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Abstract: China faces severe water resource shortages due to the uneven distribution of water
resources and ever-increasing water demand driven by rapid industrialization and urbanization.
The virtual water trade (VWT) is a potential solution to conserve water resources by transferring
water from water-abundant/water-productive regions to water-scarce/less water-productive regions.
Based on the inter-provincial input-output model, the provincial VWT of China was estimated at
the sectoral level. The relationship of VWT with water resources in 30 provinces was analyzed
in relation to the water stress index (WSI). It was found that (1) total inter-provincial VW trade
showed a downward trend during the study period, with 363.91 km3 in 2002, 283.72 km3 in 2007, and
285.23 km3 in 2012. Overall, the primary industry dominated the VWT for most provinces. (2) China’s
virtual water flowed from the relatively underdeveloped central and western regions to the east
with a relatively developed economy from the inter-provincial level. This trend became increasingly
prominent. (3) In many instances, VW was transferred from water-poor to water-rich areas. These
results imply that China needs to improve its water use efficiency and optimize its regional industrial
structure. Additionally, establishing an ecological compensation mechanism is considered a valuable
measure for China to alleviate regional water resource pressure.

Keywords: virtual water trade; inter-provincial; sectoral analysis; water stress

1. Introduction

Water is an indispensable and strategic asset for ecosystem functions, human survival,
and socio-economic development [1]. Globally, water shortages are increasing in severity
due to climate change and human production activity [2–4]. China, the largest freshwater
consumer globally [5], also faces serious water resource shortages due to its ever-increasing
water demand driven by rapid industrialization and urbanization [6]. Meanwhile, water
endowment distribution is uneven in the country. Generally speaking, Southern China has
abundant water resources, while the Northern parts face scarcity [7]. Spatial redistribution
is a critical element of Chinese policy on water resources to alleviate uneven water resource
distribution [4].

Two different water redistribution options can be observed in China, i.e., actual and
virtual water transfers from one region to another. For example, through the South-North
Water Transfer Project, one of the world’s largest inter-watershed water diversion projects,
China aims to transfer ~45 cubic kilometers (km3) of water annually from Southern to
Northern China, costing over $77 billion by 2050 [8]. Despite the benefits of reducing
water stress in the water shortage areas, the project has considerable economic, ecological,
and environmental costs [4]. On the other hand, virtual water transfer [9] occurs through
regional trade, where products/services carry the water used in their production in the
virtual form. The virtual water trade (VWT) can save water resources if water is transferred
from water-abundant or more water-productive regions to water-scarce or less water-
productive regions [10,11].
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On a global scale, VWT can solve global water scarcity by allowing countries to
import water-intensive products from countries with more water resources. VWT can help
countries conserve their water resources and reduce their water footprint. For example,
VWT has helped save water globally [12], in Japan, Mexico, Egypt [13], Brazil, the USA,
and Argentina [14].

In recent years, several China-focused studies have evaluated VWT on different spatial
scales (see Appendix A Table A1 for a detailed literature review), such as cities [15,16],
provinces [17,18], basins [19–21] and multi-province level [22–26]. These studies have used
various methods, covering different periods, and have produced a variety of conclusions.
For example, several scholars used the multi-regional input-output (MRIO) model to
analyze inter-provincial VWT in China [6,27,28]. Some studies have also incorporated
the effects of VWT on the stress on local water resources, such as [25], who analyzed the
interprovincial food trade in 2012 combined with the water stress analysis. They found
that water moved from provinces with high water productivity and low water supply to
provinces with low water productivity but high water supply. Liu [24] used the MRIO
model to evaluate VWT among various provinces of China in 2007 and 2012 and found
that although VWT helps coastal provinces meet their total water demand, it may increase
water scarcity in provinces where water is already particularly scarce.

However, the existing studies on China’s internal VWT also have some limitations.
First, they used a single input-output model to analyze VWT for a region or partial sectoral
coverage like agricultural or cereal crops [4]. Nevertheless, a country’s economic and
administrative regions are interlinked, and changes in one region can produce ripple effects
in the whole country. The input-output of an individual region cannot determine the
specific sources and destinations of virtual water. Second, they analyzed interregional
VWT using the multi-regional input-output method without considering the impact of
VWT on local water resources using any measure of water stress (WS). Third, most studies
analyzed VWT for a single year without considering the evolution of VWT and WS over
time. To address these research gaps, we use the MRIO approach to analyze VWT for three
main sectors (see Appendix A Table A3 for the detailed classification of sectors) for China’s
provinces in 2002, 2007, and 2012. We also constructed the water stress index (WSI) for all
the provinces over the years to understand the relationship between VWT and local water
resources clearly.

