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Abstract: With the development of the economy and urbanization, the contradiction between water
use and supply is growing, and it is necessary to explore the relationship and evolutionary process
of water flow in the water system from a systematic perspective. Although previous studies have
analyzed the water system from a holistic point of view, a comprehensive system that considers
virtual water flows is currently lacking. The present study establishes a seven-compartment virtual
water system in Tibet in 2012 by combining ecological network analysis (ENA) with the input–output
model. Socio-economic sectors and virtual water flows are expressed as network compartments and
pathways. The information-based ENA is used to evaluate the characteristics of the virtual water
system in Tibet, including its robustness and trade-offs between network efficiency and redundancy.
Network control analysis is introduced to characterize the control and dependence intensities over
the system, while ecological relationships between pairwise compartments are calculated using
network utility analysis. The results indicate that Tibet’s virtual water system has close to optimal
robustness, with higher redundancy and limited efficiency. The agriculture compartment is the main
controller, while the energy supply compartment is the most dependent on the virtual water system.
The overall systematic relationship that the system has is generally mutualistic and synergistic, the
majority of which have a positive relationship, although the control and exploitation relationships
are dominant. These results can be used to improve network robustness and are of great significance
to the sustainable development of the virtual water system in Tibet.

Keywords: virtual water system; ecological network analysis; input–output model; robustness; Tibet

1. Introduction

Water is not only a critical resource for human survival, it is also a strategic resource
for national development [1]. With the growing population, irrigation, industrialization,
and urbanization, urban and rural living standards have continued to improve, and
water demand has substantially increased [2,3]. Therefore, it is necessary to develop
a sustainable system that is able to solve water-related problems [4]. However, water
dissipation, water pollution, and the destruction of the natural water cycle have led to
water security concerns, and the uneven distribution of water resources has further led to
regional water shortages [5–7]. Globally available water resources account for only 3% of
total water resources, while the annual average consumption is 300–400 times that of coal,
oil, and other non-renewable resources [8]. China is among the world’s top 13 countries
with water shortages, where the water resources that are available per capita are only
a quarter of the global average. The western plateau region experiences intense solar
radiation, large differences in daily and annual temperatures, high evaporation, and low
precipitation, with uneven spatial-temporal distributions. The available water per capita in
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this region is about half the national average. Therefore, the contradiction between water
demand and supply is prominent in western China [9].

The social properties of water resources are observed when humans use water for
certain activities, while the natural water cycle is linked to the social water cycle [10,11].
Water circulation and allocation includes both physical and virtual water embedded in
goods and services [12,13]. From the perspective of producers, the virtual water content
of commodities refers to the amount of water that is actually utilized during production,
which is determined by production conditions and water use efficiency. From the perspec-
tive of consumers, this quantity is the amount of water needed to produce commodities
where they are used [14]. The research of virtual water extends the subject of water into
the field of socioeconomics to recognize the driving mechanism of social water cycle and to
measure the impacts of human activities on water resource systems [15].

At present, most studies that consider virtual water focus on system simulation, which
can be divided into bottom-up and top-down perspectives [16]. The bottom-up approach
evaluates the water requirements for all products and services during their production
and during trade. Chapagain and Hoekstra [17] calculated the water footprint of tea and
coffee in the Netherlands; Chapagain and Orr [18] analyzed the freshwater consumption of
tomatoes in Spain. However, the bottom-up approach can only calculate the virtual water
trade and consumption of agricultural products, and it is difficult to study the complex
calculations of the virtual water trade of animal products and industrial products. In
addition, environmental water demand and the dependencies between different economic
sectors are often neglected. The top-down approach not only calculates total water con-
sumption during the whole process, but also avoids calculation errors. This approach is
usually based on an input–output (I-O) model. It refers to agricultural, industrial, and
service products, intuitively reflecting the water exchange between different sectors from a
holistic perspective. Guan and Hubacek [9] used the environmental I-O model to calculate
crop water consumption in China; Zhao et al. [19] selected the Haihe River Basin as a
case study and analyzed virtual water flow directions; and Mubako et al. [20] analyzed
virtual water trade in California and Illinois using I-O analysis. Although this method
can clearly describe flow directions, it cannot evaluate the indirect water flows between
different sectors, which affects analysis of the ecological relationships and the integral
throughflows in socio-economic water systems [21].

