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Abstract 

Water and energy circulate between provinces and sectors through products and services. The multi-scale input–output 
method can quantify the resources embodied in direct consumption, domestic trade and foreign trade and the resources in 
intermediate input and final consumption. In this study, this method is used to calculate the embodied water intensity and 
embodied energy intensity at the provincial level in China. The impacts of interprovincial water and energy transfers on 
provincial water stress were analyzed with reference to their water stress index. The results show that direct consumption is the 
main component of the embodied water intensity, with an average proportion of 52.21%. However, differences among 
provinces are significant, ranging from 14.82 to 80.11%. The embodied energy intensity is mainly reflected in domestic 
imports, with a national average of 61.01%. Domestic exports (3.69 x 1011 m3), urban household consumption (2.01 x 
1011 m3), and gross fixed capital formation (1.49 x 1011 m3) share the largest proportion of final consumption, and they are 
also the main components in the final consumption of energy. Provincial water and energy transfers do not play major roles in 
relieving water stress in the net inflow areas but increase water stress in the net outflow areas. Provinces with high embodied 
water intensity and energy-induced water intensity tend to transfer more water to other provinces, while provinces with low 
intensity receive more supplies from other areas. Therefore, it is important to focus on improving the water use efficiency in 
provinces with active trade and high water and energy intensities, pay more attention to the demand side and avoid the 
continuous expansion of indirect consumption due to excessive restrictions on direct consumption. 

Keywords Multi-scale input–output method · Embodied resource intensity · Energy-induced water · Water stress · 
China  

1 Introduction 

Water and energy are resources crucial to national security and regional economic development, and a close relation- ship 
exists between these two resources in terms of their uses. In recent years, the interrelationship between water and energy 
has become a matter of great concern in the international community (Gaudard et al. 2018; Li et al. 2019; Lv et al. 2018), and 
research on the energy–water nexus is in a period of vigorous development (Hu et al. 2018; Shang et al. 2018). Many 
countries and regions in the world have suffered from water shortages (Carole et al. 2014; Ye et al. 2018). In China, 
especially in the northern  provinces, there is increasing pressure on provincial water resources (Zhao et al. 2015), and water 
shortages occur frequently, putting constraints on local municipal, industrial and agricultural development (Avrin et al. 2015). 
Meanwhile, uncontrolled energy consumption has also had negative effects on the ecological environment (Pata 2018; 
Sarkodie and Adams 2018). In 2017, China accounted for 23.2% of the global energy consumption and 33.6% of the global 
energy consumption growth and has ranked first in increment for 17 consecutive years (BP 2018). Energy consumption also 
involves large amounts of greenhouse gas emissions (Quadrelli and Peterson 2007). Water and energy are important 
foundations for industrial development. Rapid economic development leads to the consumption of large amounts of water and 
energy. Therefore, exploring the consumption status and efficiency of water and energy in various provinces of China is of 
great significance. In addition, the production of energy consumes a large amount of water (Ding et al. 2018; Gerbens et al. 
2008, 2009; Zhang et al. 2017). For regions with water shortages, energy consumption undoubtedly aggravates the already 
severe water pressure. Therefore, understanding the water and energy nexus is crucial for the efficient management of 
resources and for sustainable development of the national and regional economy. 

Industrial sectors are classified according to the homogeneity of products or services. In previous studies, the resource 
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consumption of the entire economic system has often been measured by calculating the resource intensity. The most widely 
used accounting method is the input– output method, which can be further divided into the single-region input–output 
method (SRIO), multi-regional input–output method (MRIO), and multi-scale input–out- put method (MSIO). The SRIO 
method is simple to use and has low data requirements; however, it ignores the external inflow (Zhao et al. 2016) or assumes 
that the resource intensity in products from outside areas is the same as the local intensity (Guo et al. 2016; Shao et al. 
2017; Zhao et al. 2009), causing an error in the calculation result. MRIO takes resource flows between different regions into 
account, as the multi-regional input–output table can usually cover the entire production process, so the resource flows in 
different regions and sectors can be tracked, and the calculation result is more accurate (Wang and Chen 2016; Wang et al. 
2018). However, this method cannot accurately reflect the resources embodied in foreign imports (Jiang et al. 2015; Zhao et 
al. 2015). Chen et al. (2011) proposed the MSIO, which can distinguish the resource intensities from different economies 
such as foreign countries and domestic provinces. In addition, the results obtained by this method can be used to quantify the 
resources embodied in final consumption and intermediate input, and the application scope of input–output analysis is greatly 
expanded. This method provides a more complete  and reliable theoretical basis for resource accounting at various scales 
(Shao 2014) and has been widely applied in carbon emissions (Chen et al. 2011, 2013), water resources (Han et al. 2015; Shao 
et al. 2017), and energy fields (Chen and Wu 2017; Wu et al. 2016). The research scale also involves economies at different 
levels, such as those on the world (Chen and Chen 2013; Chen et al. 2010), country (Chen and Chen 2010; Chen and Zhang 
2010), subnational (Liu et al. 2017) and urban scales (Li et al. 2014; Shao et al. 2017). When calculating the resource intensity 
at subnational levels, such as in provinces or cities, MSIO uses the world average and national average resource intensities to 
account for the inflow from external areas (Shao et al. 2017); therefore, data requirements are reduced. The results of the 
input–output method have been combined with the water stress index (Zhao et al. 2015) to provide a reference for policy 
making. 

