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Abstract: Urbanization, industrialization and their associated water shortage pressures have brought
great challenges to agricultural development and water security. Understanding the virtual water flow
involved in the grain trade is critical to ensuring water security and agricultural production. However,
there are few studies on the comprehensive benefits provided by virtual water flow in the grain trade.
This paper proposes a linear optimization model to fill this gap. The model is used to estimate the
virtual water flow via interregional grain trade within China in 2015 and corresponding benefits to
resources, the economy, and the environment from both outflow and inflow comparative perspectives.
Three results characterize the virtual water flow pattern of interprovincial grain trade in China in 2015:
(1) In terms of resource benefit, 31. billion cubic meters of water resources were saved, accounting for
approximately 39.7% of the total virtual water flow. (2) A positive economic benefit was realized, with
an increase of 6.4 trillion yuan in industrial value added. (3) Certain regions with a high crop green
water occupation index account for a considerable proportion of the green water of the local
agricultural ecosystem. Simultaneously, massive output of virtual water would aggravate the
destruction of terrestrial ecosystems. Finally, the results suggest that promoting the marketization of
water resources, improving water productivity, exploring regional compensation mechanisms and

improving green water conservation capacity should be considered for water security policies.
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1 Introduction

China is facing a serious water shortage as a result of the dual stresses of the decreasing availability
of water resources (both in terms of quantity and quality) (Hu et al., 2010) and the ever-increasing
water demand(Ercin and Hoekstra, 2014). Agriculture accounts for the greatest proportion of water
use in China, responsible for 60-65% of national total blue water withdrawals (Kang et al., 2017), and
as a result, water shortages are a major challenge to agricultural production ( Piao et al., 2010).
Therefore, greater attention and additional measures are needed to ensure agricultural production in
the case of water shortage. Grain is an important component of agricultural water consumption,
accounting for 68% and 58% of crop cultivated areas and agriculture product output, respectively, in
2015 (National Bureau of Statistics, 2016). Although food demand is met primarily by production
within a given region, trade with other regions also contributes. Thus, the state of interregional grain
trade against the background of water scarcity should be given greater attention.

Virtual water, a term that links water, food, and trade (Allan, 2003), provides a new perspective for
water shortages and water resource management (Novo and Garrido, 2009). Allan (1993, 1998) noted
that food production involves the consumption of water resources, and virtual water is the water
resources involved in the production of food and other resources, including in the grain trade. Thus,
trade is a means of transferring water resources between regions. Trade in water-intensive commodities
such as crops results into so-called virtual water flow between exporting and importing regions
(Hoekstra, 2003). Thus, the virtual water trade is a powerful accounting tool for mapping the linkages
between trade activities and human water use (Zhang and Anadon, 2014).

A growing number of virtual water trade studies have been conducted in a bid to ensure water and
food security, though the methods and scales are different. At the global level, Hoekstra and Huang
(2005) and Chapagain et al. (2006) calculated the volume of virtual water associated with international

crop trades. The results of two studies are as follows separately : a total of 695x10° m*/yr of water was

generated, and 352x10° m*/yr of water was saved through virtual water flow between nations. Konar



et al. (2011) analyzed the structure of the global virtual water trade associated with the international
food trade using a complex network method. At the national and region levels, Zeitoun et al. (2010)
found that virtual water trade is important to consider in devising national water and food security
policy in the Nile Basin. In addition, the amount and structure of virtual water in China’s foreign trade
were analyzed in many studies. Gong et al. (2007), Tao and Chen (2006) and Chen et al. (2018) found
that China was a net exporter of virtual water through global foreign trade. However, the imported
virtual water was larger than the exported virtual water in the trade of agricultural products between
China and Trans-Pacific Partnership Agreement (TPPA) countries (Zhang et al., 2017). A paradox in

the virtual water flow from north to south in China’s internal grain was described (Jiang et al. 2017).
At the provincial level, Zhang et al. (2011) found that Beijing imports 51% of virtual water from other
provinces. Macao greatly relies on external virtual water supplies (Chen and Li, 2015).

China has nine commodity grain bases: Sanjiang Plain, Songnen Plain, Taihu Plain, Jianghuai Area,
Jianghan Plain, Poyang Lake Plain, Dongting Lake Plain, Chengdu Plain and Pearl River Delta.
Sanjiang Plain and Songnen Plain are in Northeast China. Taihu Plain, Jianghuai Area, Jianghan Plain,
Poyang Lake Plain and Dongting Lake Plain are in the Middle-lower Yangtze region. Chengdu Plain
is in the Southwest region, and the Pearl River Delta is in South China. The grain production conditions
in these areas are favorable, the proportion of farmland with high and stable yield is large, and surplus
grain is abundant. As a result, the basic grain flow in China is transported from the commodity grain
bases to other parts of the country.

