship is insufficient. The Henan and
Shandong Provinces are located in the dominant flow direction of Yellow River Basin’s virtual water,
while Gansu and Inner Mongolia are at the major water sources. Trade exchanges between the
midstream and downstream and the upstream should be strengthened. Therefore, the utilization of
water resources should be planned nationwide to reduce water pressures, and policymakers should
improve the performance of agricultural water use within the Yellow River Basin and change the
main trade industries according to the resource advantages and water resources situation of each
of them.

Keywords: virtual water flow; multiregional input–output model; pull index; water stress index;
Yellow River Basin

1. Introduction

Water is not only a necessary and irreplaceable resource for social and economic devel-
opment [1–3], but it is also a vital element of the environment, essential for global sustain-
able development [4–6]. Water resources mainly refer to freshwater resources on land [5,7],
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with the total amount of freshwater available for human use accounting for only 0.3%
of all freshwater. Since the 1990s, global water resources have been deteriorating [8–10].
About 1.5 billion people, accounting for 40% of the global population, in 80 countries and
regions are suffering from a shortage of freshwater [11,12], and about 300 million from
26 countries are in an extreme water-shortage state [13–15]. Agricultural development
will be especially hindered, and world food security will be compromised as a result of
water shortages [16,17]. Globally, industrial water consumes approximately 20% of the
total freshwater [18]; the shortage of water resources may lead to industrial shutdowns and
limit production [19]. In addition, the destruction of ecosystems and biodiversity due to
the water crisis will pose serious threats to human survival [20–22].

In terms of countries with water shortages, China is one of them [23,24]. Currently,
China only possesses 6% of the global water resources [25], followed by Brazil, Russia, and
Canada [26]. Nevertheless, China has a per capita water resource of only 2300 m3 [27],
making it one of the most water-scarce countries in the world [28,29]. The unbalanced
distribution of water resources is currently one of the biggest obstacles to promoting sus-
tainable development in China [23,24]. There are significant differences in the distribution
of water resources between North and South China [30–32]. For example, the Yellow River
Basin covers an area of 795,000 km2 [33], accounting for only 44.2% of the Yangtze River
Basin [27]. At present, the per capita water resources of 6 provinces (regions) in China are
less than 500 m3, and water from the Yellow River Basin serves two-thirds of these provinces
(regions) (Ningxia Autonomous Region, Henan Province, Shanxi Province, and Shandong
Province) [34]; the shortage of water resources has become a major restricting factor for the
Yellow River Basin’s high-quality development [35,36], posing quite a severe challenge to
the construction of an ecological civilization and regional sustainable development [37,38].
The Yellow River Basin provides important water-resource support for China’s granary
and national energy security, and it is tasked with supplying water to Hebei, Tianjin, the
Jiaodong Peninsula, and other basins. The Yellow River Basin, which accounts for 2% of
the river runoff in China, supports the water demands of 12% of the population and 17%
of the arable land in China, and it plays a decisive role in the overall economic and social
development. Therefore, quantifying the flow laws and operation trends of water resources
used in economy and trade will have important theoretical value, and enhancing the Yellow
River Basin’s intensive water usage is of practical significance [39–41], as is promoting its
high-quality development in consideration of the water-resources carrying volume [42,43].

To better broaden the field of water research and find solutions for water scarcity
in arid regions, Allen [44] proposed the concept of virtual water in 1993. The concept of
virtual water illustrates that water resources, as a whole, required in various productions
reflect the real quantity of resources in various economic production activities [44]. Virtual
water has become one of the major methods for investigating regional water-resource
issues [45]. Currently, the main method for studying virtual water is the input–output
method, which can analyze trade and flows in a wide range of industries, and it is widely
used by researchers globally [46–48]. Research on virtual water has multiple scales. First,
the calculation model of trade and usage is established through the method of input and
output, and then the volume of virtual water in any industrial sector is calculated [49,50].
Cegar [51] utilized the model discussed in this research to find both the indirect and the
direct volumes of virtual water in the economy of Croatia; the water volume mainly relies
on the processes of power generation and the utilization of the power processing output,
along with the chemical and petroleum sectors. Gkatsikos and Mattas [52] analyzed water
scarcity in Mediterranean countries and found that the agricultural sector dominated the
regional virtual water flux. By analyzing the water usage of each link in commodity supply
in China, Houyin et al. [53] found that the industrial sector was the core of indirect water
usage. In regard to the continuous input and output table of Liaoning Province from 2012
to 2018, Zhang et al. [54] illustrated that the outflow sector of virtual water in Liaoning
Province was mainly concentrated on primary and tertiary employment. Yang et al. [55]
and Fu et al. [56] utilized this model to investigate the virtual water trade between the
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Tarim River Basin and Hubei Province in China, finding that the volume used of virtual
water in the primary industry is much higher [32]. Zhang et al. [57] calculated both the
direct and total water input coefficients in Inner Mongolia in 2007, 2012, and 2015. The
research concluded that the direct and primary, secondary and tertiary total water input
coefficients of the industries show a downward trend, indicating that the tertiary industry’s
efficiency is constantly improving. Second, with the help of an input–output multi-regional
model, the virtual water flux is combined with the economic relations among regions, so
as to calculate the flow direction and usage of virtual water throughout all the regions.
Islam et al. [58] conducted a multi-regional input and output analysis of virtual and direct
water in 5 Australian capital cities and their surrounding areas, showing that the virtual
part from outside the Australian cities boundary was nearly 20 times that from inside
the urban boundary. Qasemipour et al. [59] assessed Iran’s virtual water flux via a multi-
regional input–output framework (MRIO). The results showed that there was no shortage
of water resources in the northern countries, and virtual water is imported through the
trade in various products, while areas with serious water shortages are net exporters of
virtual water. As pointed out by Dong et al. [60], Chen et al. [61], and Wang and Chen [62],
virtual water in China presents a flow pattern from the inland to the coastal areas, as
well as from the underdeveloped to the developed areas. Based on the analysis of water
trade between provinces and interprovincial flows in Northeast China, Zhang et al. [63]
suggested that Liaoning and Jilin Provinces have almost scarce water resources, and other
regions have the highest cumulative risk scores of virtual water-trade spillovers compared
with Liaoning Province. Third, with the increasing frequency of economic activities, virtual
water flow also has had a certain impact on the utilization of water resources. Some
scholars combine virtual water with water-resource utilization to study virtual water.
Wang et al. [64] assessed the water security in five countries in Central Asia, finding that
Tajikistan and Kyrgyzstan are relatively safe in terms of quantitative water-resource security,
while Uzbekistan is at risk. Zhang et al. [65] analyzed and calculated water-resource usage
efficiency in the Aral Sea region from 2000 to 2014. The results demonstrated that the Aral
Sea’s water region dropped by 60.28% from the original 28,119 m2 over those 15 years.
Through the accounting of virtual water in some areas of China, Zheng et al. [66] and
Wang et al. [67] found that the utilization structure of water resources in the study area
was unreasonable, and the utilization efficiency of water resources needed to be improved.
Other scholars have also conducted investigations from the perspective of water resource
pressures. For example, Rosales-Asensio E. et al. [68] noted the fact that the restrictions on
water resources in the Canary Islands of Spain led to the over-exploitation of aquifers and
wells, leading to the deterioration of water resources and the environment. De O et al. [9]
found that, due to the expansion of irrigation areas and urban populations in the Rio Verde
Grande Basin, Brazil, the availability of water resources was low, causing water-resource
conflicts to be triggered. Gohar A. et al. [69] studied the groundwater resources in Barbados
and concluded that, in order to protect the sustainability of aquifers, it was necessary
to formulate policies to restrict pumping, while economic welfare would be reduced
by a certain amount in a short time. The Chinese mainland, as the research area, was
comprehensively evaluated for its regional water-resource pressures using virtual water
flow by Sun et al. [70]. The results showed that the northeast and the Huang-Huai-Hai
regions in China are the largest producers of food and the biggest exporters of virtual water,
and the pressure of resource shortages is generally serious. Liu et al. [71] analyzed a water
pressure index of 11 administrative regions from 2000 to 2013, including Hebei Province,
China, where the demand and supply are in serious conflict. The results show that water
stress is mainly manifested at three levels: high, medium, and low. The aforementioned
studies generally argue that the shortage of water resources has become the main problem
affecting regional sustainable development.

According to the analysis above, it can be seen that: (1) With regard to virtual water, the
majority of the calculations focus on the use of a single regional or interprovincial industrial
sector, while flows are less often studied from a regional or industrial-sector perspective;
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(2) Some studies focus on the fair distribution of water resources across regions, but they fail
to fully combine the flow of virtual water with water resource management; (3) The research
on key economic regions is not deep enough, especially those with serious shortages. Most
studies focus on the virtual water in a single province in a basin; however, only a few
studies have investigated the flow of virtual water within and between the Yellow River’s
regions. The Belt and Road, the important node and the trade link between the Yellow
River and China, is gradually strengthening under the current situation of double-cycle
development in China. It is of great significance for water resource management strategy
to analyze and study the virtual flow pattern implied by the Yellow River Basin’s internal
and external trade.

To sum up, this paper takes the Yellow River regions as the object of this research,
along with the interregional input and output data of a total of 31 provinces (municipalities
and autonomous regions) domestically in 2015 and the water-usage data of 42 industrial
sectors, constructs a multi-regional input–output accounting framework of the Yellow River
Basin, and calculates the volume of virtual water trade within and between regions of the
Yellow River Basin, respectively. Moreover, the pull coefficient and water stress index are
introduced to further explore the coordination between the virtual water trade volume
and local resource carrying capacity in the Yellow River region, as well as providing more-
feasible policy suggestions for the management of the Yellow River region’s water resources.

In contrast to previous studies, the innovations of this paper are as follows: (1) Virtual
water flow is discussed from the perspective of internal and external regions and sectors,
which presents a theoretical basis for the formulation of systematic and rational regional
trade policies and industrial water policies; (2) The introduction of the water stress index
and pull coefficient to further investigate the dependence of the studied subject implied by
regional trade on water resources locally and the tie between various sectors have practical
significance for regions and sectors to formulate reasonable water-resource policies. This
study provides a systematic and reasonable industrial and trade policy framework for
optimizing the Yellow River region’s water resource allocations, promoting the protection
of the aquatic ecological environment and alleviating its resource pressures.

The rest of the article is structured as follows: Section 2 introduces the research field,
including the results and a virtual water analysis of an accounting framework regarding
multi-regional input–output data and data sources pertaining to the Yellow River Basin.
Section 3 presents the results and analysis. Section 4 puts forward a discussion, and
suggestions are made in the conclusion.

