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Abstract: The concepts of virtual water and water footprint bring a new perspective for water
management. Previous studies mainly focus on one type of water and the relationship between
water footprint and water availability. In this study, three indicators were proposed to show water
consumption and the influences of virtual water flows at the Hetao irrigation district, China, during
2001–2010, considering both blue and green water. Results indicate that the ratio of blue water footprint
and blue water availability was 0.642 in 2010 and the value for green water was 0.148, coefficients on
contribution of regional production on consumption in other areas were about 0.9, and coefficients
on influences of trades from other regions to the district on regional water consumption were 0.528
(blue water) and 0.433 (green water), respectively. Government should promote water pricing policies
that can encourage the adoption of irrigation technologies and water-saving practices. Besides,
the adjustment of the crop sowing date or the cultivation of new varieties may be helpful in using
more rainfall. Lastly, a compensation mechanism for virtual water export should be built in the future,
and virtual water importing can be advocated. Before actions are taken, the possible influences and
related constraints should be considered.

Keywords: water footprint; virtual water flows; production; consumption; blue water; green water;
irrigation district; indicator

1. Introduction

Affected by both human activities and climate changes, water problems including the conflicts
between water demand and supply have become more and more severe [1,2]. Consequently, a large
number of studies have been conducted to solve these problems, and many different methods were
involved [3–7]. The concepts of virtual water and water footprint were introduced in the early 1990s
and 2000s, respectively, which demonstrate the trade and appropriation of water resources and
different water sources (local or that from the external areas) and water types (blue water, green water,
or grey water) [8]. Many different indicators based on these two concepts have been proposed to
relieve global, national, or regional water problems. Mekonnen and Hoekstra assessed the global blue
water scarcity (the ratio of blue water footprint to total blue water availability) on a monthly basis at a
high spatial resolution (30 × 30 arc min) and found that two-thirds of the global population live under
conditions of severe water scarcity at least one month of the year [9]. The same indicator was also
used to evaluate the water consumption in China and the Yellow River basin [10,11]. Twenty-three of
30 studied Chinese provinces had at least moderate water stress [10], and the Yellow River basin faced
moderate to severe blue water scarcity seven months (January–July) per year [11]. In our previous
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study, blue water scarcity at an irrigation district including the production, consumption, and water
transfer perspectives were built to analyze the water problems regionally [12]. The blue water scarcity
in the Hetao irrigation district was 0.491, indicating a high blue water stress level. The environmental
influences and opportunity costs of green water were significantly different from those of blue water.
Schyns et al. reviewed and classified about 80 indicators for green water availability and green water
scarcity and discussed how to develop operational green water scarcity indicators [13]. Besides,
studies for regional water management from the perspective of green water were also conducted by
Falkenmark, and the green water scarcity was presented in four different types (dry climate, droughts,
dry spells, and man-made green water scarcity) according to the reasons why green water can be
scare [14]. Both blue and green water should be studied to provide information for the improvement of
regional water management. In addition, indicators showing both the negative and positive influences
brought by the virtual water flows between a certain area and its external areas, such as the blue water
scarcity index and others [15,16], should also be included in the framework to analyze regional water
resources, considering the fact that water transfer has become increasing common. However, studies
combined the water footprints and virtual water flows considering both blue and green water are few.

In this study, three indicators are applied to show (a) how much water resources were consumed,
(b) the contribution of regional production for the consumption in other areas, and (c) the influences of
trade from other regions to the irrigation district on regional water consumption. The Hetao irrigation
district, the largest gravity-fed irrigation district in Asia, is used as a case-study, and the analysis is
based on a 10-year period (2001–2010). In this study, the influences of water footprints and virtual
water flows on regional water resources are included in a framework, considering both blue and green
water simultaneously. This study provides a comprehensive analysis for regional water problems and
could be helpful in forming better water management practices.