Using the method described above, we can find changes in the VWT over time that
can provide important references for Chinese sustainable water resource use. In this
study, we address the following main questions: (1) How has the interprovincial VWT
evolved over the years in terms of the number of connections and volume of VWT? (2) Has
the interprovincial VWT moved in line with provincial water stress? (3) Which sectors
or provinces should be targeted to alleviate regional water pressure without harming
regional/sectoral production levels?

This study presents novel insights into China’s virtual water trade (VWT) by con-
ducting a comprehensive analysis across various spatial scales and periods, utilizing a
multi-regional input-output (MRIO) model. While previous studies have tackled this topic,
they often exhibit limitations. For instance, some studies focused solely on specific aspects,
such as grains [29], or restricted their analysis to certain years, like 2010 [30], 2007 and
2030 [31], or 2012 [32]. Additionally, some research was geographically limited, concentrat-
ing only on urban areas of the Yangtze River Delta [33] or solely on Beijing [34]. Moreover,
certain studies failed to incorporate considerations of water stress altogether [6,10]. In con-
trast, our study addresses these gaps by providing a more comprehensive and nuanced
analysis of VWT dynamics in China, incorporating the WSI, and offering insights across
various dimensions and timeframes. By addressing previous limitations and considering
the evolution of VWT and water stress over time, this study provides a more holistic
understanding of VWT dynamics in China, shedding light on the interlinkages between
regions and sectors in virtual water flows over time.
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The rest of the article is divided into four sections. Section 2 introduces the basic
methodology of the MRIO model and data used in this study. The results are presented in
Section 3 in three aspects: (i) virtual water trade at the industry level, (ii) VW trade at the
provincial level, and (iii) virtual water flows in relation to provincial water stress. Section 4
discusses the dynamics of the virtual water flow among China’s provinces. In Section 5, we
summarize the findings and suggest some policy implications.

2. Methodology and Data
2.1. Using the MRIO to Calculate Interprovincial Virtual Water Trade

The MRIO model, based on input-output analysis, was first proposed by Leontief [35]
and can efficiently trace the environmental impacts of consumption between sectors within
an economic region and between sub-regions [20]. Because of its ability to reflect the
direct and indirect connection of production activities in various industrial sectors in the
national economic system [36] and analyze the interdependencies of sectors in an economy,
this method has been widely used for the assessment of virtual water trade between
regions [22,31,37].

For the MRIO analysis framework used in this study, we first assume that the system
consists of m provinces, each containing n sectors. The mathematical structure of the
input-output model consists of (m × n) linear equations. According to the structure of the
model, the total input into production activities of each sector in province r is equal to its
total output, i.e., the total input of each sector is equal to the sum of the intermediate and
final uses and exports (the basic form of the interregional input-output model is shown in
Appendix A Table A2). The calculation equation is as follows:

Xr
i =

m

∑
s=1

n

∑
j=1

xrs
ij +

m

∑
s=1

Frs
i + Er

i (1)

where, Xr
i is the total input of sector i in province r. xrs

ij is the intermediate input provided
by sector i in province r to sector j in province s. Frs

i is the input for the final use of province
s from sector i in province r. Er

i is the international export of sector i from region r.
The direct input coefficient, ars

ij , refers to the direct input from sector i in province r
to sector j in province s in producing each unit of product. It can be calculated by using
Equation (2):

ars
ij =

xrs
ij

xs
j

(2)

Then, Equation (1) can be transformed into Equation (3) as:

Xr
i =

m

∑
s=1

n

∑
j=1

ars
ij xs

j +
m

∑
s=1

Frs
i + Er

i (3)

The matrix form of Equation (3) is:

X = AX + F + E (4)

Equation (4) is transformed to obtain:

X = (I − A)−1(F + E) (5)

where I is the identity matrix, and A is the direct intermediate input coefficients. In order
to convert the economic data into the corresponding water-related data, this study uses the
direct water consumption coefficient, W, which refers to the amount of water consumed
per unit of total output in a region. It is expressed as the ratio of water consumption to the
total output in each province and sector. The calculation equation is as follows:
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wr
i =

σr
i

xr
i

(6)

where, σr
i is the water consumption of sector i in province r. W = [w] is the row vector for

the direct water coefficient.
Based on the above information, the complete water consumption coefficient can be

obtained using the following equation:

Q = Ŵ(I − A)−1 (7)

Ŵ is the diagonal matrix of vector W.
Then, virtual water trade can be calculated by using Equation (8):

VWT = Ŵ(I − A)−1(F + E) (8)

where F is the matrix of final use.