2. Methodology and Materials
2.1. Study Region

The Yellow River region covers seven provinces and two autonomous regions, includ-
ing the Shandong, Henan, Qinghai, Gansu, Sichuan, Shanxi, and Shaanxi Provinces, as well
as the Ningxia and Inner Mongolia Autonomous Regions. It is one of the largest economic
comprehensive zones in northern China [72,73]. According to the characteristics of the
Yellow River Basin, the nine provinces are divided into three regions: upstream, midstream,
and downstream [36,38,39] (Figure 1).

A total of 18.63% of the total domestic water resources came from the Yellow River
Basin in 2019, and China’s Yellow River Basin GDP accounted for 25.08% nationally. The
total quantity of water resources is basically balanced with the level of economic devel-
opment (Table 1). Yet, economic development and water resources in the Yellow River
Basin lack coordination. Upstream resources account for 82.32% of the basin’s total, while
the GDP accounts for only 32.04%; the total quantity of downstream water-resource usage
accounts for 6.72% of the Yellow River Basin, but it brings more than 50% of the GDP of
the whole basin. In terms of total water usage, excepting Sichuan Province, the provinces
(regions) located in the Yellow River Basin’s upper and middle reaches do not exceed
20 billion m3, and the downstream is much lower than the upstream. Therefore, encour-
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aging the rational movement of water between the Yellow River Basin and the rest of the
world is of paramount importance.

Figure 1. Locations of the upper, middle, and lower reaches of the Yellow River Basin (source:
Authors’ own calculation/conception, using ArcGIS 10.7 software (Environmental Systems Research
Institute, Inc., Taiyuan, China)).

Table 1. Water Resources and economic development of the Yellow River Basin in 2019 (source: China
Statistical Yearbook (2020) and China Water Resources Bulletin (2020).

Province (Region) Total Water
Resources/100 Million m3

Total Water
Consumption/100 Million m3

GDP/100 Million
Yuan

Upper reaches

Qinghai 919.30 26.20 2965.95
Gansu 325.90 110.00 8718.30

Ningxia 12.60 69.90 3748.48
Sichuan 2748.90 252.40 46,615.82

Inner Mongolia 447.90 190.90 17,212.53

Middle reaches
Shanxi 97.30 76.00 17,026.68
Shaanxi 495.30 92.60 25,793.17

Lower reaches
Shandong 195.20 225.30 71,067.53

Henan 168.60 237.80 54,259.20
The Yellow River Basin 5411.00 1281.10 247,407.66

Whole country 29,041.00 6021.20 986,515.20
Percentage of Yellow River Basin

in China 18.63% 21.28% 25.08%

Percentage of upper reaches in the
Yellow River Basin 82.32% 50.69% 32.04%

Percentage of middle reaches in the
Yellow River Basin 10.95% 13.16% 17.31%

Percentage of lower reaches in the
Yellow River Basin 6.72% 36.15% 50.66%

2.2. Multi-Regional Input–Output Virtual Water Accounting Framework of the Yellow River Basin
2.2.1. Single-Region Input–Output Model

Since Leontief [74] proposed the input–output method, scholars globally have widely
used this method due to its ability to analyze the direct and indirect usage of virtual water
in various industrial sectors and regions. This chart illustrates the direct and indirect
relationships between different regions and industries [75–77]. According to the input–
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output method, there is a balance between the output and usage of an economic system
as follows: 

x1
x2
...

xn

 =


z11 z12 · · · z1n
z21 z22 · · · z2n

...
...

. . .
...

zn1 zn2 · · · znn




1
1
...
1

+


f1
f2
...
fn

 (1)

where xr
i is the total output of sector i in region r, zij is the intermediate input provided by

sector i to sector j, and fi is the final use of sector i.
The direct input coefficient aij reflects the number of products and/or services directly

consumed by each product per unit of complete output in the process and operation process
of a product sector. Its calculation formula is:

aij = zij/xj (2)

where xj is the total output of sector j.
Therefore, Equation (1) can be rewritten as:

x1
x2
...

xn

 =


a11 a12 . . . a1n
a21 a22 . . . a2n
...

...
. . .

...
an1 an2 · · · ann




x1
x2
...

xn

+


f1
f2
...
fn

 (3)

2.2.2. Modeling of Yellow River Basin Inputs and Outputs on a Multi-Regional Scale

As is known to all, the multi-regional input–output method is able to connect the
economies inside and outside a region with virtual water flow [49]. Therefore, in this
paper, the calculation of provinces’ water usage was performed based on a multi-regional
input–output method of analysis (regions) in the Yellow River region. According to the flow
direction and geographical location characteristics of the Yellow River region, this paper
defines the Yellow River region’s 9 provinces (regions) as local and the other 22 provinces
(areas and cities) in China as foreign, leading to the construction of a multi-regional input–
output table of the Yellow River Basin in 2015 (Table 2), which includes 10 regions and
42 industrial sectors in each region. Figure 2 is the input–output flow chart of this study.

Table 2 shows the multi-regional inputs and outputs of the Yellow River Basin; the
balance of Regional r economic activities is:

xr
i =

10

∑
s=1

42

∑
j=1

ars
ij xs

j +
10

∑
s=1

f rs
i + er

i (4)

where xr
i is the total output of sector i in region r, ars

ij is the direct input coefficient, which
indicates the direct input of sector i in region r to the production unit product of sector s in
region j. f rs

i is the input of sector i in region r to the final demand of region s, and er
i is the

export volume of sector i in region r.
Equation (4) is expressed by the matrix as:

Xr = Ars + Frs + Er (5)

Additionally, Equation (5) is appropriately reformed to obtain the multi-regional
input–output model of the Yellow River Basin:

Xr = (I − Ars)−1(Frs + Er) = L(Frs + Er) (6)
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Among them,

L = (I − Ars)−1 =


q11 q12 . . . q1,10

q21 q22 . . . q2,10

...
...

. . .
...

q10,1 q10,2 . . . q10,10

 (7)

where Xr is the total output matrix, I represents the identity matrix, and Ars means the
direct input coefficient matrix. Frs and Er mean the end-use matrix and export matrix,
respectively. L = (I − Ars)−1 is the Leontief inverse matrix, and the element lrs

ij in the
matrix donates the total output per unit product provided by sector i in region r to sector j
in region s, where the regional direct water uses coefficient matrix Y, expressed as:

Y =
[
y1, y2, · · · , y10

]
(8)

The complete water usage coefficient matrix Q is:

Q = YL = Y(I − Ars)−1 =


q11 q12 . . . q1,10

q21 q22 . . . q2,10

...
...

. . .
...

q10,1 q10,2 . . . q10,10

 (9)

where the element qrs is the total usage of r area consumed by each sector in s area.

Figure 2. Model structure of virtual-flow-driving mechanism in the Yellow River Basin.
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Table 2. Summary table of multi-regional input–output in the Yellow River Basin.

Item

Intermediate Use Final Demand

Export
Total

Output

Qinghai . . . Henan Other
Regions Qinghai

. . .
Henan

Other
RegionsSector1

. . .
Sector42

. . .
Sector1

. . .
Sector42

Sector1
. . .

Sector42

Intermediate
input

Qinghai
Sector1

z1,1
1,1

. . .
z1,1

1,42

. . .
z1,9

1,1
. . .

z1,9
1,42

z1,10
1,1
. . .

z1,10
1,42

f 1
1,1

. . .
f 9
1,1

f 1,10
1 e1

1 X1
1

. . . . . . . . . . . . . . . . . . . . . . . . . . .

Sector42
z1,1

42,1
. . .

z1,1
42,42

. . .
z1,9

42,1
. . .

z1,9
42,42

z1,10
42,1
. . .

z1,10
42,42

f 1,1
42
. . .
f 1,9
42

f 1,10
42 e1

42 X1
42

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Henan
Sector1

z9,1
1,1

. . .
z9,1

1,42

. . .
z9,9

1,1
. . .

z9,9
1,42

z9,10
1,1
. . .

z9,10
1,42

f 9,1
1
. . .
f 9,9
1

f 9,10
1 e9

1 X9
1

. . . . . . . . . . . . . . . . . . . . . . . . . . .

Sector42
z9,1

42,1
. . .

z9,1
42,42

. . .
z9,9

42,1
. . .

z9,9
42,42

z1,10
42,1
. . .

z9,10
42,42

f 9,1
42
. . .
f 9,9
42

f 9,10
42 e9

42 X9
42

2.2.3. Estimation of Virtual Water Trade Flow

According to the multi-regional input–output model of the Yellow River Basin, the
virtual water trade flow among the nine provinces (regions) can be calculated as follows:

VWTrs =
9
Σ

i=1
qis f is (10)

The virtual water trade flow between the 9 provinces (regions) in the Yellow River
region and other places is:

VWIS =
10
Σ

i=1
q10,i f is (11)

VWOr =
10
Σ

i=1
qri f i,10 (12)

where VWTrs is the virtual water trade flow from region r to region s in the Yellow River
region, VWTs is the virtual water input from other regions from the provinces in this region,
and VWOr is the virtual water output of provinces in this region to other regions.

2.2.4. Water Stress Index and Pull Coefficient

This study aims to determine the relationship between virtual water implied by
regional trade and local water-resource carrying capacity in the Yellow River region. Based
on the research results of Pfister et al. [78], this paper introduces the water stress index,
indicating the shortage of water resources in this region, and then analyzes the external
dependence of virtual water in each region. Synchronously, this research incorporated the
research of Hong et al. [79] and Boero R. et al. [80], using the pull coefficient to explain the
influence of the increase of water usage in a single sector on the water usage among all
sectors to reveal the virtual water flow law among all sectors in various regions.

The water stress index (WSI) is derived from the ratio of total freshwater extraction
to total available freshwater in this region annually [78,81]. This index can measure the
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degree of the lack of water in a region, thus measuring the external dependence of water
usage in the region [37,78,81]. The calculation formula is:

WSI =
1

1 + e−64∗WTA((1/0.01)−1)
(13)

The annual freshwater extraction is measured by the ratio of the WTA to the annual
freshwater supply of different types of users (industry, agriculture, and households) in the
region. It can be seen that WSI = [0, 1]. Referring to the research results of Pfister et al. [80],
when WSI is 0, it means there is no water stress, which indicates that water resources are
abundant; when WSI is 1, that is, the maximum water stress, it means that there is a serious
shortage of water resources. A water stress threshold of 0.5 is considered to be moderate.