Ecological network analysis (ENA) is a holistic top-down approach that was initially
applied to ecosystems research [22]. It is an effective method to explore the structure
and function of complex systems by analyzing the internal structural distribution and
ecological relationships [23]. ENA can quantify the impacts of one compartment on the
others by evaluating their direct and indirect interactions within the system from a holistic
perspective [24]. In dealing with the complexity of the system, ENA can avoid the separate
description and evaluation of the internal elements and can put forward information-based
indicators that can cover various attributes of the complex system from the systematic
aspect [25]. Since Bodini and Bondavalli [26] used this method to consider human settle-
ments, ENA has been applied to the research fields of aquatic ecosystems [27,28], carbon
metabolism [29–31], material metabolism [32], sewage treatment [33], electric power sys-
tems [34], and water resources systems [11,35–37]. In the system framework, each sector is
connected by water flows to build a network and can be expressed as a compartment [38].
Network structure, function, development, and evolution can be studied by matrix alge-
bra [39–41]. Fang and Chen [42] identified the water interdependency among different
sectors and the network sustainability in the socio-economic system of the Heihe River
Basin using the ENA approach. Li et al. [43] developed a multi-basin water use network to
explore the evolution of the Huang, Huai, and Hai River basins and proposed suggestions
toward sustainable water use during circumstances in which there is a water shortage.
Chen et al. [11] established a water system by considering ecological flow in the Lhasa
River Basin based on ENA and assessed system properties and mutual relationships be-
tween compartments. Zhang et al. [44] and Zheng et al. [45] analyzed the relationships
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between network indicators and water consumption sectors in the water metabolic systems
of Beijing and Chongqing, respectively. In a word, ENA has the advantages of analyzing
the complex water flow structures and revealing the hidden relationship among different
sectors from a holistic perspective, providing scientific supports for management deci-
sions [46,47]. Previous studies that have focused on identifying the ecological relationship
and network structure changes between different nodes from dualistic water cycle, how-
ever, have rarely considered the virtual water embedded in products and services and have
failed to intuitively reflect the virtual water transfer between socio-economic sectors such
as the agriculture, industry, water supply, service, and transportation sectors.

Tibet is the birthplace of many major rivers in Asia as well as an important water
tower that maintains the ecosystem and socio-economic development of China as well as
Southeast Asia and South Asia [48]. However, there are great differences in the temporal
and spatial distribution of water resources in Tibet. The intensive water use areas are
mainly distributed in valleys, basins, and hilly areas with low altitude and are suitable for
human habitation, which leads to regional water supply and demand contradictions [49].
Since the late 1970s, Tibet has developed from single agro-pastoral economy to a national
economic system with the coexistence of industry and the service industry, and its economic
ties with other regions have strengthened gradually [50]. When there is economic trade
between Tibet and other regions, and the virtual water hidden in products and services
also flows among regions. Therefore, the exploration of virtual water transfer is of great
significance to the sustainable socio-economic development in Tibet.

The present study selects the Tibet Autonomous Region as a case study and then
establishes a virtual water network model to analyze the structure, performance, and
function of the system in 2012 by combining the ENA and the I-O model. In detail, the
stability of the whole network system is evaluated by information-based ENA indicators,
and the virtual water trade as well as pairwise ecological relationships among different
socio-economic compartments are also identified by ENA. This paper is organized as
follows: after this introduction, Section 2 illustrates the ENA approach and establishes
the virtual water network model of Tibet. Section 3 analyzes the results of virtual water
transfer and pairwise relationships in the virtual water system, and then the results are
compared to related studies. Finally, Section 4 draws a range of conclusions.

2. Materials and Methods
2.1. Study Area

The Tibet Autonomous Region is located in southwest China and has an area of
1,202,189 km2 (26◦50′–36◦53′ N, 78◦25′–99◦06′ E) and accounts for about one eighth of
China’s total land area (Figure 1). As the roof of the world, Tibet has diverse landform char-
acteristics, including plateaus, mountains, valleys, basins, glaciers, and karst formations.
The highest point of Mount Everest is 8848.86 m, and 86% of the area is at an elevation
of more than 4000 m. Influenced by geographical location, atmospheric circulation, and
solar radiation, the climate of Tibet has clear regional differences and vertical variability,
generally experiencing severe cold in the northwest and moist conditions in the southeast.
The annual average temperature in more than 60% of Tibetan regions is below 0 ◦C, with
a large diurnal temperature difference. The Tibetan Plateau is the most abundant region
of solar energy resources in China, with high solar radiation and long sunshine duration.
Annual precipitation ranges from 74.8 mm to 901.5 mm and decreases from the southeast
to the northwest. The rainy season is usually from May to September, which generally
accounts for over 90% of the annual precipitation [49]. There are more than 20 rivers
with watershed areas that together comprise an area greater than 10,000 km2, including
the Nujiang, Jinsha, Lancang, and Yarlung Tsangpo Rivers. Tibet is in rich in water and
hydropower resources. The quantity of surface water accounts for 13.5% of China’s total
surface water, and Tibet’s regional hydro energy reserves account for about 30% of China’s
total hydro energy reserves.
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Figure 1. Study area of the Tibet Autonomous Region.

Tibet is one of the five provincial autonomous regions that implements regional ethnic
autonomy in China. It is an ethnic autonomous region with Tibetans as the main body.
Tibet has a total population of 3.37 million, of which 69% is located rural in rural areas.
In 2017, the gross domestic production was CNY 131 billion. The primary, secondary,
and tertiary industry percentages were 9.4%, 39.2%, and 51.4%, respectively. Tibet is in
a transition period from a traditional agrarian society to a modern industrialized one.
With the implementation of the western development strategy, the Tibetan economy has
developed rapidly. Industrialization and urbanization have increased water utilization,
which is important for the analysis of virtual water trade and pairwise relationships
between socio-economic sectors.