2.2. Water Stress Index (WSI)

The environmental impact of water consumption varies greatly in each region by water
resource endowment [38]. Trade can potentially generate water savings when commodities
flow from regions with high productivity to regions with low productivity. However,
the water-saving generated from this trade may occur at the expense of increasing water
scarcity in exporting regions and exert a limited impact on water stress alleviation in the
importing regions [39]. Therefore, evaluating how VWT is connected with water stress
among the trading regions is crucial.

Previous studies have used several methods to calculate WSI, with different advan-
tages and drawbacks. For example, they estimated WSI just for the agricultural sector [40]
rather than the whole industry, presenting a partial picture of the stress on water resources.
Using data for one year to estimate the WSI for another year ignores the temporal variation
in water stress (as done by [25]), where they used 2007 data to estimate WSI in 2012).
In order to present a holistic analysis and incorporate temporal changes, we calculate
WSI covering all the sectors of the economy over 2002, 2007, and 2012 for every province
of China.

According to [30], WSI refers to water stress arising from water withdrawal from
available local water sources and can be calculated as:

WSI =
WU

Q
(9)

where WU is the local water withdrawal by agriculture, industry, and households. Q is
renewable freshwater availability. Based on existing work [31], we divide the value of
WSI into four levels: 0 < WSI ≤ 0.2, no stress; 0.2 < WSI ≤ 0.4, moderate stress;
0.4 < WSI ≤ 1, severe stress; WSI > 1, extreme stress. Being a ratio of two water volumes,
WSI does not have a unit.

2.3. Data

The 30 provinces we study include 22 provinces, four province-level metropolitans
(Beijing, Tianjin, Shanghai, and Chongqing), and four autonomous regions. Due to the lack
of relevant data, this study did not include Tibet, Taiwan, Hong Kong, and Macau. The
industry division is based on [31], where the primary industry comprises the agricultural
sector. The secondary industry covers industrial sectors, while the services sectors are
aggregated in the tertiary industry (see Appendix A Table A3 for the detailed aggregation
of sectors).

In this study, China’s regional I/O tables were obtained from [41–43]. These are the
most widely used and reliable data sets for China’s provincial MRIOs. However, there is a
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slight mismatch between the estimation methods used for 2002 and later years. Before 2003,
the primary industry classification (i.e., agriculture sector) did not include ‘agriculture,
forestry, animal husbandry, and fishery service industry’ and was added to the primary
industry in later years’ I/O tables. To account for this change, we estimate the proportion
of the ‘agriculture, forestry, animal husbandry, and fishery service industry’ in the primary
industry for 2003 and distribute it to the primary industry for each province in 2002. The
data for ‘agriculture, forestry, animal husbandry, and fishery services’ in various provinces
were obtained from the statistical yearbooks of the provinces.

The data for provincial water withdrawal are collected from [44]. Renewable freshwa-
ter availability for each province and water use data for agriculture are from the provincial-
level Water Resources Bulletins [45,46]. Due to limited data availability, we use industrial
withdrawal water as industrial water use. For water use data for the secondary and ter-
tiary industries, we estimated the proportion of water used in the secondary and tertiary
industries from [47]. Then, we regard the economic growth rate as a growth rate in water
use to get water use data for the secondary and tertiary industries for other years. This
relation is based on previous studies that have recognized a positive relation between water
consumption and economic growth (e.g., [48–50]).

3. Results
3.1. Virtual Water Trade in Three Industries

The computational analysis of virtual water trade (VWT) at the industry level reveals
intricate patterns and disparities across regions and years. Through Figure 1 and Supple-
mentary Materials (SM) Table S1, which showcases variations in virtual water outflows and
inflows, we gain insights into the significant role played by the primary industry in shaping
VWT dynamics. This dominance is particularly evident in regions like Inner Mongolia,
Gansu, Shandong, Jiangsu, and Shaanxi in 2002, where primary industry involvement
is prominent. However, by 2012, we observe a shift in top inflow regions to Shandong,
Zhejiang, Guangdong, Liaoning, and Beijing, reflecting changing economic activities and
trade dynamics.