The pull coefficient pr
i refers to the increased degree of water usage by all sectors when

the unit water usage of an industrial sector increases, which can be employed to reflect the
contribution degree of the water usage of a sector to the increase in the water usage of the
whole society. The calculation is as follows:

pr
i = qr

i /yr
i (14)

where, pr
i represents the pull coefficient of i industrial sector in region r, qr

i , and yr
i represents

the coefficient of total water usage and direct water usage coefficient of i industrial sector in
region r, respectively. It can be seen that, when pr

i ≥ 1, the closer the economic ties between
sectors are, and the closer the pull coefficient is to 1, and vice versa, the greater the pull
coefficient is.

2.3. Data Source and Processing

The input–output data of the Yellow River Basin applied in this paper are drawn from
the interregional input and output tables (42 sectors) of a total of 31 provinces (autonomous
regions and municipalities) domestically in 2015, as compiled by China Carbon Emission
Database [82]. The entire water usage dataset, GDP data, and the actual water usage of the
agricultural sector of each province (region) are all taken from China Statistical Yearbook.
The actual usage data of the industrial sector comes from the 2008 China Economic Census
Yearbook. Due to the age of the data, this paper takes the GDP growth rate from 2008
to 2015 as the growth rate of actual water usage, and obtains the water usage reported
in the China Statistical Yearbook in 2016. Considering the total industrial water usage of
each province (region), the total industrial water usage of each province (region) in 2015
was calculated [83–86].

In terms of the provincial (regional) water-resources bulletin, the actual water usage
of the service industry is the urban public water usage in each province. The water usage
of each subdivided service-industry sector is based on a proportion of output value along
with the domestic water usage of the residents [87,88]. According to the water usage data
of the actual industrial sectors of each province (region) in the Yellow River region and the
attributes of every industrial sector, and referring to the sector consolidation methods of
scholars such as Shi et al. [89] and Chen et al. [90], the 42 sectors in the input–output table
have been consolidated into 7 sectors (Table 3).

Table 3. Input–output table: Detailed list of 42 combined sectors.

Combined 7 Sectors Department Abbreviation

Agriculture AG
Mining MI

Water supply WA
Electricity and gas supply EL

Manufacturing MA
Construction CO

Services and transport ST
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3. Results and Analysis
3.1. Virtual Water Usage of Different Sectors in the Yellow River Basin
3.1.1. Analysis of Sectoral Water Usage Coefficient

Figure 3 shows the composition of the complete water usage coefficient of 7 industrial
sectors in the lower, middle, and upper reaches of the Yellow River. Within the Yellow
River Basin, it can be seen that certain differences exist in the total water usage coefficients
of a variety of industrial sectors. The total water usage coefficient is the largest in the
upstream area and the smallest in the downstream area. The combined upstream, middle,
and downstream water usage coefficient of the water supply industry turns out to be the
highest, followed by that of agriculture. Specifically, the complete water usage coefficient
of the water supply in the upper reach’s industry is more than 1800 m3/10,000 RMB,
while that of agriculture in the upper and middle reaches is less than 1/5 of the water
supply industry. The complete water usage coefficient of other industrial sectors is small,
not exceeding 150 m3/10,000 RMB. In the upper reaches, the agricultural water usage
coefficient is the highest, close to 400 m3/10,000 RMB, while those of the middle and lower
reaches are less than 100 m3/10,000 RMB, indicating that in the industrial structure of the
Yellow River Basin, the upper reaches pay more attention to agricultural development than
the middle and lower reaches.

Figure 3. Water consumption coefficient in upper, middle, and lower reaches.

3.1.2. Volume of Trade in the Sector of Virtual Water

In all provinces (regions) of the Yellow River region, the virtual water input and
output of the industrial sectors was calculated (Figures 4 and 5), and the water flow varied
greatly among sectors. First of all, a substantial amount of virtual water is input into and
output from agricultural production within the region. It is the largest industrial sector in
input and output, accounting for more than 46%, which also determines that the Yellow
River Basin is in a state of serious water usage and low regional GDP. The virtual water
inputs of the manufacturing, electrical supply, water supply, construction, and service and
transportation sectors also account for a large proportion.

Nevertheless, except for manufacturing and service and transportation, there is no
corresponding virtual water volume output, indicating that the utilization ratio of virtual
water in these sectors is low and the utilization structure of water resources is unreasonable.
Secondly, the proportion of the mining industry sector in virtual water input and output is
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not high, which is related to the concept of ecological protection and transformation and
development strongly advocated by the state in recent years.

Figure 4. Trade structure of virtual water (%): (a) indicates the percentage of industrial sector output;
and (b) indicates the percentage of industrial sector input.

Figure 5. Pull Coefficient of different industrial sectors in different regions.

In terms of regions, in the upstream region, Sichuan Province is the only province
whose agricultural virtual water output accounts for less than 70%, only 48.10% of the
total, and water resources can be efficiently utilized under favorable circumstances. The
virtual water output of the service and transportation and mining industry sectors in
Sichuan Province accounts for 19.43%, which is the highest level in the Yellow River Basin,
indicating that the tertiary industry in Sichuan Province has frequent foreign exchanges.
This phenomenon is also one of the reasons for the high GDP and abundant water re-
sources in Sichuan Province. Gansu Province is the province with the largest proportion of
agricultural output, accounting for 88.14%.

However, the high water stress index in Gansu indicates that there is extreme water
scarcity in the area. Continuing to export a large number of water-intensive products will
make water resources in Gansu even more scarce. In addition to the agricultural sector, the
virtual water input sector in Qinghai Province is mainly concentrated on the electric power,
water supply, and service and transportation industries. The total proportion of virtual
water input in these 3 sectors is 48.65%, which is slightly higher than that in the agricultural
sector. Nonetheless, the GDP of Qinghai Province is not high, demonstrating that these
sectors have an insufficient utilization of virtual water. In the middle reaches, the province
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with the largest input of virtual water in the manufacturing industry is Shanxi Province,
but its sectoral virtual water output is less than the input, showing that Shanxi Province
has not effectively utilized virtual water input to develop the manufacturing industry.
Simultaneously, the virtual water output of the service and transportation industries in
Shanxi Province account for a large proportion, which can continue to develop. Shaanxi’s
agricultural virtual water output also accounts for a large proportion, second only to Gansu
Province. However, Shaanxi Province has less rain and more sunshine, poor vegetation
distribution, and a poor agricultural development environment.

A large proportion of agricultural virtual water output will aggravate the lack of water
resources in Shaanxi Province, as well as destroy the ecology’s overall coordination. In
the lower reaches, Shandong Province possess the leading input of agricultural virtual
water, which is also the province with the largest input of virtual water in the agricultural
sector of the whole Yellow River Basin, indicating that most of the input virtual water in
Shandong Province is used for agriculture, which is not conducive to the development of
other sectors. However, the output of virtual water in the manufacturing and service and
transportation sectors in Shandong Province accounts for 33.17%, making it quite easy to
create a higher GDP.

3.1.3. Pull Coefficient Analysis

The pull coefficient is used to further analyze the contribution of the virtual water
of various sectors in the Yellow River region to the virtual water of the whole sector, and
subsequently evaluate the degree of connection between various sectors of the Yellow
River region’s virtual water. The pull coefficient of each industrial sector in every province
(region) of the Yellow River Basin is calculated through Formula (14) (Figure 5). As can be
seen, the agriculture and water supply sectors have the lowest pull coefficients among all of
the provinces (regions) in the Yellow River Basin, with values lower than 1.5, indicating that
the economic relationship between these sectors and other sectors is not close. The average
pull coefficients of the manufacturing, mining, and construction sectors is obviously greater
than that of other sectors, demonstrating that these three sectors have strong economic ties
with other sectors, and the increase of unit output in these sectors will require a great deal
of virtual water. From the perspective of regional differences, the pull coefficient of the
same sector in different provinces (regions) is also quite different. The pull coefficient of
the mining, manufacturing, and construction sectors in Inner Mongolia is the largest in
the whole Yellow River Basin, which is related to the coal-rich areas of Inner Mongolia.
In the future, it will be necessary to speed up the transformation of Inner Mongolia’s
resource-based economy, develop a green mining industry, and pay attention to ecological
and environmental protection. To alleviate the water shortage in this region, policymakers
ought to enhance the water efficiency of the mining industry and strengthen the virtual
water input of the manufacturing and construction industries. The pull coefficient of the
manufacturing industry in Sichuan, Shandong and Henan Provinces is also large because
these provinces mainly rely on the manufacturing industry to drive the rapid growth of the
GDP. At the same time, these provinces are virtual water export areas of the manufacturing
industry, thus the high value-added manufacturing industry should be developed. The pull
coefficient of the manufacturing industry in Ningxia and Qinghai Provinces is also relatively
large, but their GDPs lag far behind that of Shandong and Henan Provinces, indicating that
a large number of water resources are wasted in the manufacturing sectors in the Ningxia
Region and Qinghai Province. Therefore, the differences in the pull coefficients of all the
sectors in the same province (region) can be explained by the difference in the number of
employees in those sectors in terms of raw material input and production technology level.
When a sector operates in two different provinces (regions), its pull coefficient differs due
to the differences in water-use efficiency between the local and intermediate rivers.
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3.2. Regional Virtual Flow Pattern in the Yellow River Basin
3.2.1. Trade Volume of Virtual Water

The trade volume of each province (region) in the Yellow River region is calculated ac-
cording to the input–output multi-regional model of the Yellow River Basin (Figures 6–9). It
can be seen that the total input and output of virtual water in this region are 27.45 billion m3

and 18.64 billion m3, respectively, which are in a virtual water net input state, with a total
net input of 8.81 billion m3. The input of virtual water from the outside of this region is
2.61 times that of the local input, while the external virtual water flow is 1.45 times that of
this region, which leads to prominent conflicts between the demand and supply of water
resources, and that is not conducive to regional ecological balance. In general, the net
input areas importing from other places are mainly concentrated in the midstream and
downstream, and the net input virtual water accounts for 96.22% of the total net input of
virtual water, reflecting the lack of rationality of water-resource utilization in the region.
Among them, Ningxia, Gansu and Inner Mongolia are in the area of virtual water net
outflux, and the rest belong to the area of virtual water net influx.

Figure 6. Total virtual water flow of each province in the Yellow River Basin. Note: This figure only
shows the flow direction of virtual water trade flow greater than 104 m3.