2.2. Data Sources

This paper uses the I-O table of Tibet in 2012 to calculate the virtual water flows and
is divided into 42 sectors. According to the water utilization features and the properties
of different sectors, the 42 sectors from the original I-O table are aggregated into 7 sectors
(agriculture, mining, manufacturing, energy supply, water supply, construction, and ser-
vices and transport) [51], which are expressed as network compartments and are shown in
Table S1 of the Supplementary Materials in detail. Water use data for the agriculture sector
is taken from the agricultural water consumption detailed in the Tibet Water Resources
Bulletin 2012 (Department of Water Resources of Tibet Autonomous Region, n.d.). Water use data
for the mining, manufacturing, and energy supply sectors are taken from Tibet Statistical
Yearbook (Statistical Bureau of Tibet Autonomous Region, n.d.) for the corresponding year.
They are the most authoritative data and are approved by the local authorities. In view
of the strong positive correlation between water consumption and economic growth, the
water consumption data for the water supply, construction, and services and transport
sectors are obtained based on the Bulletin of First Water Census of the Tibet Autonomous
Region (Ministry of Water Resources of the People’s Republic of China, n.d.) from 2011. Taking
the economic growth rate in 2012 as the growth rate for water use, the water consumption
of these three sectors can be calculated. Since there was little change in the water consump-
tion in 2011 and 2012, there may be some errors in estimating the water consumption of
these three sectors in 2012 according to economic growth; however, this will not affect the
overall analysis.
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2.3. Flow Quantification

As the global trade of goods and services becomes more frequent, the virtual water
embodied in the exchange of goods and services forms a water cycle in different sectors
and regions. Direct water resources that are consumed by socio-economic sectors can
be obtained from the government statistical yearbook, while virtual water cannot be
found. Therefore, I-O analysis was used to depict the virtual water flows between different
sectors in the socio-economic water system [52]. The purpose of the I-O model of a virtual
water system is to evaluate the virtual water flow structure and to show the functional
relationship between each compartment. The water resource I-O table is established based
on the monetary I-O table, which integrates water consumption and forms a monetary–
material mixed I-O table to calculate the virtual water for socio-economic sectors in the
system [19,20].

In the present study, the virtual water system is disaggregated into seven compart-
ments. The total output can be obtained through the intermediate consumption by the
economy and the final demand [53].

Ti,out =
n

∑
j=1

f ji + yi (1)

where fji indicates the goods flows from compartment i to compartment j, and yi represents
the final demand of compartment i.

Therefore, it is important to convert the monetary I-O table into a physical I-O table.
According to the I-O analysis, an appropriate transforming factor enables the conversion
from monetary flows to the virtual water flows to become true [54]. The transforming
factor reflects the virtual water consumption when the per unit of value products are
traded between different compartments, so the amount of virtual water in the system can
be calculated:

W + εH = εQ (2)

where W is a 7 × 7 matrix and refers to the water consumption of each compartment; ε is
a 7 × 7 matrix and represents the virtual water intensity matrix, reflecting the amount of
virtual water to produce per unit of monetary value; H is a 7 × 7 matrix and represents
the monetary flows matrix; and Q is also a 7 × 7 matrix and represents the total output
diagonal matrix of each compartment. Then, the virtual water intensity matrix can be
calculated as follows [55]:

ε = W[Q−H]−1 (3)

Thus, the present study establishes the virtual water flows matrix for Tibet in 2012. By
multiplying the monetary I-O table by the virtual water intensity matrix, the virtual water
flows matrix can be obtained [33], which is shown in Table S2:

P = εH (4)

2.4. Establishment of Virtual Water Network Model

To identify the mutual relationships and interdependencies between the compartments
as well as the system robustness, a virtual water network model of Tibet was established
from the perspective of ENA (Figure 2). The network model was developed based on water
imports, exports, intermediate inputs, and consumption, reflecting the water transfer that
takes place during production, processing, and trading. In this study, the virtual water
network model shares the same boundary with the Tibet Autonomous Region. Necessarily,
a steady state was required for each compartment [38,56]:

Ti,out =
n

∑
j=1

f ji + yi = Ti,in =
n

∑
j=1

fij + zi (5)
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where n represents the number of compartments; fij Indicates the water flows leaving
compartment j to compartment i; zi and yi are the boundary inputs and boundary outputs of
compartment i, respectively; and Ti,in and Ti,out represent the total inflows into compartment
i and the total outflows of compartment i, respectively.
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Figure 2. Virtual water network model of Tibet. (Note: AG: agriculture; MI: mining; MA: manufac-
turing; ES: energy supply; WS: water supply; CO: construction; ST: services and transport).

2.5. Methodologies
2.5.1. Information-Based ENA

A sustainable system should be capable of conducting sufficient directional power to
maintain the integrity and to have a flexible reserve response to external disturbances [1,24].
Thus, the system characteristics can be evaluated based on the trade-offs between two
equally important but complementary indices: efficiency and redundancy [12,57,58]. Ef-
ficiency is the level of flow organization while redundancy represents the flexibility or
multiplicity of flow pathways between different compartments [24,37]. Fewer pathways
can have strong virtual water flows, which result in higher network efficiency. Complex
flow pathways have weak virtual water flows, resulting in higher network flexibility.
Therefore, the virtual water system requires a high level of robustness to maintain the
balance between efficiency and redundancy for long-term sustainable development [15].
The information-based ENA can effectively assess the efficiency, redundancy, and their
trade-offs in a system through flow transfer among different compartments [35]. Therefore,
the present study introduces the information-based ENA to evaluate the characteristics of
the virtual water system in Tibet, including its efficiency, redundancy, and robustness.