Conversely, provinces with lower proportions of primary industry virtual water
inflows, such as Guangxi, Xinjiang, Jilin, Hunan, and Sichuan, are mainly situated in less
developed regions of western or southern China. This disparity underscores the unequal
distribution of economic activities and resource utilization across the country.

A deeper examination of virtual water outflows unveils a consistent trend of high
primary industry shares in regions with significant agricultural economies, primarily
located in western and southern China. For instance, Xinjiang’s consistent leadership
in primary industry virtual water outflows highlights its heavy reliance on agricultural
production, further emphasized by the substantial contribution of primary industry trade
to its GDP. On the other hand, regions like Shanghai, Jiangsu, and Beijing exhibit more
diversified economies with a lower reliance on agriculture but still show high shares of
primary industry in virtual water outflows, pointing to complex trade dynamics and
resource imbalances. Other studies, like [51], also found that agriculture represented 76% of
the virtual water inflows for Flagstaff City (Arizona).

The analysis further reveals spatial disparities in virtual water outflow ratios of sec-
ondary and tertiary industries, particularly in eastern coastal areas. Provinces like Shanghai
and Jiangsu stand out with high proportions of virtual water outflows attributed to sec-
ondary and tertiary industries, reflecting their well-developed industrial systems.

Surprisingly, provinces like Qinghai and Guizhou, despite being in less economically
developed regions, demonstrate substantial virtual water outflows from secondary and
tertiary industries. This suggests that economic landscapes are crucial in shaping VWT
dynamics, even in less developed regions.
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(b,d,f) are outflows in 2002, 2007 and 2012, respectively. The pie charts on top of the maps show the
proportion of three industries in outflow and inflow areas.

We observe lower proportions of virtual water outflows from secondary and tertiary
industries in economically less developed areas like Xinjiang, Inner Mongolia, and Jilin.
However, significant changes have been observed over the years, indicating evolving
economic structures and trade dynamics.
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Additionally, identifying eight provinces with significant virtual water outflows ex-
ceeding 6.22 km3, predominantly driven by primary industry contributions, underscores
the importance of industry composition in VWT. Xinjiang’s consistent leadership in virtual
water outflows highlights its reliance on primary industries, while provinces like Jiangsu
heavily rely on secondary industries for virtual water outflows. China’s inter-provincial
VWT is much larger than the VWT of 900 million m3 among the Nile Basin countries [52].

Furthermore, despite abundant rainfall in southern China, provinces in this region
demonstrate relatively lower virtual water outflows. However, primary industry virtual
water inflows remain relatively high in central-eastern provinces, reflecting changing trade
dynamics and economic priorities. Mayer [53] showed that many U.S. counties of the Great
Lakes basin, particularly rural ones, are net exporters of virtual water, especially in the
commercial and thermoelectric sectors.

In conclusion, the total VWT in the primary industry among all provinces shows a
downward trend, closely related to improvements in agricultural water efficiency. The total
national VWT of the secondary and tertiary industries has changed little over the years.

Overall, the analysis underscores the complex interplay of economic structures, trade
patterns, and regional disparities in shaping virtual water trade dynamics. These insights
are essential for formulating targeted water management policies and enhancing water
resource sustainability across regions and industries.

3.2. Provincial Virtual Water Trade

Total inter-provincial VWT shows a downward trend during the study period, with
363.91 km3 in 2002, 283.72 km3 in 2007, and 285.23 km3 in 2012. These results are similar to
the findings of other studies in China [27,46,54]. Rathore [55] also found decreasing VWT
among the US counties through cereal and milled grain products. The observed down-
ward trend in total inter-provincial virtual water trade over the study period highlights
changing dynamics in water resource utilization and trade patterns. Provincial production
and consumption structures vary widely in China due to differences in development and
endowments of various production factors, which lead to an active inter-provincial ex-
change of goods and services [6]. The volumes of VWT vary significantly across provinces
(Appendix A Figure A1). The VWT of a region consists of two parts: virtual water inflow
and virtual water outflow. Overall, economically developed areas (such as Beijing, Tianjin,
and Shanghai) account for a large proportion of VW inflow. They have many common fea-
tures, e.g., dense populations and highly developed economies with major manufacturing
hubs [27], and thus VW outflows of the secondary and tertiary industries account for a
large proportion of total VW outflow, and VW of the first industry has a large share in VW
inflow. The relatively underdeveloped areas mainly engaged in the primary industry are
the main sources of virtual water outflow. These areas have low GDPs, smaller populations,
and production scales.

