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Abstract: Since the end of the twentieth century, the concept of virtual water is raised, the basic theory, calculation methods and

case studies both at home and abroad has been booming, containing virtual water content has been established gradually, virtual

water trade, virtual water flow, water balance, water footprint and other economic and social management of water resources of

the concept of theoretical framework, become the important method of water cycle in the economic and social evolution. System-

atically in this paper on the concept and characteristics of virtual water analysis, the emergence and development of the theory of

virtual water,expounds the current research progress of virtual water and virtual water theory,analyzes the application prospect

in water resources management, put forward the applied to the three scientific idea of agricultural water resources management,

to provide the reference to the research of virtual water theory and application.
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With the progress of human civilization and
the development of economy and society, the in-
creasing demand for water resources, the deteriora-
ting water environment and the unreasonable use
of water resources have aggravated the water re-
sources crisis. gradually deepened people’s under-
standing of the law of water resources evolution,
and spawned a new concept of water resources
management. At the end of the 20th century, with
the continuous development of inter-regional trade
scale, the volume of virtual water trade associated

with inter-regional commodity circulation keeps in-
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creasing. In this context, the traditional concept
of water management that only considers physical
water resources shows great limitations, and the
concept of virtual water is thus generated, which
puts forward new ideas for water resources man-
agement and security strategy of supply and de-
mand, and has become a hot topic of water re-
sources research”*!, In 2002, Dutch scholar Hoek-
stra further expanded the concept of virtual water
and proposed the water footprint theory, which
provided a multidimensional index for the water re-

sources evaluation system'*. Water footprint can
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systematically evaluate the utilization approaches
of water resources (utilization, consumption and
purification of water pollution), enrich the conno-
tation and denotation of the traditional water re-
sources evaluation system, better depict the de-
mand and occupation of water resources for social
and economic development, and become an impor-
tant branch in the field of virtual water research™.
In general, the virtual water theory more truly re-
flects the consumption and flow of water resources
in human society,reveals the nature of the value u-
tility of water resources on economic society,and is
a new concept of water resources®’. This paper
mainly introduces the development and application
prospect of virtual water theory. Firstly, the con-
cept and connotation of virtual water are analyzed,
and the generation and development of virtual wa-
ter theory are reviewed. Then, the research pro-
gress of virtual water is described in detail. Final-
ly, this paper introduces the application prospect of
virtual water in water resources management and
puts forward three scientific assumptions about the
application of virtual water in agricultural water

resources management.
1 Virtual water concept

Virtual water refers to the total amount of wa-
ter resources consumed during the production of a
product or service, that is, the amount of water re-
sources condensed in the product or service. This
concept was first put forward in agricultural prod-
ucts as the main research object,and then the con-
cept of virtual water was further extension and im-
provement of the applicable objects from agricul-
tural products to a wider range of products and
services, gradually established a contain virtual wa-
ter content,virtual water trade, virtual water flow,
water balance, water footprint and other economic
and social management of water resources of the
concept of theoretical framework! ™. Virtual water
is not a real material resource, but an "invisible"
water resource contained in the product in a "virtu-
al" form. The essence of virtual water flow is the
process that water resources are converted into

commodities through the economic system,and its

+ 52« KXKRFR

value is transferred in the social production-trade-
consumption system. Virtual water is the manifes-
tation of the value of water resources in the nation-
al economic system. The characteristics of the con-
cept of virtual water are as follows: first, it relates
water to the production of products, especially ag-
ricultural products. It emphasizes that the water
resources consumed by the production of agricul-
tural products include not only surface water and
groundwater ( blue water), but also soil water
(green water). Secondly, virtual water embedded in
commodities can realize the exchange of water re-
sources between countries or regions through
trade, which is equivalent to the secondary distri-
bution of water resources embedded in commodi-
ties at the consumption end. The introduction of
the concept of virtual water is of great significance
to the research on rational allocation of water re-
sources, carrying capacity of water resources and
efficient utilization of water resources. It puts for-
ward the idea that water resources do not disappear
after being used by production activities, but are
embedded in goods or services in a virtual form to
reflect their value through trade and consumption.
This has established the bridge of water resources
system and social and economic system research,
and widened the field of water resources research.
Water footprint is an important development
of virtual water research, It is a consumption-based
water index, referring to the amount of water con-
sumed to produce goods or services required by hu-
man society. Different from the traditional water
consumption index, water footprint includes not
only the direct use of water by consumers or pro-
ducers, but also the indirect use of water. Accord-
ing to different water sources, water footprint can
be divided into blue water footprint (the amount of
surface water and groundwater consumed by pro-
duction), green water footprint (the amount of
precipitation consumed by production), and gray
water footprint (the amount of water needed to di-
lute the wastewater produced by production) M,
Blue water footprint and green water footprint can
also be collectively called water scarcity footprint