Ifrefined to the provincial level, according to the characteristics of production and marketing, China
can be divided into major grain-producing areas, balanced areas and main selling areas. The main
producing areas include the 13 provincial administrative regions of Inner Mongolia, Liaoning, Jilin,

Heilongjiang, Hebei, Henan, Shandong, Anhui, Jiangsu, Hubei, Hunan, Jiangxi and Sichuan. The main



selling areas include the 7 provincial-level administrative regions of Beijing, Tianjin, Shanghai,
Zhejiang, Fujian, Guangdong and Hainan. The balance zone includes the 11 provincial administrative
regions of Shanxi, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang, Guangxi, Chongqing, Guizhou,
Yunnan and Tibet. Thus, the basic grain circulation in China is from the main grain-producing
provinces to the main selling provinces.

The direction and quantity of grain circulation in specific provinces must be measured to analyze
the state of interprovincial virtual water flow in the grain trade. There are various methods of
calculating the interprovincial virtual water trade, mainly including linear programming optimization
models and input-output models. A linear programming optimization model has been constructed to
simulate the interprovincial food trade in China (Dalin et al. 2015). Input-output models have been
composed of single-regional input-output models for Zhangye City (Wang et al. 2009) and Beijing
City (Wang et al. 2013) as well as interregional input-output models (Zhang et al. 2011) and
multiregional input-output models (Jiang et al. 2015). Two shortcomings of applying input-output
models to the virtual water trade have been noted : One shortcoming is the general aggregation issue
at the level of economic sectors rather than individual products (Weidmann etal. 2007). To be more
specific, three main sectors can be recognized: the agricultural sector, industrial sector and tertiary
sector. However, it is difficult to account specifically for grain according to these sectors, not to
mention measuring interprovincial grain trade. The second disadvantage is that the timeliness and
availability are inadequate (Miller and Blair, 2009) because the official input-output table is compiled
every five years, and the latest full version is updated to only 2012. Considering the limitations of
input-output models, a linear optimization model is chosen in this study. Linear programming can

make up for the shortcomings of the above input-output models. The linear programming method can



obtain detailed interprovincial trade sources and destinations of grain products using the latest data.
Furthermore, linear programming is the most important method for system optimization in operational
research, and it is an applied mathematical method for the rational utilization and allocation of
resources.

To the best knowledge of the authors, there has been little analysis beyond conventional wisdom in
the following important areas. First, previous studies mostly focused on the virtual water trade itself
and failed to analyze the comprehensive benefits of virtual water trade. Most papers have recognized
that virtual water trade can have positive benefits, such as water savings in cases of virtual water trade
from a nation where water productivity is relatively high to another nation where water productivity is
relatively low, while conversely, it generates negative effect of water inefficiency (Chapagain et al.,
2005). However, the opportunity cost of associated water also must be considered in weighing the pros
and cons of the virtual water trade. The water embodied in virtual water trade can also be used in
economic development and environmental management. The allocation of water to serve a certain
purpose (such as the agricultural sector), generally implies that other purposes (such as the economic
sector and environmental requirements) are not served. Because of the problem of opportunity cost,
water resources can be applied to certain uses to achieve optimal benefits. To this end, the economic
and environmental benefits also must be considered. Assessing the comprehensive benefits of virtual
water trade is a key approach to understanding the virtual water flow pattern as well as the impacts

embodied in the grain trade in China.

Second, the calculation of the benefits of virtual water flow has been conducted mainly from the
perspective of comparisons of import and export trade (Elfadel and Maroun, 2003), and the existing
studies have failed to take the comparative perspective in internal trade into consideration. Due to the

large population, broad land base and regional disparity in China, the internal virtual water trade and



its comprehensive impacts can be extensive and complicated. Furthermore, the sources and
destinations of virtual water flow are important in understanding the influence of each province. Thus,
it is meaningful to analyze the internal virtual water trade benefit from a comparative perspective.

This paper aims not only to uncover the interprovincial virtual flow pattern embodied in the grain
trade in China but also to understand the impacts on resources, the economy and the environment in
terms of the virtual water flow. Based on grain production and consumption in 2015, a linear
optimization model for the interprovincial grain trade under completely free circulation is constructed,
in which minimizing transportation cost is the objective to estimate the virtual water flow pattern.

The paper attempts to address the following issues:

(1) What is the flow pattern and volume of China’s interprovincial virtual water trade related to
grain?

(2) What are the impacts of China's interprovincial virtual water flow in the grain trade on water

resources, the economy and the environment?

