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a b s t r a c t

With fast development of economy and trade globalization, the water resources system has undergone
profound changes due to the overconsumption of physical water and the complex virtual water flow.
China is poor in water and rich in arable land for the north, but rich in water and poor in arable land for
the south. The spatial mismatch of water and food production has posed a great threat to sustainable
development. To quantify the virtual water flow with grain trade and evaluate its influence on the
regional water resources system, this study simulated the interprovincial virtual water flow embedded in
grain transportation based on a linear optimization model and assessed the water pressure induced by
virtual water flow. Results show that the annual virtual water flow (as much as 73.46 billion m3 in 2012)
associated with interprovincial grain trade is mainly from the North to the South. The grain output areas
are mainly located in the Northeast, Northwest, and the North China Plain, while the grain input areas
are mainly distributed in the eastern and southern coastal provinces with well-developed economies.
According to the estimation, when China’s food demand reaches a peak of 650 million tons in 2030, the
virtual water flow will further increase and the volume of virtual water flowing out of Northeast China
will be up to 50 billion m3, accounting for 90% of the total virtual water flow. The increasing the virtual
water outflow in North China will severely exceed the local water resources capacity in the arid and
semi-arid areas and have an obvious negative impact on sustainable development in Northern China.
Further improving the water use efficiency, adjusting the structure of spatial grain production distri-
bution and physical-virtual water coupled management are effective countermeasures to ensure the
coordination safety of food and water in China.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Water and food security are important foundations of modern
social and economic development (Wang et al., 2019). Due to the
low per capita water consumption, water-related issues are one of
the severe challenges facing China’s current social development
Soil and Water Conservation,
Resources, Yangling, Shaanxi,
(Niva et al., 2020). China’s per capita water availability is approxi-
mately 2100 m3/year, which is a quarter of the global average (Liu
et al., 2020). Northern China supports 60% of the total area of
arable land and producesmore than 50% of the country’s wheat and
35% of the corn with only 6% of the total water resources (He et al.,
2019). Booming domestic and international trade has had a huge
impact on the region’s water systems because of virtual water
(Hanasaki et al., 2010). As a production link with high water con-
sumption and low economic benefits, grain production plays an
important role in the utilization of water resources, economic
development and social stability (Ibarrolarivas et al., 2017). Virtual
water strategies have changed the traditional thinking of solving

mailto:gaoxr@nwsuaf.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2020.125670&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2020.125670
https://doi.org/10.1016/j.jclepro.2020.125670


T. An, L. Wang, X. Gao et al. Journal of Cleaner Production 288 (2021) 125670
the water resource shortage problem by means of engineering
technology and built a bridge betweenwater resourcemanagement
and food security (Zhang et al., 2019). Virtual water has been
identified as a potentially useful concept for redistributing water
from water-rich to water-scarce areas, that is, indirectly through
economic linkages (Gao et al., 2019a).

However, the virtual water flow pattern associated with the
food trade in China presents a pattern of water flow from the north
(with severe water shortages) to the south (with abundant water
resources) (Zhuo et al., 2016). The amount of water embedded in
grain transported from the north to the south has increased from 9
billion m3 to more than 50 billion m3 per year from 1990 to 2016
(Sun et al., 2019). It can be predicted that with the acceleration of
urbanization, grain demand in developed regions (e.g., the south-
east coast of China) will increase due to the fast urbanization, and
the volume of virtual water transported from the North to the
South will continue to increase (Fu et al., 2018). The virtual water
flow pattern is not matched with the distribution of water re-
sources, which is the result of multiple factors such as the
mismatch of water and soil resources, economic development, and
population, which affects the sustainability of agricultural water
use (Wu et al., 2018). It is very important to clarify the pattern of
virtual water flow of grain, analyze the mechanism of regional
virtual water transfer, and optimize and regulate the pattern of
grain production and trade for the agricultural water security of the
social economy.

Virtual water was first proposed by the British scholar Tony
Allan (1993). It is a new concept for water resources management,
which can completely describe the consumption of water resources
in the production process and the transformation and flow process
of water resources with virtual water trade after it enters a com-
modity (Duarte et al., 2016). The virtual water concept provides a
new method to identify the crux of water problems in agricultural
production in different regions, periods and stages from a broader
perspective (Wu et al., 2019). Since the virtual water concept was
proposed, the scholars at home and abroad have carried out a
number of studies to map the virtual water flow patterns and
evaluate its impacts in different regions and products. Hoekstra and
Hung (2005) studied the virtual water flows involved in the trade of
food and animal products in more than 100 countries and regions
in 1995e1999, and found that 13% of the global agricultural water
flows between countries and regions in the form of virtual water
resources. Chapagain et al. (2006) showed that global virtual water
transfer water-saving amount brought by grain trade was as high as
385 billion m3. Antonelli et al. (2017) found that the EU is a net
importer of grain virtual water from the rest of the world, however,
intra-regional virtual water accounts for 46% of total imports and
75% of total exports. The volume of virtual water in EU had been
growing almost monotonously for years with a sharp increase since
2000. The overall trend of virtual water trade changes is inconsis-
tent with the goals of the Water Framework Directive. Lamastra
et al. (2017) studied the bilateral trade of agricultural products
between China and Italy and concluded that 91% of the virtual
water imports in Italy were related to crop products, while 95% of
the virtual water imports in China were related to animal products.
The authors suggested that agricultural products were generally
traded from regions with lowwater productivity to those with high
water productivity. Zhang et al. (2017) found that the proportion of
the gray water footprint of agricultural products exported from
China to Trans-Pacific partnership agreement (TPPA) countries is
approximately five times higher than that imported from TPPA
countries, which reflects the differences in agricultural technology.
Zhang et al. (2018) showed that agricultural trade with China is
undoubtedly beneficial to the countries along the Belt and Road and
China, promoting the allocation of water resources. The above
2

research data were obtained from the trade centers’ databases or
published reports. In China, many studies have quantified the do-
mestic virtual water trade and evaluated its impact. Zhao et al.
(2015) mapped virtual water flows among Chinese provinces in
2007 and 2030 and analyzed physical-virtual water effect on the
water stress in water-exporting regions of China. Feng et al. (2012)
evaluated the regional virtual water flow between the Yellow River
Basin and the rest of China and showed that all three sub-basins are
net virtual water exporters. Sun et al. (2016) research showed that
Northeast China and Huang-Huai-Hai Region are the main output
regions of agricultural virtual water in China, and virtual water flow
changes the original distribution of water resources and has a
significant impact on the water resources in both the input and
output regions. However, due to the difficulty in collecting the
interprovincial grain trade data, the methods of quantifying the
grain virtual flow remains challenging.