2. Materials and Methods

2.1. Case Study Area

The Hetao irrigation district is located in western Inner Mongolia, China (40◦13′–42◦28′ N,
105◦12′–109◦53′ E), with an irrigated area of 5.74 × 105 ha (Figure 1). It has five counties: Qianqi,
Wuyuan, Linhe, Hanghou, and Dengkou. The Hetao irrigation district provides a significant
contribution to China’s food security, and about 1/3 of its land is occupied by crops [12,17]. Rainfall in
this district is scarce (about 130–215 mm/year) and erratically distributed [18], and water diversions
from the external areas (mainly from the Yellow River) present a fluctuating but decreasing trend in
recent years, which have constrained its development.
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2.2. Methods

In this study, three coefficients were built to evaluate water resources consumption at the irrigation
district scale. Both blue and green water resources were considered in the study area, as well as the
influences from other areas. Three kinds of products were included: crops (rice, wheat, corn, potato,
sunflower, sugarbeet, tomato, watermelon, and muskmelon), other agricultural products (pork, beef,
mutton, and milk), and industrial products (cement, coal, and paper). The three coefficients (C1, C2,
and C3) for each county of the irrigation were calculated as follows:

C1 =
WFP
AWR

(1)

C2 =
VWE
WFP

(2)

C3 =
VWI
WFC

(3)

where WFP is the water footprint of regional production (m3/year), and its calculation methods are
listed according to the product category, as well as WFC, VWE, and VWI. AWR is the regional available
water resources (m3/year), it includes surface and groundwater for blue water resources, meaning
regional precipitation for green water. VWE is the regional virtual water export (m3/year), VWI is
regional virtual water import (m3/year), and WFC is the regional water footprint of consumption
(m3/year).

C1 indicates how much of the water resources were consumed regionally for production; a similar
indicator was used by Hoekstra et al. [8,19] and Liu et al. [12]. The value of C2 represents the
contribution of regional production for the consumption in other areas, and a similar indicator was
used to analysis the water situation for China [20] and for a global assessment [21]. C3 shows the
influences of trades from other regions to the irrigation district on regional water consumption [22,23].

2.2.1. Crops

(1) Water footprint of production

WFPC =
n

∑
i=1

(VWCi · Pi) (4)

where WFPC is water footprint of production for crops (m3/year), VWCi is virtual water content for
crop i (m3/kg), Pi is production for crop i (kg/year), and n is the kinds of crops.

VWCi = VWCgreen i + VWCblue i (5)

where VWCgreen i is green virtual water content for crop i (m3/kg) and VWCblue i is blue virtual water
content for crop i (m3/kg).

VWCgreen i was calculated as follows [24]:
VWCgreen i =

10
lgp
∑

d=1
Pe ten i

Yi

Pe ten i =

[
Pten i(4.17− 0.02Pten i)/4.17 Pten i ≤ 83

41.7 + 0.1Pten i Pten i > 83

(6)

where the factor 10 converts water depths (mm) into water volumes per unit land surface area (m3/ha),
lgp
∑

d=1
is the accumulation from the data of crop planting to the data that crop harvest, and Yi is yield

for crop i (kg/ha). Pe ten i and Pten i are the effective precipitation and precipitation within a 10-day



Sustainability 2018, 10, 305 4 of 15

period for crop i respectively (mm). In this study, the CROPWAT model was used to calculate Pe ten i
based on the above equation which was proposed by the Soil Conservation Service of the United States
Department of Agriculture [24].

VWCblue i was calculated based on our previous studies [25,26].

VWCblue i =
IWC·δi

Pi

IWC = IWU · αirr

δi =


(ETc i−Pe i) ·Si

n
∑

i=1
((ETc i−Pe i) ·Si)

(ETc i ≥ Pe i)

0 (ETc i < Pe i)

(7)

where IWC is the total irrigation water consumed in the irrigation district (m3/year), δi is the proportion
of irrigation water consumed by crop i to the total irrigation water consumed by the irrigation district,
IWU is irrigation water use (m3/year), αirr is irrigation water consumption ratio which was based on
the study of Nakayama [27], ETc i is the evapotranspiration of water during the growth period of crop
i (mm), Pe i is the effective precipitation during the growth period of crop i (mm), and Si is sown area
for crop i (ha).