This study accounts for the water stress caused by water and energy transfers embodied in the interprovincial trade in 
China. Due to its advantages in resource intensity accounting, MSIO is adopted to calculate the embodied water intensity 
and embodied energy intensity of each province with consideration of direct consumption, domestic imports, and foreign 
imports. In this study, local water stress refers to provincial water stress. Embodied water refers to the water resources that 
circulates between provinces and sectors through products and services. Energy-induced water refers to the water resources 
involved in energy production and processing, and this water circulates between provinces and sectors through energy trade. 
We analyze the resource intensity characteristics from two perspectives: industrial sectors and interprovincial differences. 
Subsequently, the final destinations of water and energy are calculated through the resource intensity and input–output tables 
for each province. The net inflow of embodied water and embodied energy into each province is calculated, and the results 
are combined with the water stress index. To the best of our knowledge, this study is the first attempt to calculate the 
embodied water intensity and embodied energy intensity in 30 provinces in China and to consider the changes in water stress 
caused by interprovincial energy transfers. 
 

2 Methods and materials 
 
2.1 Multi-scale input–output method 
 
The MSIO is used to calculate the embodied water intensity and embodied energy intensity in each province in China. The 

basic structure of the multi-scale input-output table is shown in Table 1. 
 

Table 1 Basic structure of the multi-scale input-output table 
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M
i jz  represent the intermediate input from sector i  to sector j  in the local economy, national economy, 

and world economy, respectively. L
iy , D

iy , and M
iy  represent the final demand of sector i  in the local economy, national 

economy, and world economy, respectively. D
iex  and M

iex  represent the economic flows from sector i  to other provinces and 
foreign countries. ,p iE  and ,q iW  respectively represent the p-th type of energy and q-th type of water resource directly 
consumed by sector i  in the study area. ix  represents the total output of sector i , and the economic balance relation can be 
expressed as: 
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The circulation balance relation of resources (representing water and energy in this study) is illustrated in Fig. 1 (Chen et al. 
2013; Han et al. 2015; Liu et al. 2017), in which ,
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k jε  represent p-th embodied resource intensity of sector j  in 

the local economy, national economy, and world economy, respectively. ,
D
j iz  and ,

M
j iz  represent the economic flows from other 

provinces and countries into sector i  in the study area. According to the material balance theorem, the total inflow of sector i  
is equal to the total outflow: 
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By combining Formula (1) and Formula (2), Formula (3) can be obtained: 
                        L L D D M M L LE Z Z Z Xε ε ε ε+ + + =                            (3) 

After some transformations, we obtain: 
1( )( )L D D M M L LE Z Z X Zε ε ε −= + + −                        (4) 

and 
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Fig. 1 Embodied resource flows of sector i in an economic system 

 
2.2 Water stress index 
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The water stress index (WSI) is the ratio of water withdrawal to local renewable water resources, which is expressed as 

                            ,net imWU PWWWWSI
Q Q

−
= =                              (6) 

where WW  refers to the local water withdrawal, which equals actual water use (WU) minus the net physical water inflow (
,net imPW ) and Q  refers to local renewable water resources. When the WSI values are 0.2~0.4, 0.4~1, and over 1, the water 

stress is at moderate, severe and extreme levels, respectively. When the value is less than 0.2, no water stress occurs. 

On the basis of the WSI, Zhao et al. (2015) proposed the hypothetical water stress index (WSI*), which means the 
hypothetical water stress when assuming that the physical and embodied water transferred from outside are extracted locally 
and is expressed as 

                       , , ,net im net im net imWU VW WW PW VW
WSI

Q Q
∗ + + +
= =                  (7) 

where ,net imVW  refers to the net inflow of embodied water and the difference between Formula (7) and Formula (6) is 

, ,net im net imPW VW
Q
+

, which refers to the contribution of transferred physical and embodied water to alleviate local water stress. 

When WSI* > WSI, the transferred physical and embodied water alleviates local water stress; when WSI* < WSI, local water 
stress increases. 

  In addition, energy consumes water in a series of production processes, such as mining, extraction and processing. Water 
resources involved in energy, which are called energy embodied water, circulate between regions along with energy trade and 
can be obtained by multiplying the amount of energy exploitation and the water footprints of energy sources. ,net imVWE  refers 
to the net inflow of energy embodied water, which is part of ,net imVW . The net inflow direction may be the same as ,net imVW  or 
the opposite, depending on the energy type and the direction of energy trade. The water stress index change caused by the 
circulation of energy embodied water can be expressed as 

,_ net imVWE
WSI energy

Q
=                               (8) 

 
In summary, the calculation of the provincial water stress in this research involves the following three aspects: (1) the water 

stress index (WSI), which represents the water stress caused by local water withdrawal; (2) the improved water stress index 
(WSI*), which represents the water stress caused by transferred physical and embodied water; and (3) the water stress index 
change caused by the circulation of energy-induced water (WSI_energy). 

2.2 Data sources 
 
The data involved in the study include four aspects, namely, energy exploitation, water withdrawal, water footprints of 

energy sources, and input–output data at various scales. 
 