2 Methodology

2.1 Research framework

The nexus between food and water can be expressed by virtual water, and the agricultural and food
sectors are the dominant components of interregional virtual water trades (Jing et al., 2006). Many
researchers have analyzed the interregional virtual water flow in the grain trade, and evaluating virtual
water flow has become a key approach to understanding water scarcity and food safety(Wang et al.,
2019). This paper focuses on the virtual water flow in the grain trade, combining virtual water with the

grain trade; the research framework is illustrated in Figure. 1.
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Figure. 1 Research framework of assessing the virtual water flow and benefits

2.2 Optimization model for the regional grain trade

In 2015, China's grain output was greater than the total amount of national grain consumption, and
domestic grain could meet China’s overall grain demand (Jiao et al., 2018). Considering the
interprovincial trade in grain, the import and export trade of grain can be excluded. The trade flow
between provinces is simulated by a linear programming model in mainland China, excluding Hong
Kong, Macao and Taiwan. The model is based on the following assumptions:

(1) No change in imported and exported grain over the year; as a result, the research scope is the
grain traded between provinces in China instead of import and export trade (Cheng Y. F., 2004). This
assumption is mainly reflected in the processing of interprovincial grain trade data. Grain output is

deducted from exports, while grain consumption is deducted from imports.

(2) The market is perfectly competitive and fully circular, leading to the consideration of grain as a
homogenous product. There will be grain trade from region A to region B if the price difference
between these two regions is large enough to cover the transportation cost. This assumption is mainly
reflected in the determination of an objective function of the model, that is to say, minimizing
transportation cost as a model objective function. (3) Grain-deficit provinces primarily receive grain

from grain-surplus provinces (Zhuo et al., 2016).



The interregional linear programming model of the grain trade is as follows.
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where Z is the total transportation cost of the interprovincial grain trade, taking transportation cost

minimization as the objective function; x; denotes the amount of transportation of grain from

province j to province 7; i is a grain-deficit province; j is a grain-surplus province; Ns is the total number

of grain-poor provinces; N-Ns is the total number of grain-surplus provinces;c; is the transportation
cost from province j to province ; /is the grain transportation cost per unit per distance length; d;is the

transport distance from province j to province #; G1Q; is the grain deficit of province i; and GOQjis the

N—Ng
grain surplus of province j. The third equation, Z x; = GIQ, , is the inflow constraint from the other
=1

provinces to the province in question, which is equal to an insufficient amount for that province to
NS

meet the grain demand. The fourth equation, Z X; <GOQ;, indicates the outflow constraint from the
i=1

province in question to other provinces, which is less than or equal to the surplus of that province,

ensuring grain supply in the grain surplus provinces within the scope of their own grain supply capacity.

The last equation expresses that all these variables are positive.

2.3 Virtual water flow in the regional grain trade

Based on the above interprovincial flow of the grain trade that combines the virtual water content

of grain of each region, the virtual water flow involved in the interprovincial grain trade is calculated



easily, and the calculation is expressed as Equation (2):

Xy = X; xVw; (2)
in which Xj; is the quantity of virtual water flow caused by the grain trade from province j to province
i, xjj 1s the grain quantity shipped from province j to province i, and Vwj is the virtual water content per
unit of grain of outflow province ;.

2.4 Benefits of resource, economy and environment

(1) Resource benefit

The resource benefit implies that water savings occurs when virtual water trade is from a region
where water productivity is relatively high to another region where water productivity is relatively low,
whereas water inefficiency occurs when the flow is from a low-productivity to a high-productivity
area. Water productivity is reflected through the virtual water content of grain; that is to say, the higher
the virtual water content of grain is, the lower the water productivity. The resource benefit is calculated
by subtracting the virtual water content of the inflow area from the virtual water content of the outflow
area, multiplied by the grain trade volume, as follows:

Rb; = (Vw; —Vw, ) x x; 3)

Here, Rbj; is the water resources benefit caused by virtual water flows from province j to province i, i
represents the inflow province of virtual water, and j represents the outflow province of virtual water.
Vwi and Vwj are the virtual water content of grain from inflow province i and outflow province j,
respectively. x;; is the grain quantity shipped from province j to province i.
(2) Economic benefit

The economic benefit is the economic use of the water embodied in grain trade considering the
opportunity cost of water. In general, industrial water has a higher economic value than agricultural
water (Wang et al., 2010); thus, economic benefit is measured by the industrial added value. The

increase in economic benefit occurs when virtual water is traded from a region where industrial added



value is relatively high to another region where industrial added value is relatively low, while a
negative economic effect arises when the flow is in the opposite direction. The industrial added value
is calculated by dividing the virtual water quantity by the water use of industrial added value per ten
thousand yuan. The industrial added value of virtual water is obtained by comparing the industrial
added value between the outflow area and the inflow area.