Figure 7. Virtual water inflow of each province in the Yellow River Basin: (a) inflow from provinces
outside the Yellow River Basin; (b) inflow within the Yellow River Basin.
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Figure 8. Virtual water outflow of each province in the Yellow River Basin: (a) outflow into provinces
outside the Yellow River Basin; (b) outflow into the Yellow River Basin.

Figure 9. Virtual water trade of each province in the Yellow River Basin: (a) the total outflow of
virtual water; (b) the total inflow of virtual water.

3.2.2. Analysis of Virtual Water and Water-Resource Carrying Capacity

According to Formula (13), it is possible to calculate the water stress index of each
province (region) in this area. Except for Sichuan Province, which has a of WSI = 0.1, which
belongs to a region rich in water resources, the WSI of the other 8 provinces (regions) in this
region are between 0.6–1, which corresponds to regions that are seriously short of water
(Figure 10). Specifically, the WSI of Shandong and Shanxi Provinces are the maximum value
of 1, showing that the water shortage is serious, and a large amount of virtual water must
be input to alleviate the local water pressures, among which the net input of virtual water
in Shandong Province accounts for the largest proportion, and the external dependence
of virtual water is about 1/4. The WSI of Gansu and Ningxia Provinces are close to 1,
indicating that water resources are not abundant, but they output virtual water. The serious
disharmony between WSI and the virtual water trade will aggravate the shortage of local
water and further worsen the ecology. In regions with severe water stress, the lowest WSI
value is the 0.61 of Henan Province, but the net input of virtual water is second only to
Shandong Province, meaning that water resources are not fully utilized, and a large number
of water resources are wasted. There is little difference in the WSI of Inner Mongolia and
Shaanxi Province. However, Shaanxi Province is a virtual water net inflow area, which
can alleviate the pressure of insufficient local water resources. In the meanwhile, the Inner
Mongolian region should speed up its trade links with other regions to alleviate the water
pressure in this region, which would have vital practical significance for the sustainable
development of water resources and ecological protection. Sichuan Province is the only
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region in this region where the WSI is lower than 0.5, at only 0.10. Water resources in
Sichuan Province are quite abundant, but the net input virtual water accounts for 0.28%
of the virtual water. Therefore, the directors of Sichuan Province should appropriately
increase the output of virtual water, and increase trade links within and outside the region,
which is conducive to improving the water ecological balance in the region.

Figure 10. Virtual water external dependence and water stress index.

3.3. Virtual Flow Pattern in the Yellow River Basin

From the virtual water flow table of the Yellow River Basin (Figure 11), it can be seen
that the virtual water trade flow in the Yellow River Basin is closely related to geographical
location. In the upstream area, with the exception of Qingdao Province, the virtual water
output from other provinces in the Yellow River Basin is greater than the virtual water
input, which is in the net outflow area of internal virtual water. Among them, Gansu and
Inner Mongolia are the provinces with the largest net output of virtual water, and they
are the two major sources of virtual water in other provinces (regions) within the Yellow
River Basin. However, it should be noted that the WSI in Gansu Province is too high, and it
is easy to cause a water shortage and damage the ecological environment by excessively
providing virtual water to other provinces. The middle and lower reaches are virtual water
net input regions, and the virtual water net input of Shandong and Henan Provinces in the
lower reaches ranks among the top two in the region, which is consistent with the level of
economic development.

Virtual water trade between provinces in the upper reaches is not frequent, and
the province with the largest trade flow is Sichuan Province, which is conducive to its
good economic development. In the middle reaches, the trade volume of virtual water in
Shanxi and Shaanxi Provinces is less than 70 million m3, so the trade exchange needs to
be strengthened. The interprovincial virtual water-trade flow in the downstream region is
large, which is conducive to the common economic development of Shandong and Henan
Provinces. In addition to strong trade exchanges between the upper region of Sichuan and
Inner Mongolia, as well as the midstream and the upstream, the virtual water-trade flow
between other provinces in the upper reaches and the Shaanxi and Shanxi Provinces is
small, which is inconducive to economic exchanges and development.

The virtual water trade between the upstream and downstream areas mainly comes
from the virtual water output from Gansu and Inner Mongolia to Henan and Shandong
Provinces, of which the virtual water output from Gansu Province to the downstream
accounts for 63.2% of its total output. The virtual water trade exchanges in the middle and
lower reaches are also more frequent, and the virtual water flow basically flows from the
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middle reaches to the lower reaches. Therefore, it is necessary to strengthen the virtual
water trade exchange between the upper, middle, and lower reaches, and make use of the
downstream economy to drive the coordinated economic development of Qinghai, Ningxia,
Gansu, and Inner Mongolia, so as to achieve the aim of the rational utilization and common
development of water resources in all the regions and provinces of the Yellow River Basin.

Figure 11. Virtual water flow in the Yellow River Basin (100 million m3).

4. Discussion

Virtual water trade can promote economic ties between regions because the importa-
tion of virtual water will depend on the water resource endowment of export regions. With
increasingly greater implementation of the virtual water strategy, each region becomes in-
creasingly dependent on water resources in other regions [91,92]. Virtual water net import
is obviously affected by water resource endowment, and regions with good water resource
conditions tend to export virtual water to other regions [30,85]; this is also in line with the
theory of comparative advantage in trade. Our results show that the Yellow River Basin is a
virtual water net import region because the Yellow River Basin faces serious water shortage,
which also confirms that regions with poor water resources usually import virtual water to
relieve local water pressures [31]. From within the Yellow River Basin, the export status
of virtual water in Gansu Province and Ningxia Autonomous Region is in contradiction
with local water resource endowment. However, relevant studies [31,92–94] have also
shown that northern China, which is seriously short of water, still exports virtual water to
southern China through the grain trade, resulting in northern China becoming the main
export area of virtual water [95]. Therefore, the method of coordinating the management of
water resources in water-shortage areas is still an important research topic for the future.
Therefore, this paper puts forward measures for pricing and managing the water resources
in water-shortage areas, so as to stimulate the importation of water-intensive commodities
and reduce the pressures on local water resources.

The results of this study show that the unreasonable industrial structure in the Yellow
River Basin has led to the transfer of local water resources, and the agricultural sector
is the largest water-resource import and export sector (Figure 3), which is consistent
with the conclusions of relevant studies [96,97]. On the one hand, agriculture is a high
water-consumption industry [98], which consumes a lot of blue and green water resources
in the process of crop evapotranspiration [99]. Secondly, the Yellow River Basin is an
important grain production base in China. In 2020, the total grain output of the Yellow
River Basin reached 239 million tons, accounting for 35.6% of the total grain output in
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China. Farmland irrigation water consumption alone will reach about two-thirds of the
water consumption. The backwardness and lack of agricultural irrigation facilities will
further increase the consumption and waste of water resources [100]. In addition, the water
demands of various departments in a region often compete with one another, forming the
characteristics of virtual water trade between regions [72]. For example, the competition
between industrial water, service water, ecological environmental water, and agricultural
water is more prominent in the Yellow River basin where water resources are scarce. The
proportion of agriculture and water-intensive industries in the Yellow River Basin is very
high, and the phenomenon of “competing for water” between economic development
and ecological protection is very prominent, which is also consistent with the relevant
research conclusions [33,35,101]. On the other hand, from the perspective of external factors,
climate change may affect agricultural water use in various ways, especially through the
changes in temperature and precipitation and the intensification of the frequency and
degree of extreme climate events, which will significantly affect the available amount
and quality of agricultural water and thus crop-water demand. As a result, agriculture
is highly vulnerable to climatic conditions and natural disasters (such as droughts and
floods), which inevitably affect interregional food-trade and water-use plans [30,102].
Climate change will not only exacerbate water shortages, but also reduce crop yields,
thereby increasing the water footprint [103,104]. Therefore, in terms of agricultural water-
use performance management in the Yellow River Basin, combined with high standard
farmland construction, promoting large- and medium-sized irrigation areas, building
modern irrigation facilities and developing water-saving agricultural technology will
reduce water resource consumption. In addition, our recommendations include: optimizing
and adjusting the crop planting structures, determining the agricultural industrial structure
and planting structure according to local conditions, strictly controlling the planting area
of high water-consumption crops, expanding the planting proportion of water-saving and
drought-tolerant crops, selecting and promoting new varieties of drought tolerant crops,
appropriately implementing rotation fallow, actively developing rainwater harvesting and
irrigation, enhancing the capacity of water storage and moisture conservation, improving
water-use efficiency, and reducing waste.

In addition, related studies have shown that virtual water flow is closely related to
geographic distribution and economic development [105–107], which is also confirmed by
our study. The virtual water trade volume of Shandong and Henan in the lower reaches of
the Yellow River Basin is large, followed by Shanxi and Shaanxi in the middle reaches, and
the virtual water trade volume of Qinghai and Ningxia in the lower reaches is the smallest.
The advantages of opening to the outside world and strong agricultural development make
the virtual water trade volume of Shandong and Henan higher. Qinghai and Ningxia
in the downstream region are not only geographically remote, which is not conducive
to economic ties, but they also have no obvious industrial advantages. Therefore, the
momentum of cross-provincial virtual water flow between products is small. The study
also found that the virtual water trade volume of the manufacturing, electrical supply,
water supply, construction, and service and transportation industries is high, while the
virtual water trade volume of mining is low, which is closely related to the ecological
protection and “double carbon” strategic measures proposed by China in recent years.
Relevant studies also show that water for power generation is increasing year by year, and
the impact on scarce water resources in the basin is becoming more and more serious. In
addition, the manufacturing sector [78], construction sector, [108] and service sector [109]
are also key industries in the water-saving sector. Therefore, from the perspective of the
Yellow River Basin as a whole, strengthening trade links between economies can improve
water-use efficiency and optimize the water-use structure of key industries, which will be
an important way to alleviate the contradiction between the supply and demand of the
water resources of the Yellow River.

Distinguishing and calculating the virtual water flow of green water, blue water, and
gray water is helpful for accurately implementing management policy regarding water
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resources. Because calculating virtual water in this paper involves various industrial sectors
in nine regions or provinces of this region, considering the limitation of data acquisition and
the inconsistency of differential calculations, only the virtual water flow of blue water has
been calculated. The research results are important for formulating water resource policies,
but they still need to be further deepened. In addition, because the input–output table is
“competitive”, the distinction between domestic and international intermediate inputs is not
considered. Constructing a more accurate, interregional input–output table and considering
virtual water cross-border transfer in the region is the direction of further research.