2.2.1 Energy exploitation 
 
The term energy extraction in this study refers to primary energy extraction. According to the definition in the data- base 

used, the process of ‘‘energy extraction’’ means that energy enters the socio-economic system from nature. These processes 
do not alter the quality of energy that enters the socio-economic system. In the calculation of resource intensity, if primary 
energy and secondary energy are simultaneously considered, this will lead to a double calculation. To avoid double counting, 
energy data in this study refers to primary energy extraction, which is directly obtained from nature. Six types of energy are 
included: raw coal, crude oil, and natural gas, which belong to fossil energy, and hydropower, nuclear energy, and other 
types of renewable energy (mainly referring to wind energy and abbreviated as others in the following paragraphs), which 
belong to non-fossil energy. The specific sources are as follows. At the global scale, data on six types of energy in 188 
countries are collected from the BP World Energy Statistical Yearbook (BP 2013). At the Chinese scale and the provincial 
level, the statistics are collected from the China Energy Statistical Yearbook (NBS 2013a). In addition, the non-energy use 
portion is included in the direct exploitation of coal, oil, natural gas, and nuclear energy, which are consumed as raw 
materials for production rather than energy. The proportions of the above four types are 1.22%, 14.15%, 9.94%, and 33%, 
respectively (Wu and Chen 2017), which can be deduced from the calculation.  

 
2.2.2 Water withdrawal 



 

 

 
As the physical entry of water into the economic system, water withdrawal, rather than water consumption, is considered in 

this study. Water withdrawal includes agricultural, industrial, and residential withdrawals. At the global scale, three types of 
data are collected from the World Bank Statistics Data. At the Chinese scale, agricultural and residential water withdrawal 
are derived from the China Water Resources Bulletin (2013). There are no detailed water withdrawal data for each industrial 
sector in 2012. Based on the detailed industrial water withdrawal data in the Chinese Economic Census Yearbook in 2008 
(NBS 2010), we assume that the industrial structure and water use efficiency in all provinces did not change significantly in the 
4 years and increase the industrial water withdrawal data according to the proportion of total industrial water withdrawals in 
2012 and 2008. In this way, the detailed water withdrawal in each sector is estimated. At the provincial level, agricultural and 
residential water withdrawals are derived from the Water Resources Bulletins in the corresponding provinces, and the 
estimation of industrial water withdrawal is the same as that on the national scale. Ecological water is not considered in this 
study because ecological water includes a portion of reclaimed water processed from industrial wastewater or residential 
sewage, which is not part of direct water withdrawal and accounts for only 1.8% of the total water consumption  (NBS 
2013c). 

 
2.2.3 Water footprints of energy sources 
 
According to existing research results, the water footprints of raw coal, crude oil, natural gas, hydropower, nuclear energy, 

and others are 0.14 m3/GJ, 0.29 m3/GJ, 0.11 m3/ GJ, 6.75 m3/GJ, 0.19 m3/GJ, and 0.14 m3/GJ (Ding et al. 2018), 
respectively. Among them, the water consumption of raw coal, crude oil, and natural gas mainly comes from the mining 
stage, and that of hydropower, nuclear energy, and others mainly comes from the upstream production stage. 

 
2.2.4 Input–output data 
 
The input–output data include three scales: the world economy, national economy, and local economy. The world-scale 

input–output data are collected from the World Input–Output Table in the 2012 Eora database (Lenzen et al. 2013), which 
contains economic data for 26 sectors in 188 countries or regions. The national input–output data are derived from the Input–
Output Table of China in 2012 (NBS 2015), which covers 42 economic sectors. The input– output data in each province are 
derived from the Input– Output Table in the corresponding province, which also includes 42 economic sectors. 

The energy exploitation, water withdrawal, and input– output database contain 30 provincial-level administrative regions 
(including 22 provinces, 4 autonomous regions, and 4 municipalities—for simplicity, they are all referred to as provinces). 
Data for Hong Kong, Taiwan, Macao, and Tibet are not available. In this study, the analysis and results exclude these four 
regions. 

 
3 Results 
 
3.1 Embodied water intensity 
 
The embodied water intensity shows different characteristics between different sectors and provinces. At the sector level, 

the embodied water intensity is illustrated in Fig. 2 (the codes and names of sectors are shown in ‘‘Appendix 1’’). The 
maximum, minimum, and average values refer to the maximum, minimum, and average values in the 30 provinces (the 
values in Fig. 4 have the same meaning). Although the resource intensity of a single sector varies greatly among provinces, 
the trend of the average values is consistent with that of the extreme values. Among them, the embodied water intensity of 
S27 (production and distribution of tap water) is significantly higher than those of the others because most of the industrial 
and residential water is provided by this sector. For most provinces, the embodied water intensity of S1 (agriculture, forestry, 
animal husbandry and fishery) ranks second, with water mainly used for irrigation. In addition, S6 (food and tobacco 
processing), S31 (accommodation and catering), and S25 (production and distribution of electric power and heat power) also 
have high embodied water intensities. S6 and S31 have close economic relationships with S1 and belong to important 
downstream sectors of S1, which also shows the important position of agricultural withdrawal within total water 
withdrawal. S25 belongs to the industrial sector with high water intensity, and the water consumed is mainly used for 
industrial production. The pressures imposed on water by the above 5 sectors are different. The water consumed in S27 and 
S1 is mainly used for domestic consumption and farmland irrigation, respectively, which places substantial pressure on 
direct water withdrawal. S6, S31, and S25 belong to the downstream processing industry sectors, and their larger water 
intensities mean greater water pressure on upstream sectors. 
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Fig. 2 Three-scale embodied 
water intensity in each sector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
At the provincial level, Fig. 3 illustrates that the average embodied water intensity in all provinces is higher than the world 

