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Abstract. In this study, an ecological network-based input-output model (ENIOM) is 

developed for assessing the virtual water in China. Direct/indirect water consumption 

efficiency and virtual water flow directions among different sectors are quantified by input-out 

model, and the relationship (e.g., exploitation, competition and mutualism) among different 

sectors are identified by network utility analysis. Based on China’s input-output table in 2017, 

results show that (i) agriculture sector has the highest direct water consumption coefficient, and 

manufacturing sector has the highest indirect water consumption coefficient; (ii) manufacturing 

sector is the largest virtual water input and output sector, with a total net input of 93.6×10
9
 m

3
 

from the remaining seven sectors; and (iii) exploitation is the main relationship existed in the 

water network system. These findings suggest that more attentions should be paid on 

agricultural and manufacturing sectors in terms of water resources management. 

1. Introduction 

Rapid economy development and speedy urbanization expansion in China have imposed increasing 

water demand, threatening regional water security and socioeconomic development. Effective 

identification of water-insensitive sectors and water-resources flow directions can help alleviate water 

crisis. The proposal of virtual water concept provides new ideas and methods for analyzing the 

challenges of water crisis [1]. Many research studies have been conducted for assessing virtual water 

among regions and sectors. For example, Zhuo et al. (2016) estimated water footprints of 22 crops 

based on a bottom-up method, and identified crop trade reversed the net virtual water flow since 2000 

in China [2]. Zhang et al. (2019) used an input-output (IO) model for establishing a water ecological 

network among 16 sectors of Guangdong Province [3]. The most popular method for assessing virtual 

water is IO-dominated “top-down” approach, which can effectively quantify the amount of water 

between sectors and confirm the orientation of the flow [4]. Though massive researches have been 

conducted with IO model, the interactions among sectors within the socioeconomic system were 

neglected [5,6]. Network utility analysis (NUA), a flow-based method of ecological network analysis 

(ENA), can quantify the interrelationships (e.g., exploitation, competition and mutualism) among 

different departments of the water system. In NUA, The hidden ecological relationships and the 

mutualism status of the sectors can be discovered.  

Therefore, this study is aimed at establishing an ecological network-based based input-output 

model (ENIOM) to analysis virtual water in China. IO model is used to quantify the virtual water and 

flow directions within an economic system. NUA method is used to identify the interactions among 
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sectors in terms of virtual water flows. Then, the developed method is applied to China’s IO table in 

2017. Results are expected to provide reliable information for water resources management. 

2. Methodology 

IO model is a quantitative economic technology, representing the interdependence among different 

economic sectors [7], which can be expressed as: 

1

n

i ij i

j

X X Y


           (1) 

where Xi is the total output of sector i; Yi is the final demand of sector i; Xij is the inputs from sector i 

to sector j. Then, the model can be solved by a direct consumption matrix and a inverse Leontief 

matrix. Based on China’s IO table of 2017 and water use data, a row of water consumption (Wij) is 

added to the original IO table. Then, a direct water consumption coefficient (DWC) matrix can be 

calculated as: 

[ ] /i j i iDWC DWC DWC DWF X ，        (2) 

where DWCi is the direct virtual water coefficient of sector i, known as the amount of direct water 

input to increment one monetary unit output in sector j; DWFi is the freshwater input directly by sector 

i, Xi is the gross output of sector i [8]. Then, the total water consumption coefficient matrix TWC can 

be defined as:  

[ ],  Ti i i ijTWC TWC WC DWC b          (3) 

where bij is an element of inverse Leontief matrix. TWC means the final demand of a product with 

both direct and indirect water consumption. Thus, the indirect water use coefficient (IWC) can be 

subtracted by DWC from TWC as:  

[ ]iIWC TWC DWC IWC           (4) 

Network utility analysis is used to describe the correlation between consumption and benefits in a 

network [9, 10]. In this study, this approach is used to analyze the net flow dij between sector i and 

sector j. Then, an integral utility Matrix U is defined with dij for identifying the interactions among 

sectors [11]. 

( ) /ij ij ji id f f T           (5) 

0 1 2 3 1( = ( )ijU u D D D D D I D       ）      (6) 

where Ti is the throughflow of sector i. In the matrix, the element’s values” + “and”“ - “ can help 

analyze the relationship between pair-wise of sectors. Assuming the sign of the utility of any element 

in U as su, the subscript ij means that the flow of utility is from sector j to sector i. In the utility matrix, 

four types of pairwise relationship exist: (1) exploitation relationship [i.e., (suij, suji) = (+, −) or (suij, 

suji) = (−,+)], meaning that one sector receives more resources from other sectors; (2) mutualism 

relationship [i.e., (suij, suji) = (+, +)], where sector i and sector j are both benefited from their 

interactions; (3) competition relationship [i.e., (suij, suji) = (−, −)], where negative effects work on the 

two sectors; and (4) neutralism [i.e., (suij, suji) = (0, 0)], meaning that the two sectors have no impact 

on each other.  