The number and size of VW outflow and inflow connections among provinces have
also varied significantly over the years (Appendix A Figure A1). Xinjiang was the largest
source of VW outflow for Inner Mongolia (13.23 km3) in 2002, Shandong (2.66 km3) in 2007,
and again for Shandong (3.72 km3) in 2012. The provincial outflows of virtual water in
2002 were large while relatively small and almost the same magnitudes in 2007 and 2012.
Moreover, the virtual water outflow areas became more concentrated from 2002 to 2012
(Appendix A Figure A1). In 2002, for example, six provinces (i.e., Xinjiang, Guangxi,
Jilin, Inner-Mongolia, Hebei, Fujian) covered the top 10 virtual water outflow volumes.
This number was reduced to four provinces in 2007 (i.e., Xinjiang, Heilongjiang, Guangxi,
Hunan) and finally to two, i.e., Xinjiang and Heilongjiang, in 2012. These flows suggest
that Xinjiang and Heilongjiang gradually occupy an increasingly important position in
China’s virtual water outflow (Appendix A Figure A2). Xinjiang was one of the top
sources of virtual water outflow in 2002, 2007, and 2012, mainly because it engaged in
the production and trade of the primary industry. The provinces have the largest water
consumption in China, with more than 90% of VWT in the primary industry. This results
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from its dry climate, long sunshine duration, and low irrigation efficiency [4]. Like Xinjiang,
Heilongjiang is China’s largest commodity grain base [56], making it the second-largest
source of virtual water outflow.

Overall, these findings underscore the complex interplay between economic, environ-
mental, and regional factors in shaping virtual water trade dynamics in China, emphasizing
the need for targeted policies to promote sustainable water resource management and
reduce disparities across regions.

3.3. Virtual Water Flows Relative to Provincial Water Stress (WSI)

Our results show a noticeable difference between the water stress in different re-
gions and over the study period, with a downward trend overall in China (Figure 2 and
SM Tables S2–S5). Starting in 2002, we found 19 provinces with at least moderate water
stress (WSI > 0.2); i.e., they consumed more than the available annual renewable amount of
freshwater. Among them, seven provinces, i.e., Beijing, Tianjin, Hebei, Shanghai, Jiangsu,
Shandong, and Ningxia, had extreme water stress, with WSI > 1. In 2007, the number of
Chinese provinces with at least moderate water stress increased to 22, with six provinces
(Beijing, Tianjin, Hebei, Shanghai, Jiangsu, and Ningxia) showing extreme water stress. In
2012, 19 of the 30 Chinese provinces had at least moderate water stress, with three provinces
(Shanghai, Jiangsu, and Ningxia) showing extreme water stress. Although they belonged
to similar moderate or severe water stress categories, the WSI scores for most moderately
or severely stressed provinces decreased from 2002 to 2007 and 2012. Tianjin, Shandong,
and Hebei experienced the most significant drop in WSI between 2002 and 2012, showing
significant progress in these places. Meanwhile, the WSI for Ningxia, Xinjiang, and Henan
either remained the same or decreased very little during the same period.

Due to the inter-provincial VWT, a large amount of virtual water is transferred, and
existing studies have shown a pronounced increase in water stress in VW export areas due
to VWT [30,40]. Our results indicate that Xinjiang, Guangxi, Guangdong, Anhui, Inner
Mongolia, and Heilongjiang have been among the top ten VW exporters for three years.
These provinces have had at least moderate water stress, except Guangxi, which had no
water stress in the studied periods. Therefore, large VW outflows from Guangxi seem
more environmentally beneficial than those from the rest of the above provinces. Jiangsu
is another example of a major VW export region with extreme water stress in all three
years, yet it still exported significant volumes of VW: 11.08 km3 in 2007 and 11.39 km3 in
2012. A study on virtual water flows among US counties [55] showed that the number of
counties importing cereals and milled grains from water-scarce counties increased during
the study period.

Water stress can be attributed to different factors in different provinces. For example,
water stress in Inner Mongolia, Heilongjiang, Anhui, and Xinjiang might have increased
due to the virtual water export from these places. For Ningxia and Gansu, the moderate or
higher levels of WSI were due to water resource shortages. Our results show that WSI in
Ningxia is much higher than in other provinces (>6.5) for three years (several other studies
found similar results [24,54]). The reason is that the local water endowment in Ningxia
is extremely poor: the gross amount of water resources was only 1.04 km3 in 2007 and
1.08 km3 in 2012. Also, the temporal distribution of water resources in Ningxia is highly
uneven, with less annual precipitation and significant differences in annual precipitation.