(2) Water footprint of consumption

WFCC =
n

∑
i=1

(VWCi · Ci) (8)

where WFPC is water footprint of consumption for crops (m3/year) and Ci is the volume of
consumption for crop i (kg/year).

(3) Virtual water flows

VWFC =
n

∑
i=1

(VWCi · Ti) (9)

where WFPC is virtual water flows related to crops trades (m3/year), Ti is the volume of trade for crop
i (kg/year), and it was calculated based on our previous study [26], which was based on surpluses
and deficits. A surplus occurred if the production volume of a certain product was larger than its
consumption, and a deficit occurred if the consumption volume was larger than its production. In
this study, all regional product surpluses were assumed to be exported to other areas, and all product
deficits were assumed to be met by importing. A similar method has been applied in previous
studies [28–30].

In this study, the green water consumption for other agricultural products and industrial products
were not included which was mainly due to the lack of data. An accurate determination of the values
of water consumption for any single product (other agricultural products or industrial products) in a
small area such as the Hetao irrigation district is currently difficult. Therefore, we considered those
products for which data was readily available.

2.2.2. Other Agricultural Products

(1) Water footprint of production

WFPOAP = WFPA −WFPC (10)

where WFPOAP is water footprint of production for other agricultural products (m3/year) and WFPA
is water footprint of production for agriculture (m3/year).

WFPA = WUA · αA (11)
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where WUA is agricultural water use (m3/year) and αA is agricultural water consumption ratio. More
than 90% of agricultural water was used for irrigation [27], thus the αA was assumed equal to αirr.

(2) Water footprint of consumption

WFCOAP = WFPA-Local −WFPC-Local (12)

where WFCOAP is the water footprint of consumption for other agricultural products (m3/year),
WFPA-Local is the part of water footprint of agricultural production that is consumed regionally (m3),
and WFPC-Local is the part of water footprint of crop production that consumed regionally (m3/year).
Due to the fact that more than 90% of agricultural water was used for crop production [27], the
following relationship was assumed in this study:

WFPA-Regional

WFPA
=

WFPC-Regional

WFPC
(13)

WFPC-Regional could be calculated as follows:

WFPC-Regional =


n
∑

i=1
(VWCi · Ci) (Pi ≥ Ci)

n
∑

i=1
(VWCi · Pi) (Pi < Ci)

(14)

(3) Virtual water flows

VWFOAP = WFPOAP −WFCOAP (15)

where VWFOAP is virtual water flows related to the trades of other agricultural products (m3/year).
It represents the difference between virtual water exports and imports. Thus, a positive VWFOAP
indicates net virtual water exports, and a negative one indicates net virtual water imports.

2.2.3. Industrial Products

(1) Water footprint of production

WFPIP = WUIP · αIP (16)

Where WFPIP is water footprint of production for industrial products (m3/year), WUIP is industrial
water use (m3/year), and αIP is industrial water consumption ratio, which was based on the study of
Liu et al. [31].

(2) Water footprint of consumption

WFCIP = WFPIP-Regional + VWIIP (17)

where WFCIP is the water footprint of consumption for industrial products (m3/year), WFPIP-Regional
is the part of the water footprint of production of industrial products that is consumed
regionally(m3/year), and VWIIP is the virtual water import related to the trades of industrial
products(m3/year). The volume of industrial product transfer was calculated using the methodology
based on surpluses and deficits [26]. Simultaneously, we assumed that the volume of blue water
resources embedded in the industrial production was proportional to its value. This has been widely
used in life cycle assessment, and the relative significance of different products could be demonstrated
clearly [28–30]. The method was promoted by Hoekstra et al. for the research on water footprint [8].
Thus, WFPIP-Regional and VWIIP can be calculated as follows:

WFPIP-Regional =

{
WFPIP · LE

SR (LE < SR)
WFPIP (LE ≥ SR)

(18)
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VWIIP =

{
0 (LE < SR)

WFPIP · (LE
SR − 1) (LE ≥ SR)

(19)

where LE is the living expenditure for consumption of industrial products (Yuan/year) and SR is the
sale revenue of industrial products (Yuan/year).