5. Conclusions
5.1. Conclusions

The efficient and rational utilization of water resources is an essential part of protection
ecologically. Studying the virtual water usage and flow in water shortage areas is helpful
to obtaining an ideal water-resource allocation [110]. By constructing a multi-regional
input–output model of the Yellow River Basin, this paper calculates and analyzes the
virtual water trade and flow pattern of interregional and intraregional industrial sectors in
this region in 2015, and draws the following conclusions:

(1) The whole Yellow River region is in a net input state of virtual water. Among them,
the upstream areas—Gansu, Inner Mongolia, and Ningxia Province—are in the net
output provinces (regions), while the other six provinces belong to the virtual water
net input regions. Gansu’s virtual water input and output state is the most seri-
ously incompatible with the local water-resource carrying capacity among all the
provinces discussed.

(2) Agriculture is the largest import and export sector of all regions. In addition to
agriculture, the upstream region is sufficient in water resources. The main export
sector of virtual water is the water supply industry, and those for the middle- and
downstream regions are the services and transportation and manufacturing industries,
respectively. Obvious differences exist in the pull coefficients of the same sectors in
various provinces (regions). On the whole, the average pull coefficients of mining,
manufacturing, and construction are large. The water management of these sectors is
conducive to rapid water-resource regulation and rational utilization in this region.

(3) The virtual flow of the Yellow River Basin has obvious geographical distribution
characteristics. The trade volume of virtual water in the downstream region is large.
The volume of virtual water trade within the upper reaches is low, and the trade links
with the middle and lower reaches are insufficient. Henan and Shandong Provinces
are the main flow directions in the Yellow River Basin, and Gansu and Inner Mongolia
are the dominant virtual water sources.

5.2. Suggestions

From the perspective of planning the utilization of water resources nationwide, the
research findings suggest reducing water pressures and virtual water-flow imbalances. The
nationwide allocation of water resources and the rational use of precipitation in the territory
can not only prevent floods and droughts, but also bring a sufficient water supply to China’s
industrial and agricultural development and residents’ lives. It also has a certain value in
transportation and power generation. There is little difference between the topography of
North and South China, and water resources can be mobilized from north to south. The
Beijing–Hangzhou canal and the middle route of the South-to-North Water Transfer Project
are examples of the North–South distribution of water resources in China. In addition to
these two major projects, China can also carry out the large-scale networking of rivers,
lakes, and other water areas across the country to make them interconnected. In the case of
a flood in a certain place, the excess water could be transferred to another area with fewer
water resources. In the case of a drought in a certain place, the water resources of other
areas could be mobilized to supplement it, so as to avoid the waste of water resources and
maximize the utilization of water resources. According to the decision-making process and
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the deployment of water-resource management in China, the multi-functional properties
of water resources could be fully accomplished in the near future. Under the overall
framework of the distribution scheme of the available water supply of the Yellow River,
taking into account the ecological water demand, sediment transport volume, external
water transfer volume, and water-use structure of provinces along the Yellow River Basin,
a joint water-supply pattern of the Yangtze River and the Yellow River will be formed,
a dynamic water-distribution scheme of the Yellow River Basin will be constructed, the
water-right transfer and compensation system will be gradually improved, and the linkage
mechanism between water-use indicators and land indicators will be explored. This will
result in comprehensively coordinating the relationship between water, energy, and food;
limiting water use for fossil energy development; improving the utilization efficiency of
agricultural water resources; building a wind–water complementary power generation
system, and implementing the transmission, storage, and utilization of hydrogen energy
at normal temperatures and pressures. Ideally, water-scarce regions will import water-
intensive products to meet the production and consumption of the region, rather than
relying on local production, so as to protect the domestic water resources. In this case,
the water resources required by the whole production chain actually come from export to
import regions through interregional trade.

According to the research results mentioned above, this paper puts forward the
following suggestions in order to achieve the rational allocation of water resources:

(1) China should vigorously implement the ecological compensation policy of water
usage. Although the region is in the virtual water net input area as a whole, the
WSI of Gansu and Ningxia is high, which is seriously inconsistent with the virtual
water net output state. The utilization of water resources should be distributed
comprehensively throughout the country. By reducing the virtual water flow in
Gansu and Ningxia, the local ecological development and water resource allocation
balance can be protected. China should also appropriately increase the output of
virtual water in Sichuan and grasp the advantages of local green water resources.
Meanwhile, we recommend increasing the virtual water output from other surplus
provinces to Henan and Shandong Provinces, reducing the pressures of water outflow,
and ensuring local water safety and ecological security.

(2) All industry sectors should adhere to the principle of “determining production by
water”. The whole Yellow River Basin should develop water-saving agricultural
techniques, change the traditional mode of agricultural production, strictly control
the total water, and improve water-usage efficiency. The upper reaches of the Yellow
River Basin should enforce the technological innovation investment and water-use
efficiency, and the regional water-shortage situation should be alleviated by importing
water-intensive products to water-rich areas; The middle reaches should speed up
the transformation to a resource-based economy, develop water-saving industries,
and vigorously develop the service and transportation industry; The lower reaches
should speed up the development of high value-added manufacturing industries and
strengthen economic ties inside and outside the region.

(3) China should fully strengthen the exchanges and cooperation between the lower,
middle, and upper reaches, and actively explore the institutional mechanism of water
ecological protection. China should establish an internal, cooperative development
mechanism in this region with the goals of common economic development, water
conservation, and ecological protection. Through trade-oriented interprovincial coop-
eration, China should reduce the intermediate links of ineffective water use, make
the virtual water flow to the most needy regions and sectors, improve water sewage
efficiency, and drive economic development. China should also comprehensively
improve the interprovincial virtual water-trade flow, give full play to the economic
ties between the lower, middle, and upper reaches, and jointly realize the sustainable
development of the economy, as well as the ecological environment.



Int. J. Environ. Res. Public Health 2022, 19, 7345 20 of 24

Author Contributions: Conceptualization, X.L. and R.X.; methodology, X.L.; software, R.X.; valida-
tion, R.X. and X.L.; formal analysis, R.X.; investigation, R.X., X.L., P.G. and L.N.; data curation, W.L.;
writing—original draft preparation, R.X.; writing—review and editing, J.C. and Q.S.; visualization,
Q.S.; supervision, X.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
42001257 and Grant No. 71874119), the Philosophy and Social Sciences Research of Higher Learning
Institutions of Shanxi (Grant No. 20210115), the Shanxi Postgraduate Education Innovation Project
(Grant No. 2021Y571), and the Research Project of Social and Economic Statistics in Shanxi Province
(Grant No. KY2021113).

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to studies not involving humans or animals.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The input-output table data are from China’s carbon accounting database,
and the water use and GDP data can be obtained from China’s statistical yearbook.

Acknowledgments: We also thank our anonymous reviewers and the editor for their helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Abd Ellah, R.G. Water resources in Egypt and their challenges, Lake Nasser case study. Egypt J. Aqua. Res. 2020, 46, 1–12.

[CrossRef]
2. Fidélis, T.; Cardoso, A.S.; Riazi, F.; Miranda, A.C.; Abrantes, J.; Teles, F.; Roebeling, P.C. Policy narratives of circular economy in

the EU—Assessing the embeddedness of water and land in national action plans. J. Clean. Prod. 2021, 288, 125685. [CrossRef]
3. Kundzewicz, Z.W. Global freshwater resources for sustainable development. Ecohydrol. Hydrobiol. 2007, 7, 125–134. [CrossRef]
4. Karimidastenaei, Z.; Avellán, T.; Sadegh, M.; Kløve, B.; Haghighi, A.T. Unconventional water resources: Global opportunities and

challenges. Sci. Total Environ. 2022, 827, 154429. [CrossRef]
5. Vahidipour, M.; Raeisi, E.; van der Zee, S.E.A.T. Active saltwater intrusion of shrinking Bakhtegan -Thask Lakes in South Iran

threatens the freshwater resources of coastal aquifers. J. Hydrol.-Reg. Stud. 2021, 34, 100790. [CrossRef]
6. Li, R.; Wu, M.; Aleid, S.; Zhang, C.; Wang, W.; Wang, P. An integrated solar-driven system produces electricity with fresh water

and crops in arid regions. Cell Rep. Phys. Sci. 2022, 3, 100781. [CrossRef]
7. Alsulaili, A.; Alkandari, M.; Buqammaz, A. Assessing the impacts of meteorological factors on freshwater consumption in arid

regions and forecasting the freshwater demand. Environ. Technol. Innov. 2022, 25, 102099. [CrossRef]
8. Elbeih, S.F.; Madani, A.A.; Hagage, M. Groundwater deterioration in Akhmim District, Upper Egypt: A Remote Sensing and GIS

investigation approach. Egypt J. Remote. Sens. 2021, 24, 919–932. [CrossRef]
9. De, O.; Vieira, E.; Sandoval-Solis, S. Water resources sustainability index for a water-stressed basin in Brazil. J. Hydrol.-Reg. Stud.

2018, 19, 97–109.
10. Ercin, E. Overuse of Water Resources: Water Stress and the Implications for Food and Agriculture-ScienceDirect. Encycl. Food

Secur. Sustain. 2019, 1, 206–211.
11. Hemmat Esfe, M.; Toghraie, D. Numerical study on the effect of solar radiation intensity on the fresh water productivity of solar

still equipped with Thermoelectric Cooling System (TEC) for hot and dry areas of Semnan. Case Stud. Therm. Eng. 2022, 32,
101848. [CrossRef]

12. Muratoglu, A. Water footprint assessment within a catchment: A case study for Upper Tigris River Basin. Ecol. Indic. 2019, 106,
105467. [CrossRef]

13. Salehi, M. Global water shortage and potable water safety; Today’s concern and tomorrow’s crisis. Environ. Int. 2022, 158, 106936.
[CrossRef]

14. Ahmed, M.; Wiese, D.N. Short-term trends in Africa’s freshwater resources: Rates and drivers. Sci. Total. Environ. 2019, 695,
133843. [CrossRef]

15. Baluyot, J.C.; Reyes, E.M.; Velarde, M.C. Per- and polyfluoroalkyl substances (PFAS) as contaminants of emerging concern in
Asia’s freshwater resources. Environ. Res. 2021, 197, 111122. [CrossRef]

16. Baccour, S.; Albiac, J.; Kahil, T.; Esteban, E.; Crespo, D.; Dinar, A. Hydroeconomic modeling for assessing water scarcity and
agricultural pollution abatement policies in the Ebro River Basin, Spain. J. Clean. Prod. 2021, 327, 129459. [CrossRef]