Water stress can be alleviated in import regions due to virtual water import [23,24,29,39].
Without virtual water imports, places like Beijing, Tianjin, and Shanghai will likely face
more severe water stress. As shown in Figure 2, the water stress of Beijing and Tianjin
decreased year by year. However, water stress in Shanghai rose first during 2002–2007 and
then fell during 2007–2012. Our results also show that the inflow for Shanghai in 2007 was
the largest compared with 2002 and 2012. The reason was that water withdrawal was larger
in 2007 than in the other two periods. The water withdrawal of the secondary and tertiary
industries in Shanghai increased more than in Beijing and Tianjin, meaning the secondary
and tertiary industries developed rapidly from 2002 to 2007 (industrial water withdrawal
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increased by 0.88 km3 in Shanghai). In contrast, water withdrawal in Beijing and Tianjin
was relatively stable.
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Based on inter-provincial VW outflow and inflow, we also estimated the virtual water
net inflow and net outflow for each province (Figure 2c,f,i). Provinces in eastern China are
the leading net inflow areas, while Central and Western China provinces are the main net
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outflow areas. The overall trend of VWT in China indicates that VW is transferred from
water-poor areas to water-rich areas and from backward economic areas to economically
developed areas. This trend is harmful and unsustainable from a water and food security
perspective. A study in India [57] found that states with depleted groundwater reserves
accounted for 41% of cereal exports. Thirty-one out of 35 Indian states rely partly on
cereals from groundwater-depleted areas. It showed that interstate trade encourages the
production of less water-intensive crops but increases groundwater use slightly.

Our study unveils novel insights into virtual water trade (VWT) dynamics compared
to existing research, revealing significant regional shifts in the dominance of virtual wa-
ter inflow areas across provinces and industries over time. We highlight the impact of
industrial development on virtual water outflows, particularly in economically developed
regions like Shanghai and Jiangsu, emphasizing the fluctuating ratios of secondary and
tertiary industries. Furthermore, our analysis indicates a decline in VWT associated with
the primary industry, attributed to improvements in agricultural water efficiency, under-
scoring the correlation between water efficiency, economic growth, and changes in VWT
patterns. Examining inter-provincial VWT trends, we observe a downward trend over
the study period, reflecting evolving water resource utilization and trade patterns, with
certain provinces such as Xinjiang and Heilongjiang gaining prominence. Additionally, our
findings shed light on the complex relationship between water stress levels, virtual water
trade, and economic development, underscoring the importance of targeted policies for
sustainable water resource management and addressing regional disparities.

4. Discussion

With China’s worsening water shortage, VWT can be a vital mode to relieve regional
water stress within China. Although inter-regional VWT has received wide attention in
China [6,58–61], little attention has been paid to evaluating VWT over time, covering three
industries and in conjunction with the water stress indicator. Here, we quantify China’s
VWT at a provincial and industrial level using an MRIO model. We divided the national
economy into three industries and analyzed the evolution of VWT in 2002, 2007, and 2012.
We find that the primary industry’s virtual water accounts for more than half of VWT
(also found in previous studies like [5,46]). This is related to the primary industry’s water
consumption, which is consistently above 60% [28,62,63].

The spatial pattern of inter-regional VWT is largely inconsistent with the spatial
distribution of water endowment, similar to what other studies indicated [6]. The water-
abundant provinces in Southern China do not export much virtual water. Many studies
show that the driving mechanism of VWT depends on water endowments [27,64,65].
Therefore, water is not recognized as an important factor in China’s economic production
due to the meager cost of water utilization in most production [66]. Our results show
that the main flows are from water-poor areas to water-rich areas and from backward
areas to economically developed areas, which might be because land productivity is the
primary determinant of the pattern of VWT across major regions, with limited roles from
other resources such as water and labor endowments [67]. The value of the land can be
fully reflected in the product’s price, thus affecting the choice of production. Therefore,
inter-regional trade flows from land-rich, water-poor areas to land-poor, water-rich areas.
Other important drivers for inter-regional trade are the availability of fossil fuel resources,
differences in regional economic development, and consumption patterns.