In the current research, the main method used to quantify the
virtual water trade patternwas to conduct input-output analysis on
water use using the multi-regional input-output model (MRIO)
(Feng et al., 2012). This method quantifies the virtual water trade
pattern among regions by establishing the relationship between
water use and total output in the section and using the industrial
economic correlation in the input-output table (Dong et al., 2014).
Sun and Liu (2019) used the MRIO and found that the total amount
of internal virtual water, the net input virtual water of international
trade, and the net export virtual water of interprovincial trade were
481.93 billion m3, 26.13 billion m3, and 80.16 billion m3, by MRIO in
2012. Moreover, interprovincial trade played a leading role in the
national virtual water trade. Based on detailed trade data, the
advantage of MRIO is that the results are reliable and close to the
real values. However, the multi-regional input-output table is
difficult to be obtained and of poor time resolution. In China, the
input-output table is always released by authorities every five
years. To date, the available input-output table data are as early as
2012. It is difficult to carry out the studies in recent years (e.g.,
2015e2020). Green water footprint, which accounts for a large
proportion of the water used by agricultural production, cannot be
calculated by MRIO. Compared with MRIO, the parameters of the
linear optimization model are easier to obtain. Ye et al. (2019) and
Wang et al. (2019) used a linear optimization model to optimize the
virtual water flow pattern, but their researches did not focus on the
quantification of the current virtual water flow pattern of social and
economic development. In addition, a few scholars have developed
some models to quantify virtual water flow of grain production
(Gao et al., 2019b; Sun et al., 2019; Wang et al., 2019). Using the
gravity method, Sun et al. (2019) calculated that the amount of
grain virtual water from north to south in China increased from
72.99 billion m3 in 1997 to 124.64 billion m3 in 2014, which
aggravated the water resource pressure, gray water footprint and
greenhouse gas emissions in the grain virtual water export areas.
Most currentmodels use distance as the only factor affecting virtual
water flow. But there are few researches on the impact considering
two or more factors to simulate the grain virtual water flow pat-
terns. It should be realized that, the selection of the influencing
factors is very important for accurately simulating interprovincial
grain virtual water flow in a specific year or in the future.

China, with 80% water resources in the South and 65% arable
land in the North, is facing a rigorous challenge due to the spatial
mismatch between water distribution and grain production to
make a balanced development of economy and ecosystem. In the
past decades, the North China played a prominent role in main-
taining national food security. In contrast, the lack of water re-
sources in this region poses a great threat to the sustainable
development. The quantitative analysis of the current pattern of
virtual water flow in grain is of great significance for evaluating the
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current virtual water flow with grain trade and planning the future
watermanagement strategy. However, due to the lack of grain trade
data among different provinces, the relevant researches on grain
virtual water flow are rarely carried out in China. This study inno-
vatively used the comprehensive cost of grain production and
transportation as the optimization objective, and attempted to
establish a linear optimization model to quantify the virtual water
flow of interprovincial grain trade. The main contents of this study
are (1) to construct a linear optimization model with the compre-
hensive cost of grain production and transportation as the opti-
mization goal to quantify the virtual water flow of inter-provincial
grain trade, so as to overcome the difficulties in data acquisition
and expand the scenario and scope of the application of the model;
(2) use the MRIO results as real values to verify the model simu-
lation results; (3) use the water stress index (WSI) to analyze the
effect of the virtual water flow pattern associated with interpro-
vincial grain trade, and predict the virtual water flow model of
grain in 2030. This study lays a foundation for the exploration of
sustainable water resources utilization in social and economic
systems based on the coordination management of physical water
and virtual water.

2. Methods and data

This section introduced the principle of the virtual water
simulating model, the calculation method of MRIO, the concept of
water stress indices and the specific data sources. A linear model
was constructed to quantify the flow pattern of virtual water, and
the result obtained byMRIOwas used as the real values to verify the
model. The effect of virtual water flow was evaluated by water
stress index (WSI) and assumed water stress index (WSI*). The
methods and the source of data used in this study are described in
the following four parts.

2.1. Simulation model of virtual water flow pattern

Since the latest obtained data for MRIO is in 2012, in order to
better verify the simulation results of the model, the simulation
time was set as 2012 in this study. The research area was the 30
provinces (except Taiwan, Hong Kong, Macao and Tibet due to data
limitation) of China corresponding to the MRIO. As China’s grain
production was larger than the total grain consumption in 2012,
domestic grain production could meet the domestic grain demand
overall. The research aimed at analyzing interprovincial grain trade,
deducting grain import and export trade, and quantifying the
amount and direction of virtual water trade flow among different
regions in China. Provinces were divided into grain deficit prov-
inces and grain surplus provinces according to their grain produc-
tion and consumption:

mi ¼ Pi � Ci (1)

where Pi is the mass of grain production in province i, and Ci is the
mass of grain consumption in province i.

When mi >0, province i is a grain surplus province, and its grain
surplus is:

Si ¼ Pi � Ci (2)

When mi <0, province i is a grain deficit province, and its grain
deficit is:

Di ¼Ci � Pi (3)

This method is also used to determine the provincial distribu-
tion of surplus and deficit of different grain varieties (rice, wheat or
3

corn). The corresponding data of grain production and consump-
tion need to be replaced during calculation.

The total cost of grain virtual water trade is divided into two
parts: grain production cost and transportation cost. This study
constructed a linear optimization model to simulate the virtual
water flow pattern with the optimization objective function of
minimizing the comprehensive cost of grain production and
transportation.

min Cost¼
XN
i¼1

X30�N

j¼1

xi;j �
�
Costci þCostti;j

�
(4)

where Cost is the sum cost of the grain production and trade
transportation among provinces; xi;j is the mass of grain transfer
from province ito province j; province i is the grain surplus prov-
ince; province j is the grain deficit province; N is the amount of
grain surplus province; 30-N is the amount of grain deficit prov-
ince; Costci is the unit cost of grain production in province i, and
Costti;j is the unit cost of grain transportation from province i to

province j.
The constraints of the model are as follows:

XN
i¼1

xi;j � Dj (5)

X30�N

j¼1

xi;j � Si (6)

xi;j � 0 (7)

Equation (5) is a demand constraint, which means that the total
mass of grain transported from other provinces to province j should
be greater than or equal to the mass of the grain deficit to meet the
grain demand in the deficit province. Equation (6) is a supply
constraint, which means that the total mass of grain transported to
other provinces in the grain surplus province should be less than or
equal to that province’s grain surplus and cannot exceed its own
supply capacity. Equation (7) is the restriction of variable symbol,
which represents that the trade data is positive from province ito
province j.

The Lingo Software (Linear Interactive and General Optimizer)
was first developed by Lindo System Inc. (Lindo Systems, Inc., 2020)
in USA, which can be used to solve linear and nonlinear program-
ming. Run the above model mentioned in Equations (4)e(7) using
Lingo software to solve the grain trade mass xi;j, that is, the amount
and direction of virtual water flow associated with interprovincial
grain trade. The optimization algorithm code is provided in the
supplementary material under the name of CODE. Combined with
the grain virtual water content, the virtual water flow pattern
caused by the interprovincial grain trade flow was obtained.