b - Xi; ~ X

ij W |_W| 4)
where Ebj; is the economic benefit caused by virtual water flows from province j to province i; Xj; is
the quantity of virtual water flow from province j to province i; and /w: and Iw; are the water use of
industrial added value per ten thousand yuan from inflow province i and outflow province j,
respectively.
(3) Environmental benefit

Taking environmental water requirements into consideration, the environmental benefit shows the

impact of virtual water embodied in grain trade on terrestrial ecosystems. This benefit is analyzed by
using the crop green water occupation index proposed by Sun et al. (2010). Green water is water that
has infiltrated into the unsaturated soil layer by precipitation for the growth of plants. Green water is
invisible water that moves vertically into the atmosphere and can be considered to be
evapotranspiration. The green water system includes water consumption of forest, grassland, wetland
and rain-fed crops. It supports not only terrestrial ecosystems but also rain-fed crop production. There
is a competition for green water resources between agro-ecosystems and terrestrial ecosystems. Thus,
it is particularly important maintain terrestrial ecosystem security and rain-fed agricultural food
security. The crop green water occupation index is the tool used to estimate the proportion of green
water in agricultural ecosystems.

The green water occupation index of crops is the proportion of green water consumed in the process

of crop production. The higher the green water occupation index of crops is, the higher the proportion
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of green water occupied by agro-ecosystems is, reducing the green water available to terrestrial

ecosystems. The green water occupation index of crops is calculated using Equation (5):

Wv _\Nirrigation xn
p=—L—miwaton "1 9000
P-wW (5)
where f is the crop green water occupation index, in which “crop” refers to grain crops in this paper;

Wy and Wirrigarion are the total amount of virtual water for crop production and the irrigation water for

farmland, respectively; 7, is the irrigation water use coefficient in a province; and P and W are the
total precipitation and the total amount of water resources in a province, respectively.

3 Data collection and processing

3.1 Grain supply and demand

The grain mainly consists of rice, wheat, maize, beans and potato in this paper, of which the
statistical reliability is consistent with that of the statistical yearbook. The data on grain supply were
obtained directly from “China Agriculture Yearbook” (Ministry of Agriculture People’s Republic of
China, 2016). The data on grain demand is divided into five categories based on existing research:
ration consumption, feed consumption, industrial consumption, seed consumption and grain loss. Per
capita grain consumption and the requirements of the resident population upon which the calculation
of ration consumption is based were from the “China Statistical Yearbook™ (National Bureau of
Statistics, 2016). The ration consumption includes the household and outside consumption of families.
The specific calculation methods are as follows: Household food consumption is calculated by per
capita grain consumption multiplied by the resident population. The outside consumption of the family
is measured by two categories: rural and town; 4% of household consumption is in rural areas, and 12%
is in cities and towns. The data of conversion ratio (see Table 1) needed for the calculation of feed
consumption were from Yang (2009). The outputs of livestock and fish were from the “China Statistical
Yearbook” (National Bureau of Statistics, 2016). Feed consumption is calculated by multiplying the

output of livestock and fish by their associated conversion ratios. The conversion ratio (see Table 1)
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and the output of alcohol, liquor, beer, and monosodium glutamate needed for the calculation of
industrial consumption were from Yang (2009) and the “China Food Industry Yearbook™ (China Food
Industry Association, 2015). One part of industrial consumption is calculated by multiplying the output
of these industrial products by their associated conversion ratio. Another part of industrial consumption
for other uses represents 25% of the first part. Crop planting areas and the seed consumption per unit
area needed for the calculation of seed consumption were from the “China Agriculture Yearbook”
(Ministry of Agriculture People’s Republic of China, 2016) and Yang (2009), respectively. Seed
consumption is calculated by various crop planting areas multiplied by the seed consumption per unit
area, and the seed consumption per unit is as follows: rice is 75 kg/ha, corn is 75 kg/ha, soybean is 75
kg/ha, and other grain use is 225 kg/ha. Grain loss includes inventory loss, transportation loss and
processing loss, and inventory loss is calculated by 2% of grain production, Transport and processing
losses are calculated as 4%o and 5%, respectively, of the sum of ration consumption, feed consumption,
and industrial consumption. Details of data processing can be found in Table 2.

Table 1 Ratio conversions used by grain consumption calculation

Feed Pork Beef and mutton Poultry Eggs Fish
consumption 1:4 1:2 1:2 1:2.5 1:1
Industrial Alcohol  White wine Beer Monosodium glutamate
consumption 1:3 1:2.3 1:0.172 1:24

Table 2 Overview of data processing

Data type Processing method
Grain supply:
Grain yield Obtained directly

Grain demand:

Ration consumption Included household and outside consumption

12



Feed consumption Calculated by the feed conversion rate

Industrial consumption Calculated by the conversion ratio

Seed consumption Calculated by the crop planting area multiplied by the
seed consumption per unit area

Grain loss Included inventory loss, transportation loss and

processing loss

3.2 Grain circulation

The circulation of China’s interprovincial grain occurs mainly by railway (Ben et al. 2016). The cost
of grain transportation is the cost of rail grain transport, and the distance of transport was based on the
odometer readings between the main railway stations of the national railway. The transportation
distance of certain provinces is replaced by the shortest mileage of the provincial capital city station
in the national mileage information of the railway stations. The average cost of national grain transport
per mile is obtained by railway freight information.