MacArthur [59] introduced Shannon’s information theory into network flow diversity
(H) to indicate the diversity of connections between compartments and decomposed the
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index into two complementary terms: average mutual information (AMI) and conditional
entropy (Hc). H is calculated using Shannon’s diversity index:

H = AMI + Hc = −k∑
i,j

fij

T
log2

(
fij

TiTj

)
(6)

where k represents the scale coefficient; Ti and Tj are the flows into compartment i and out
of compartment j, respectively. Generally speaking, due to the uneven flow distributions
in systems, about 20% of flows contribute 80% to H [60].

AMI quantifies the amount of flow diversity encumbered by structural constraints.
Thus, it is widely used to estimate the ability of a system to operate in an orderly manner
and to maintain network integrity for a long period and represents network efficiency from
a structural point of view [61]. There are differences between H and AMI in systems, which
are vital for network resilience. Hc refers to the amount of residual diversity pertaining to
both the inputs and outputs of an average compartment in the network, which evaluates
the redundancy from a structural perspective [24]. In general, AMI represents the order
and coherent components of a network, while Hc represents the disorder, freedom, and the
lack of organization of a network. AMI and Hc are defined in the following way:

AMI = k∑
i,j

(
fij/T

)
log2

(
fijT/TiTj

)
(7)

Hc = −k∑
i,j

(
fij/T

)
log2

(
f 2
ij/TiTj

)
(8)

where T refers to the sum of all of the combinations of fij. A higher AMI value indicates that
the network structure of the virtual water system is highly organized and that the flows are
concentrated with fewer dispersion pathways, corresponding to higher efficiency. On the
contrary, a higher Hc value indicates that the network structure of the virtual water system
is less organized, corresponding to higher redundancy [15]. Appropriate redundancy is
important to maintain the stability of the virtual water system and to reduce the risk of
collapse when facing internal or external disturbance.

The Finn cycling index (FCI) was proposed by Finn [62] to represent the ratio between
recycled flow and the total system throughflow. The cycled flow of compartment i can be
calculated as follows:

TSTci = (nii − 1)Ti/nii (9)

Since (nii − 1) refers to the relative amount of cycled flow, and nii represents the
amount of flow in compartment i generated by a unit of flow starting in compartment
i [62]. Then, FCI can be calculated by the total cycling throughflow divided by the total
system throughflow:

FCI = ∑ TSTci/Ti (10)

FCI quantifies the cycled flow in the system. The value varies from zero to one, with
zero indicating no directly or indirectly recycled flow and one indicating all flow is cycled.
The increase of FCI is usually interpreted as a response to system pressure [35]. However,
the portion of cycled flow can also act as a buffer during disturbances and can help the
system to resist external changes.

In general, a network with more diverse pathways will be stagnant but recovers more
easily when it encounters external threats. A network with fewer pathways develops more
rapidly and is also more fragile. Therefore, efficiency and redundancy are complementary
to network stability [1,63]. In order to determine the relative relationship between network
efficiency and redundancy, an index of the order degree (α) is introduced as:

α = AMI/H (11)
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Meanwhile, the quantitative measurement of network robustness (R) is an important
feature of system sustainability by concentrating on the roles of both efficiency and redun-
dancy [24]. Intuitively, the optimal robustness of the system depends on network structure,
development, and environmental pressure [57]. The relationship between R and ratio α
can be calculated as:

R = −α ln(α) (12)

2.5.2. Network Control Analysis

Network control analysis (NCA) focuses on the identification of the impact of each
compartment on the network, including the calculation and distribution of direct and
indirect throughflow [64] as well as the comparison of dependence and control degrees of
each compartment [12,21]. Based on the result of the throughflow of each compartment,
the dimensionless output-oriented and input-oriented direct flow intensity matrices G and
G′ can be calculated as follows:

G =
[
gij
]
=
[

fij/Tj
]

(13)

G′ =
[

g′ij
]
=
[

fij/Ti
]

(14)

Where gij and g′ij refer to the dimensionless output-oriented and input-oriented direct
flow intensities that represent the proportion of the flow from compartment j to compart-
ment i in the total inflow and outflow, respectively.

The dimensionless pairwise integral flow intensity matrices N and N′ synthesize the
direct and indirect flow, which can be calculated as follows:

N =
[
nij
]
=

∞

∑
m=0

Gm = G0 + G1 + G2 + · · ·+ Gm = (I−G)−1 (15)

N′ =
[
n′ij
]
=

∞

∑
m=0

G′m = G′0 + G′1 + G′2 + · · ·+ G′m =
(
I−G′

)−1 (16)

where nij and n′ij are output-oriented and input-oriented integral flow intensities put

forward by Leontief [54]; I refers to the identity matrix; G0 refers to the self-feedback
matrix; G1 represents the direct flow matrix; Gm (m > 1) represents the indirect flow matrix;
and m represents the number of pathways that flow to the target compartment. Therefore,
the values of N and N′ integrate boundary, direct, and indirect flows [65].