TVWi;j ¼ xi;j � VWCi (8)

where TVWi;j is grain virtual water transfer from province ito
province j. VWCi is the grain virtual water content in province i,
which refers to the total amount of water consumed by grain pro-
duction in a certain area in a certain period of time, also known as
the water footprint (Chapagain and Hoekstra, 2011). Grain virtual
water content consists of blue virtual water content (irrigation
water consumed during grain growth) and green virtual water
content (effective precipitation stored in soil) (Sun et al., 2013).
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TVWblue
i;j ¼ xi;j � BWCi (9)

TVWgreen
i;j ¼ xi;j � GWCi (10)

where TVWblue
i;j is blue virtual water transfer of grain from province

ito provincej; BWCi is the blue virtual water content of
grain;TVWgreen

i;j is green virtual water transfer of grain from prov-

ince ito provincej, and GWCi is the green virtual water content of
grain.

The grain virtual water content is calculated by equation (11).

VWCi ¼BVWi þ GVWi (11)

The blue virtual water content is the product of irrigation water
consumption per unit area of grain and irrigation area.

BVWi ¼ IRg � SIR (12)

where IRg is the irrigationwater consumption per unit area of grain,
and SIR is the irrigated area of grain.

The green virtual water content is the product of the effective
precipitation during the growth period of grain and the sown area.
When the effective precipitation is greater than the grain water
demand in the same period, the effective precipitation should be
replaced with the grain water demand.

GVWi ¼
PeSg
l

(13)

where Pe is the effective precipitation; Sg is the grain sown area,
and l is grain multiple cropping index.

The effective precipitation during the grain growth period
adopts the method recommended by the United States Department
of Agriculture Soil Conservation Service.

When P < 83; Pe ¼ Pð4:17� 0:02PÞ
4:17

: (14)

When P�83; Pe ¼ 41:7þ 0:1P: (15)

where P is ten-day precipitation.
2.2. Multi-regional water resources input-output model

The net provincial grain virtual water flow obtained by MRIO
was used as the real value to verify the simulation results. Since the
results obtained by MRIO only contain the blue virtual water flow,
the real value is compared with the simulated net blue virtual
water flow during the verification process.

The correlation coefficient is used to quantify the degree of
linear correlation among variables. The calculation method is
shown in equation (16).

R
�
NVWblue;NVWMRIO

�
¼

Cov
�
NVWblue;NVWMRIO

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var

h
NVWblue

i
Var

h
NVWMRIO

ir

(16)

where RðNVWblue;NVWMRIOÞ is the correlation coefficient between
the variables NVWblue and NVWMRIO; NVWblue is the variable of net
blue virtual water flow of grain obtained by simulation, NVWblue ¼
½NVWblue

i �; NVWMRIO is the variable of net blue virtual water flow of
4

grain obtained by MRIO, NVWMRIO ¼ ½NVWMRIO
i �;

CovðNVWblue;NVWMRIOÞ is the covariance between the variables
NVWblue and NVWMRIO; Var½NVWblue� is the variance of NVWblue,
and Var½NVWMRIO� is the variance of NVWMRIO.

NVWblue
i ¼

X30
j¼1

TVWblue
i;j (17)

NVWMRIO
i ¼

X30
j¼1

TVWMRIO
i;j (18)

where NVWblue
i and NVWMRIO

i are net blue virtual water flow of

grain in province i obtained by simulation and MRIO; TVWMRIO
i;j is

the grain virtual water transfer from province ito province j ob-
tained by MRIO:

TVWMRIO¼aqTVWa (19)

where TVWMRIO is the virtual water transfer matrix for grain ob-
tained by MRIO, TVWMRIO ¼ ½TVWMRIO

i;j �; a is the provincial pro-

portion of farmland irrigation water in agricultural water; q is the
provincial proportion of grain planting area in crop planting area,
and TVWa is the virtual water transfer matrix for agricultural sector,
which is obtained by virtual water transfer matrix (TVW). TVW is
calculated as follows.

The data is the multi-region input-output table in 2012
compiled by the China Carbon Accounting Database (CEADs) (Mi
et al., 2017). As shown in Table 1, the water resource expansion
MRIO model can be obtained by adding the direct water con-
sumption of each province and sector into the MRIO model as a
separate module.

In the water resource expansion MRIO model, it is assumed that
the system consists of m provinces, and each province contains n
sectors. The purpose is to verify the grain virtual water flow among
provinces, sectors other than agriculture are merged to simplify the
calculations.

According to the structure of the input-output model, the total
input into production activities of each sector in a province is equal
to its total output, that is, the total input of each sector is equal to
the sum of the intermediate and final uses and others. The calcu-
lation equation is as follows:

Xa
i ¼Ya

i ¼
XM
m¼1

XN
n¼1

xabij þ
XM
m¼1

f abi þ �
EXa

i þ Eai
�

(20)

where Xa
i is the total input of sector i in province a; Ya

i is the total

output of sector i in province a; xabij is the intermediate input pro-

vided by sector i in province a to sector j in province b; f abi is the
input for the final use of province b from sector i in province a; EXa

i
is the exports of sector i in province a, andEai is the others of sector i
in province a.

The direct input coefficient, aabij , refers to the direct input from

sector i in province a to sector j in province b in the production of
per unit product. The equation is as follows:

aabij ¼ xabij
.
xai (21)

Then, equation (20) can be transformed into equation (22):



Table 1
Multi-regional water resources input-output model (MRIO).

Intermediate use Final use Others Total output

Province 1 … Province m Province 1 … Province m Exports

Sector 1 … Sector n Sector 1 … Sector n

Intermediate input Province 1 Sector 1 x1111 … x111n … x1m11 … x1m1n f 111
… f 1m1 EX1

1 E11 Y1
1

… … … … … … … … … … … … … …

Sector n x11n1 … x11nn … x1mn1 … x1mnn f 11n … f 1mn EX1
n E1n Y1

n

… … … … … … … … … … … … … …

Province m Sector 1 xm1
11

… xm1
1n

… xmm
11 … xmm

1n f m1
1

… f mm
1 EXm

1 Em1 Ym
1

… … … … … … … … … … … … … …

Sector n xm1
n1

… xm1
nn … xmm

n1 … xmm
nn f m1

n … f mm
n EXm

n Emn Ym
n

Imports IM1
1

… … … … … … FM1
… FMm

Value added VA1
1

… VA1
n … VAm

1 … VAm
n …

…Total input X1
1

… X1
n … Xm

1 … Xm
n

Water consumption W1
1

… W1
n … Wm

1 … Wm
n
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Xa
i ¼

XM
m¼1

XN
n¼1

aabij , xai þ
XM
m¼1

f abi þ �
EXa

i þ Eai
�

(22)

The matrix form of equation (23) is:

X¼AXþ F þ ðEXþ EÞ (23)

Equation (23) is transferred to obtain:

X¼ðI � AÞ�1ðF þ EXþ EÞ (24)

where I is the identity matrix; ðI � AÞ�1 ¼ ½l� is the Leontief inverse

matrix, and the matrix element labij indicates that the production of
a unit of product into sector j in province b requires the total input
of sector i in province a.