(the total amount of water consumed by produc-
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tion). Gray water footprint can be called water pol-
lution footprint, according to the type of pollution
can also be subdivided into water eutrophication
footprint. Compared with the traditional water con-
sumption index, the water footprint theory has the fol-
lowing characteristics: (1) water footprint distinguishes
the types of water resources consumed by production
activities from the perspective of water sources, which
can more completely and clearly describe the use and
consumption of water resources; (2) water footprint
clarifies the occupancy of water resources by different
uses in time and space, which can lay the foundation for
regional environmental assessment and evaluation of
the impact of water use on the economy and society.
The concept of water footprint connects production and
consumption activities with the consumption and pollu-
tion of water resources, making people realize that the
total consumption and pollution of water resources are
ultimately inseparable from the types and quantities of
products produced and consumed. At the same time,
water footprint,as a water consumption indicator relat-
ed to people’s production and consumption, can re-
veal water resource dependence or crisis state by
combining water footprint with available water re-

sources, providing an important basis for the study

Tab. 1

of water security strategy!'>'*.

From the essence of the concept, production
water footprint is the efficiency expression of the
transformation process from physical water to virtual
water , which is used to measure the utilization efficien-
cy of water resources in the process of commodity pro-
duction. Virtual water flow is the migration of water
resource value in commodities in the social and eco-
nomic system in a virtual form and measures the flow
of water resource value. Consumption water footprint
refers to the index of people’s consumption of water
resources, which measures the intensity of economic
and social demand for water resources. Virtual water
and water footprint are the means to realize the value
formation, value transfer and value consumption of

water resources.
2 Virtual water theory development

2.1 Development course of virtual water theory

Since the initial emergence of the idea of em-
bedded water by Israeli economists in the 1980s,
the research on virtual water has experienced about
30 years of development,which can be divided into
four stages according to the research progress of

virtual water theory(Tab. 1).

The development course of virtual water theory

Development Stage Research Progress

Phase characteristics

Budding Stage
(1993 years ago)

In the 1980s, concepts similar to the meaning of virtual water began to emerge,
such as external water introduced by Haddadin, embedded water used by Ton-
y Allan and water,food and trade combination used by Mc Calla all expressed

the meaning similar to virtual water[14),

The prototype of the virtual wa-

ter concept began to emerge.

Preliminary Development
Stage(1993-2001)

In 1993, Tony Allan proposed the concept of virtual water and illustrated the appli-
cation of virtual water theory by taking the long-term solution of water shortage in
the Middle East as an example/ 5, Since then, the concept of virtual water has been
gradually accepted and relevant studies have been carried out!617), The meaning of
virtual water trade is gradually formed, which broadens the cognitive scope of water

resources and enriches the solutions to water problems,

The concept of virtual water was
formally proposed and has been

developed initially.

Rapid Development Stage
(2002-2015)

In 2002, Hoekstral) proposed the theory of water footprint, which promoted the
research process of virtual water quantification and became the focus of virtual wa-
ter research, Studies on virtual water trade pattern,associated effect, embodiment of
comparative advantage and other relevant aspects have been continuously deep-
ened 18221, A system of methods such as virtual water quantification, virtual water trade

pattern analysis and associated impact assessment has been gradually formed 232>]

Virtual water theory has attrac-
ted widespread attention and has
been rapidly developed, and its
theoretical method system has

continued to mature,

Further development stage
(2016 to present)

Further development stage(2016 to present) The theory of "two-dimensional
and ternary" coupled flow of physical water and virtual water has promoted
the research process of integrating virtual water into the water resource man-
agement system-6:26-27] Related scholarst?$3%] have begun to explore ways to
regulate water resources and solve water problems through virtual water

methods.