The control difference matrix (CD) refers to the absolute control intensity between
compartments. The control relationships can be further expressed by the control allocation
matrix (CA):

CD =
[
cdij
]
=
[
nij − n′ji

]
(17)

CA =
[
caij
]
=


[

nij−n′ji
∑m

i=1 nij−n′ji

]
,
(

nij − n′ji > 0
)

0,
(

nij − n′ji ≤ 0
) (18)

where cdij denotes control influence between the compartments j and i. cdij > 0 represents
control intensity, while cdij ≤ 0 represents dependent intensity. The value of caij ranges
from 0 to 1. If caij is closer to 1, then the control relationship is strong and has definite
directionality; otherwise, the control relationship is weak and has uncertain directionality.
In addition, the mean value (µ) and standard deviation (σ) of positive caij are introduced to
evaluate the degree of the control relationships in the network.

The control and dependence intensity can be calculated as:

SC =
[
scj
]
=

[
n

∑
k=1

cdkj

]
(19)
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where SC refers to the system vector control matrix. If scj > 0, compartment j is the
dominant over the system; otherwise, it is dependent on the system.

2.5.3. Network Utility Analysis

Network utility analysis (NUA) aims at characterizing the ecological relationships
between the pairwise compartments within networks. NUA considers the quantified
direct and indirect ecological relationships to describe their complexity and the correlations
between different compartments in the network [66–68]. Direct relationships between
pairwise compartments can be assessed using the net flow utility dij from the direct utility
intensity matrix (D):

D =
[
dij
]
=
[(

fij − f ji
)
/Ti
]

(20)

Based on the matrix D defined above, the dimensionless integral utility intensity ma-
trix (U) is put forward [38]. Matrix U contains the direct, indirect, and integral relationships
between different compartments in the system [42,69]. The iterative algorithm of matrix D
is used to calculate matrix U [39]:

U =
[
uij
]
= D0 + D1 + D2 + · · ·+ Dn = (I−D)−1 (21)

where D0 represents the initial input to each compartment; D1 represents the direct utility
relationships; and Dm (m > 1) represents the indirect utility relationships between different
compartments [70].

The integral interaction between network compartments can be explained by analyz-
ing their direct and indirect relationships. Therefore, sgn U are further developed as a
sign matrix to characterize the ecological relationships between pairwise compartments
in the network system [52,71]. There are five possible relationships between pairwise
compartments in NUA. If sgn(uij, uji) = (+, +), then both compartments are in a mutual
relationship from which both will benefit. If sgn(uij, uji) = (+,−), then the compartments are
in an exploitation relationship, where the compartment i gains more utility than it transfers
to compartment j, thus exploiting compartment j. On the contrary, if sgn(uij, uji) = (−, +),
then the compartments are in a control relationship, where compartment i loses more utility
than it gains from compartment j. If sgn(uij, uji) = (−, −), then both compartments will be
damaged in the competition relationship. If sgn(uij, uji) = (0, 0), then the compartments
have no effects on each other in a neutral relationship [11,68].

In NUA, the network mutualism index (NM) and the network synergism index (NS)
are used to determine the overall systematic relationship between compartments and can
be calculated as follows:

NM = sgnU(+)/sgnU(−) (22)

NS =
n

∑
j=1

n

∑
i=1

uij (23)

where NM represents the ratio of the number of positive signs to the number of negative
signs in matrix U [71]; NS refers to the sum of all of the utility flows in U [42]. NM and
NS can be combined to determine the overall systematic relationship, which tends to be
mutualistic or antagonistic [15]. If NM ≥ 1 and NS ≥ 0, then the positive relationships
are greater than the negative relationships, and the overall systematic relationship is
mutualistic; otherwise, the negative relationship is dominant (NM < 1 or NS < 0), and the
overall systematic relationship is antagonistic.

3. Results and Discussion
3.1. Stability Analysis of Virtual Water Network

In the present study, the non-scaled AMI and Hc (k = 1) denote the authentic effi-
ciency and redundancy of the virtual water system from only the structural perspective,
respectively. The value of AMI and Hc in the virtual water system of Tibet are 0.630 and
1.962, respectively. The AMI shows the capacity of the system to operate in an effective



Water 2021, 13, 3246 10 of 19

organization, while Hc reflects the capacity of the system to maintain its own stability in
case of environmental disturbance [15]. The AMI and Hc in Equations (7) and (8) can be
scaled to the network size by replacing k with T and by creating two metrics: ascendency
(A) and overhead (Φ), which represent the efficient and redundant sizes of a network
system, respectively [24]. In addition, the values of A and Φ of the virtual water network
were 4.95 × 109 m3 and 1.54 × 1010 m3, respectively. The calculated result of FCI is 0.149,
indicating that the portion of cycled water is low, the system is characterized by high
stability with relatively low efficiency.