After deducting the impact of imports and exports, the domestic
inter-provincial trade relationship is:

XX¼ðI � AÞ�1F (25)

The direct water consumption coefficient, kai , refers to the
amount of water consumption per unit total output. It is expressed
as the ratio of water consumption to the total output in the pro-
duction process of each province and sector:

kai ¼
Wa

i
Xa
i

(26)

where Wa
i is the water consumption of sector i in province a; Xa

i is
the total output of sector i in province a, and K ¼ ½k� is the row
vector for the direct water coefficient.

The complete water consumption coefficient, qai , refers to the
amount of water (directly and indirectly) consumed by the final
product of the unit of production. Q ¼ ½q� is the matrix of the
complete water consumption coefficient. The equation is as
follows:

Q ¼KðI � AÞ�1 (27)

Then the complete water consumption matrix is obtained by:

VW ¼Q,F (28)

where F ¼ ½f � is the matrix of final use.
5

TVW ¼VW � ðVWÞT (29)

where TVW is the virtual water transfer matrix, which is the dif-
ference between the complete water consumption matrix and its
transpose matrix. TVW is the spatial flow pattern of virtual water
(flux and direction of flow) obtained by the MRIO model.
2.3. Water stress index (WSI) and assumed water stress index
(WSI*)

The agricultural water stress index (WSI) refers to the ratio of
the amount of water used in agricultural production in a province
to the amount of water available in the province. To implement the
strictest water resources management system, the amount of
available provincial water resources is the provincial total water use
control target in the strictest water resources management system.
In order to better respond to the policy, this study used the total
water consumption control target instead of the available water in
the province. Two scenarios were set here: the water resource
pressure caused by grain production under normal conditions, and
a scenario with the assumption that there is no virtual water trade
in grain among provinces and that the grain demand of each
province depends on its own grain production to meet demand.
The difference between two scenarios represents the contribution
of the food virtual flow momentum in intensifying or improving
water stress in the provinces.

TheWSI indicates that its value is equal to the ratio between the
water consumption for grain production and the total water con-
sumption control target of the province under current conditions.

WSIi ¼
WFgraini

Wi
(30)

whereWSIi is water stress index of province i; Wi is the total water

use control target in province i; WFgraini is the water footprint of
grain production in province i, which can be calculated using
equation (31).

WFgraini ¼Ci � VWCi (31)

The assumed water stress index (WSI*) is expressed as the ratio
of the difference between the water consumption for grain pro-
duction and the net output of grain virtual water flow (which is
negative in the grain deficit province) to the total water con-
sumption control target of the province.
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WSI*i ¼
WFgraini � NVWi

Wi
(32)

where WSI*i is assumed water stress index of province i, and NVWi

is the net output of grain virtual water flow.
The WSI and WSI* are divided into four levels:0 < WSI/WSI* <

0.2, no stress; 0.2 < WSI/WSI* < 0.4, light stress; 0.4 < WSI/WSI* <
0.6, moderate stress, and 0.6 < WSI/WSI* < 1, severe stress.
2.4. Data source

Corresponding to the China Statistical Yearbook, the grain types
of this study included rice, wheat, corn, soybean, and potato.
Detailed data sources are presented below.

(1) Gain production and water consumption data

The provincial data of grain production, sown area, effective irri-
gation area, and population were obtained from the China Statistical
Yearbook in 2013(National Bureau of Statistics of China, 2013a). Pre-
cipitation data at major meteorological stations were from the China
meteorological science data sharing service network (National
Meteorological Information Center, 2020). Data on agricultural wa-
ter consumption, grain water consumption, and irrigation quotas
wereobtained fromtheChinaWaterResourcesBulletinandYearbook
of China Water Resources issued by the Ministry of Water Resources
and theNational Bureau of Statistics in 2013 (ChinaMinistry ofWater
Resources, 2013; National Bureau of Statistics of China, 2013b).

(2) Data on grain production cost and trade

Grain production cost data were obtained from the Compilation
of National Agricultural Product Cost-Benefit Information, which
includes direct agricultural production of seeds, fertilizers, films,
and other materials as well as service fees, labor costs, and land
costs (National Development and Reform Commission, 2013). Grain
transportation costs are expressed as the rail freight cost among
provincial capitals, and the data were obtained by querying railway
freight rates (China Academy of Railway Sciences, 2020).

(3) Grain consumption data

Due to the lack of statistical data on grain consumption, the
grain conversion rate method was used to calculate grain con-
sumption. The grain conversion rate represents the grain amount
consumed per unit product during the production process. For
example, the grain conversion rate of beef is 1:2, which means that
it takes 2 kg grain to produce 1 kg beef. Combined with the existing
research of Wang et al. (2019), the main demand type and grain
conversion rate were determined.

Grain consumption was divided into ration, feed, industrial, and
seed consumption.

Ration consumption was divided into household and non-
household consumption. Household consumption was obtained
by multiplying the provincial population and per capita grain
consumption in the China Statistical Yearbook (National Bureau of
Statistics of China, 2013a). Non-household consumption was 16%
of household consumption.

Feed consumption was calculated using the conversion rate of
grains. The conversion rates are: pork 1:2.9, beef and mutton 1:2,
poultry 1:2, milk 1:0.4, and eggs 1:1.7. Animal production is ob-
tained from the China Food Industry Yearbook (China Food Industry
Association, 2013).
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Industrial consumption is mainly beer, liquor, and alcohol, and
other industrial products consume 25% of the grain required by
these three industries. The conversion rates are: liquor 1:2.3, beer
1:0.172, and alcohol 1:3.

Seed consumption was obtained by multiplying the sown area
of each kind of grain by the seed grain per unit area. Data were
obtained from the Compilation of National Agricultural Product
Cost-Benefit Information (National Development and Reform
Commission, 2013).

In addition, grain wastage will also consume some grain, which
is mainly composed of three parts: stock, transportation, and pro-
cessing. The stock wastage is 2% of grain production, and the
transportation wastage and processing wastage are 4‰ and 5‰, of
the sum of grain ration, feed, and industrial consumption.

3. Results

In order to clearly show the results of the study, the results
section was divided into three parts. Firstly, the provincial distri-
bution of grain surplus and deficit was calculated and displayed.
Then, the simulated virtual water flow associated with interpro-
vincial grain trade was verified and analyzed. At last, the effects of
virtual water flow on regional water stress were evaluated by WSI
and WSI*.

3.1. Provincial distribution of grain surplus and deficit

In 2012, China produced a total of 590 million tons and
consumed 573 million ton of grain s. According to the grain pro-
duction and consumption at the provincial level, the provincial
distribution of grain surplus and deficit was obtained. There is
surplus grain in 13 provinces, which can be used as grain surplus
provinces to transport grain to grain deficit provinces. The
remaining 17 provinces all have different degrees of grain shortage,
and can conduct virtual food water trade with surplus provinces to
meet their grain demands.