average value (58.81 m3/10,000 yuan). Sixteen provinces have lower values than the Chinese average value (128.18 
m3/10,000 yuan), and the remaining fourteen provinces have values higher than the national average. Among them, Tianjin, 
Beijing, and Shanghai have low values. The water use efficiency is high in these areas, and the water consumption pressure is 
transferred outside through trade. Shaanxi, Zhejiang, and Liaoning also have low embodied water intensities. These areas 
have better water endowments and higher water consumption efficiencies, and the embodied water intensity is mainly 
reflected in direct use. As a province with high embodied water intensity, Xinjiang has abundant light and heat resources and 
developed agriculture. The evaporation capacity of crops is strong, and the water use efficiency is low. The embodied water 
intensity of Xinjiang ranks first in China, reaching 525.47 m3/10,000 yuan, which is four times the national average and 
even eight times greater than those of provinces with lower values. A large amount of embodied water flows to other 
provinces and countries through agricultural trade, which puts great pressure on local water utilization. Heilongjiang, 
Guangxi, Ningxia, and Jiangxi also have relatively high embodied water intensities. Among these provinces, Guangxi and 
Jiangxi have abundant water resources, and the management of water utilization efficiency is relatively lax. While water 
stress is relatively high in Heilongjiang and Ningxia, they have high levels of embodied water intensity, which is mainly 
reflected in direct water use, aggravating their already severe water stress. Overall, in provinces with greater embodied water 
intensities, the proportions of direct use are larger, while the proportions of domestic and foreign imports are small. For 
provinces with lower embodied water intensities, resources are mainly reflected in imports due to resource constraints. The 
water intensity embodied in direct use, domestic imports and foreign imports varies greatly among provinces. Overall, direct 
use is the most important source of embodied water intensity, accounting for 52.21% of the national average. The pro- portion 
of domestic imports varies greatly among provinces, ranging from 13.65% (Fujian) to 66.68% (Tianjin). The proportions of 
foreign imports are relatively large in coastal provinces with active international trade. Conversely, the proportions are 
relatively low in inland areas with less active international trade (the percentages of embodied water intensity for different 
types and sources in each province are illustrated in Fig. S1 in the Supplementary Information). 

 

Fig. 3 Sector-averaged 
embodied water intensity in each 
province 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2 Embodied energy intensity 
 
At the sector level, the embodied energy intensity is illustrated in Fig. 4. Among all sectors, S2 (mining and washing of 

coal) ranks first. S25 (production and distribution of electric power and heat), S11 (processing of petroleum, coking, 
processing of nuclear fuel), S3 (extraction of petroleum and natural gas), S26 (production and distribution of gas), and S13 
(manufacturing of nonmetallic mineral products) also have high embodied energy intensities. Among these sectors, S2, S25, 
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and S3 belong to direct energy exploitation sectors; therefore, the higher embodied energy intensity represents greater 
pressure on direct energy extraction. S11, S26, and S13 belong to downstream processing sectors of the energy exploitation 
industry, and energy consumption is mainly reflected in indirect use, which may come from local sectors or sectors in other 
provinces and countries, thus exerting indirect pressure on energy use. Overall, the embodied energy intensity of the tertiary 
industry sectors (S29–S42) is generally lower than that of the secondary industry sectors (S2–S28). 

At the provincial level, Fig. 5 illustrates the average embodied energy intensity of 42 sectors in each province. The 
embodied energy intensities of northern provinces are generally higher than those of southern provinces, and almost all 
provinces whose energy intensity is larger than the national average level (37.91 GJ/10,000 yuan) are northern provinces 
(except Guizhou). Direct use consumes large proportions in these provinces. Raw coal, crude oil, and natural gas are mainly 
exploited in northern provinces, and the direct exploitation amount of these three types of energy accounts for 86.59% of the 
national exploitation amount. A sufficient energy supply provides better conditions for the development of energy-intensive 
industries. Therefore, provinces with large energy production, such as Inner Mongolia and Shanxi, have a large embodied 
energy intensity. The embodied energy intensity of southern provinces is mainly reflected in domestic imports. Hydro-power 
is abundant in southern provinces but accounts for only 1.00% of the total energy exploitation. Therefore, the embodied 
energy intensity is low in southern provinces and is generally lower than the national average level. Among all provinces, only 
Fujian has an embodied energy intensity (16.85 GJ/10,000 yuan) lower than the world average level (18.95GJ/10,000 yuan). 