The relationship between α and R is shown in Figure 3. An inverted U-shaped curve
is drawn based on Equation (12), where α ranges from 0 to 1. The curve reflects the trade-
offs between network robustness and orderliness. Once α is calculated, then the network
robustness as well as the coordination between the network efficiency and redundancy are
identified. If α is located to the left side of the inverted U-shaped curve (α < 0.37), then
the virtual water system is in a stagnant state with excessive redundancy. On the contrary,
the virtual water system is developing but fragile if α is located to the right side of the
curve (α > 0.37) because excessive efficiency may cause the system to be more vulnerable
to sudden disturbances [57]. When α is close to 0.37, then the value of R approaches its
peak, indicating that the virtual water system attains a high level of robustness by reaching
a relative balance between efficiency and redundancy. As shown in Figure 3, α is located
to the left side of the robustness curve, indicating that the system is relatively redundant,
with the calculated α value of 0.243. The network compartments are closely linked, and
there are numerous network pathways, and the flow directions are relatively scattered.
Consequently, the value of R is 0.496 for the virtual water system, which is close to the
optimal balance, demonstrating that the virtual water system is relatively stable and well
organized. Although the high redundancy may play a positive role in maintaining stability,
the network structure is not sufficiently organized due to a number of diversified flows in
the virtual water system, which limits the efficiency and affects the long-term sustainable
development of the system.
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The results reveal the overall robustness of the system. Most of the network simulation
results show that robustness values usually gather at the top of the inverted U-shaped
curve, which indicates that the systems have high stability [60]. One reasonable explanation
is that most systems consist of different compartments connected by multiple pathways,
some of which are high efficiency, but others are low efficiency or even redundant in
representing additional pathways. After a long period of adaptation and evolution, the
network flow structure reveals a strong trade-off that could not achieve extremely high
efficiency or redundancy. If a system is too efficient, then it will weaken the ability to resist
external disturbance and interference. Conversely, if a system is excessively redundant,
it will weaken the orderly distribution of virtual water flows, which hinders the internal
development of the system [24]. Therefore, the trade-off between network efficiency and
redundancy provides scientific support for policy makers to adjust regional industrial
structure and to realize regional sustainable development.

3.2. Network Control Conditions by Network Control Analysis

The control and dependence intensity values for each compartment of the virtual water
system in Tibet are shown in Figure 4. The agriculture compartment is the biggest controller
in the network, with an intensity value of 0.98. The manufacturing and water supply
compartments are also important controllers, with values of 0.05 and 0.19, respectively.
Water flows transfer to other compartments, such as mining, energy supply, construction,
and services and transport, which are dependent on the network, with respective intensity
values of −0.33, −0.52, −0.12, and −0.24. These are the compartments with the highest
water consumption. In addition to obtaining water resources from the environment, they
also acquire virtual water contained in products and services from other compartments
through the network. There are several control–dependence relationships in the virtual
water system, the strongest of which are agriculture–mining, agriculture–energy supply,
agriculture–construction, and agriculture–services and transport.
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Pairwise control relationships for each compartment are shown in Figure 5. Control
allocation values greater than 0.8 are considered to be strong relationships, while values
less than 0.5 are considered to be weak connections [42]. As shown in Figure 5, the
agriculture compartment is the major virtual water resource supplier according to the large
number of red squares, and every pairwise control allocation value is greater than 0.9.
Therefore, the agriculture compartment is the biggest dominator in the virtual water system,
with a large amount of virtual water transfer to other compartments, especially those
with which they have strong relationships. Similarly, water supply and manufacturing
compartments are also the dominators that export virtual water to others. Conversely, the
mining, manufacturing, and services and transport compartments have numerous dark
blue squares, as shown in Figure 5. Therefore, they require a large amount of virtual water
supply from other compartments, such as agriculture and water supply.
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At the same time, the strong and weak pathways between each compartment are also
evaluated. For instance, mining, energy supply, and services and transport are the compart-
ments that need to obtain a mass of virtual water that is mainly derived from the agriculture
and water supply compartments. Therefore, strong pathways exist between the pairwise
compartments of agriculture–mining, agriculture–energy supply, agriculture–services
and transport, water supply–mining, water supply–energy supply, and water supply–
services and transport. There were also strong linkages between the following pairwise
compartments: agriculture–construction, agriculture–manufacturing, agriculture–water
supply, manufacturing–mining, energy supply–mining, construction–mining, services and
transport–mining, manufacturing–energy supply, water supply–construction, and services
and transport–construction. Conversely, compartments such as water supply, construction,
and services and transport only obtain a few flows from manufacturing compartment and
are greatly dependent on other virtual water suppliers. Therefore, weaker pathways in the
system include manufacturing–water supply, manufacturing–construction, manufacturing–
services and transport, and energy supply–services and transport. According to the results
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for µ and σ, the overall control relationship in the network system is moderately high, with
a mean control allocation value (µ) of 0.763. On the other hand, the standard deviation for
the control allocation (σ) is greater, with a value of 0.283, meaning that the control power
needed to be centralized at a higher level.

According to the NCA results, the agriculture compartment is the biggest virtual
water supplier, suggesting that most water flows are transferred from agriculture to other
compartments. In other words, mining, manufacturing, energy supply, water supply,
construction, and services and transport compartments need a large amount of virtual
water from the agriculture compartment. For instance, a large amount of straw is needed
for the power generation process, and the catering industry also needs a lot of meat
from agriculture. Agriculture is the pillar sector in Tibet. It not only the main controller
in the network system that develops rapidly and produces considerable benefits to the
government, but it is also closely associated with other sectors. Therefore, it can be
concluded that agriculture is the primary sector of Tibet and that it plays an important
role in economic development. From the sectoral perspective, the controlling effect of
agriculture as a main water supplier on mining and construction are obvious, signifying
that industrial activities need a virtual water mass from the agricultural products that are
associated with a large amount of water consumption. Therefore, it is necessary to improve
water use efficiency in agriculture and other industrial sectors to ensure the sustainable
development of the virtual water system because agricultural activities directly consume
water resources, while other industrial sectors obtain virtual water from agriculture in an
indirect way.