3.3 Virtual water in the grain trade

The virtual water content of grain for each region should be of the utmost importance. The virtual
water content of crops in every province in China is calculated by the following steps according to
data for 2015 (What we used is the China Meteorological Forcing Dataset developed by the Data
Assimilation and Modeling Center for Tibetan Multi-spheres, Institute of Tibetan Plateau Research,
Chinese Academy of Sciences. The dataset can be obtained from the website
ftp://210.72.14.134/Data/DAT-31.0002.02.16.NG_ITPCAS-CMFD B vl1.6/. More detailed
information about the dataset can be seen in the wuser's guide for the dataset
(http://dam.itpcas.ac.cn/data/User Guide for China Meteorological Forcing Dataset.htm).  First,
this study adopts a commonly used formula for calculating the virtual water content of crop products

at home and abroad. The virtual water content per unit of grain is calculated from crop water
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requirement (m*/ha) divided by crop yield (1000 kg/ha). Second, crop yield is obtained from the
“China Statistical Yearbook™ (National Bureau of Statistics, 2016). Third, the crop water requirement
is calculated from the accumulated crop evapotranspiration over the complete growing period. The
crop evapotranspiration is calculated by multiplying the reference crop evapotranspiration by the crop
coefficient. The crop evapotranspiration is calculated on the basis of the FAO Penman-Monteith
equation (Allen et al., 1998). The crop coefficient is referenced from Sun and Zhang's study (Sun et al,
2009). Fourth, we aggregate the virtual water contents of several agricultural products into one, called
the virtual water content of grain, which is calculated by production weights. In addition, by combining
the grain trade measured above by a linear programming model with virtual water, the virtual water

flow in grain trade between provinces is estimated.

3.4 Benefits

The resource benefit is determined by the virtual water content of grain. The economic benefit is
measured by the water consumption of industrial added value per ten thousand yuan, which was from
the “China Water Resources Bulletin” (Ministry of Water Resources People’s Republic of China, 2015).
The environmental benefit is measured by the crop green water occupation index, which requires the
quantity of irrigation water use, the irrigation water use coefficient, total precipitation and total water
resources. These data were from the “China Water Resources Bulletin” (Ministry of Water Resources
People’s Republic of China, 2015) and the “China Statistical Yearbook” (National Bureau of Statistics,
2016), statistical yearbooks of provinces (municipalities, autonomous regions), and the rural water

conservancy network in China

4 Results and discussion

4.1 The flow pattern of virtual water in the grain trade

According to the results of the proposed linear optimization model, the grain trade flow pattern

among provinces in China was obtained, in which 13 regions were taken as the grain outflow areas
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and 18 regions were taken as the grain inflow areas. China's grain output is 24.9x10° kg greater than
its grain consumption, indicating that interprovincial grain flow cold meet the grain demand of various
regions in China under the condition of full circulation in 2015. As a result, self-sufficiency in grain
and the food security of China were ensured. The virtual water flow embodied in the grain trade is

obtained by the grain trade flow multiplied by the virtual water content of grain (see Figure. 2).
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Figure. 2 Virtual water flow pattern of the interprovincial grain trade in China under full circulation

Notes: Abbreviations are for the provinces of China, excluding Hong Kong, Macao and Taiwan, and more details

are provided in Appendix A.

In general, the total virtual water flow of the interprovincial grain trade in China is 79.2x10° m?,
accounting for 2.8% of the country’s total yearly water resources and 20.5% of the total agricultural
water consumption. For the regional dimension, the virtual water flow pattern in China's

interprovincial grain shows the characteristics of water being transferred from the north to the south,
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which is similar to the pattern observed in a previous study (Cao et al., 2011). There exists a
contradiction between the virtual water flow and real water distribution, which to a certain extent
intensifies the water shortage in northern China.