The theory and research of virtual
water have been further developed.
Attempts have been made to solve the
problem of water resources from the
perspective of virtual water, and the
traditional water resource management
model has been further expanded.
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2.2 Research progress of virtual water theory
The study of virtual water theory has gone
through four stages of development, which has be-
come an important method to describe the evolu-
tion law of water cycle in social and economic de-
velopment. The research progress of virtual water
can be divided into the following three aspects.

(1) Virtual water flow, flow direction, trade
pattern accounting and associated effect evalua-
tion, driving mechanism analysis.

The concepts of virtual water flow and virtual
water trade are the core of virtual water theory.
Virtual water trade between countries or regions
can alleviate the shortage of water resources caused
by the uneven spatial and temporal distribution of
water resources among regions or the low produc-
tivity of water resources, resolve regional conflicts
caused by it, and achieve water and food security
for socioeconomic development. Since virtual water
was originally used to measure the amount of water
resources required for agricultural products, and
agriculture is the largest user of water resources,
many scholars have studied®"* virtual water for
agricultural products. The results show that 13%
of the global agricultural water flows between
countries and regions in the form of virtual water,
Food imports can effectively reduce the consump-
tion of regional water resources and have water-
saving benefits. Therefore, the optimal allocation of
water resources can be realized through virtual wa-
ter trade. However, studies®*" have also shown
that the virtual water flow direction of agricultural
products between some regions is opposite to water
resource endowment, which is related to the com-
parative advantages of land, human and other re-
sources,as well as the industrial and trade struc-
ture. Therefore, the optimal allocation based on
virtual water trade should consider the influence of
various factors. With the deepening of research,re-
lated scholars®*** have used water resources in-
put-output model, life cycle assessment (LLCA) and
other methods to conduct research on virtual water
flow patterns and associated effects in high water
consuming industries and regional entire indus-

tries. The virtual water flow pattern associated
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with production and consumption in energy,chemi-
cal, textile and tourism industries and its social, e-
conomic and ecological effects have attracted wide
attention. The analysis results of the driving mech-
anism of virtual water trade show that the main
factors influencing regional virtual water trade are
economy, population, water intensity and industrial
structure. The growth of economy and population
will significantly cause the increase of virtual water
flow momentum, while the industrial structure and
availability of water resources not only affect the
production capacity of countries,but also affect the
types of traded productst 4,

(2) Product, regional water footprint evalua-
tion and regional water footprint sustainability a-
nalysis.

Water footprint studies water use from the
producer and consumer perspectives by studying
the amount of virtual water contained in the pro-
duction or consumption of individuals, households,
sectors, industries, cities and entire countries. Wa-
ter footprint evaluation system can describe differ-
ent types of water used in the process of produc-
tion or consumption,and can specify the time, place
and specific type of water source of water foot-
print, which is a multidimensional indicator of wa-
ter resources research. The calculation methods of
water footprint can be divided into bottom-up and
top-down. The bottom-up method, represented by
the production tree method, calculates the water
footprint of each process in the system to obtain
the water footprint of the system, which can de-
scribe the water characteristics of each production
link in detail. Wang Wei et al*?. used the AquaCrop
model to calculate the changes of China’s wheat
water footprint from 2000 to 2014 to explore the
impact of the penetration rate of water-saving irri-
gation on China's wheat production water footprint
using a typical bottom-up approach. In addition,
bottom-up calculation methods for water footprints
are based on statistical data,remote sensing,and e-

vapotranspiration models™>*"

. The top-down ap-
proach is generally based on the consumption bal-
ance theory,and the results can reflect the flow of

virtual water between different sectors and the de-
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pendence of regions on external water resources.
The water resources input-output model of single-
region or multi-region is a typical representative of
the top-down method"**!, The convenience of virtu-
al water transfer enables regions to rely on other
regional water resources without the need to trans-
port physical water. As the scale of trade continues
to expand, the dependence on external water re-
sources of each region will continue to in-

creasel ],

Therefore, regional water footprint
sustainability analysis has become another focus of
water footprint research. Through the analysis of
the water footprint of regional production and con-
sumption, the researchers conducted in-depth dis-
cussions on the composition of the water footprint
of the region, analyzed the regional water resource
self-sufficiency rate and water resource import de-
pendence, and identified the root causes affecting
the sustainability of regional water resources based
on the analysis of water resource scarcity-'%.