As shown in Fig. 1(a), the surplus provinces are mainly distrib-
uted in northeast China, northwest China and some regions in
central China. The southeast coastal area (Guangdong, Fujian,
Zhejiang) is the main grain shortage area in China, with a large
population and less cultivated land. In addition, economically
developed provinces such as Beijing and Shanghai also rely on grain
trade as population influx and urbanization reduce farmlands. On
the whole, it presents the pattern that the majority of provinces in
the north are grain surplus provinces and most provinces in the
south are grain deficit provinces. Among them, northeast China is
the largest grain producing area in China, with its grain surplus
accounting for 54.2% of the total grain surplus. Heilongjiang,
located in northeast China, is the largest grain producer in China.
Excluding its own grain consumption, the grain (mainly rice and
corn) that can be supplied to other provinces reached 34.80 million
tons. The second-largest grain surplus is Jilin, also located in the
northeast China, with a grain surplus (mainly corn) of 13.34 million
tons. Grain surpluses in Anhui, Inner Mongolia and Hebei are also
relatively large, reaching 8.51, 7.02 and 4.38 million tons. The total
grain surplus of the above provinces exceeds 75% of the total na-
tional surplus, and they are the major grain suppliers in the inter-
provincial grain trade. Guangdong and Sichuan are the provinces
with the largest grain deficits, with 15.44 and 11.14 million tons,
accounting for 40% of the total grain deficit. Other provinces with
grain shortages of more than 5 million tons are Zhejiang, Guangxi,
and Fujian. In addition, as the province-level municipality with a
high degree of economic development, Beijing, Shanghai, Tianjin,
and Chongqing also have large degrees of grain shortages. The total
grain deficit of the above provinces exceeded 80% of the total



Fig. 1. Provincial distribution of surplus and deficit of (a) grain, (b) rice, (c) wheat, and (d) corn in China in 2012 (Negative values represent deficit [blue], and positive values
represent surplus [red]). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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national deficit, and they are the major grain demand provinces in
the inter-provincial grain trade.

The provincial distribution of surpluses and deficits for major
grain categories (rice, wheat, corn) is shown in Fig. 1[b], [c], and [d].
There are significant spatial differences in the distribution pattern
of provincial surplus and deficit among different grain categories.
The main rice surplus areas are Heilongjiang, Jilin, and some
provinces in the south. The main rice deficit areas are located in
northern China. Among them, rice surpluses in Heilongjiang, Hu-
nan, and Jiangxi all exceeded 10 million tons, becoming the main
rice supply provinces in the inter-provincial rice trade. The wheat
surplus provinces are mainly concentrated in the North China Plain
and several provinces which are located close to the same latitude.
The remaining regions are all wheat deficit provinces. Provinces
with a surplus of more than 10million tons of wheat include Henan
and Shandong, with 22.09 million tons and 13.41 million tons. The
provincial distribution of corn surplus and deficit is between the
northern China and the southern China. With the exception of a
small surplus in Yunnan, the remaining corn surplus provinces are
all located in the northern China, and the corn deficit provinces are
located in southern China. The largest corn surplus provinces are
Heilongjiang and Jilin, with surpluses of 18.64 million tons and
17.04 million tons. The planting and production patterns of
different grain categories have jointly formed the spatial distribu-
tion of grain surplus and deficit.

Based on the above results, the total grain production in
Northern China far exceeds the consumption. The grain demand in
the Southern China is much greater than the local production.
Although the surplus and deficit relationships for different grain
varieties are not consistent spatially, in general, the most areas in
Northern China can be self-sufficient and export much more grain
to Southern China through the inter-provincial grain trading chain,
which finally leads to the present virtual water flow pattern of grain
7

in China. The unbalanced relationship of grain production and
consumption is the fundamental driving force of Chinese “North-
to-South” virtual water flow embedded in grain trade.

3.2. Virtual water flow associated with interprovincial grain trade

By solving the linear optimization simulation model, combined
with the grain virtual water content, details of inter-province grain
trade can be obtained. In the verification process, the net virtual
water outflows of grain obtained by MRIO was compared with the
net blue virtual water outflows of grain by simulation, as shown in
Fig. 2.

The verified results show that, the simulated values are well
matched with the real values acquired by input-output model,
because the value points are mainly distributed along the 1:1
straight line. To further illustrate the simulated results, a correla-
tion coefficient R was introduced to quantitatively describe the
consistency between the simulated results and the real values. As
shown in Fig. 2, the correlation coefficient R is as high as 0.85,
indicating that the correlation between the simulated results and
the real values is statistically significant and the simulation accu-
racy is acceptable and reliable. Based on the above analysis, the
reliability of the linear optimizationmodel proposed in this study is
convincing and acceptable. The simulation results are feasible and
can be used for inter-provincial grain virtual water flow analysis.

Fig. 3 shows the virtual water flow pattern associated with
interprovincial grain trade. The virtual water flow direction is
mainly from the North (water scarce region) to South (water suf-
ficient area) and the total virtual water flow is as much as 73.46
billion m3, in which, the blue virtual water flow is 30.23 billion m3

and the green virtual water flow is 43.23 billion m3. According to
rough estimate, the total virtual water flow accounting for more
than 10% of the total water consumption for grain production, just



Fig. 2. Comparison of the net grain virtual water outflows by simulation and the
multi-regional input-output model (MRIO). (Note: The x-axis represents the net virtual
water outflows of grain obtained by MRIO, and the y-axis represents the net blue virtual
water outflows of grain by simulation.R � 0:8, indicate a strong correlation between the
real value and the simulated value.). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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like more than one Yellow River (the largest river in Northern
China) being flowing from the North to the South. With the inter-
provincial grain trade, virtual water flows from the grain surplus
provinces to the grain shortage provinces. Heilongjiang is the
largest grain virtual water output province. The virtual water
outflow in Heilongjiang reaches 20.79 billion m3, which accounted
for 66.6% of its agricultural water consumption, and is the largest in
the grain output provinces. Guangdong is the largest grain input
province, with grain virtual water inflow of 16.12 billion m3, mainly
from Inner Mongolia (3.04 billion m3), Anhui (3.73 billion m3), and
Henan (3.21 billion m3), accounting for 21.9% of the total grain
virtual water volume. Overall, the net virtual water flow in Hei-
longjiang and Guangdong exceed 20% of the total outflow and
inflow. Combined with the specific volume of virtual water trade,
the virtual water inflow of Guangdong, Sichuan and Zhejiang ex-
ceeds 50% of the total inflow. The virtual water outflow from the top
4 grain supply provinces provide 70% of the virtual water outflow,
indicating that a few China’s provinces are providing important
support and guarantee for national security, in other words, the
concentration index of China’s grain production is so high. This
phenomenon is posing huge risks to national food security and
regional sustainable development.
3.3. Effects of virtual water flow pattern on regional water stress