It is also worth noting that Qinghai has a high embodied energy intensity, ranking sixth in China. This result is mainly 
reflected in direct use. Qinghai is not a major energy supply province in China, as its direct energy production is small, at 
only 9.56 x 105 TJ, and it is ranked 22nd among all provinces. Its domestic export is also small, at only 3.15 x 105 TJ, and 
it is ranked last among all provinces. According to Eq. (5), the embodied energy intensity is the ratio of energy 
consumption to the total output multiplied by the Leontief inverse matrix. There- fore, the high embodied energy intensity is 
mainly due to the low total output (XL), especially in energy-related sectors, such as S2, S3, and S25. 

 
 

Fig. 4 Three-scale embodied 
energy intensity in each sector 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 5 Sector-averaged 

embodied energy intensity in each 
province 

 
 
 
 
 
 
 
 
 
 
 
 



 

 

In Beijing, to improve the ecological environment, secondary industry sectors with high energy consumption  have been 
gradually removed, and tertiary industry sectors with lower energy consumption are booming. Therefore, the energy intensity 
embodied in direct use is extremely low, at only 0.27 GJ/10,000 yuan. However, the total embodied energy intensity is 31.13 
GJ/10,000 yuan, which is 115 times the amount of direct use. Energy trade   transfers local energy pressures to external 
provinces. If the embodied energy intensity is greater in the external province, the total energy consumption in the whole 
country increases. The above situation also holds in Shanghai and Zhejiang. 

The energy intensity embodied in direct use, domestic imports and foreign imports also varies greatly among provinces. 
Domestic imports are the most important source of embodied energy intensity, accounting for 61.01% of the national average. 
The direct use portion ranks second, with a provincial average percentage of 30.44%. Similar to the embodied water intensity, 
the proportions of foreign imports are relatively large in coastal provinces with active international trade and low in inland 
areas with less active international trade (the percentages of embodied energy intensity for different types and sources in each 
province are illustrated in Fig. S2 in the Supplementary Information). 

 
3.3 Source-to-sink circulation characteristic of water 
 
According to the provincial input–output table, which covers 42 economic sectors, the final demand is divided into 7 

categories: rural household consumption, urban household consumption, government consumption, gross fixed capital 
formation, changes in inventories, foreign exports, and domestic exports. The amount of resource embodied in each category 
is obtained by multiplying the embodied resource intensity by the corresponding economic quantity. The characteristics of 
different types of resources from exploitation to final demand are further illustrated in Fig. 6. 

Figure 6a shows the flow characteristics of water. The first column represents the three types of water that enter into the 
economic system. Among these types, agricultural water is in a dominant position, with a final consumption of 5.55 x 1011 m3 
accounting for 58.44% of the total. How- ever, in the statistical yearbook (NBS 2013c), the direct water withdrawal by 
agriculture is 3.89 x 1011 m3, accounting for 63.18% of the total. The difference between these two numbers represents the 
water embodied in foreign trade. The proportions of industrial and residential use are relatively small at 28.27% and 13.29%, 
respectively. The second column represents water consumption by various sectors in the national economy (to facilitate the 
presentation of results, 42 sectors are merged into 7 categories according to product characteristics, and specific classifications 
are presented in ‘‘Appendix 1’’). The flow between the first and second columns represents the way in which water enters the 
national economic system. The amounts of water consumed by agriculture (Ag), electricity and gas supply (El), and water 
supply (Wa) are mainly reflected in the agricultural, industrial, and residential categories, with proportions of 99.35%, 
94.01%, and 99.75%, respectively. Manufacture (Ma) and Services and Transport (ST) consume large proportions of water in 
both agriculture and industry. The third column shows the final demand in each province. Provinces with large values include 
Jiangsu (8.75 x 1010 m3), Guangdong (7.80 x 1010 m3),  Shandong  (6.2 x 1010 m3),  and  Xinjiang (6.13 x 1010 m3), 
while Qinghai (3.67 x 109 m3), Hainan (7.29 x 109 m3), and Ningxia (8.31 x 109 m3) have low final demands. The fourth 
column represents the final destination of water resources. Among these destinations, domestic export is the most important 
component (3.69 x 1011 m3), accounting for 39.01% of the final demand. Urban household consumption (2.01 x 1011 
m3) ranks second and accounts for 21.25% of the total value. In contrast, water used in rural household consumption is only 
7.56 x 1010 m3, which is 37.61% of the urban consumption. In 2012, the rural population was 1.83 times the urban population 
(NBS 2013b), so the per capita embodied water of the urban area was 4.87 times that of the rural area. This ratio even reached 
14.98 and 11.74 in Shaanxi and Guangxi, respectively. This result indicates a huge gap in water use conditions between rural 
and urban areas in China. The amount of water reflected in gross fixed capital formation is also large, with a value of 1.49 x 
1011 m3, indicating that China’s infrastructure construction was developing rapidly in 2012. The amounts of water reflected in 
foreign exports, government consumption, and changes in inventories are relatively small at 9.34 x 1010 m3 (9.87%), 4.65 x 
1010 m3 (4.92%), and 1.59 x 1010 m3 (1.68%), respectively. 
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Fig. 6 Source-to-sink flow 
characteristics of water and 
energy in China 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