Our study also shows that the eastern coast relied heavily on virtual water imports,
and this dependence severely affects the water shortage in the inland regions [22]. With
further economic development and urbanization in the future, their reliance might be
further strengthened. For example, as the biggest virtual water exporter, Xinjiang exported
a large volume of virtual water to other provinces, especially eastern coastal provinces,
such as Jiangsu, Zhejiang, Shanghai, and Jiangsu. This result is similar to the observations
in other studies like [4,22,39]. Future demand for virtual water could drive the outflow of
virtual water in Xinjiang, increasing water pressure in the province.
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Several limitations exist in our study, representing crucial future research directions.
First, our approach is based on an environment-extended input-output modeling frame-
work, which brings some inherent limitations. Since the input-output table was updated in
five years, we could only study until 2012. There is an unavoidable lag in temporal cover-
age, but the MRIO approach is still a common technical tool for calculating inter-regional
trade data. The unavailability of more recent datasets is a limitation of our work, which
could have provided further insights into current trends and developments. Second, de-
tailed data on China’s water consumption are limited. Employing a multivariate statistical
approach could be helpful in similar studies. However, using multivariate techniques is
beyond the scope of our current study. Future studies in this field can employ this method.
The WSI in this paper is calculated based on provincial administrative units, which ignores
the spatial heterogeneity of WSI in the province. It is important to note that more detailed
water consumption data at finer sectoral and regional disaggregation could significantly
strengthen the analysis and policy recommendations. The absence of uncertainty ranges
for the calculated inflow and outflow volumes is a limitation in our analysis, underscoring
the need for future studies to address this aspect.

5. Conclusions

This paper employs the MRIO approach to analyze China’s inter-provincial virtual
water trade (VWT) in 2002, 2007, and 2012 across three industries in relation to the water
stress index. The findings offer insights for optimizing water resource allocation in China.
Key findings include the dominance of the primary industry in VWT, with Shandong
(91%), Zhejiang (83%), Guangdong (82%), Liaoning (82%), and Beijing (82%) leading in
inflow shares in 2012 due to low water efficiency. Additionally, Xinjiang (98%), Guangxi
(88%), Ningxia (89.40%), and Qinghai (88.24%) emerge as major outflow regions for the
primary industry. The secondary and tertiary industries contribute significantly to virtual
water outflows from developed regions like Shanghai (average ratio 87.19%) and Jiangsu
(average ratio 51.45%) over 2002–2012. Furthermore, the study highlights the directional
flow of virtual water from less developed central and western regions to more developed
eastern regions, such as Beijing, Tianjin, and Shanghai. Lastly, the analysis underscores the
transfer of virtual water from high-water-pressure regions to low-water-pressure regions,
potentially exacerbating local water pressures in exporting regions.

6. Policy Suggestions

Based on our results, we recommend that it is crucial to promote water conservation
in all regions further. The government should set up special funds that can be used to
improve the utilization efficiency of water resources through technological upgrading
and production structure adjustment. Second, the regional industrial structure should be
optimized by combining ecological and economic benefits. Therefore, the low virtual water
exporting and water-rich areas (e.g., Jiangxi, Yunnan, Sichuan) should be encouraged to
export more VW. They can also expand primary industry production. While improving the
economy, these provinces can also fully use water resources.

Moreover, the high virtual exports and water-scarce areas (e.g., Xinjiang, Hebei, Inner-
Mongolia) should reduce high water consumption industries and use virtual water through
imports. The government can also establish an ecological compensation mechanism
through which virtual water inflow areas can provide some ecological compensation
to the outflow areas. The compensation recipient (usually developing provinces) can use
these funds to supplement water resources protection investment and actively promote
water-saving management to improve water efficiency. It can also stimulate compensation
suppliers (often developed provinces) to change consumption patterns and have a more
pro-environment consumption structure.
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Appendix A

Figure A1. Virtual water flows between Chinese provinces in 2002, 2007, and 2012. Numbers indicate
the volume of water in cubic kilometers, and the link color corresponds to the exporting province.

Figure A2. Cont.
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Figure A2. Virtual water flows of each industry in 2002, 2007, and 2012, (a) indicates the primary
industry, (b) indicates the secondary industry. (c) indicates the tertiary industry.

Table A1. A detailed literature review on China’s VWT.

Literature Target Region Year Methods Key Findings

City Level

[16] Beijing 2010 IOA Beijing’s total water demand comes mainly from more than 60% of domestic imports,
some from about 20% of foreign imports.

