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Water can be redistributed through, in physical terms, water trans-
fer projects and virtually, embodied water for the production of
traded products. Here, we explore whether such water redistrib-
utions can help mitigate water stress in China. This study, for the
first time to our knowledge, both compiles a full inventory for
physical water transfers at a provincial level and maps virtual water
flows between Chinese provinces in 2007 and 2030. Our results
show that, at the national level, physical water flows because of the
major water transfer projects amounted to 4.5% of national water
supply, whereas virtual water flows accounted for 35% (varies
between 11% and 65% at the provincial level) in 2007. Furthermore,
our analysis shows that both physical and virtual water flows do not
play a major role in mitigating water stress in the water-receiving
regions but exacerbate water stress for the water-exporting regions
of China. Future water stress in the main water-exporting provinces
is likely to increase further based on our analysis of the historical
trajectory of the major governing socioeconomic and technical
factors and the full implementation of policy initiatives relating to
water use and economic development. Improving water use effi-
ciency is key to mitigating water stress, but the efficiency gains will
be largely offset by the water demand increase caused by continued
economic development. We conclude that much greater attention
needs to be paid to water demand management rather than the
current focus on supply-oriented management.

water transfer | virtual water | regional water stress |
multiregional input–output analysis

The geographical mismatch between freshwater demand and
available freshwater resources is one of the largest threats to

sustainable water supply in China (1) and throughout the world. It is
well-known that China has a temperate south and an arid north (2).
The North China Plain shows the greatest water scarcity, with per
capita water availability under 150 m3/y (3–5). At the same time, this
area is home to 200 million people and provides more than one-half
of China’s wheat and one-third of its maize (6). Recognizing such
a mismatch, China has been developing over 20 major physical
water transfer projects with a total length of over 7,200 km (6),
including the world’s largest—the South–North Water Transfer
Project (SNWTP) (7). Three routes are projected in the
SNWTP, which will ultimately transfer 44.8 Gm3 water from the
Yangtze River Basin to the Huang-Huai-Hai River Basin an-
nually, of which 14.8 Gm3 is for the East Route, 13 Gm3 is for the
Middle Route, and 17 Gm3 is for the West Route (7). After
completion of the three routes, the transferred water is projected
to amount to 30.5% of total water withdrawal in the Huang-
Huai-Hai River Basin in 2012 (the latest available statistic) (8).
Apart from these major physical water transfer projects, there is

another solution to remedy regional water scarcity—so-called vir-
tual water (9–11). The virtual water concept, first introduced by
Allan (12), is the water required for the production of goods and
services along their supply chains (13). Based on this concept, water-
scarce regions import water-intensive products instead of producing
them locally, thus conserving local water resources (12, 14). Because

the SNWTP has proved highly controversial in its potential impacts
on both exporting and importing river ecosystems and its huge
capital cost (∼$60 US billion), scholars have suggested that the
North China Plain should, instead, reduce the export of water-
intensive products or even import virtual water from southern China
(11, 13, 15–17). An important question is if such redistributions can
be effective in mitigating regional water stress in China.
To answer this question, we report here on our quantification

of China’s physical and virtual water flows at the provincial level
for the year 2007. We have used the most recent interregional
trade data and evaluated the associated impacts on water stress.
To calculate virtual water flows, we have calculated water use
throughout the entire supply chain in China. The study focused
on 30 provincial-level administrative regions (provinces, autono-
mous regions, and municipalities—for simplicity, they are referred
to as provinces) (names are shown in SI Appendix, Fig. S1) in
mainland China where data were available. The volume of physical
water transfer for each province was acquired through the Water
Resources Bulletin of the studied provinces (4). To study virtual
water flows, we incorporated the direct water use of 30 economic
sectors of each province into an environmental extended multi-
region input–output (MRIO) model (18, 19) (Methods). An MRIO
model distinguishes production structure, technology, and con-
sumption for each study area and shows flows of goods and services
between and within regions; thus, it is ideally suited for measuring
interregional virtual water flows (20, 21). The virtual water trade
generated by final consumption was evaluated using the emissions
embodied in trade method (22). Water stress was evaluated using
the water stress index (WSI) (10, 23, 24). Moderate, severe, and
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extreme water stresses occur when the ratio of the annual fresh-
water withdrawal to the renewable freshwater resource is 20–40%,
40–100%, and over 100%, respectively.