(3) Virtual water flows

VWFIP = WFPIP −WFCIP (20)

where VWFIP is virtual water flows for industrial products (m3/year). A positive VWFIP indicates net
virtual water exports, and a negative one indicates net virtual water imports.

2.3. Data Sources

Monthly meteorological data (precipitation, temperature, wind speed, relative humidity, and
hours of sunshine) was from the China Meteorological Data Sharing Service System [32]. Agricultural
data (crop yield and area sown) was obtained from Hetao Irrigation District Agricultural Statistical
Data [33]. Data on surface water, groundwater, and water withdrawals in the agricultural sector,
industrial sector, and for irrigation were obtained from the Bayan Nur Water Resources Bulletin [34].
Social and economic data (population, product consumption per capita, the sale revenue of industrial
products, and living expenditure due to the consumption of industrial products) was from the Bayan
Nur Statistical Yearbook and Inner Mongolia Statistical Yearbook [35].

3. Results and Discussion

3.1. C1

In 2001, the value of C1 for blue water in the Wuyuan (0.977) was the largest, followed by Hanghou
(0.940), and that in the Dengkou was the smallest (0.742) (Figure 2). In 2010, the values of C1 for
blue water were smaller than those in 2001, and the largest and smallest ones were 0.896 in Wuyuan
and 0.554 in Dengkou, respectively. For the Hetao irrigation district, the value of C1 for blue water
decreased from 0.749 in 2001 to 0.642 in 2010. Water price for irrigation in the Hetao irrigation district
was 0.053 Yuan/m3 in 2012, which was much lower than its real value [36,37], and traditional flood
irrigation is still very common, with an irrigation efficiency of 0.42 [38]. As a result, a large volume
of blue water resources was consumed in the agricultural products’ production, which contributed
to a high C1 for the study area (Figure 2). The overexploitation of blue water resources could also be
seen at other regions. Schyns et al. analyzed the ratio of groundwater consumption and groundwater
availability of Jordan, and they found that the former was nearly double the latter [22]. Zoumides et al.
showed that the blue water scarcity was more than 1.0 in 11 years during the period of 1995–2009 in
Cyprus, while in the assumed scenario of no blue water exports, the average index would have been
0.98 [15]. Mekonnen and Hoekstra found that about two-thirds of the global population (4.0 billion
people) live under conditions of severe water scarcity (the monthly blue water footprint was more
than twice of the monthly blue water availability) at least one month of the year [9]. Overexploitation
might result in damages to global and regional sustainable development in the long run [39], while the
situation will not change in the recent future. Consequently, water-saving technologies, the full-cost
water price, and other measures that can contribute to decreasing blue water consumption should be
adapted in the Hetao irrigation district, which was one of the most important producing areas of China.
The implementation of water pricing policies could encourage the adoption of irrigation technologies
and water-saving practices, which could be seen in southern European countries [40], California [41],
and Spain [42]. While some constraints, such as the inadequate monitoring infrastructure, a lack of
political will to impose the new water prices, an ageing and poorly trained farm population, small
farm size, and low level of farm investment, should be considered at the same time [43–46].
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Figure 2. Values of C1 for blue water for the Hetao irrigation district and its five counties in 2001
and 2010.