(3) Physical water-virtual water coupling flow
law and regional water resources security regula-
tion.

To grasp the law of virtual water flow,to de-
scribe the virtual water flow path,to integrate the
virtual water theory into the water resources man-
agement system,and to make virtual water become
an important tool to effectively regulate water re-
sources and guarantee regional water security is
another hot spot of current virtual water research.
Wu pute et al. ©%) proposed the basic framework
and quantitative method of physical virtual water
coupled flow theory, which provided a basic idea
for further analyzing the circulation, transforma-
tion, flow action mechanism of solid water and vir-
tual water and establishing a whole-process quanti-
tative method. This is an important exploration of
the understanding of hydrological processes in
complex systems of nature, economy and society.
Zhao Xu et al. “"indicated that the current physi-
cal water and virtual water flow in China has not
played a major role in alleviating the water pres-
sure in the water receiving area, but it has aggrava-
ted the water pressure in the water export area.

Therefore,how to alleviate regional water resource

pressure by optimizing and regulating the flow pat-
tern of physical water and virtual water is of great
significance to water resource management. In or-
der to provide support for national or regional wa-
ter resources decision-making, many researches
have been carried out at home and abroad on how
to apply virtual water theory to water resources
management. More studies have begun to focus on
the complex coupling relationship between water
resources system, social system and economic sys-

8] pointed out that among the wa-

tem. Tony Allan
ter resources needed by human survival,10%5 is ob-
tained from direct drinking, while the other 90% is
obtained from the consumption of agricultural and
sideline products. This part of water resources can
be obtained through trade in agricultural and side-
line products. So there is much room for adjust-

19 analyzed the role of virtual water

ment. Dennis
strategy in ensuring food security and achieving
goals at the level of other countries,and elaborated
the comparative advantages of virtual water prac-
tices from an economic perspective, Ye Quanliang
et al. P developed a physical water-virtual water
pooling model considering economic benefits and
environmental impacts to explore the water supply
model in Beijing. It is concluded that virtual water
trade is the main water source for Beijing to meet
agricultural needs, while industrial and environ-
mental consumption of water resources is mainly in
the form of physical water, and recycled water is
the main water source. From the perspective of the
economic value of water resources, Wang Zongzhi
et al. ®Yadded opportunity cost into the linear opti-
mization model to optimize food trade, and drew
relevant conclusions and enlightenment on adjus-

ting China’s food virtual water trade.
3 Application prospect of virtual water theory

From the perspective of the development of
water resources, the unique explanatory power of
virtual water theory on the law of water resources
utilization has promoted the continuous innovation
of the system and system in the field of water re-
sources management. This provides a new option

for efficient management and strategic reserve of
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regional water resources, which has been highly
concerned by scholars and experts in multi-discipli-

5251 At the same time, the emergence

nary fields
of the virtual water theory and the continuous ex-
pansion and improvement of the virtual water trade
pattern and other areas of the research process. It
provides an important basis for the evaluation of
regional water resources carrying capacity, the de-
termination of water resources distribution plan
and the technical reform and industrial structure
adjustment derived from it,as well as a solid theo-
retical basis for the continuous optimization of na-
tional water resources strategy and trade sys-
tem" %, Based on this, this paper introduces the
application prospect of virtual water theory in wa-
ter resources management, and puts forward three
scientific assumptions of applying virtual water
theory to agricultural water resources management
according to the current situation of agricultural
water resources management.
3.1 Application prospect of virtual water
theory in water resources management
The convenience of virtual water flow makes
commodity trade an economic and feasible method