Results
WSI. Our results show that 23 of 30 studied Chinese provinces
had at least moderate water stress (WSI > 0.2), with 6 provinces
showing extreme water stress (WSI > 1; i.e., they consumed more
than the available annual renewable amount of freshwater). Fig.
1 shows that water is scarcer in northern China, whereas parts of
southern China are also not spared water stress. Six provinces in
southern China show levels of moderate water stress, and two
provinces show extreme water stress.

Physical and Virtual Water Transfers. Fig. 1 shows the provinces re-
lying on physical water transfers. In 2007, physical water flows by
water transfer projects amounted to 26.3 Gm3, accounting for
4.5% of national water supply in China. The magnitude of virtual
water flows was much larger than the physical water transfers. The
total volume of virtual water flows was 201 Gm3 in 2007 (i.e., 35%
of the national water supply was used for interprovincial virtual
water trade). Fig. 2 shows the net virtual water balance and
illustrates the major virtual water flows between eight economic
regions. Virtual water flowed from the economically poor and less
populated west to the more affluent and densely populated coastal
areas of the east, where most of China’s megacities are located. A
small number of provinces was responsible for most of the net
virtual water imports and exports. The top five importing prov-
inces (Shandong, Shanghai, Guangdong, Zhejiang, and Tianjin,
which are all coastal) accounted for 74% of net virtual water
imports, whereas 78% of net virtual water exports were from
five provinces (Xinjiang, Heilongjiang, Inner Mongolia, Guangxi,
and Hunan).

Impacts on Water Stress Through Virtual and Physical Water Transfers.
Water stress is calculated as the ratio of water withdrawal to re-
newable freshwater resources within a province. We have distin-
guished between actual water stress (WSI) and hypothetical water
stress (WSI*) (Eq. 2), which refers to the hypothetical water stress

on the local hydroecosystem if the importing province was not to
have physical and virtual water inflows available to it (i.e., it would
be required to withdraw all required water from local sources).
Therefore, the difference between WSI* and WSI represents the
contribution of net virtual and physical water flows in terms of
increasing or ameliorating water stress (Eq. 3). Our results showed
that 12 water-stressed provinces benefited from net virtual and
physical water imports (WSI* > WSI). The net water imports of
these 12 provinces included 80 Gm3 virtual water and 5 Gm3

physical water. Although the water stress caused by final con-
sumption (WSI*) in these provinces was ameliorated, the water
stress to local water resources (WSI) was still considerable (Fig. 3),
with all 12 provinces remaining at the same category of water
stress, despite virtual and physical water imports.
Meanwhile, for 11 already water-stressed provinces, the situ-

ation was further compounded through net virtual and physical
water exports (WSI* < WSI). Some 81 Gm3 water was exported
from these provinces. In Fig. 3, we see that net water exports
pushed six water-exporting provinces (Heilongjiang, Inner Mongolia,
Xinjiang, Guangxi, Hunan, and Jiangxi) over their respective
water stress thresholds to the next more serious level (e.g., the
first three provinces are listed from moderate to severe, and the
latter three provinces and listed from no stress to moderate stress).
This result implies that these provinces used a large share of local
water to produce their exports, despite the water stress situation
(SI Appendix, Fig. S4). Furthermore, these water-stressed prov-
inces virtually exported more water (44% of water supply, on
average, for virtual water export; ranging from 26% to 74%)
compared with the provinces that showed no water stress (30%
of water supply for virtual water export at the national level;
ranging from 15% to 48% at the provincial level).