17. Sabzevar, M.S.; Rezaei, A.; Khaleghi, B. Incremental adaptation strategies for agricultural water management under water scarcity
condition in Northeast Iran. Reg. Sustain. 2021, 2, 224–238. [CrossRef]

18. Li, K.; Hajar, S.; Ding, Z.; Dooling, T.; Wei, G.; Hu, C.; Zhang, Y.; Zhang, K. Dynamic optimization of input production factors for
urban industrial water supply and demand management. J. Environ. Manag. 2020, 270, 110807. [CrossRef]

http://doi.org/10.1016/j.ejar.2020.03.001
http://doi.org/10.1016/j.jclepro.2020.125685
http://doi.org/10.1016/S1642-3593(07)70178-7
http://doi.org/10.1016/j.scitotenv.2022.154429
http://doi.org/10.1016/j.ejrh.2021.100790
http://doi.org/10.1016/j.xcrp.2022.100781
http://doi.org/10.1016/j.eti.2021.102099
http://doi.org/10.1016/j.ejrs.2021.10.002
http://doi.org/10.1016/j.csite.2022.101848
http://doi.org/10.1016/j.ecolind.2019.105467
http://doi.org/10.1016/j.envint.2021.106936
http://doi.org/10.1016/j.scitotenv.2019.133843
http://doi.org/10.1016/j.envres.2021.111122
http://doi.org/10.1016/j.jclepro.2021.129459
http://doi.org/10.1016/j.regsus.2021.11.003
http://doi.org/10.1016/j.jenvman.2020.110807


Int. J. Environ. Res. Public Health 2022, 19, 7345 21 of 24

19. Murali, S.; Krishnan, V.S.; Amulya, P.R.; Alfiya, P.V.; Delfiya, D.S.A.; Samuel, M.P. Energy and water consumption pattern in
seafood processing industries and its optimization methodologies. Clean Eng. Technol. 2021, 4, 100242. [CrossRef]

20. Karandish, F.; Hogeboom, R.J.; Hoekstra, A.Y. Physical versus virtual water transfers to overcome local water shortages:
A comparative analysis of impacts. Adv. Water Resour. 2021, 147, 103811. [CrossRef]

21. Adrielly Nahomee, R.Á.; de Fátima, M.S.G.; Mota Idalia, F.D.L.; Francisca Irene, S.A. Reaching sustainability through a smart
water crisis-proof industry. Process Comput. Sci. 2021, 180, 86–92. [CrossRef]

22. Li, X.; Zhang, L.; Zheng, Y.; Yang, D.; Wu, F.; Tian, Y.; Han, F.; Gao, B.; Li, H.; Zhang, Y.; et al. Novel hybrid coupling of
ecohydrology and socioeconomy at river basin scale: A watershed system model for the Heihe River basin. Environ. Modell. Softw.
2021, 141, 105058. [CrossRef]

23. Zhang, Y.; Deng, J.; Qin, B.; Zhu, G. Importance and vulnerability of lakes and reservoirs supporting drinking water in China.
Fund. Res. 2022, 1, 35. [CrossRef]

24. Cao, T.; Wang, S.; Chen, B. Water shortage risk transferred through interprovincial trade in Northeast China. Energy Procedia 2019,
158, 3865–3871. [CrossRef]

25. Mu, Y.; Li, X.; Guo, Y.; Liang, C.; Bai, J.; Linke, S.; Cui, B. Using climatic-geomorphological surrogates to identify complete and
incidental freshwater conservation gaps within large river basins in China. Glob. Ecol. Conserv. 2021, 30, e01744. [CrossRef]

26. Chen, C.; Jiang, Y.; Ye, Z.; Yang, Y.; Hou, L.A. Sustainably integrating desalination with solar power to overcome future freshwater
scarcity in China. Glob. Energy Intercon. 2019, 2, 98–113.

27. Li, D.; Zuo, Q.; Zhang, Z. A new assessment method of sustainable water resources utilization considering fair-ness-efficiency-
security: A case study of 31 provinces and cities in China. Sustain. Cities Soc. 2022, 81, 103839. [CrossRef]

28. Qin, J.; Ding, Y.; Zhao, Q.; Wang, S.; Chang, Y. Assessments on surface water resources and their vulnerability and adapta-bility
in China. Adv. Clim. Chang. Res. 2020, 11, 381–391. [CrossRef]

29. Liu, X.; Tan, T.; Bai, Y.; Chou, L. Restoration performance of regional soil and water resources in China based on index of coupling
and improved assessment tool. Alex. Eng. J. 2022, 61, 5677–5686. [CrossRef]

30. An, T.; Wang, L.; Gao, X.; Han, X.; Zhao, Y.; Lin, L.; Wu, P. Simulation of the virtual water flow pattern associated with
in-terprovincial grain trade and its impact on water resources stress in China. J. Clean. Prod. 2021, 288, 125670. [CrossRef]

31. Deng, J.; Li, C.; Wang, L.; Yu, S.; Zhang, X.; Wang, Z. The impact of water scarcity on Chinese inter-provincial virtual water trade.
Sustain. Prod. Consump. 2021, 28, 1699–1707. [CrossRef]

32. Lin, L.; Gao, X.; Zhao, Y.; Wang, L.; An, T.; Liu, C.; Qiao, Y.; Wu, P. Evaluation of the water consumption of animal products and
the virtual water flow pattern associated with interprovincial trade in China. J. Clean. Prod. 2021, 328, 129599. [CrossRef]

33. Gu, D.; Guo, J.; Fan, Y.; Zuo, Q.; Yu, L. Evaluating water-energy-food system of Yellow River basin based on type-2 fuzzy sets and
Pressure-State-Response model. Agr. Water Manag. 2022, 267, 107607. [CrossRef]

34. Li, X.; Zhang, X.; Wang, S. Managing conflicts and equitability in hierarchical decision making for water resources planning
under fuzzy uncertainty: A case study of Yellow River, China. J. Hydrol.-Reg. Stud. 2021, 38, 100963. [CrossRef]

35. Jiang, L.; Zuo, Q.; Ma, J.; Zhang, Z. Evaluation and prediction of the level of high-quality development: A case study of the
Yellow River Basin, China. Ecol. Indic. 2021, 129, 107994. [CrossRef]

36. Li, M.; Tian, Q.; Yu, Y.; Xu, Y.; Li, C. Virtual Water Trade in the Yellow River Economic Belt: A Multi-Regional Input-Output
Model. Water 2021, 13, 748. [CrossRef]

37. Fan, G.; Zhang, D.; Zhang, J.; Li, Z.; Sang, W.; Zhao, L.; Xu, M. Ecological environmental effects of Yellow River irrigation revealed
by isotope and ion hydrochemistry in the Yinchuan Plain, Northwest China. Ecol. Indic. 2022, 135, 108574. [CrossRef]

38. Chen, Y.; Zhu, M.; Lu, J.; Zhou, Q.; Ma, W. Evaluation of ecological city and analysis of obstacle factors under the background of
high-quality development: Taking cities in the Yellow River Basin as examples. Ecol. Indic. 2020, 118, 106771. [CrossRef]

39. Zuo, Q.; Guo, J.; Ma, J.; Cui, G.; Yang, R.; Yu, L. Assessment of regional-scale water resources carrying capacity based on fuzzy
multiple attribute decision-making and scenario simulation. Ecol. Indic. 2021, 130, 108034. [CrossRef]

40. Khorsandi, M.; Homayouni, S.; van Oel, P. The edge of the petri dish for a nation: Water resources carrying capacity as-sessment
for Iran. Sci. Total Environ. 2022, 817, 153038. [CrossRef]

41. Feng, K.; Siu, Y.L.; Guan, D.; Hubacek, K. Assessing regional virtual water flows and water footprints in the Yellow River Basin,
China: A consumption based approach. Appl. Geogr. 2012, 32, 691–701. [CrossRef]

42. Zhao, Y.; Wang, Y.; Wang, Y. Comprehensive evaluation and influencing factors of urban agglomeration water resources carrying
capacity. J. Clean. Prod. 2021, 288, 125097. [CrossRef]

43. Peng, T.; Deng, H.; Lin, Y.; Jin, Z. Assessment on water resources carrying capacity in karst areas by using an innovative DPESBRM
concept model and cloud model. Sci. Total Environ. 2021, 767, 144353. [CrossRef] [PubMed]

44. Allan, J.A. Fortunately There Are Substitutes for Water: Otherwise Our Hydropolitical Futures Would be Impossible. Priori-Ties
Water Res. Alloca. Manag. 1993, 13, 26.

45. Oreggioni, F.; Garcia, S.; Gomez, M.; Mejia, A. A machine learning model of virtual water networks over time. Adv. Water Resour.
2021, 147, 103819. [CrossRef]

46. Almazán-Gómez, M.A.; Duarte, R.; Langarita, R.; Sánchez-Chóliz, J. Effects of water re-allocation in the Ebro river basin:
A multiregional input-output and geographical analysis. J. Environ. Manag. 2019, 241, 645–657. [CrossRef]

47. Grazzini, J.; Spelta, A. An empirical analysis of the global input–output network and its evolution. Physica A 2022, 594, 126993.
[CrossRef]

http://doi.org/10.1016/j.clet.2021.100242
http://doi.org/10.1016/j.advwatres.2020.103811
http://doi.org/10.1016/j.procs.2021.01.132
http://doi.org/10.1016/j.envsoft.2021.105058
http://doi.org/10.1016/j.fmre.2022.01.035
http://doi.org/10.1016/j.egypro.2019.01.859
http://doi.org/10.1016/j.gecco.2021.e01744
http://doi.org/10.1016/j.scs.2022.103839
http://doi.org/10.1016/j.accre.2020.11.002
http://doi.org/10.1016/j.aej.2021.10.063
http://doi.org/10.1016/j.jclepro.2020.125670
http://doi.org/10.1016/j.spc.2021.09.006
http://doi.org/10.1016/j.jclepro.2021.129599
http://doi.org/10.1016/j.agwat.2022.107607
http://doi.org/10.1016/j.ejrh.2021.100963
http://doi.org/10.1016/j.ecolind.2021.107994
http://doi.org/10.3390/w13060748
http://doi.org/10.1016/j.ecolind.2022.108574
http://doi.org/10.1016/j.ecolind.2020.106771
http://doi.org/10.1016/j.ecolind.2021.108034
http://doi.org/10.1016/j.scitotenv.2022.153038
http://doi.org/10.1016/j.apgeog.2011.08.004
http://doi.org/10.1016/j.jclepro.2020.125097
http://doi.org/10.1016/j.scitotenv.2020.144353
http://www.ncbi.nlm.nih.gov/pubmed/33434832
http://doi.org/10.1016/j.advwatres.2020.103819
http://doi.org/10.1016/j.jenvman.2019.03.042
http://doi.org/10.1016/j.physa.2022.126993