Compared with the C1 for blue water, the values of C1 for green water were much smaller in
the study areas and the values were 0.131 and 0.148, respectively, for the Hetao irrigation district in
the years of 2001 and 2010 (Figure 3). For the five counties, the values of C1 for green water ranged
from 0.033 in Dengkou to 0.344 in Hanghou in 2001 and from 0.041 in Dengkou to 0.386 in Wuyuan in
the 2010. The value of C1 for green water in 2010 was larger than that in 2001 for the four counties of
this district, and the largest difference was 0.115 for Wuyuan. Since blue water is generally scarcer,
when exporting regions use green water, they incur a lower opportunity cost while holding other
factors constant [47,48]. Furthermore, green water use has relatively few negative environmental
externalities as there is generally only a small difference between the evapotranspiration from crop
fields, and that takes place in the presence of natural vegetative cover. In contrast, blue water use has
the potential for causing severe environmental problems including water depletion, salinization, water
logging, or soil degradation [49,50]. However, the C1 for green water was much smaller (0.148 in 2010)
than that for blue water in this district (Figure 3), which was mainly related to the significant fluctuation
of precipitation during the study period (Figure 4). During the study period, the largest precipitation
in the Hetao irrigation district was 4.31 × 109 m3 in 2008, and the smallest was 1.46 × 109 m3 in 2005.
The former was about triple of the latter. Falkenmark analyzed the regional water scarcity from the
perspective of green water consumption, and her study showed that during the crop growing season,
blue water accounts for only 16% of global consumptive water use, whereas green water accounts
for 84% at the global level, and blue water may be added through irrigation to achieve green water
security under conditions of deficiency [14]. The significance of green water was also presented by
Schyns et al., Veettil and Mishra, and Quinteiro et al. [13,51,52]. Consequently, measures such as the
adjustment of crop sowing date or the cultivation of new varieties may be helpful in using more rainfall
in the Hetao irrigation district, while factors such as daily climate measurements, crop phenology,
soils, and others should be taken into account.
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3.2. C2

As can be seen from Figure 5, the average value of C2 for blue water in the 2001 was 0.882, and it
was 0.885 in 2010 for the irrigation district. For the five counties, the differences were small. In 2001,
the values of C2 for the blue water ranged from 0.816 in Dengkou to 0.916 in Wuyuan, and in 2010,
it varied from 0.854 to 0.918. The average value of C2 for green water for the Hetao irrigation district
was 0.879 in 2001, and the value in 2010 was 0.019 larger than that (Figure 6). Compared with the values
of C2 for green water among counties, we find that Wuyuan was the region with the largest value
(0.911) in 2001, and Dengkou was the region with the smallest one (0.800). For 2010, the largest (0.925)
and smallest C2 for green water (0.855) were observed in the Wuyuan and Linhe, respectively. Due to
the increasing trade of products, the virtual water flows should be considered in the regional water
management. Nearly 90% of blue and green water consumption in the Hetao irrigation district was
exported to other areas (Figures 5 and 6), which was mainly due to the trade of agricultural products
(Figure 7). Kummu et al. found that among the 2.6 billion people who live in chronically or occasional
water-scarce regions, 55% of them have to rely on international trade to reach the reference diet, while
for 24%, domestic trade is enough [53]. The significance of virtual water trade was also illustrated by
Schmitz et al. [54]. The water embedded in exported products means more water consumption for the
regional government [55,56].
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Compensation for the large volume of virtual water exports in regions including the Hetao
irrigation district should be given in the near future, and this should not be limited to financial
compensation [36]. Small on-site rainwater harvesting technologies including green rooftops, porous
pavements, and green lands, have been successfully implemented to harvest rainwater in most regions
of the world [57]. Moreover, a number of approaches to integrate rainwater harvesting technologies
exist in developed and developing countries, such as water sensitive urban design in Australia [58], best
management practices and low impact development in USA [59], the building research establishment
environmental assessment method and sustainable urban drainage systems in the UK [60], and the
sponge city construction and development in China [61]. All these technologies have contributed
to the saving of blue water and relieving regional water scarcity. Besides, the decrease of virtual
water content for those products with large value of C2 could also make a contribution to regional
water management.