Future Water Stress Levels.Given the current water imbalance and
the trend for increased water demand, water management will
face even greater challenges in the future. Thus, we developed
two simple scenarios to investigate the change of water stress and
the possible ways of mitigating it.
A reference scenario was created based on the trajectory of

a series of factors that play important roles in determining the

Fig. 1. Water stress evaluation of China’s provinces (2007 baseline). The color coding of the regions distinguishes between moderate water stress, severe
water stress, extreme water stress, and no water stress. The size of the dots reflects the amount of physical water transfer, and the color code reflects the
extent of water stress. The south–north boundary line for provinces was drawn based on an acknowledged south–north dividing line (35).
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level of water stress. These factors included economic develop-
ment, population growth, water use efficiency, and water transfer
projects at the provincial level (SI Appendix). The production
and consumption structure and trade flows for 2007 were up-
dated to 2030 based on the projections of future population and
changes to per capita income, consumption patterns, and technical

and economic structure and in consideration to provincial eco-
nomic disparities and future water use efficiencies (details in
SI Appendix).
In the reference scenario, 21 provinces would continue to in-

crease theirWSI. However, the top five net virtual water-importing
provinces in 2007 (Shandong, Shanghai, Guangdong, Zhejiang, and

Fig. 2. Virtual water balance per economic region and the net direction of virtual water flows (2007 baseline). Only the largest net virtual water flows are
shown (>2 Gm3/y).

Fig. 3. Comparison of WSI and WSI* of 30 Chinese provinces with different levels of water stress. The provinces are arranged in order of decreasing WSI: (A)
provinces with extreme water stress, (B) provinces with severe water stress, (C) provinces with moderate water stress, and (D) provinces with no water stress.
When WSI* is higher than WSI, the province is a net virtual and physical water importer and has mitigated its water stress through net imports. When WSI* is
lower than WSI, the province is a net virtual and physical water exporter and has aggravated its water stress through net export.
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Tianjin) would decrease their WSI in 2030, whereas the WSI* of
these five provinces would show an increase, reflecting an in-
creasing dependence on external water import.
We further proposed a policy scenario to understand the effect

of a restrictive water policy in mitigating water stress. This scenario
was based on the most significant water-related policy in recent
years adopted as the Central Document No. 1 in 2011 (1, 25, 26),
which introduces water use caps (so-called water use redlines) for
all Chinese provinces for 2030 (SI Appendix, Table S12).
According to the policy scenario, the total water use cap would

be 700 Gm3, 3.3% (24 Gm3) lower than the water use projected
in the reference scenario. However, at the provincial level, the
WSI in 2030 would generally increase from the 2007 level, except
in four provinces (Beijing, Tianjin, Guangdong, and Hebei),
where the indicator would show only a minor drop (SI Appendix,
Table S13). Compared with the reference scenario, the WSI
values of 17 provinces in the policy scenario are even larger. The
largest difference is seen for Zhejiang, where the WSI in the
policy scenario (0.28) is 87% larger than in the reference sce-
nario (0.15). This result implies that these provinces must be
given more stringent water use redline caps to decrease their
WSI. Meanwhile, the WSI of the remaining provinces would be
smaller in the policy scenario than in the reference scenario,
suggesting that these provinces have to introduce stricter water
management strategies than in the past to decrease their water
use to meet the water use caps in 2030 (SI Appendix, Table S13).

Discussion
Unsustainable Water Transfer. Huge physical water transfer proj-
ects and virtual water flows through trade activities within China
significantly redistribute water among China’s provinces. We
have studied the extent of these water flows and the resulting
impact on water stress.
In 2007, we found that several economically developed provinces

(Beijing, Tianjin, Shandong, Shanghai, Zhejiang, and Guangdong)
had imported large amounts of physical and virtual water to help
ameliorate their water stress. In 2030, according to the reference
scenario, the dependence on net virtual and physical water flows in
terms of ameliorating water stress would be further intensified for
these provinces, which was shown through a larger discrepancy
betweenWSI* andWSI (Eq. 3 and SI Appendix, Table S14). At the
same time, both virtual and physical water transfers were shown to
have exacerbated water stress for several water-exporting prov-
inces in 2007, whereas in the future, the largest virtual and physical
water-exporting provinces will continue to suffer from increasing
water stress. In 2030, the top three virtual water-exporting prov-
inces (Xinjiang, Heilongjiang, and Inner Mongolia) will have in-
creased their WSI in both the reference and policy scenarios (SI
Appendix, Table S13). The SNWTP will have a negative impact on
the physical water-exporting provinces Hubei and Jiangsu; water
transfer will contribute to a change for Hubei’s WSI from mod-
erate (0.25) to severe (0.4) by 2030 and a change for Jiangsu’s WSI
from 1.13 in 2007 to 1.21 in 2030.
The above analysis raises the question of the sustainability of

supply-oriented water management strategies. Supply-side mea-
sures help to increase water supply but also, lead to the false
perception of unrestricted water availability. Such a perception
may encourage water-receiving provinces to further expand water-
intensive consumption and production activities, thus exacerbating
the water stress of water-exporting provinces (27, 28). To prevent
such a situation, more emphasis should be placed on water de-
mand rather than solely relying on supply-orientated management.