Int. J. Environ. Res. Public Health 2022, 19, 7345 22 of 24

48. Sun, J.X.; Yin, Y.L.; Sun, S.K.; Wang, Y.B.; Yu, X.; Yan, K. Review on research status of virtual water: The perspective of ac-counting
methods, impact assessment and limitations. Agr. Water Manag. 2021, 243, 106407. [CrossRef]

49. Zhang, Y.; Hou, S.; Chen, S.; Long, H.; Liu, J.; Wang, J. Tracking flows and network dynamics of virtual water in electricity
transmission across China. Renew. Renew. Sustain. Energy Rev. 2021, 137, 110475. [CrossRef]

50. Garcia, S.; Mejia, A. Characterizing and modeling subnational virtual water networks of US agricultural and industrial commodity
flows. Adv. Water. Resour. 2019, 130, 314–324. [CrossRef]

51. Cegar, S. Water extended input-output analysis of the Croatian economy. J. Econ. Bus. 2020, 38, 147–182.
52. Gkatsikos, A.; Mattas, K. The Paradox of the Virtual Water Trade Balance in the Mediterranean Region. Sustainability 2021, 13,

2978. [CrossRef]
53. Houyin, L.; Yangting, O.; Hong, Z. Water footprint and virtual water flows embodied in China’s supply chain. Int. J. Logist. 2021,

25, 1–16. [CrossRef]
54. Zhang, Y.; Fu, Z.; Xie, Y.; Li, Z.; Liu, Y.; Zhang, B.; Guo, H. Dynamic metabolism network simulation for energy-water nexus

analysis: A case study of Liaoning Province, China. Sci. Total. Environ. 2021, 779, 146440. [CrossRef]
55. Yang, Y.; Liu, S.; Xiao, C.; Feng, C.; Li, C. Evaluating Cryospheric Water Withdrawal and Virtual Water Flows in Tarim River Basin

of China: An Input-Output Analysis. Sustainability 2021, 13, 7589. [CrossRef]
56. Fu, Y.; Huang, G.; Liu, L.; Li, J.; Pan, X. Multi-hierarchy virtual-water management–A Case Study of Hubei Province, China.

J. Clean. Prod. 2021, 293, 126244. [CrossRef]
57. Zhang, J.L.; Jiang, G.Q.; Yang, L.B.; Zhao, Y.T. Study on Virtual Water Consumption and Trade Based on Input-output Analysis in

Inner Mongolia. Water Res. Power 2018, 36, 52–54.
58. Islam, K.M.N.; Kenway, S.J.; Renouf, M.A.; Wiedmann, T.; Lam, K.L. A multi-regional input-output analysis of direct and virtual

urban water flows to reduce city water footprints in Australia. Sustain. Cities Soc. 2021, 75, 103236. [CrossRef]
59. Qasemipour, E.; Tarahomi, F.; Pahlow, M.; Malek, S.S.S.; Abbasi, A. Assessment of Virtual Water Flows in Iran Using a Multi-

Regional Input-Output Analysis. Sustainability 2020, 12, 7424. [CrossRef]
60. Dong, H.; Geng, Y.; Hao, D.; Yu, Y.; Chen, Y. Virtual water flow feature of water-rich province and the enlightenments: Case of

Yunnan in China. J. Clean. Prod. 2019, 235, 328–336. [CrossRef]
61. Chen, W.; Wu, S.; Lei, Y.; Li, S. China’s water footprint by province, and inter-provincial transfer of virtual water. Ecol. Indic. 2017,

74, 321–333. [CrossRef]
62. Wang, S.; Chen, B. Energy-water nexus of urban agglomeration based on multiregional input–output tables and ecological

network analysis: A case study of the Beijing–Tianjin–Hebei region. Appl. Energ. 2016, 178, 773–783. [CrossRef]
63. Zhang, W.; Fan, X.; Liu, Y.; Wang, S.; Chen, B. Spillover risk analysis of virtual water trade based on multi-regional in-put-output

model—A case study. J. Environ. Manag. 2020, 275, 111242. [CrossRef]
64. Wang, X.; Chen, Y.; Li, Z.; Fang, G.; Wang, Y. Development and utilization of water resources and assessment of water se-curity in

Central Asia. Agr. Water. Manag. 2020, 240, 106297. [CrossRef]
65. Zhang, J.; Chen, Y.; Li, Z.; Song, J.; Fang, G.; Li, Y.; Zhang, Q. Study on the utilization efficiency of land and water resources in the

Aral Sea Basin, Central Asia. Sustain. Cities Soc. 2019, 51, 101693. [CrossRef]
66. Zheng, X.; Huang, G.; Liu, L.; Zheng, B.; Zhang, X. A multi-source virtual water metabolism model for urban systems. J. Clean.

Prod. 2020, 275, 124107. [CrossRef]
67. Wang, Y.; Xian, C.; Jiang, Y.; Pan, X.; Ouyang, Z. Anthropogenic reactive nitrogen releases and gray water footprints in urban

water pollution evaluation: The case of Shenzhen City, China. Environ. Dev. Sustain. 2020, 22, 6343–6361. [CrossRef]
68. Rosales-Asensio, E.; García-Moya, F.J.; González-Martínez, A.; Borge-Diez, D.; de Simón-Martín, M. Stress mitigation of

conventional water resources in water-scarce areas through the use of renewable energy powered desalination plants: An
application to the Canary Islands. Energy Rep. 2020, 6, 124–135. [CrossRef]

69. Gohar, A.A.; Cashman, A.; Ward, F.A. Managing food and water security in Small Island States: New evidence from economic
modelling of climate stressed groundwater resources. J. Hydrol. 2019, 569, 239–251. [CrossRef]

70. Sun, S.; Wang, Y.; Engel, B.A.; Wu, P. Effects of virtual water flow on regional water resources stress: A case study of grain in
China. Sci. Total Environ. 2016, 550, 871–879. [CrossRef] [PubMed]

71. Liu, M.; Wei, J.; Wang, G.; Wang, F. Water resources stress assessment and risk early warning—A case of Hebei Province China.
Ecol. Indic. 2017, 73, 358–368. [CrossRef]

72. Yin, Y.L.; Sun, S.K.; Wang, Y.B.; Li, C.; Sun, J.X.; Wu, P.T. Impact of grain virtual water flow on surface water and ground-water in
China. Adv. Water Resour. 2021, 150, 103848. [CrossRef]

73. Liu, J.; Chen, X.; Shi, W.; Chen, P.; Zhang, Y.; Hu, J.; Dong, S.; Li, T. Tectonically controlled evolution of the Yellow River drainage
system in the Weihe region, North China: Constraints from sedimentation, mineralogy and geochemistry. J. Asian Earth. Sci. 2019,
179, 350–364. [CrossRef]

74. Leontief, W. Quantitative Input and Output Relations in the Economic Systems of the United States. Rev. Econ. Stat. 1936, 18,
105–125. [CrossRef]

75. Rocco, M.V.; Colombo, E. Evaluating energy embodied in national products through Input-Output analysis: Theoretical definition
and practical application of international trades treatment methods. J. Clean. Prod. 2016, 139, 1449–1462. [CrossRef]

76. Guo, J.; Zhang, Y.; Zhang, K. The key sectors for energy conservation and carbon emissions reduction in China: Evidence from
the input-output method. J. Clean. Prod. 2018, 179, 180–190. [CrossRef]

http://doi.org/10.1016/j.agwat.2020.106407
http://doi.org/10.1016/j.rser.2020.110475
http://doi.org/10.1016/j.advwatres.2019.06.013
http://doi.org/10.3390/su13052978
http://doi.org/10.1080/13675567.2021.1958304
http://doi.org/10.1016/j.scitotenv.2021.146440
http://doi.org/10.3390/su13147589
http://doi.org/10.1016/j.jclepro.2021.126244
http://doi.org/10.1016/j.scs.2021.103236
http://doi.org/10.3390/su12187424
http://doi.org/10.1016/j.jclepro.2019.06.305
http://doi.org/10.1016/j.ecolind.2016.11.037
http://doi.org/10.1016/j.apenergy.2016.06.112
http://doi.org/10.1016/j.jenvman.2020.111242
http://doi.org/10.1016/j.agwat.2020.106297
http://doi.org/10.1016/j.scs.2019.101693
http://doi.org/10.1016/j.jclepro.2020.124107
http://doi.org/10.1007/s10668-019-00482-6
http://doi.org/10.1016/j.egyr.2019.10.031
http://doi.org/10.1016/j.jhydrol.2018.12.008
http://doi.org/10.1016/j.scitotenv.2016.01.016
http://www.ncbi.nlm.nih.gov/pubmed/26851759
http://doi.org/10.1016/j.ecolind.2016.09.052
http://doi.org/10.1016/j.advwatres.2021.103848
http://doi.org/10.1016/j.jseaes.2019.05.008
http://doi.org/10.2307/1927837
http://doi.org/10.1016/j.jclepro.2016.09.026
http://doi.org/10.1016/j.jclepro.2018.01.080


Int. J. Environ. Res. Public Health 2022, 19, 7345 23 of 24

77. Richter, J.S.; Mendis, G.P.; Nies, L.; Sutherland, J.W. A method for economic input-output social impact analysis with ap-plication
to U.S. advanced manufacturing. J. Clean. Prod. 2019, 212, 302–312. [CrossRef]

78. Pfister, S.; Koehler, A.; Hellweg, S. Assessing the environmental impacts of freshwater consumption in LCA. Environ. Sci. Technol.
2009, 43, 4098–4104. [CrossRef]

79. Hong, S.; Wang, H.; Cheng, T. Analysis of water use characteristics in industrial sectors in Beijing based on an input-output
method. Water Sci. Technol. 2020, 20, 219–230. [CrossRef]