Due to the inter-provincial grain trade, a large amount of virtual
water is transferred from the main grain production area to the
main grain consumption area, which brings great pressure to the
regional water system and poses huge influence on the environ-
ment and ecosystem. The grain output will dramatically increase
the water pressure in the grain output provinces. It will not only
make up for the grain shortage but also reduce their water pressure
for the grain input provinces. As shown in Fig. 4, theWSIs of almost
all the grain output provinces are larger than those of grain input
provinces. In particular, the WSI of several major output provinces
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represented by Heilongjiang, Inner Mongolia, and Jilin are already
at moderate stress or severe stress level. It shows that the water
used for grain production accounts for a large proportion of the
total water used in these provinces. Shanxi, Gansu, and Ningxia
have moderate WSI levels due to water resource shortages. By
comparing and analyzing the WSI and WSI* of the grain exporting
provinces, the difference between them represents the degree to
which the virtual grain flow increases the water stress of the
provinces. Heilongjiang, Jilin, Inner Mongolia, and Anhui have all
produced a large amount of grain for the inter-provincial virtual
water trade of grain. This has played an important role in ensuring
food security for social and economic development. In order to
produce grain for trade, Heilongjiang’s grain production water ac-
counts for more than half of its total water consumption. If the
inter-provincial virtual water flow is excluded, the severe water
stress level in Heilongjiangwill decrease tomoderate stress and the
water stress in Jilin will directly decrease by two levels to a no-
stress level.

In contrast to the grain export region, the water stress in the
grain virtual water import region benefits from the grain trade
among provinces. Without inter-provincial virtual water trade in
grain, several major import areas, such as Beijing, Tianjin and
Sichuan, would experience moderate stress or even severe stress.
The presence of virtual water enables water resources to be redis-
tributed through trade. Thewater stress in Guangdong and Fujian is
also improved due to the virtual water inflow. Through the analysis
of GDP and water resources with WSI* and WSI difference changes
(Fig. 5). The difference between WSI* and WSI is positively corre-
lated with GDP and water resources. These results show that the
virtual water trade of grain in China has a pattern of flowing from
poor water areas to rich water areas and from areas with low
economic development to those with higher economic develop-
ment. From the perspective of water and food security, such grain
trade is detrimental. Compared with the main grain consumption
areas, the main grain production areas are scarcer of water re-
sources, and the outflow of virtual water in the water-deficient
northern areas will aggravate the pressure on water resources.
Due to the characteristics of high water consumption and low
added value of grain production, the current virtual water tradewill
further widen the regional economic gap between grain output and
input areas, which is not conducive to the sustainable development
of grain production. It is urgent to establish a compensation system
to stimulate the motivation of agricultural production and balance
the development between grain producers and consumers.

4. Discussion

The virtual water flow associated with inter-provincial grain
trade has a profound impact on regional water resources system. In
the following section, the flow pattern of grain virtual water in
China in the future was predicted, and the challenges faced by
water for grain production in the future and possible counter-
measures were discussed. Further, the uncertainty of the study was
also discussed, and the research results were compared with those
of previous studies.

4.1. Future grain virtual water flow pattern

In order to better analyze grain trade, the future grain virtual
flow pattern was predicted. Studies have found that the population
growth, accelerated urbanization, changing dietary structure, and
industrial grain consumption are the main factors influencing the
grain consumption in China (Namany et al., 2020). In the future,
China’s total grain consumptionwill continue to showan increasing
trend and is expected to peak around 2030, possibly reaching 650



Fig. 3. Virtual water flow pattern associated with interprovincial grain trade (Note: the province names begin with "I-" or "O-", "I-" represents an input province, "O-" represents an
output province, followed by abbreviation of the province, the corresponding relationship is shown in Table S1 in the appendices. The outer circle shows the percentage of the output (or
input) of this flow in the total output (or input) of the province, and the inner circle shows the value of the output (or input) of this flow [108m3]).

Fig. 4. Comparison between the water stress index (WSI) and the assumed water stress index (WSI*) in provinces in China.
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million tons (Xiang and Zhong, 2013). To maintain self-sufficiency
of grain production in China to at least 95% of requirements,
China’s grain output must reach approximately 620 million tons. In
2018, China’s grain output was 610 million tons. According to the
current grain production capacity, there remains a gap of nearly 10
million tons to meet the peak grain demand.
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From the regional distribution of grain production, grain pro-
duction of the seven major regions (except Southern China) all
show upward trends from 1990 to 2018. Northeast China saw the
largest increase (104.5%), followed by Northwest China (61%),
Northern China (54.5%), and central China (39.7%). According to the
change process chart drawn from the seven major grain-producing



Fig. 5. (a) Gross domestic product (GDP) and (b) water resources change with the difference between the assumed water stress index (WSI*) and the water stress index (WSI).
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areas in China from 1990 to 2018 (Fig. 6), the proportion of grain
production in Northeast, Northern, Northwest, and Central China
shows significant upward trends. Since 2005, total grain production
in these regions has reached more than 60% of the total national
output. In contrast, the proportion of grain output in Southwest,
Southern, and Eastern China have been decreasing annually, and
the center of grain production in China has been shifting
northward.

Based on the above analysis, the future grain virtual water flow
pattern is predicted. China’s grain consumptionwill reach a peak of
650 million tons in 2030. Under the requirement of 95% self-
sufficiency rate in grain production, the total grain production
should be 620 million tons. To predict the future grain production
and consumption in each geographical region, it is assumed that
the proportion of grain production and consumption in each
geographical region remains the same as that in present when the
total grain consumption reaches its peak in 2030. Based on the
above assumption, according to the proportion of grain production
in seven geographical regions in Fig. 6, the grain production of each
Fig. 6. Change of grain yield proportion in
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region in 2030 can be determined. According to the calculation
results of grain consumption in Section 2.4, the regional grain
consumption in 2030 is obtained. As shown in Fig. 7, the virtual
water flow pattern of grain in China in 2030 is simulated by using
the model proposed in this study.

When total grain consumption reaches its peak, the main grain
output areas will include Northeast, Northern, Northwest, and
Central China. The virtual flow of grain from the north to the south
will rise further. The grain virtual water output associated with
grain output in Northeast China will exceed 50 billion m3 in 2030,
accounting for a larger proportion of the total output and
approaching 90% of the domestic grain virtual water output. In
addition, since the grain production self-sufficiency rate in the
simulation scenario was 95%, it will be necessary to import as much
as 30 million tons of grain from abroad. Southwest and Southern
China will become the main grain input areas. The main reasons for
the increase of grain demand in Southwest China are the large
population base and high growth rate. The main factors causing the
gap in grain demand in Southern China are the increase of grain
seven geographical regions in China.