Mitigating Water Stress Through Efficiency Improvement. Given the
general increasing trend of WSI among China’s provinces by
2030, efficiency gains will be offset by water demand increases
caused by economic development. The reference scenario was

designed with a particular focus on the potential gains in water
use efficiency in the agricultural and industrial sectors.
According to projections in the reference scenario, agricul-

tural irrigation efficiency for the entire country will increase by
23% from 0.48 in 2007 to 0.59 in 2030. At the provincial level,
the efficiency gains range between 11% and 59% (SI Appendix,
Table S10). Such efficiency gains will help reduce irrigation
water demand by 26% (122 Gm3). To achieve this goal, signifi-
cant investment needs to be made into more water-efficient ir-
rigation infrastructures, turning ∼41% of efficiently irrigated land
in 2007 (29) to 75% of efficiently irrigated land by 2030. Initial
steps toward this goal have been made, because China’s central
government has committed investment of 4 trillion Chinese yuan
(CNY, ∼$600 US billion) to water infrastructures by 2020 (1, 7).
Industrial water use efficiency can be reflected in industrial water

intensity, which is defined as the ratio of industrial water use to
industrial output. According to the reference scenario, the industrial
water intensity of the whole country is required to decrease by 81%
from 2.54 m3/1,000 CNY in 2007 to 0.48 m3/1,000 CNY in 2030.
Likewise, the efficiency gains in industry would help to reduce 80%
of industrial water demand (949 Gm3). Unlike the large fiscal
transfer in promoting water-saving technologies in agricultural irri-
gation, most effort in reducing industrial water use is currently in
pilot projects rather than widespread adaptation. Meanwhile, in-
dustrial concerns lack the necessary incentives to save water given
the high cost and low returns (30). Incentive mechanisms are ur-
gently required to promote water-saving technologies in industry,
such as closing water cycles in industrial production processes (31).
In the policy scenario, 13 provinces, including the top 3 net

virtual water exporter provinces in 2007 (Xinjiang, Heilongjiang,
and Inner Mongolia), would need to further decrease their total
water use by 26% from 449 Gm3 in the reference scenario to 335
Gm3 in the policy scenario (SI Appendix, Table S12). This result
means additional investment in efficiency improvements with
particular emphasis on the agricultural sector.
The recognition that affluent net virtual water-importing east-

ern provinces ameliorate their water stress by externalizing water
stress to other regions can be used as a basis for designing new
mechanisms to finance investments in efficiency improvements.
Consumer responsibility (32) could be used as a basis for a com-
pensation mechanism between the top net virtual water importers
and exporters and fund such investments based on income from an
earmarked water tariff designed to charge for the amount of water
consumed throughout the entire production chain. Such com-
pensation would need to be implemented with social consid-
erations, such as distributional effects, in mind (33). Furthermore,
institutions should be established to serve as clearinghouses in
providing technical support for efficiency improvements as well as
balancing the interests among different stakeholders.

Methods
WSI. The WSI refers to the water stress arising from water withdrawal from
local water sources (Q), which is expressed as

WSI=
WW
Q

=
WU− PWnet,im

Q
, [1]

where WW refers to provincial water withdrawal, which equals water use
(WU) minus net physical water import (PWnet,im). Water use is the quantity
of water distributed to users, including water lost in transmission. Q is re-
newable freshwater availability. The categorization of WSI to evaluate water
stress is listed in SI Appendix, Table S1.