(0] Based on

to alleviate regional water shortage
this, the virtual water strategy is proposed, that is,
water-poor countries or regions can concentrate
limited water resources to obtain wealth in low-
consumption and high-value-added industries and
then guarantee water resource security by purcha-
sing water-intensive products from water-rich
countries or regions. However, whether and how
virtual water strategy can be applied is still a hot
topic in academic circles. It is undeniable that ra-
tional evaluation of water footprint consumption
and virtual water trade structure of a country or
region based on the theories of sustainable develop-
ment and comparative advantage is a powerful
means to identify the key and root causes of re-
gional water resources development. Therefore, it
is very important to establish a method system to
rationally evaluate and regulate regional industrial
structure from social benefits, economic benefits,
ecological benefits and other dimensions and then

influence the pattern of virtual water trade. Combi-
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ning the virtual water ecological compensation sys-
tem of the input area and the output area,formula-
ting a reasonable development plan and industrial
scale layout for the country or region, and making
the virtual water trade truly implemented, will be
an important advance in the application of virtual
water theory in water resources management.
With the improvement of productivity, the in-
fluence of human activities on hydrologic and water
circulation system is deepening. The current water

cycle has entered the " two-dimension three-ele-
ment" coupling flow stage of physical water and
virtual water'®. From the perspective of integrated
management of physical water and virtual water,
the ultimate goal of water resources utilization is to
meet the demand of human society for commodities
and services. These goods and services can be ob-
tained locally through physical water production or
through virtual water strategy through commodity
trade. In this context, water resources management
can establish the water security guarantee mode of
integrating physical water with virtual water, and
ensure regional water security through comprehen-
sive utilization of water-saving, physical water
transportation, virtual water trade and industrial
structure adjustment. Develop standards for water
footprint control,improve the water resource utili-
zation efficiency of the whole industrial chain from
the perspective of life cycle, expand the scale of
product production with comparative advantage of
water footprint in the region, coordinate the man-
agement of physical water and virtual water, and
realize the sustainable use of regional full-caliber
water resources.

3.2 Scientific assumption of the application
of virtual water concept in agricultural
water management

Agricultural water resources use accounts for
about 60% of the country’s water consumption. It
is the sector that uses the most water in our coun-
try and occupies an absolute dominant position in
water resources use. At the same time, the research
on virtual water began with agricultural products.

At this stage, scholars®™™/) have carried out re-

search in many agricultural fields and achieved
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fruitful results. Therefore, this article starts from
the agricultural field and combines the above-men-
tioned application prospects of virtual water in wa-
ter resources management,and proposes three ma-
jor ideas for the application of virtual water con-
cepts in agricultural water management:

(1) Formulate the water footprint control
standards for agricultural production.

Although the evaluation of agricultural water
resources utilization efficiency has made fruitful a-
chievements in the concept development of indica-
tors, the traditional evaluation of water resources
utilization mainly takes blue water as the indicator,
ignoring the important role of green water re-

060 and without

sources in agricultural food security
considering the impact on the water environ-
ment'®". Agricultural water footprint control
standard refers to the establishment of a hierarchi-
cal benchmark for each crop according to the
difference of water footprint of different farmland
production units in different regions and the same
region, which is used as the control red line for wa-
ter utilization efficiency in agricultural production
activities. For producers, lower than the red line of
minimum water efficiency control means waste of
water resources, SO various punitive measures
should be taken to urge producers to improve tech-
nology to improve water efficiency. Above the
maximum water use efficiency control standards,
incentives can be used to further consolidate this
mode of production and promote the corresponding
production technology. In addition, water footprint
can be divided into water scarcity footprint and wa-
ter pollution footprint for evaluation, giving full
play to the conceptual characteristics of water foot-
print and combining the influence of macro policies
to promote the process of agricultural water-sav-
ing. The benchmark water footprint in different
water use processes can be used as a target for
farmers and businesses in their efforts to save wa-
ter,and can also be used as a reference for govern-
ments in allocating water access permits to differ-
ent users. Trade associations in different fields can
set their own regional or global water footprint

benchmarks. At the same time, the government can

also take measures in this regard,including the en-
actment of regulations or legislation,and the elimi-
nation of outdated water technology.

(2) Establish a virtual water compensation
system for agricultural production.