The flow characteristics of energy are illustrated in Fig. 6b. Coal has an absolutely dominant proportion of the final 
demand, which is 67.54%, while the proportion of direct exploitation is 81.61% in the statistical yearbook (NBS 2013a). The 
proportions of crude oil and natural gas in the final demand are 17.17% and 10.51%, respectively, while in the statistical 
yearbook, their proportions are 9.5% and 4.5%, respectively. The above differences stem from the fact that imports are 
considered in calculating the embodied energy. With the rapid development of the economy, China’s external dependence on 
crude oil and natural gas has gradually increased (Wu and Chen 2017). Imports of these categories account for 42.47% and 
28.62% of the total, respectively, and these sources are the two most important imported energy types. Hydropower, 
nuclear energy, and others account for small proportions, and their total proportion is 4.78%. In the second column, Ma, Mi, 
and El are the major energy consumption sectors, accounting for 88.30% of the total. The energy consumption of Ma is 
mainly reflected in coal, crude oil and natural gas, while those of Mi and El are mainly reflected in coal. 

In the third column, the final demands of Inner Mongolia (2.64 x 107 TJ), Jiangsu (2.46 x 107 TJ), Shanxi (2.07 x 107 TJ), 
Guangdong (1.95 x 107 TJ), and Shan- dong (1.71 x 107 TJ) are large. Among these provinces, the energy consumption of 
Inner Mongolia and Shanxi is mainly reflected in Mi, namely, in the direct exploitation of energy. For Jiangsu, Guangdong, 
and Shandong, energy consumption is mainly reflected in Ma, and the development of advanced manufacturing industries 
benefits from external energy imports. Seven types of final demands are illustrated in the fourth column. Among these 
categories, domestic exports have the largest proportion (49.65%), which is 1.33 x 108 TJ, followed by gross fixed capital 
formation (5.85 x 107 TJ) and foreign exports  (2.63 x 107 TJ). The value of rural household consumption is 9.08 x 106 TJ, 
which is only 36.32% of the urban level. The per capita embodied energy in urban areas is 5.09 times that in rural areas, 
which indicates a large gap in the energy consumption level between urban and rural areas. The energy amounts embodied in 
government consumption and changes in inventories are relatively small, accounting for 3.48% and 2.49%, respectively. 

 
3.4 Energy-induced water analysis 
 
As mentioned previously, energy circulates between provinces through products and services; thus, energy-induced water 

also circulates between provinces. Figure 7a and b illustrate the inflow and outflow of energy-induced water in each province, 
respectively. The energy-induced water amounts of coal and hydropower are larger than those of the other energy types. Coal 
is the most important type of energy in China, and its energy-induced water amount is also large. The average percentages of 
inflow and outflow are 45.42% and 38.17%, respectively. The large amount energy-induced water of hydropower is mainly 
due to its water footprint (6.75 m3/GJ), which is significantly larger than those of the other energy types. The average 
percentages of inflow and outflow of the energy-induced water of hydropower are 41.29% and 47.11%, respectively, which 
account for large proportions in provinces with abundant hydropower resources, such as Sichuan, Guangxi, and Qinghai. The 
sum of the proportions of the remaining four types of energy is approximately 14% for both inflow and outflow, and of these 
types, natural gas consumes a low amount of water. The provincial average proportion of natural gas in the total energy 
consumption is 10.51%, while the corresponding proportions are only 1.17% (inflow) and 0.97% (outflow) for energy-induced 
water. Figure 7a and b show the consumption and supply of energy- induced water. The difference between these two figures 
is mainly because the former depends on the products and services flowing into the province, while the latter is more 
dependent on the local energy supply. 

 
3.5 Analysis of water stress change 
 
Interprovincial transfer of physical and embodied water influences the provincial water stress. At the same time, the 

interprovincial circulation of energy brings water flow, which also impacts the water stress. To measure the impact of water 
and energy flows on the provincial water stress, WSI, WSI*, and WSI_energy are calculated according to Eqs. (6)–(8). The 
calculation method for the net embodied water inflows is as follows: net inflows = domestic imports + foreign imports - 
domestic exports - foreign exports (detailed numerical results are shown in ‘‘Appendix 2’’). For WSI_energy, a positive 
value indicates that the circulation of energy-induced water causes an increase in the WSI* index and alleviates provincial 
water stress. A negative value indicates that the circulation decreases the WSI* index and increases the provincial water 
stress. 

In Fig. 8, the three bars respectively represent water stress under different assumptions. WSI* is the water stress index, 
assuming that all the external transferred physical and embodied water is required by local water sources, as indicated by the 
blue dashed bar. The WSI values are indicated by blue bars. When WSI* > WSI, the transferred physical and embodied 
water alleviates the local water stress, and when WSI* < WSI, the local water stress increases. Beijing, Tianjin, Shanxi, 
Liaoning, Shanghai, Zhejiang, Shandong, Chongqing, Shaanxi, and Ningxia have larger WSI* values than WSI values. 
Benefiting from the transfer of external water resources, water stress in these provinces has been alleviated. Red bars indicate 
WSI_energy values and represent the water stress caused by the circulation of energy-induced water. According to the value 
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of WSI_energy, the above provinces can be divided into two categories. One category includes Beijing, Tianjin, Shanghai, 
Liaoning, Zhejiang, Shandong, and Chongqing. 