[15] Beijing 2002,
2007 SRIO

Beijing is a net virtual water importer. Furthermore, Beijing is advanced in water use
efficiency compared to other provinces in China. Adjustments in the industrial structure
should be prioritized.

Province level

[18] Yunnan 2007 MRIO
Yunnan is a net virtual water exporter with a value of 1.18 km3. Making use of its
advantage in green water, adjusting trade structure by considering provincial water
intensity is proposed when exporting.

[17] Liaoning 2007 SRIO Liaoning is a net water export region, although water shortages are becoming a more
serious concern. Therefore, industrial and trade structures should be adjusted.

Basin level

[21] Yellow river basin 2012 MRIO
VWT has exacerbated water shortages in the Yellow River basin. Therefore, exports
should be reduced, and an effective virtual water compensation mechanism should be
established.

[20] Haihe river basin 2007 MRIO, WSI

Haihe River Basin is a net water export region. While importing more virtual water from
the water-rich areas is desirable, caution needs to be taken when importing the virtual
water shortage, as the latter will cause greater water pressure in other water shortage
areas.

[19] Yellow river basin 2007 MRIO All three reaches (the upper, middle, and lower) are net virtual water exporters. The
lower reach should increase the import of water-intensive goods.

Multi-province level

[25] 30 provinces 2012 MRIO, WSI,
Cropwat

Water is moved from provinces with high water productivity but lacking water to
provinces with low water productivity but abundant water. An inter-provincial
compensation mechanism is established by taking blue water and gray water as the
primary water conservation.

[24] 30 provinces
2007,
2010,
2012

MRIO, WSI
Water use increased substantially from 2007–2012 due to greater shipment volumes of
water-intensive products. Policies on water distribution and protection are urgently
needed to consider the type of trade and water shortage.

[23] 31 provinces and
the rest of the world 2005

a general
equilibrium
welfare model
and linear
programming
optimization

Dry, irrigation-intensive provinces tend to export to wetter, less irrigation-intensive ones.

[22] 30 provinces 2007 MRIO
Consumption in highly developed coastal provinces largely relies on water resources in
the water-scarce northern provinces, such as Xinjiang, Hebei, and Inner Mongolia, thus
significantly contributing to the water scarcity in these regions.
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Table A2. The basic form of the interregional input-output model.

Intermediate Input Final Consumption Export Total Output

Province 1 . . . Province m Province 1 . . . Province m

S1 . . . Sn S1 . . . Sn

Intermediate
input

Province 1
S1 X11

11 . . . X11
1n . . . X1m

11 . . . X1m
1n F11

1 . . . F1m
1 E1

1 X1
1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sn X11

n1 . . . X11
nn . . . X1m

n1 . . . X1m
nn F11

n . . . F1m
n E1

n X1
n

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

Province m
S1 Xm1

11 . . . Xm1
1n . . . Xmm

11 . . . Xmm
1n Fm1

1 . . . Fmm
1 Em

1 Xm
1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sn Xm1

n1 . . . Xm1
nn . . . Xmm

n1 . . . Xmm
nn Fm1

n . . . Fmm
n Em

n Xm
n

Import IM1
1 . . . IM1

n . . . IMm
1 . . . IMm

n FM1 . . . FMm

Added value
Total input

V1
1 . . . V1

n . . . Vm
1 . . . Vm

n
X1

1 . . . X1
n . . . Xm

1 . . . Xm
n

Table A3. Classification of sectors in MRIO analysis.

Classification of Sectors with Three Industries Sector

The primary industry Agriculture

The secondary industry

Coal Mining and Dressing
Petroleum and Natural Gas Extraction
Metals Mining and Dressing
Nonmetal Minerals Mining and Dressing
Food and Tobacco Processing
Textile Industry
Garments, Leather, Furs, Down, and Related Products
Timber Processing and Furniture Manufacturing
Papermaking, Cultural, Educational, and Sports Articles
Petroleum Processing and Coking
Chemicals
Nonmetal Mineral Products
Smelting and Pressing of Metals
Metal Products
General and Specialized Machinery
Transportation Equipment
Electric Equipment and Machinery
Electronic and Telecommunications Equipment
Instruments, Meters, Cultural and Office Machinery
Other Manufacturing Products
Electricity and Heating Power Production and Supply
Gas and Water Production and Supply
Construction

The tertiary industry

Freight Transport and Warehousing
Wholesale and Retail Trade
Hotels, Food and Beverage Places
Real Estate and Social Services
Scientific Research
Other Services
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