Traditional water resource utilization evalua-
tion indexes are mostly limited to production activ-
ities themselves, while ignoring the impact of social
consumption activities on water resource utilization
and consumption'®), With the continuous develop-
ment of market economy,more and more water re-
sources are needed for agriculture, industry, life
and ecology,and the benefit gap between different
industries is large,so the weak position of agricul-
ture in market competition gradually becomes
prominent. Virtual water compensation refers to
the compensation made by the inflow zone of agri-
cultural products to the output zone of agricultural
products'®!. As agricultural products are water-in-
tensive products, the inter-regional transport of
grain is not only accompanied by huge virtual wa-
ter flow, but also has an impact on the regional en-
vironment. The food north-south Water Transfer
Project aggravates the pressure on resources and
environment in the northern region, hinders the e-
conomic development of the grain export region
and widens the gap between the economic develop-
ment levels in the South and the North. It is neces-
sary to fully recognize the unreasonable allocation
of resources behind food trade, coordinate the man-
agement of physical water and virtual water, and
establish the system of interregional compensation
for agricultural virtual water. Virtual water input
fields for virtual water input can alleviate the pres-
sure of the input fields of the social and economic
development of water resources or replacement wa-
ter is used in the production of the other industry,
its social and economic system of revenue incre-
ment method according to certain allocation be-
tween the output and input fields distribution, to a-
chieve a Nash equilibrium of cooperative game, Un-
der this kind of cooperation,not only the social and
economic water resources security of the virtual
water importing place is guaranteed, but also the

virtual water exporting place can gain benefits
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from food trade,and the increment of system bene-
fits is equivalent to resource compensation to main-
tain or restore the ecological environment,

(3) Implement the integrated management of
physical water and virtual water in the region.

Globally, 76 % of virtual water flows are de-
rived from food trade. Based on the deficit of water
resource utilization efficiency, a reasonable virtual
water flow pattern can save water*). However, the
virtual project of "north to south water diversion"
for grain in China wastes about 9. 3 billion m3 of
blue water resources every year, and the annual
water resources in India from the water-scarce are-
as such as Punjab in the north to the more water-
rich areas such as Bihar in the east are up to 22 bil-
lion m*%), Therefore, it is very important to imple-
ment the integrated management of regional physi-
cal water and virtual water and carry out water re-
sources planning from the perspective of full-cali-
ber water resources. As mentioned above, the water
security of physical water-virtual water pooling re-
fers to the demand of full caliber water resources
for social and economic development. For the agri-
cultural field, implementing a water resource man-
agement model of integrated physical water-virtual
water in a region requires a systematic perspective,
assessing regional food demand and production ca-
pacity,coordinating physical water and virtual wa-
ter resources, and comprehensively using water-
saving and physical resources. Measures such as
water transfer and virtual water trade ensure the
water security of agricultural production in the re-
gion and the food security of regional socio-eco-
nomic development, and maintain sustainable re-

gional development,
4 Conclusion

Since the concept of virtual water was put for-
ward in the 1990s, its basic theory, accounting
methods and case studies have been developed vig-
orously at home and abroad. The concept of water
footprint enriches the theoretical research of virtu-
al water and becomes an important branch of virtu-
al water research. This paper systematically analy-

zes the concept and characteristics of virtual water,
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and points out that the essence of virtual water is
the expression form of the value of water resources
in the national economic system,and virtual water
and water footprint are the expression means of the
whole process of the formation, transfer and con-
sumption of the value of water resources. The re-
search of virtual water has gone through four sta-
ges: the building stage where the concept of the
virtual water concept is emerging, the preliminary
development stage where the virtual water concept
is formally formed, the rapid development stage
formed by the quantitative evaluation method re-
presented by water footprint, and the further de-
velopment stage of integration into the water re-
sources management system. At present, the main
research contents focus on three aspects: @ virtual
water flow, flow direction, trade pattern accounting
and associated effect evaluation,driving mechanism
analysis; @ product, regional water footprint evalu-
ation and regional water footprint sustainability a-
nalysis; @ physical water-virtual water coupling
flow law and regional water resources security reg-
ulation. Although the convenience of virtual water
flow makes commodity trade an economic and fea-
sible method to alleviate regional water shortage.
The research on virtual water has also made great
achievements, but how to apply it to water re-
sources management is still a difficult problem. At
present, researchers begin to explore ways and
methods to apply the virtual water theory to the
existing water resources management system,mak-
ing it an important basis to support the manage-
ment practices such as industrial structure adjust-
ment, virtual water trade strategy and water-saving
policy. Strive to build physical water - virtual water
flow coupling system of social water cycle theory,
analyze the coupling flow driving mechanism, and
use the law to modern environment in regional wa-
ter resources utilization and sustainable control, the
method of generalized water through the entity
physical water - virtual water as a whole and joint
configuration to ensure safe and stable operation of

the water resources system.
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