Water used for final consumption of a province is the sum ofWW plus the
net virtual water import (VWnet,im) and physical water import (PWnet,im):

WSI*=
WU+VWnet,im

Q
=
WW + PWnet,im +VWnet,im

Q
, [2]

where WSI* represents the water stress indicator that calculates the hypo-
thetical water stress on the local hydroecosystem if the importing region would
not have physical and virtual water inflows available and would withdraw the
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required water entirely from local sources. Thus, the hypothetical WSI*
increases through the (net) import of physical and virtual water flows.

According to Eqs. 1 and 2, the difference between WSI* and WSI repre-
sents the contribution of net virtual and physical water flows in terms of
increasing or ameliorating water stress:

WSI*−WSI=
PWnet,im +VWnet,im

Q
: [3]

Calculating Interprovincial Virtual Water Trade with the MRIO Model. The en-
vironmental input–output model used to calculate water use in region r can
be written as follows:

wr =drxr =drðI−ArÞ−1yr , [4]

where wr is the vector of water use in each sector of region r, xr is the vector
of total economic output in region r, dr is the vector of direct water use
intensity, which means the direct water use per unit of output in each sector,
yr is the vector of final demand, Ar is the matrix of technical coefficients, and
I is the unit matrix.

The variable xr can be rewritten as

xr =Arrxr + yrr +
X
s≠r

ers, [5]

where Arr refers to domestic technical coefficients, and yrr is domestically
produced products to fulfill final demand. The export from region r to

region s (er =
P

s≠rers) is the total bilateral trade, regardless of how the
exports are used (i.e., in final demand or interindustry demand) (34). There-
fore, Eq. 4 becomes

wr =drxr =drðI−ArrÞ−1
 
yrr +

X
s≠r

ers

!
: [6]

Then, total water use in region r can be decomposed as

wr =drxr =drðI−ArrÞ−1yrr +drðI−ArrÞ−1
X
s≠r

ers =wrr + vwers, [7]

where wrr is the water used to fulfill domestic final demand, and vwers is the
total virtual water export from region r to region s.

ACKNOWLEDGMENTS. This study was supported by International Science
and Technology Cooperation Program of China Grant 2012DFA91530, Na-
tional Natural Science Foundation of China Grant 41161140353, Beijing
Natural Science Foundation Grant 8151002, National Natural Science
Foundation of China Grants 91325302 and 51009005, the 1st Youth Excel-
lent Talents Program of the Organization Department of the Central Com-
mittee, Fundamental Research Funds for the Central Universities Grant
TD-JC-2013-2, the Economic and Social Research Council-funded project
“Dynamics of Green Growth in European and Chinese Cities,” the Philip
Leverhulme Prize, and the Worldwide Universities Network. We also thank
the Senior Cheney Fellowship for supporting the visits of J.L. to the Uni-
versity of Leeds.

1. Yu C (2011) China’s water crisis needs more than words. Nature 470(7334):307.
2. Varis O, Vakkilainen P (2001) China’s 8 challenges to water resources management in

the first quarter of the 21st Century. Geomorphology 41(23):93–104.
3. Yang H, Zhang X, Zehnder AJB (2003) Water scarcity, pricing mechanism and in-

stitutional reform in northern China irrigated agriculture. Agr Water Manage 61(2):
143–161.

4. Provincial Water Resources Bureau (PWRB) (2007) Water Resource Bulletin (China
Water Power Press, Beijing).

5. Xia J, Qiu B, Li Y (2012) Water resources vulnerability and adaptive management in
the Huang, Huai and Hai river basins of China. Water Int 37(5):523–536.

6. Aeschbach-Hertig W, Gleeson T (2012) Regional strategies for the accelerating global
problem of groundwater depletion. Nat Geosci 5(12):853–861.

7. Liu J, et al. (2013) Water conservancy projects in China: Achievements, challenges and
way forward. Glob Environ Change 23(3):633–643.

8. The Ministry of Water Resources of the People’s Republic of China (2012) China Water
Resource Bulletin (China Water Power Press, Beijing).

9. Chapagain AK, Hoekstra AY, Savenije HHG (2006) Water saving through international
trade of agricultural products. Hydrol Earth Syst Sci 10(3):455–468.