The main data sources in this study are the latest China IO table and water uses data in 2017. China 

IO table characterizes exchanges of products and services between 150 sectors, which are merged into 

eight sectors: Agricultural (Agr), Mining (Min), Manufacturing (Mfg), Electricity and gas supply 

(Ele), Water supply (Wat), Construction (Con), Transport (Tra), and Services (Ser). Data for water 

uses are collected from government reports, statistic yearbooks and surveys. For example, water use 

data for agricultural and secondary industry are attained from China Environmental Year Book 2017. 

Water use data for services sector and transport sector are obtained from the Bulletin of the first 

national water conservancy census in 2011, which are modified based on the difference of gross 

domestic products between 2011 and 2017.  
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3. Result and discussion 

Figure 1 presents virtual water consumption coefficient of the eight sectors in China. Agriculture 

sector (Agr) has the maximum water coefficient, whose DWC is 34.2 m
3
/10

3
RMB and IWC is 8.4 

m
3
/10

3
RMB. Low water use efficiency in the agricultural sector is obvious. Therefore, agriculture 

should be taken as the key water-saving sector. The manufacturing (Mfg) sector has the highest 

indirect water coefficient (IWC), which reaches 11.5 m
3
/10

3
RMB in 2017. Except for agricultural, the 

IWC values of the remaining seven sectors are far greater than the DWC values, illustrating that most 

sectors utilize more indirect virtual water consumption than direct virtual water consumption.  
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Figure 1. Water use coefficient of each sector (m

3
/10

3
RMB) 

 

 
Figure 2. Inter-sector virtual water flows (10

8
m

3
) in 2017 

Figure 2 shows the virtual flow of water among different sectors in 2017. The width of the flow can 

present the proportion of virtual water flow amount of each sector. The manufacturing sector is the 

largest virtual water input and output sector, with a total net input of 93.6×10
9
 m

3
 from the remaining 
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seven sectors. In addition, the manufacturing sector imports a number of virtual water (28.1%) from 

agriculture. The construction sector mainly relies on the input of virtual water from other sectors 

(mainly from the transportation industry and the manufacturing industry). This phenomenon is closely 

related to the rapid development of urbanization in China. Besides, inter-sectoral water flows also 

include agriculture-manufacturing, manufacturing-construction, agriculture-services, and 

construction-transport. Identification of these inter-sectoral linkages can help design water 

conservation measures to promote the efficiency of the virtual water flow terminal department. 

Figure 3 presents the relationships between pairs-wise of different sectors. Three types of 

ecological relationships (i.e., exploitation, competition and mutualism) are identified among the eight 

sectors. In short, the counts of exploration, mutualism, and competition account for 63.9%, 33.3% and 

2.8%, respectively. The main relationship between sectors in the entire virtual water network is 

exploitation. In detail,the agricultural sector which exploits electricity and gas supply, Water supply 

and transport sectors (i.e., the agricultural sector benefits from virtual water flows with Ele, Wat and 

Tra sectors). At the same time, it is worth noting that the agricultural sector is in a competitive 

relationship with the Mining sector (that is, increasing the virtual water inflow of the agricultural 

sector will indirectly reduce the virtual water of the mining sector), while the agricultural sector is in a 

mutualism relationship with the construction sector (that is, when increasing the virtual water of the 

agricultural, the virtual water of the construction sector will also be indirectly increased). Therefore, 

more attentions should be paid on agricultural sector for water saving and protecting. 

Exploitation

Competition

Mutualism

Ser

Tra

(0.145, -0.012) (-0.003, 0.078） (0.188, -0.067) (0.011, -0.056) (0.00006, -0.056) (-0.070, 0.028) (-0.041, 0.129)

Con

(-0.013, 0.003) (-0.007, 0.019) (-0.004, 0.002) (0.046, -0.045) (0.0001, -0.029) (-0.083, 0.027)

(0.169, 0.030) (0.016, 0.004) (0.510, -0.081) (0.013, -0.040) (0.0001, -0.089)

(-0.005, 0.00004) (0.010, 0.001) (0.042, 0.0001） (0.229, -0.005) Wat

Mfg

(-0.022, 0.005) (0.080, -0.126) (0.003, -0.007） Ele

Agr

(-0.076, -0.006) Min

(0.184, -0.453) (0.012, -0.370)

 

Figure 3. Integral mutual relationship for the virtual water network 

4. Conclusions 

In this study, an ecological network-based input-output model (ENIOM) is developed. Through 

integrating input-output table, indirect/direct water coefficient and network utility analysis approach 

into a framework, ENIOM can (1) reflect the relationship between virtual water resources and 

economic system; (2) quantify the flow directions of virtual water among different sectors; and (3) 

identify the interactions and interdependency among sectors. China’s IO table in 2017 is forced into 

ENIOM, and eight sectors are merged for exploring their virtual water uses. Results show that 

agriculture sector has the highest direct water coefficient of 34.2 m
3
/10

3
RMB. The manufacturing 

sector has the highest indirect water coefficient (IWC), which reaches 11.5 m
3
/10

3
RMB in 2017. The 

manufacturing sector is the largest virtual water input and output sector, with 28.1% of virtual water 

imported from agricultural sector. A total net input of 93.6×10
9 
m

3 
from the remaining seven sectors. 

The leading relationship among sectors is exploitation. Both direct and indirect water consume must 

be considered, improving water efficiency in the sectors, which would reduce DWI and IWI 

synchronously. 
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