The authors obtained different performances of virtual water flow from the perspective of inflow
and outflow areas. In terms of outflow area, Heilongjiang is the region with the largest volume of
virtual water outflow, of which the outflow is 21.6x10° m?, flowing to Liaoning, Zhejiang, Guangdong,
Hainan and Guizhou. Hebei is the region with the lowest outflow of virtual water, of which the outflow
is 0.6x10° m°, flowing only to Sichuan. The volume of virtual water outflow is mainly from
Heilongjiang, Jilin and Inner Mongolia, which account for 53.5% of the total volume of virtual outflow.
We attribute the phenomenon of the massive outflow of virtual water to the following factors:
Heilongjiang was the highest ranking grain output region in 2015, accounting for 63.2x10° kg
(excluding grain exports). Jilin and Inner Mongolia were both grain surplus areas, where production
is larger than consumption.

In terms of inflow areas, Guangdong is the region with the largest volume of virtual water inflow,
at 16.3x10° m®, from Inner Mongolia, Heilongjiang and Xinjiang. Tibet is the area with the minimum
virtual water inflow, all from Jilin. The virtual water inflow is mainly from Guangdong, Sichuan and
Zhejiang, accounting for 46.2% of the total virtual water flow. We have classified the reasons for the
inflow into economy and population as follows: the economic development of Guangdong and
Zhejiang is crowding out agricultural production, while population increases lead to a huge demand
for grain consumption. Although Sichuan is a granary province, its large population has resulted in a
grain deficit.

4.2 Benefit analysis

Based on the virtual water flow of China’s interprovincial grain trade, this research analyzed the
resource, economic and environmental benefits caused by virtual water flow from an inflow and

outflow comparative perspective.
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(1) Resource benefit: water saving or water inefficiency

The water resource is transferred from water-scarce regions to water-abundant regions, representing
an irrational utilization of water resources from the total volume perspective. This overall situation is
determined by the difference of resource endowment between the North and the South. This difference
includes not only water resources but also arable land resources. Many studies find the arable land
resources have obvious advantages in grain production. In this paper, we focus on the water resource,
not arable land or other resources needed for grain production. Trade can be an instrument to allocate
and use the national water resource. The resource benefit of virtual water flow is analyzed by
comparing virtual water content of grain between trading partners. Virtual water content of grain
represents water productivity, and the higher the virtual water content of grain is, the lower the water
productivity is. Thus, water saving or water inefficiency occurs due to the different virtual water
contents of grain.

The calculation results show that the virtual water flow in China’s interprovincial grain trade plays
arole in water saving on a national scale, as shown in Table 3. The volume of water savings is 31.4x10°
m?, accounting for 8.2% of the national agriculture water consumption. The positive benefit of virtual
water trade occurs mainly because the virtual water typically flows from regions with low virtual water

content of grain to regions with high virtual water content, as shown in Figure. 3.
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Figure. 3 Virtual water content of grain in different regions

Notes: The value of the virtual water content is not affected by positive and negative symbols; rather, positive values
represent inflow areas and negative values represent outflow areas.

Table 3 Resource benefit in China's interprovincial grain trade

Inflow areas (10° m®)

%‘,’v':)e B) TJ LN SH ZJ FJ SD HuBHuN GD GX HaNCQ SC GZ YN XZ QH Total
HeB 0.1 0.1
SX1 0.2 0.2
NMG 75 05 1.0 8.9
L -01 0.7 12 7.2 0.1 9.4
HLJ 16 11 27 1.9 0.4 7.6
outflo 35 0.2 0.2
W AH 0.8 0.8
areas  jx 0.1 0.1
HeN 2.0 0.8 0.2 3.1
SX3 0.01 0.01
GS 0.7 0.2 -0.9
NX 0.03 -0.3 0.3
XJ 0.2 02 02 -03

Total 0.03 -0.2 -2.7 -0.7 -1.1 -2.0 0.2 -1.2 -0.8 -105-7.2 -2.1 -04 -1.1-04 -1.0 -0.1 -0.2 -314
Notes: Negative numbers represent water savings, and positive numbers represent water inefficiency.

The water resources saved by virtual water come from the three outflow areas of Jilin, Inner

Mongolia and Heilongjiang, which represent 81.7% of the total savings of water resources in the

18



outflow areas (Figure. 4a). The water resources saved from the three inflow regions of Guangxi,
Guangdong and Liaoning account for 64.3% of the total savings of water resources in the inflow areas
(Figure. 4b). As shown in Table 3, an interesting phenomenon is revealed. As far as the volume of
water resources savings is concerned, the flow from Inner Mongolia to Guangdong is first, at up to

7.5x10° m?, followed by Jilin to Guangxi (7.2x10° m®) and Heilongjiang to Guangdong and Liaoning

(up to 4.3x10°m?).
a - Percentage(%) —— Cumulative percentage(%) b
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Figure. 4 The distribution of water resources savings in outflow/inflow areas
(2) Economic benefit: increasing or decreasing
The economic benefit of virtual water flow in China’s interprovincial grain trade is increasing. The

results show that the industrial added value is 6.4x10'? yuan (Table 4).