10. Oki T, Kanae S (2006) Global hydrological cycles and world water resources. Science
313(5790):1068–1072.

11. Liu J, Savenije HHG (2008) Time to break the silence around virtual-water imports.
Nature 453(7195):587.

12. Allan T (1992) Fortunately There Are Substitutes for Water: Otherwise Our Hydro-
political Futures Would Be Impossible in Priorities for Water Resources Allocation and
Management (ODA, London), pp 13–26.

13. Yang H, Zehnder A (2007) “Virtual water”: An unfolding concept in integrated water
resources management. Water Resour Res 43(12):W12301.

14. Guan D, Hubacek K (2007) Assessment of regional trade and virtual water flows in
China. Ecol Econ 61(1):159–170.

15. Ma J, Hoekstra AY, Wang H, Chapagain AK, Wang D (2006) Virtual versus real water
transfers within China. Philos Trans R Soc Lond B Biol Sci 361(1469):835–842.

16. Guan D, et al. (2014) Lifting China’s water spell. Environ Sci Technol 48(19):11048–11056.
17. Feng K, Siu YL, Guan D, Hubacek K (2012) Assessing regional virtual water flows and

water footprints in the Yellow River Basin, China: A consumption based approach.
Appl Geogr 32(2):691–701.

18. Miller RE, Blair PD (2009) Input-Output Analysis Foundations and Extensions (Cam-
bridge Univ Press, Cambridge, United Kingdom), 2nd Ed.

19. Feng K, et al. (2013) Outsourcing CO2 within China. Proc Natl Acad Sci USA 110(28):
11654–11659.

20. Lenzen M (2009) Understanding virtual water flows: A multiregion input-output case
study of Victoria. Water Resour Res 45(9):W09416.

21. Feng K, Chapagain A, Suh S, Pfister S, Hubacek K (2011) Comparison of bottom-up
and top-down approaches to calculating the water footprints of nations. Econ Syst
Res 23(4):371–385.

22. Peters GP, Hertwich EG (2006) Pollution embodied in trade: The Norwegian case. Glob
Environ Change 16(4):379–387.

23. Vörösmarty CJ, Green P, Salisbury J, Lammers RB (2000) Global water resources:
Vulnerability from climate change and population growth. Science 289(5477):
284–288.

24. Pfister S, Koehler A, Hellweg S (2009) Assessing the environmental impacts of fresh-
water consumption in LCA. Environ Sci Technol 43(11):4098–4104.

25. Liu J, Yang W (2012) Water management. Water sustainability for China and beyond.
Science 337(6095):649–650.

26. CPC Central Committee and State Council (2010) The Decision on Accelerating the
Reform and Development of Water Conservancy (People’s Publishing House, Beijing).

27. Gohari A, et al. (2013) Water transfer as a solution to water shortage: A fix that can
Backfire. J Hydrol 491(0):23–39.

28. Suweis S, Rinaldo A, Maritan A, D’Odorico P (2013) Water-controlled wealth of na-
tions. Proc Natl Acad Sci USA 110(11):4230–4233.

29. Feng B (2013) Study on the Evaluation and Management of Irrigation Water Use
Efficiency for Different Scales in Countrywide. PhD thesis [China Institute of Water
Resources & Hydropower Research (IWHR), Beijing].

30. Blanke A, Rozelle S, Lohmar B, Wang J, Huang J (2007) Water saving technology and
saving water in China. Agric Water Manage 87(2):139–150.

31. Boyle CE, Huang Q, Wang J (2014) Assessing the impacts of fiscal reforms on in-
vestment in village-level irrigation infrastructure. Water Resour Res 50(8):6428–6446.

32. Lenzen M, Murray J, Sack F, Wiedmann T (2007) Shared producer and consumer
responsibility—Theory and practice. Ecol Econ 61(1):27–42.

33. Feng K, et al. (2010) Distributional effects of climate change taxation: The case of the
UK. Environ Sci Technol 44(10):3670–3676.

34. Weber CL, Matthews HS (2007) Embodied environmental emissions in U.S. in-
ternational trade, 1997-2004. Environ Sci Technol 41(14):4875–4881.

35. Xie Y, MacKinnon J, Li D (2004) Study on biogeographical divisions of China.
Biodivers Conserv 13(7):1391–1417.

Zhao et al. PNAS | January 27, 2015 | vol. 112 | no. 4 | 1035

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
29

, 2
02

1 