80. Boero, R.; Pasqualini, D. Regional water coefficients for U.S. industrial sectors. Water Resour. Ind. 2017, 18, 60–70. [CrossRef]
81. White, D.J.; Feng, K.; Sun, L.; Hubacek, K. A hydro-economic MRIO analysis of the Haihe River Basin’s water footprint and water

stress. Ecol. Model. 2015, 318, 157–167. [CrossRef]
82. Zheng, H.; Zhang, Z.; Wei, W.; Song, M.; Guan, D. Regional determinants of China’ consumption-based emissions in the economic

transition. Environ. Res. Lett. 2020, 15, 1748–9326. [CrossRef]
83. Zhang, K.; Lu, H.; Tian, P.; Guan, Y.; Kang, Y.; He, L.; Fan, X. Analysis of the relationship between water and energy in China

based on a multi-regional input-output method. J. Environ. Manag. 2022, 309, 114680. [CrossRef]
84. Wang, F.; Cai, B.; Hu, X.; Liu, Y.; Zhang, W. Exploring solutions to alleviate the regional water stress from virtual water flows in

China. Sci. Total Environ. 2021, 796, 148971. [CrossRef]
85. Liu, Z.; Huang, Q.; He, C.; Wang, C.; Wang, Y.; Li, K. Water-energy nexus within urban agglomeration: An assessment framework

combining the multiregional input-output model, virtual water, and embodied energy. Resour. Conserv. Recy. 2021, 164, 105113.
[CrossRef]

86. Gao, X.; Chen, Q.; Lu, S.; Wang, Y.; An, T.; Zhuo, L.; Wu, P. Impact of virtual water flow with the energy product transfer on
sustainable water resources utilization in the main coal-fired power energy bases of Northern China. Energy Procedia 2018, 152,
293–301. [CrossRef]

87. Zhang, S.; Taiebat, M.; Liu, Y.; Qu, S.; Liang, S.; Xu, M. Regional water footprints and interregional virtual water transfers in
China. J. Clean. Prod. 2019, 228, 1401–1412. [CrossRef]

88. Shao, L.; Guan, D.; Wu, Z.; Wang, P.; Chen, G.Q. Multi-scale input-output analysis of consumption-based water resources: Method
and application. J. Clean. Prod. 2017, 164, 338–346. [CrossRef]

89. Shi, C.; Zhan, J. An input–output table based analysis on the virtual water by sectors with the five northwest provinces in China.
Phys. Chem. Earth 2015, 79–82, 47–53. [CrossRef]

90. Chen, W.; Wu, S.; Lei, Y.; Li, S. Virtual water export and import in China’s foreign trade: A quantification using input-output
tables of China from 2000 to 2012. Resour. Conserv. Recy. 2018, 132, 278–290. [CrossRef]

91. Hirwa, H.; Peng, Y.; Zhang, Q.; Qiao, Y.; Leng, P.; Tian, C.; Yang, G.; Muhirwa, F.; Diop, S.; Kayiranga, A.; et al. Virtual water
transfers in Africa: Assessing topical condition of water scarcity, water savings, and policy implications. Sci. Total Environ. 2022,
835, 155343. [CrossRef] [PubMed]

92. Zhang, Y.; Li, J.; Tian, Y.; Deng, Y.; Xie, K. Virtual water flow associated with interprovincial coal transfer in China: Impacts and
suggestions for mitigation. J. Clean. Prod. 2021, 289, 125800. [CrossRef]

93. Xin, M.; Wang, J.; Xing, Z. Decline of virtual water inequality in China’s inter-provincial trade: An environmental economic
trade-off analysis. Sci. Total Environ. 2022, 806, 150524. [CrossRef] [PubMed]

94. Han, X.; Zhang, Y.; Wang, H.; Shi, H. Analyzing the driving mechanisms of grain virtual water flow based on the case of China’s
main grains. Environ. Sci. Policy. 2021, 124, 645–655. [CrossRef]

95. Han, X.; Zhao, Y.; Gao, X.; Jiang, S.; Lin, L.; An, T. Virtual water output intensifies the water scarcity in Northwest China: Current
situation, problem analysis and countermeasures. Sci. Total Environ. 2021, 765, 144276. [CrossRef]

96. Yin, Y.; Luan, X.; Sun, S.; Wang, Y.; Wu, P.; Wang, X. Environmental impact of grain virtual water flows in China: From 1997 to
2014. Agr. Water. Manag. 2021, 256, 107127. [CrossRef]

97. Liu, G.; Zhang, F.; Deng, X. Is virtual water trade beneficial for the water-deficient regions? New evidences from the Yellow River
Basin, China. J. Hydrol.-Reg. Stud. 2021, 38, 100964. [CrossRef]

98. Xia, W.; Chen, X.; Song, C.; Pérez-Carrera, A. Driving factors of virtual water in international grain trade: A study for belt and
road countries. Agr. Water. Manag. 2022, 262, 107441. [CrossRef]

99. Zhai, Y.; Bai, Y.; Shen, X.; Ji, C.; Zhang, T.; Hong, J. Can grain virtual water flow reduce environmental impacts? Evidence from
China. J. Clean. Prod. 2021, 314, 127970. [CrossRef]

100. Cao, X.; Cui, S.; Shu, R.; Wu, M. Misestimation of water saving in agricultural virtual water trade by not considering the role of
irrigation. Agr. Water. Manag. 2020, 241, 106355. [CrossRef]

101. Zhang, F.; Xuan, X.; He, Q. A water-energy nexus analysis to a sustainable transition path for Ji-shaped bend of the Yellow River,
China. Ecol. Inform. 2022, 68, 101578. [CrossRef]

102. Sun, J.; Sun, S.; Yin, Y.; Wang, Y.; Zhao, X.; Wu, P. Evaluating grain virtual water flow in China: Patterns and drivers from a
socio-hydrology perspective. J. Hydrol. 2022, 606, 127412. [CrossRef]

103. Arunrat, N.; Sereenonchai, S.; Hatano, R. Effects of fire on soil organic carbon, soil total nitrogen, and soil properties under
rotational shifting cultivation in northern Thailand. J. Environ. Manag. 2022, 302, 113978. [CrossRef]

104. Arunrat, N.; Sereenonchai, S.; Chaowiwat, W.; Wang, C. Climate change impact on major crop yield and water footprint under
CMIP6 climate projections in repeated drought and flood areas in Thailand. Sci. Total Environ. 2022, 807, 150741. [CrossRef]

http://doi.org/10.1016/j.jclepro.2018.12.032
http://doi.org/10.1021/es802423e
http://doi.org/10.2166/ws.2019.152
http://doi.org/10.1016/j.wri.2017.09.001
http://doi.org/10.1016/j.ecolmodel.2015.01.017
http://doi.org/10.1088/1748-9326/ab794f
http://doi.org/10.1016/j.jenvman.2022.114680
http://doi.org/10.1016/j.scitotenv.2021.148971
http://doi.org/10.1016/j.resconrec.2020.105113
http://doi.org/10.1016/j.egypro.2018.09.128
http://doi.org/10.1016/j.jclepro.2019.04.298
http://doi.org/10.1016/j.jclepro.2017.06.117
http://doi.org/10.1016/j.pce.2015.03.004
http://doi.org/10.1016/j.resconrec.2017.02.017
http://doi.org/10.1016/j.scitotenv.2022.155343
http://www.ncbi.nlm.nih.gov/pubmed/35489483
http://doi.org/10.1016/j.jclepro.2021.125800
http://doi.org/10.1016/j.scitotenv.2021.150524
http://www.ncbi.nlm.nih.gov/pubmed/34852433
http://doi.org/10.1016/j.envsci.2021.08.008
http://doi.org/10.1016/j.scitotenv.2020.144276
http://doi.org/10.1016/j.agwat.2021.107127
http://doi.org/10.1016/j.ejrh.2021.100964
http://doi.org/10.1016/j.agwat.2021.107441
http://doi.org/10.1016/j.jclepro.2021.127970
http://doi.org/10.1016/j.agwat.2020.106355
http://doi.org/10.1016/j.ecoinf.2022.101578
http://doi.org/10.1016/j.jhydrol.2021.127412
http://doi.org/10.1016/j.jenvman.2021.113978
http://doi.org/10.1016/j.scitotenv.2021.150741


Int. J. Environ. Res. Public Health 2022, 19, 7345 24 of 24

105. Thomas, M.; Robertson, J.; Fukai, S.; Peoples, M.B. The effect of timing and severity of water deficit on growth development,
yield accumulation and nitrogen fixation of mung bean. Field Crops Res. 2004, 86, 67–68. [CrossRef]

106. Chen, Y.; Huang, K.; Hu, J.; Yu, Y.; Wu, L.; Hu, T. Understanding the two-way virtual water transfer in urban agglomeration:
A new perspective from spillover-feedback effects. J. Clean. Prod. 2021, 310, 127495. [CrossRef]

107. Deng, G.; Lu, F.; Wu, L.; Xu, C. Social network analysis of virtual water trade among major countries in the world. Sci. Total
Environ. 2021, 753, 142043. [CrossRef]

108. Pomponi, F.; Stephan, A. Water, energy, and carbon dioxide footprints of the construction sector: A case study on developed and
developing economies. Water Res. 2021, 194, 116935. [CrossRef]

109. Khalkhali, M.; Dilkina, B.; Mo, W. The role of climate change and decentralization in urban water services: A dynamic en-ergy-
water nexus analysis. Water Res. 2021, 207, 117830. [CrossRef]

110. Qiao, R.; Li, H.; Han, H. Spatio-Temporal Coupling Coordination Analysis between Urbanization and Water Resource Car-rying
Capacity of the Provinces in the Yellow River Basin, China. Water 2021, 13, 376. [CrossRef]

http://doi.org/10.1016/S0378-4290(03)00120-5
http://doi.org/10.1016/j.jclepro.2021.127495
http://doi.org/10.1016/j.scitotenv.2020.142043
http://doi.org/10.1016/j.watres.2021.116935
http://doi.org/10.1016/j.watres.2021.117830
http://doi.org/10.3390/w13030376

	Introduction 
	Methodology and Materials 
	Study Region 
	Multi-Regional Input–Output Virtual Water Accounting Framework of the Yellow River Basin 
	Single-Region Input–Output Model 
	Modeling of Yellow River Basin Inputs and Outputs on a Multi-Regional Scale 
	Estimation of Virtual Water Trade Flow 
	Water Stress Index and Pull Coefficient 

	Data Source and Processing 

	Results and Analysis 
	Virtual Water Usage of Different Sectors in the Yellow River Basin 
	Analysis of Sectoral Water Usage Coefficient 
	Volume of Trade in the Sector of Virtual Water 
	Pull Coefficient Analysis 

	Regional Virtual Flow Pattern in the Yellow River Basin 
	Trade Volume of Virtual Water 
	Analysis of Virtual Water and Water-Resource Carrying Capacity 

	Virtual Flow Pattern in the Yellow River Basin 

	Discussion 
	Conclusions 
	Conclusions 
	Suggestions 

	References