Table 4 The change of industrial added value of the virtual water flow of China's interprovincial grain
trade

Inflow areas (10*2yuan)

%\?V'l)e B] TJ LN SH 2] FJ SD HuBHUNGD GX HaNCQ SC GZ YN XZ QH Total
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HeB 0.2 0.2
SX1 -0.7 -0.7
Outflow NMG 14 0.2 0.4 2.0
areas JL -0.2 0.1 0.2 -0.03 0.1 0.2
HLJ -14 -1.8 -1.0 -0.1 -0.02 -4.3
JS -1.2 -1.2
AH -0.3 -0.3
JX -0.04 -0.04
HeN 11 0.5 0.1 1.7
SX3 0.9 0.9
GS -0.9 -0.2 -1.1
NX -04 -0.3 -0.7
XJ -2.9 -0.01 -0.02-2.9
Total-09 -16 -26 01 -18 20 -29 02 05 04 -0.03-0.030.2 -0.3 -0.0204 0.1 -0.02-6.4
Notes: Negative numbers indicate an increase in economic benefit; positive numbers indicate a decrease in economic
benefit.
a - Percentage(%)  —@— Cumulative percentage(%) b
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Figure. 5 The contribution of added economic benefit in outflow/inflow areas

As far as added economic benefit is concerned, a novel characteristic is found in that the outflow

and inflow are fully matched. The added economic benefit caused by the virtual water from the four

outflow areas of Heilongjiang, Xinjiang, Jiangsu and Gansu is 84.6% of the total added economic

benefit in outflow areas (Figure. 5a). The added economic benefit of the four inflow regions of

Shandong, Liaoning, Zhejiang and Tianjin is 86.8% of the total added economic benefit in inflow areas

(Figure. 5b). Table 4 shows that the virtual water of Heilongjiang flows to multiple regions, of which

the maximum added economic benefit is to Zhejiang. The virtual water of Xinjiang flows to multiple

regions, of which the maximum added economic benefit is to Shandong; the virtual water of Jiangsu
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flows to multiple regions, of which the maximum added economic benefit is to Tianjin. The virtual
water from Gansu to Liaoning causes the maximum added economic benefit during multiple virtual

flows of Gansu.
(3) Environmental benefit

The green water occupation index of the crops of each region is calculated by Equation (5), and the

results are shown in Figure. 6.

0.6 -
0.5 -
0.4
0.3 1
0.2 1

0.1 5

Green water occupation index of crop

0.0

e A S A LR L A LA

%(\‘C\

Provinces

Figure. 6 Green water occupation index of crops in different regions

The top five listed regions with regard to the green water occupation index of crops are Henan,
Heilongjiang, Shandong, Hebei and Anhui, and their index values are 64.4%, 49.8%, 45.8%, 37.6%
and 37.5%, respectively. The proportion of green water consumed by crop growth in these areas
accounts for a large proportion of the total green water. It is shown from the green water resources that
the water resources required by terrestrial natural ecosystems is misappropriated, which threatens the
terrestrial ecosystem health to a certain extent. The last five listed regions with regard to the green
water occupation index of crops are Xinjiang, Tibet, Qinghai, Shanghai and Beijing, while the

proportion of green water consumed by crop growth in these areas is low. The regions with a high
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green water occupation index are virtual water outflow areas as well as areas with a shortage of water
for daily living and crop production. These results show that the export of virtual water in these regions
to other areas not only is harmful to the local agro-ecosystems but also exacerbates the threats to the

local terrestrial natural ecosystem and socioeconomic development.
5 Conclusions and implications

A linear optimization model is proposed to estimate the flow pattern of interprovincial grain trade
in China taking 2015 as an example, the comprehensive benefits caused by virtual water flow in grain
trade are analyzed from both outflow and inflow comparative perspectives, the results shown that
virtual water trade between regions can relieve the pressure on limited water recourses, contribute to
improving the water use efficiency at the national level, promote the economic value of water and
maintain ecological security. Several specific conclusions and policy implications are presented below.

5.1 Conclusions

(1) Virtual water flow in China’s interprovincial grain trade should be given enough attention,
water resources can be greatly saved by optimizing the pattern of virtual water flow. The total amount
of virtual water flow in China’s interprovincial grain trade is 79.2x10°m?®, accounting for 20.5% of the
total agricultural water consumption, the 31.4x10° m* of water resource is saved by the proposed
pattern of virtual water flow in China’s interprovincial grain trade, which accounts for 39.7% of the
total amount of virtual water flow. The virtual water flow shows the characteristics of water transfer
from water-scarce regions to water-abundant regions, which exacerbates the water resources shortage
in the northern region to some extent.