3.3. C3

The values of C3 for blue water were much smaller than those of C2 for blue water (Figure 8).
In 2001, Linhe was the county with the largest value of C3 for blue water (0.539), and Dengkou was
the county with the smallest one (0.260). In 2010, the smallest value was also related to the county
Dengkou, and the value in Qianqi was 0.266 larger than that in Dengkou. Compared with the average
values in the irrigation district, we found that a difference of 0.028 was produced. In 2001, the value of
C3 for green water in the Hanghou was 0.496, followed by Qianqi (0.425), and the smallest value could
be seen in the Wuyuan (0.292) (Figure 9). In 2010, the largest and smallest values of C3 for green water
were 0.484 in Hanghou and 0.318 in Wuyuan, respectively. The average value of C3 for green water in
the Hetao irrigation district changed from 0.381 in 2001 to 0.433 in 2010. The import of virtual water
means more water availability, and it plays an important role in the northeast of Brazil, the region with
the highest water scarcity [62,63]. The role of virtual water import was also evaluated by Tamea et al.
at the global scale [64]. However, the value of C3 was much smaller (0.528 for blue water and 0.433
for green water) than that for C2 in the study area (Figures 8 and 9). With intensified water scarcity,
decision makers in China may have to consider loosening their stance on the self-sufficiency principle
and take advantage of virtual water import [65]. Consequently, the contribution of virtual water flows
from other regions to the irrigation district on regional water consumption, especially for that related
to water-intensive products, may present an increasing trend. Thus, blue water savings at a larger
scale, including the study area and its trade partners, could occur with the successful application of
technologies for more efficient green water utilization. In future, the import of virtual water could be
advocated, while the possible influences on regional employment and many other fields should be
first considered.
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Apart from the study for crops, more attention has been paid recently on the evaluation of
water consumption for other kinds of products. Pascale et al. assessed the water footprint for both
a conventional and an organic dairy production system, and they found that green water was the
most significant contributor to the total water footprint for both systems, indicating an opportunity
to improve the water use efficiency [66]. The corporate water footprint of the textile industry and
county-level water footprints for different cellulosic-biofuel feedstock pathways were also studied
to illustrate the role of blue and green water [67,68]. In this study, only crops were included for the
analysis of green water, which was mainly due to lack of data. In future assessments, green water
consumption for other kinds of products should also be included to obtain a more complete picture for
the water consumption at the irrigation district scale.
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4. Conclusions

In this study, three indicators (C1, C2, and C3) were applied to show (a) how much water resources
were consumed, (b) the contribution of regional production for the consumption in other areas, and
(c) the influences of trade from other regions to the irrigation district on regional water consumption,
respectively, for the Hetao irrigation district based on a 10-year period (2001–2010).

The value of C1 for blue water decreased from 0.749 in 2001 to 0.642 in 2010. The overexploitation
might result in damages to regional sustainable development in the long run, and implementation
of water pricing policies could encourage the adoption of irrigation technologies and water-saving
practices. Some constraints, such as the inadequate monitoring infrastructure, a lack of political will,
an ageing and poorly trained farm population, small farm size, and low level of farm investment,
should be considered at the same time.

Compared with C1 for blue water, the values of C1 for green water were much smaller. Green
water usually has a lower opportunity cost and lower environmental influences than blue water.
Measures such as the adjustment of crop sowing date or the cultivation of new varieties may be helpful
in using more rainfall in the Hetao irrigation district, while factors such as daily climate measurements,
crop phenology, soils, and others should also be taken into account.

The values of C2 were 0.885 for blue water and 0.898 for green water in 2010. Water embedded in
exported products means more water consumption for the regional government, and the compensation
for virtual water export should be given in the near future but not be limited to financial compensation.
Rainwater harvesting technologies have been implemented in many regions of the world, which have
contributed to the saving of blue water and relieving water scarcity. Besides, the decrease of virtual
water content for those products with large value of C2 could also make a contribution to regional
water management.
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The values of C3 for both blue and green water were much smaller than those of C2. The import of
virtual water means more water availability. In future, the import of virtual water could be advocated,
as decision makers of China may have to consider loosening the stance on self-sufficiency principle
considering the intensified water scarcity, while the possible influences on regional employment and
many other fields should be first considered.
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