3.3. Ecological Relationships Distribution by Network Utility Analysis

To solve the complex contradiction between regional water supply and demand,
most water resource management policies require reducing physical water use but ignore
virtual water resources. Therefore, this study describes the pairwise relationships of virtual
water flows among different compartments and reflects the health condition of the virtual
water system using NUA. Figure 6 shows 21 integral mutual relationship pairs between
compartments after calculating the integral utility intensity matrix U and sign matrix
sgn(U). The results suggest that there are three kinds of relationships in the virtual water
system: exploitation, control, and competition. Exploitation and control are reciprocal
relationships that account for more than 85% of the total. The overall systematic relationship
can be determined through the simultaneous analysis of NM and NS. The values of NM
and NS calculated by NUA are 1.04 and 17.09, respectively, indicating that the overall
systematic relationship of the virtual water system in Tibet is generally mutualistic and
synergistic with the positive relationship in the dominant position (NM ≥ 1 and NS ≥ 0).

Control relationships account for 52% of the total and are shown in columns 1 and
5 of Figure 6. Mutual relationships in the compartments of agriculture–mining, agriculture–
manufacturing, agriculture–energy supply, agriculture–water supply, agriculture–services
and transport, water supply–construction, and water supply–services and transport show
(−, +) in 2012, which is probably due to the virtual water flow process, i.e., virtual water
embedded in agricultural products or services provided by the agriculture compartment
are transferred to other compartments via trade pathways. Other control relationships,
such as mining–manufacturing, mining–energy supply, and mining–services and transport,
exist in the virtual water system and are probably caused by the virtual water embedded
in the mineral products that are transferred to other compartments.

Exploitation relationships contribute to 33% of the total. The compartments of
manufacturing–energy supply, manufacturing–water supply, manufacturing–construction,
and manufacturing–services and transport show (+, −) in 2012, suggesting that the manu-
facturing compartment obtained a large amount of water from the energy supply, water
supply, construction, and services and transport compartments. Thus, manufacturing is
the greatest beneficiary in the virtual water system and has a far-reaching effect on water
consumption. Other exploitation relationships, such as mining–water supply, mining–
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construction, and energy supply–water supply also exist in the system, indicating that
the water flows from the water supply and construction compartments contribute to the
mining and energy supply compartments.
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Competition relationships are the least common and only accounted for 14% of the
total. Mutual relationships in agriculture–construction, energy supply–construction, and
energy supply–services and transport compartments show (−, −) in 2012 because they
are highly competitive for the limited amount of water and some shared flow pathways.
The results illustrate that the agriculture, energy supply, and services and transport com-
partments extract large amounts of water from the construction compartment, while the
construction compartment also needs plenty of water from them. Competition relation-
ships are disadvantageous to the system because they increase water consumption and
result in water supply shortages, which lead to negative effects on other compartments and
regional sustainable development. Therefore, the water transfer among different compart-
ments can be reduced by improving agricultural machinery technology or by introducing
advanced mechanical equipment so as to reduce competition relationships and to prevent
the degradation of the virtual water system.

The result of the NUA indicates that unhealthy pairwise relationships of compartments
are not conducive to the sustainable development of the virtual water system. First of all,
the results show that most water flows are transferred from the agriculture compartment to
other compartments. However, it is difficult to dramatically improve the network structure
due to the limited irrigation efficiency of agricultural water resources, even if the Tibetan
primary industry has achieved a remarkable effect in water saving. Moreover, competitions
for low agricultural irrigation efficiency and large water demand for the secondary industry
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are mainly responsible for the negative relationship in the network. On the other hand,
some water-saving measures, such as the application of water saving irrigation technology
and the use of recycled water, can develop the positive relationship.

3.4. Comparison with Related Studies

The continuous improvement and development of ENA have allowed its recent
application in different areas. The results from this study are compared with those from
Ganzhou District [72] and the Baiyangdian Basin [73], as shown in Table 1. The socio-
economic water system in the Ganzhou District considers virtual water flows, while the
water use system in the Baiyangdian Basin considers physical water flows. Therefore, the
comparison is meaningful for revealing the characteristics, structure, relationship, and
sustainability of different systems. The six compartments in the Ganzhou District are
farming, livestock, fishing, industry, construction, and services. The five compartments in
the Baiyangdian Basin are aquatic systems, primary industry, secondary industry, tertiary
industry, and resident consumption, which are different from the present study. The
Ganzhou socio-economic water system was established using network environ analysis,
a branch of ENA that reveals the flow distributions and analyzes the current state of the
network using three ecosystem-based indicators: average path length, cycling index, and
the indirect-to-direct ratio. A water use system model is constructed using ENA to evaluate
the functioning of the Baiyangdian Basin in a holistic framework. Indicators such as total
system throughput, average mutual information, development capacity, and ascendency
are used to evaluate the properties of the water use system. In this study, an I-O model is
applied to quantify virtual water flow; the information-based ENA reveals the network
characteristics and the balance between network efficiency and redundancy using a single
indicator, i.e., robustness; the control and dependence intensities over the system are
identified by NCA; and the ecological relationships between pairwise compartments are
identified from a holistic view by NUA.