(2) The overall economic benefit of saving water resources via optimizing the pattern of virtual
water flow is huge and can be explained by the result of the virtual water trade from high water
productivity regions to low water productivity regions. The economic benefit increased by 6.4x10'?
yuan in 2015, which indicates that the virtual water in the grain trade flows from high value-added

industrial production areas to low value-added areas, resulting in higher economic value, such as the
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1.8x10'? yuan increase in virtual water trade from Heilongjiang to Zhejiang. A reduction of economic
benefit occurs when the virtual water flows in the opposite direction. The calculation of economic
benefit takes the high value of virtual water use into consideration, contributing to the more efficient
allocation of water. Attention should be paid to this factor because it can be a means to improve water
management. In terms of the economic benefit reduction, the virtual water flow of certain provinces
(including Inner Mongolia and Henan) goes against the principle of more efficient water allocation.
The outflow areas have intensively developed grain production due to the arable land advantage;
conversely, the inflow areas have concentrated on economic development.

(3) From the perspective of environmental benefit, the areas with a high green water occupation
index of crops are mainly located in the Huang-Huai-Hai region, and the proportion of green water
consumed in grain production is large, which occupies the green water resources required by natural
terrestrial ecosystems. In addition, these regions with water shortage problems are also virtual water
outflow areas, and the export of virtual water to other areas not only is harmful to the local agro-
ecosystem but also exacerbates impacts on the local terrestrial ecosystems and socioeconomic
development.

5.2 Policy implications

(1) Due to the difficulty of fundamentally changing the flow pattern of grain trade among provinces
in China, some economic means should be taken, such as improving grains and water pricing system
by taking water scarcity and disparity in different regions. The virtual water flow through grain trade
is from the drier North to the wetter South, which is a paradox in China. Similar paradoxes have
occurred in the global virtual water trade (Kumar and Singh, 2005; Ansink, 2010; Reimer, 2012; Guan
and Hubacek, 2007) and many studies have explained the phenomenon, the reason is that arable land
has played a more decisive role in grain production than water. Thus, the virtual water flow in
interregional grain trade is from “land-rich, water-poor regions” to “land-poor, water-rich” regions. So

the water price should reflect water scarcity and the value of water in grain production and consider
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provincial disparities in water scarcity. A reasonable price can prevent the overload of water-intensive
production in arid areas.

(2) Some measures to improve water productivity and explore regional compensation mechanisms
are strongly advised to take. Water inefficiency in virtual water flow through grain trade reveals low
water productivity in many provinces, nearly half of the outflow areas. Improving water productivity
by water-saving technology and water-saving production practices is a basic and important means to
solve water shortages. In addition, the allocation of virtual water can be more efficient when virtual
water is used for economic development in water-scare regions themselves, such as Inner Mongolia,
Henan and Shaanxi, rather than flowing to other regions. However, the virtual water flows from Inner
Mongolia to Guangdong, from Henan to Fujian, and from Shaanxi to Fujian result in a reduction of
economic benefit. On the one hand, these outflow regions meet the grain demand in grain-deficit
provinces, playing an important role in national food security. On the other hand, the development of
these regions cannot be ignored. It is imperative to explore regional compensation mechanisms to
realize regional balance and sustainable development. Compensation methods should be developed
and deployed, including actual water compensation, virtual water compensation, and economic
compensation.

(3) Improving green water conservation capacity. Green water is water that has infiltrated into the
unsaturated soil layer by precipitation for the growth of plants. It is advisable to improve green water
conservation capacity to protect terrestrial ecosystems. Specific measures can include tree planting,
grassland protection, river and lake protection, and so on, especially in the Huang-Huai-Hai region.
This region, which has a high crop green water occupation index, directs a substantial amount of
available green water to the local agricultural ecosystem. Meanwhile, massive output of virtual water
will aggravate the destruction of terrestrial ecosystems.
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Appendix A
Table A1 Introduction to China’s Provinces (excluding Hong Kong, Macao and Taiwan)
Number Abbreviation Full name Number Abbreviation Full name
1 BJ Beijing 17 HuB Hubei
2 TJ Tianjin 18 HuN Hunan
3 HeB HeBei 19 GD Guangdong
4 SX1 Shanxi 20 GX Guangxi
5 NMG Inner Mongolia 21 HaN Hainan
6 LN Liaoning 22 CQ Chongging
7 JL Jilin 23 SC Sichuan
8 HLJ Heilongjiang 24 GZ Guizhou
9 SH Shanghai 25 YN Yunnan
10 JS Jiangsu 26 XZ Tibet
11 Z] Zhejiang 27 SX3 Shaanxi
12 AH Anhui 28 GS Gansu
13 FJ Fujian 29 QH Qinghai
14 JX Jiangxi 30 NX Ningxia
15 SD Shandong 31 XJ Xinjiang
16 HeN Henan
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