 
 

 
 

Fig. 7 Energy-induced water in each province: a inflow; b outflow 
 

These provinces are also net inflow areas of energy-induced water, and water resources brought by energy 
transfer have relieved the local water stress. For example, 9.47 x 108 m3, 3.73 x 108 m3, and 10.28 x 108 m3 
of water flow into Beijing, Tianjin, and Shanghai due to the interprovincial energy transfer, and the actual water 
stress indexes are reduced by 0.24, 0.11, and 0.30, respectively, which plays an important role in alleviating the 
local water stress. Another category includes Shanxi, Shaanxi, and Ningxia. The direction of net inflow of energy-
induced water is opposite to that of the net inflow of water in these provinces, that is, the net outflow of energy-
induced water offsets a portion of the water inflow, which increases the local water stress. Except for the above 
provinces, all other provinces have a net outflow of water resources. Net out- flow in Xinjiang is the largest, 
reaching 3.42 x 1010 m3, and it is also a net outflow area of energy-induced water—3.31 x 108 m3 of water flows 
out of this area. This province was originally an area with high water stress, and energy exports have further 
deteriorated this situation. 

Figure 9 shows the water stress level in each province. The first row indicates the water stress level in individual provinces 
when water and energy transfers are not considered. The second row indicates the water stress level after considering energy 
transfers, and the third row indicates the water stress level after considering physical and embodied water transfers. In 
Beijing, Tianjin, Shandong, and Ningxia, the water stress levels decrease due to the net inflow of physical and embodied 
water (the water stress level corresponding to WSI* is more severe than that of WSI). These provinces are all reduced from 
an extreme  level to a severe level. In Heilongjiang, Anhui, Gansu, and Xinjiang, the water stress levels increase due to the 
net outflow of water resources (the water stress level corresponding to WSI* is less than that of WSI). Among these provinces, 
there is no water stress (WSI* < 0.2) in Heilongjiang without considering water transfer; however, due to the net outflow of 
water resources, the water stress level increases to a severe level. Anhui and Gansu change from moderate to severe levels. If 
considering only the inter- provincial transfer of energy-induced water, the water stress levels in two provinces change. The 
water stress levels in Shaanxi and Ningxia increase due to net outflows of energy-induced water, and no province has a 
reduced water stress level due to the inflow of energy-induced water. Overall, the interprovincial transfer of physical and 
embodied water alleviates water stress in some net inflow provinces; however, these provinces are still under severe pressure, 
and the water stress in net outflow provinces has been further aggravated. In addition, the interprovincial transfer of energy-
induced water has not effectively alleviated the water stress in net inflow provinces but has further aggravated the situation in 
some net outflow provinces. 

 
3.6 Circulation characteristic of water and energy-induced water flows among different provinces 
 
The analysis in this study shows that interprovincial water and energy transfers have not effectively alleviated water stress 

in net inflow provinces but have aggravated the pressure in net outflow provinces. The difference in resource intensity 
between provinces is an important factor. Figure 10 represents the water and energy-induced water flows among different 
provinces, respectively. The abscissa represents exporting provinces, the ordinate represents importing provinces, and the size 
of the circle represents the value of the flow. The provinces are ranked according to their water intensity (from high to low, 
illustrated by the blue arrow). The output values of provinces with high water intensity tend to be higher than those of 



 

 

provinces with low water intensity, while the input values of provinces with low water intensity tend to be higher than those of 
provinces with large water intensity. This feature also appears in the energy-induced water. For example, in Fig. 10a, Inner 
Mongolia, Shanxi, and Shaanxi have high water intensities, and the total exported amount from these provinces is 1.03 x 1010 
m3, which is a quarter of the national value; however, the input from other provinces is relatively low, at only 0.33 x 1010 m3, 
and accounts for 8.18% of the total. In contrast, provinces with low energy- induced water intensity, such as Jiangsu, 
Guangdong, Zhejiang, and Shandong, have much more imports than exports, and the imported and exported water totals 
arex1.26 x 1010 m3 and 0.68 x 1010 m3, respectively. This feature is more pronounced in energy-induced water flow. In Fig. 
10b, provinces in the upper part of the figure (low energy-induced water intensity) have significantly higher imports than 
provinces in the lower part (high energy-induced water intensity), and provinces in the left part (high energy-induced water 
intensity) have significantly higher exports than those in the right part (low energy-induced water intensity). For example, 
Heilongjiang, Xinjiang, and Jilin have higher energy-induced water intensities, and their exported water is 2.21 x 1010 m3, 
while their imported water is only 0.69 x 1010 m3. In contrast, Shanghai, Tianjin, Zhejiang, Liaoning, and Guangdong have 
lower energy-induced water intensities, but their imported water (3.02 x 1010 m3) is 2.03 times their exported water (1.49 x 
1010 m3). The two figures reflect common features: provinces with high water intensity tend to transfer more water to external 
provinces, while provinces with low intensity are more replenished by external provinces. This situation means that areas 
with high water consumption need to consume large amounts of water to supply net inflow provinces, increasing the total 
water consumption in the whole country. Using Shandong, Tianjin, and Shanghai as examples, the volumes of embodied 
water imported from other provinces are 15.55, 6.84, and 11.42 billion m3, respectively. However, if water-exporting 
provinces have the same water intensity as these receiving provinces, then the volumes will be 9.16, 5.32, and 10.8 m3, 
leading to a reduction in total water use of 6.39, 1.52, and 0.65 m3 in the exporting provinces. 