Fig. 7. Future grain virtual water flow pattern in China (Note: This is the simulation result under the situation of 95% grain self-sufficiency for China. The background color of the map
represents the volume of net virtual water flow, the arrow represents the flow direction of virtual water, and the number near the arrow represents the volume of virtual water flow in this
direction). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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demand caused by the acceleration of urbanization and the low
agricultural yield following the agricultural land to industrial land
conversion.

4.2. Challenges to grain security

The inter-provincial grain trade effectively solves the problem of
unbalanced spatial grain supply and demand. However, grain se-
curity in China still faces many challenges. The structural imbalance
between supply and demand of grain categories and the limited
potential of grain production in major grain-producing areas are
problems that must be urgently solved.

As shown in Fig.8, based on the production and consumption of
various grains, the demand for staple grain can mainly be guaran-
teed, however, there is a large demand gap for soybeans. In 2012,
China produced more rice and wheat than it consumed. Corn
production is roughly equal to consumption, while soybean con-
sumption is much higher than production. The demand gap for
soybeans reached 58.93 million tons, which is approximately equal
to 66.88 billion m3 of virtual water. China has only achieved basic
self-sufficiency in staple grains, and the supply of soybeans also
depends on imports. This is mainly due to feed demand, which
accounts for more than 75% of soybean consumption. With rapid
economic and social development, residents’ incomes continue to
increase and urbanization accelerates. The improvement of living
standards has led to profound changes in the structure of food
consumption (Samireddypalle et al., 2019). Although the con-
sumption of rations has decreased, demands for meat, aquatic
products, and alcoholic products have increased, and the overall
food demand remains very high. The structural security of grain
still faces many challenges.

With the evolution of the national economic pattern, from the
perspective of the current development trend, China’s future food
security will continue to be mainly undertaken by the grain-
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producing areas in the North. Water shortage has always been
the main factor restricting grain production stability and exploita-
tion of the grain yield potential. At present, Northeast China oc-
cupies an important position in grain production. The
comprehensive grain production capacity in Northeast China is
strong and the commodity rate of grain production is high. How-
ever, the problems facing food production in this region are also
severe. Firstly, with the extensive use of land resources, the decline
of soil fertility and the increase of marginal cost of agricultural
products, farmers are faced with the serious dilemma that they
cannot increase their income. Secondly, water shortages are very
serious. The Songnen Plain is a key grain-producing region in
Heilongjiang Province. The area of arable land accounts for 45.6% of
the province, however, the amount of water resources only ac-
counts for 5.7%. In addition, the problem of agricultural non-point
source pollution in Northeast China also increases the risks for
sustainable grain production (Ouyang et al., 2012). North China is
an important grain-producing region in China and the world. Since
the 1970s, with the development of irrigation technology, agricul-
tural output has greatly increased, however, at the same time it has
caused a series of environmental problems such as a decline in the
water table, river channel interruptions, wetland shrinkage, and
land subsidence, which have brought serious threats to future
agricultural and social and economic development (Zhao et al.,
2019). In Hebei Province, for example, in recent years, the rate of
groundwater decline has been very rapid. In the 1950s and 1960s,
the underground water level was around 2e3 m, while the
groundwater depth is below 30 m in 2016, leading to soil drying,
intensified drought, and ecological deterioration (Hu et al., 2016).
Northwest China is the main production base of wheat and corn. In
addition, located in the northwest, Xinjiang’s cotton production has
accounted for 85% of the national total production (Gunther et al.,
2017). However, Northwest China is also an important energy
base. Energy, such as coal and natural gas, also requires a lot of



Fig. 8. (a) Total grain production and consumption, and (b) grain consumption by
various consumption channels in China in 2012.
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water, but it can bring higher profits than agriculture, which limits
the increase in grain production in Northwest China. Because of the
abundant water resources, the southern region has been the focus
of food production since ancient times (Liu et al., 2020). However,
since China’s reform and opening up, affected by the regional
economic pattern and the evolution of production factors, the grain
production center has shifted to the North and the proportion of
grain production in the southern region has decreased annually. At
present, due to the restrictions of land resources and agricultural
labor resources, the southern region has been difficult to bear the
burden of future food growth.

Economic globalization is deepening and international trade is
becoming more extensive (Wu et al., 2019). However, simulta-
neously, international competition is also intensifying (Xu et al.,
2019). The trade war initiated by developed countries against
China has brought huge made uncertainty for China’s food imports
(Wang et al., 2019). In the future, grain demand will continue to
rise. Under the scenario of 95% grain self-sufficiency, there is a gap
between production and demand of nearly 10 million tons. If grain
imports are restricted, the means of filling the demand gap will be
shifted from imports to domestic production. The huge demand for
water resources will bring greater challenges to thewater resources
system in grain-producing areas, making it more difficult to guar-
antee food supply security.
4.3. Countermeasures for the coordinated safety of water and grain

Grain production is related to social stability and is an important
foundation for economic development. However, the mismatch
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between grain production and water resources in China poses a
significant threat to water and grain security, especially in the
North China. In the face of the huge impact of the current situation
and the unsustainable virtual water flow embedded in interpro-
vincial grain trade, the following countermeasures should be ur-
gently implemented to ensure the collaborative safety of water and
grain.

The first is to improve the water use efficiency for grain pro-
duction. The government and scientific research should pay much
attention to water-saving agriculture mainly from the following 3
aspects: water-saving engineering, water-saving technology pro-
motion and water-saving breeding. In terms of water-saving engi-
neering, the construction and maintenance of irrigated areas
should be enhanced to reduce canal system leakage and improve
irrigation water efficiency. In terms of water-saving technology, it
should be encouraged to use water-saving irrigation equipment
(such as drip irrigation and sprinkling irrigation), and to promote
rainwater collection and dry farming. In terms of water-saving
breeding, the areas of cold-resistant and drought-resistant crop
varieties and high-yielding crops should be enlarged.

The second is to optimize the planting structure and improve
the matching degree of water and land resources. In recent years,
the North China is producing more and more grain than the South
China, which in turn brings about tremendous water scarcity issues
and the associated ecological and environmental problems (e.g.,
ground subsidence caused by overexploitation of groundwater,
land desertification and degradation and water and soil erosion,
etc.), especially in North China Plain and Northwest China. It is
urgent to limit the grain production in Northern areas and change
the planting structure aiming at minimizing the irrigation water
and expanding the rain-fed agricultural area. The South China
should also be encouraged to produce more grain through some
policy incentives, especially to restore the grain production ca-
pacity in traditional agricultural provinces (e.g., Sichuan, Hubei,
Hunan, Jiangsu and Jiangxi) of South China.