Table 1. Comparison of related studies.

Fang et al. Mao et al. This Paper

Location Ganzhou District Baiyangdian Basin Tibet Autonomous Region

Method Network environ analysis Ecological network analysis Ecological network analysis
coupling with the I-O model

Results

Network structure influenced
flow circulation. The network is
dependent on large boundary
water input. Three indices, the
cycling index, indirect-to-direct
ratio, and average path length
show that water consumption

efficiency is lower than the
natural system.

The water use system encounters
a lasting degradation in system

organization with AMI decreases
in an annual rate of 0.6%, while

annual growth rate of ascendency
and total system throughput are
10.1% and 11.3%, respectively.

The network is more efficient with
less redundancy. Agriculture is

the largest controller while energy
supply is the largest dependent.
The network is mutualistic and

synergistic overall although
exploitation and control

relationships are dominant.

In the Ganzhou District, structural analysis demonstrates the network structure change
during the study period, which concentrates on three agricultural compartments (farming,
livestock, and fishing). The network system maintains a large amount of water inputs,
which accounts for more than 80% of the integral flows. Water use efficiency decreases
during the study period and is lower than natural systems. Fang et al. [72] describes the
temporal change in network efficiency, which could not be evaluated in Tibet due to the
lack of statistical data over multiple years. The results manifest that the ENA method
can holistically evaluate the system attributes and fluctuation of the water use system in
the Baiyangdian Basin. Mao et al. [73] calculates that the annual growth rate of system
ascendency, and the total system throughput reached 10.1% and 11.3%, respectively, while
the AMI index decreases in an annual rate of 0.6%, indicating that the water use system
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encounters a lasting degradation in system organization and development degree though
with ascending system activities in the study area. In this study, the agriculture compart-
ment has the greatest water consumption, similar to the socio-economic water system in
Ganzhou District. The information-based ENA implies that the virtual water system in
Tibet has a high stability due to the close connection between network compartments with
numerous pathways and flow directions, which is similar to the results in the Ganzhou
District and Baiyangdian Basin. Reducing pathways and increasing interflows among
compartments can help to improve network efficiency. Furthermore, the internal network
structure is evaluated by NCA and NUA based on the flow distributions between the com-
partments and pathways in the network system, which is not considered by Fang et al. [72]
and Mao et al. [73]. The agriculture and water supply compartments are the two largest
controllers, while the energy supply, mining, and services and transport compartments
are the three largest dependents in Tibet’s virtual water system. The NUA results indicate
that the network system is mutualistic and synergistic overall. There is less competition,
while control and exploitation relationships are dominant. NUA and NUA results reveal
integral mutual relationships between pairwise compartments, highlighting the controllers
and dependents, as well as the beneficiaries and victims in the network, which is helpful
for optimizing socio-economic structure to increase water use efficiency.

4. Conclusions

The present study calculates the virtual water flows for Tibet in 2012 using an I-O
model and establishes a seven-compartment virtual water network model based on the
ENA method. Through the analysis of the network structure, relationships, and char-
acteristics, the sustainability of the virtual water system in Tibet can be evaluated and
analyzed. Information-based ENA can reflect the trade-off between network efficiency and
redundancy. The results reveal that the virtual water system is relatively stable and has
higher redundancy and limited efficiency. NCA reveals the control and dependence inten-
sities of network compartments, and the results show that the agriculture compartment
is the main controller, while the energy supply compartment is the most dependent on
the virtual water system. NUA shows the index values of NM and NS are 1.04 and 17.09,
respectively, indicating that the overall systematic relationship of the virtual water system
is generally mutualistic and synergistic with the positive relationship in dominant position.
Exploitation, control, and competition are three kinds of relationships in the virtual water
system. Control and exploitation relationships are dominant and account for more than
85% of the total, while the competition relationship is the least common relationships in
the virtual water system.

This study considers virtual water flows in the virtual water system and establishes a
network model combining the I-O model with the ENA method. The results contribute
to a deeper understanding of network robustness and the pairwise relationships between
different compartments. It also provides scientific support for depicting the virtual water
flow in the system and adjusting regional industrial structure. However, limited by the
lack of statistical data over multiple years, this study only analyzes the structure, character-
istics, and performance of Tibet’s virtual water system in 2012 and could not evaluate the
complexity and temporal variability of the system. There is still no standard criterion for
the system robustness interval. Moreover, the method can be widely applied to regional,
national, and global scales. In the future research works, more regions could be explored to
reflect the stability of the system as well as the relationships between the pairwise sectors.
In addition, the spatial and temporal changes in the network relationships can be evaluated
to further understand the virtual water system.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13223246/s1, Table S1: Aggregation of sectors in the input–output table, Table S2: The
virtual water flows matrix of Tibet in 2012.
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