The third is to establish a coupled physical-virtual water coupled
management framework. Traditionally, managers always focus on
the physical-water measures to cope with water scarcity (e.g.
increasing the available water resources for irrigation, utilization of
reclaimed water and inter-basin water transfer projects). However,
these measures are always cost intensive and difficult to imple-
ment. In comparison, to implement the virtual water strategy is
simpler and convenient. For example, the water-deficient northern
areas could buy food and other water-intensive products from the
water-rich regions to reduce the local agricultural water con-
sumption and the saved water could be used to support the ur-
banization and ecological restoration. In addition, a national
compensation system is necessary in the framework of coupled
physical-virtual water management framework, in which, the
government can use transfer payments to compensate the farmers
and grain production areas to stimulate the motivation of agricul-
tural production and to construct the infrastructures for water-
saving agriculture.

4.4. Uncertainty analysis

In this study, a linear model is constructed to quantify the grain
virtual water flow pattern among provinces. As shown in Table 2, a
few scholars have previously studied the interregional virtual water
flow. Ma et al. (2006) divided China into eight Sub-regions and
simulated the virtual water flow of regions with distance as a single
factor. Ren et al. (2018) adopted the input-output analysis method.
Wang et al. (2019) adopted the linear optimization method, but
their purpose was to calculate the virtual flow route. Although it is
impossible to compare their studies with this study due to the



Table 2
Comparison among this study and previous studies.

Sources Theory Method Driving factor Validation StudyPeriod Sub-regions in China

This study Minimize the
comprehensive cost

Linear optimization
model

Production and
Transport cost

Verify by the real value obtained
by MRIO

2012 30 provinces

Ma et al.
(2006)

Minimize the total
distance

Regional
distribution

Distance d 1999 Eight sub-regions

Ren et al.
(2018)

Input-output balance MRIO model Input-output analysis d 2007 Beijing-Tianjin-Hebei region and
other areas

Wang et al.
(2019)

Maximizing opportunity
cost

Linear optimization
model

Opportunity and
Transport cost

d 2014 31 provinces
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different study years, regions and objects, it also can be seen
through comparative analysis that the model established in this
study further improves the model tools on the basis of existing
studies, and it proves that the minimization of the comprehensive
cost of grain production and transportation as the model optimi-
zation objective is a feasible and better way to map the virtual
water flow patterns embedded in interprovincial grain trade in
China. Compared with the previous studies, this study also has
better spatial resolution because this study conducted the analysis
for grain virtual water flow among Chinese 31 provinces, but the
most previous studies were mainly focusing on the virtual water
flow among China’s large geographical zones (e.g., the virtual water
flow among 8 large regions of China). But at the same time, the
difficulty of obtaining the data required by the model in this study
is relatively smaller. Compared with MRIO, this model has the ad-
vantages of convenient data collection and more flexible applica-
tion scenarios in quantifying the virtual water flow among regions
or provinces.

But it also has some limitations. In this study, since the study
area does not have detailed provincial-level grain input and output
data, it is assumed that the food produced in each province first
meets all local needs and then go out for virtual water trade.
However, due to the complexity of grain trade, this assumption
does not fully reflect the real situation of grain trade in the study
area. For example, corn transported from the north to the south
may be made into feed for pigs, and then transported from the
south to the north in the form of pork. More detailed virtual water
flow paths and processes are worthy of further study later. In
addition, this study adopts a distribution scheme that minimizes
the cost of grain production and transportation, but this may be
contrary to reality. For example, some people will be willing to
spend more money to pursue better quality grain. Time and region
will affect the transaction cost of food, and ignoring the transaction
cost also brings uncertainty to the research results. The real virtual
water flow pattern may be more complicated and intertwined than
the simulation results. The optimization model that considers more
drivers of grain trade and quantifies the contribution rate of each
factor should be perfected in the next step.
5. Conclusion

The demand for grain continues to increase due to population
growth, urbanization, and improvement of living standards. The
mismatch of water resources and cultivated land resources in China
has resulted in a virtual water flow pattern that is inconsistent with
the distribution pattern of water resources, which has huge impacts
on the water resources system in grain-exporting regions. How-
ever, research onmethodologies for virtual water flow simulation is
still in its infancy. At present, a simulationmethod with simple data
acquisition and reliable simulation results is lacking. In this study,
grain cost allocation was divided into two parts: grain production
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cost and transportation cost. With the optimization goal of mini-
mizing the overall allocation cost, a model of the virtual water
spatial flow pattern of grain among provinces in China was con-
structed to simulate the virtual water flow pattern associated with
China’s inter-provincial grain trade in 2012.

The main conclusions are summarized as follows:

(1) Grain output provinces were distributed in Northeast,
Northwest, and Central China. The grain virtual water out-
puts of Heilongjiang, Jilin, and Anhui were 20.78 billion m3,
12.73 billion m3, and 10.59 billion m3, and were the major
grain exporting provinces in China, accounting for 60.0% of
the country’s total output of virtual water. Grain import
provinces were widely distributed in more economically
developed areas such as the Beijing-Tianjin-Hebei region, the
northern, eastern, and southern coasts, and Southwest
China. Guangdong Province had the largest amount of virtual
water input for grain, where, in 2012, the amount of virtual
water input for grain was 16.12 billion m3, accounting for
21.9% of the total amount of virtual water input for grain in
China. The correlation coefficient R > 0.85 between the re-
sults obtained by MRIO and the optimized simulation
method indicated that the optimized simulation had good
simulation results regarding the grain virtual water output in
each province.

(2) The WSI and WSI* were used to analyze the influence of the
virtual water flow pattern of regional water resources. The
results showed that water stress was alleviated in some areas
due to the input of virtual water for grain, with the most
significant effects in Beijing, Tianjin, and Sichuan. Due to the
output of virtual water, water stress increased in many areas.
This was most serious in Northeast China, where the water
resources system in Heilongjiang Province was under severe
water stress. The continuous supply of virtual water for grain
not only limits the development of other industries in these
regions and restricts the development of the local economy,
but it also brings great challenges to the security of the local
water resources system.

(3) According to the estimation, when China’s food demand
reaches a peak of 650 million tons in 2030, the virtual water
flow will further increase. Then, the volume of virtual water
flowing out of Northeast China will be as much as 50 billion
m3, accounting for 90% of the total virtual water flow.
Increasing the virtual water outflow in North China will
severely exceed the local water resources capacity in the arid
and semi-arid areas and have an obvious negative impact on
sustainable development in Northern China. Further
improving the water resource efficiency of grain production
and adjusting the structure and spatial distribution of grain
production are effective countermeasures to ensure the co-
ordination and safety of grain and water.
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Table S1
Province name abbreviations

Province Abbreviation Province Abbreviation Province Abbreviation

Beijing BJ Zhejiang ZJ Hainan HI
Tianjin TJ Anhui AH Chongqing CQ
Hebei HE Fujian FJ Sichuan SC
Shanxi SX Jiangxi JX Guizhou GZ
Inner

Mongolia
IM Shandong SD Yunnan YN

Liaoning LN Henan HA Shanxi SN
Jilin JL Hubei HB Gansu GS
Heilongjiang HL Hunan HN Qinghai QH
Shanghai SH Guangdong GD Ningxia NX
Jiangsu JS Guangxi GX Xinjiang XJ
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