 
 

 
Fig. 8 Water stress value in each province 
 

 
Fig. 9 Water stress level in each province 
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Fig. 10 Water flow between provinces: a water flow, b energy-induced water flow 

4 Discussion 
 
4.1 The water–energy nexus in the national economy 
 
The impact of water and energy transfers on water stress shows that the trade-based energy–water nexus has not yet 

achieved coordinated development. Although interprovincial energy trade alleviates energy consumption pressure, it increases 
water stress. This is closely related to the resource endowment condition in China, in which water resources are abundant in 
southern China compared with northern China, while energy resources are abundant in northern areas compared with 
southern areas. Resource- abundant areas tend to transfer water or energy to resource- deficient areas, and the transfer may be 
in the form of natural resources or products with high resource intensities. This will increase the pressure on one resource due 
to the transfer of another. If the overall goal is to relieve the resource pressure across China, then it is necessary to take these 
two resources as constraints of trade circulation, consider the current economic development situation, and seek a 
‘‘suboptimal’’ trade plan to balance the development of two resources. System dynamics models and multilevel decision 
models could be used to seek the optimal water– energy allocation scheme. 

 
4.2 Implications and recommendations for resource management 
 
Currently, many provinces in China, such as Beijing, Tianjin, and Shanghai, have implemented strict water management 

regulations to achieve the goal of conserving water. For example, Beijing has transferred sectors with high energy and water 
consumption (such as the coal and manufacturing sectors) to external provinces and imports large amounts of power 
resources and manufactured finished products to maintain the stable development of regional economies. Although this 
transfer reduces the direct use of water and energy, it ignores the indirect resource consumption from external sources. The 
resource intensities in external regions are often higher than that in Beijing, which is why China fails to effectively control the 
total resource consumption under such strict water and energy management regulations. In addition, some developed 
provinces have entered a post-industrialization period, and the continuous urbanization process and increasingly prosperous 
tertiary industry will continuously increase the gap between the direct and indirect use of  resources. Therefore, in the 
implementation of relevant policies, not only the focus on the supply side of resources but also the problem from the 
perspective of the demand side should be considered to avoid the continuous expansion of indirect consumption due to 
excessive restrictions on direct consumption. For provinces with large imports from other provinces, such as Tianjin, and 
Shanghai, the improvement in resource intensity is limited by the relatively high resource intensity in external provinces. 
Thus, resource management departments should break through the constraints of direct use management and expand the 
management perspective to the entire industrial chain through interprovincial economic and trade links. Provinces with high 
development levels and large imports should help their trading partners reduce water intensities (as well as other resource 
intensities). By doing so, the total water consumption of the country will be reduced. At the same time, developing a circular 
economy and making full use of the limited resources should be emphasized. For provinces with high embodied water 
intensities, such as Xinjiang and Guangxi, their high intensity is mainly reflected by direct use. Therefore, these provinces 
should improve their resource consumption efficiency and limit the total water consumption. For provinces that have 
increased water stress due to interprovincial energy transfers, such as Shaanxi and Ningxia, more stringent water resource 
management systems in energy industries (especially in coal industry) should be executed to reduce the energy-induced 



 

 

water. 
 
4.3 Limitations and outlook 
 
In this study, the multi-scale input–output method is combined with the water stress index to investigate the water and 

energy nexus associated with interprovincial trade. Some deficiencies and prospects are summarized as follows. First, 
databases on the national scale and provincial scale in China include 42 industry sectors with a consistent classification 
scheme. However, the economic data provided by the Eora World Input–Output Table contain only 26 sectors, and the 
classification of the sectors is not completely consistent with that in China. For example, Agriculture and Fishing are two 
separate sectors in the global-scale database, while they are regarded as a whole in China’s databases. Mining and Quarrying 
industry is one sector in the global-scale database, while it is divided into Coal Mining, Oil and Gas Exploration, and Metal 
Mining industry in China’s databases. Therefore, some sectors on the global-scale database were merged and split in 
connection with the 42 sectors in China’s databases, which may have caused certain errors in the quantification of water and 
energy flows across sectors in this study. Another factor causing uncertainties is that the resource intensity of foreign 
products is set as the weighted average value of 188 regions/countries except China, rather than the values of the individual 
countries from which the imports originate. Given the limitation of the data, it is not possible to overcome the uncertainties 
caused by these two factors in this study. More detailed data on resource intensities in individual sectors in different 
provinces and countries are needed to reduce the uncertainties. The sectoral consistency is also important to avoid 
uncertainties arising from the merging and splitting of sectors in different databases. Third, the input–output table for 2012 at 
the provincial scale in China is the latest version that can be obtained to date, leading to a certain delay in the research, and 
the current research can provide only a reference for the formulation of relevant policies. Future research will incorporate 
scenarios under different resource policies and provide more specific and detailed guidance for resource development from 
the perspectives of exploitation and trade. Finally, bioenergy is not considered in this study because of the lack of data and its 
currently negligible share in the energy supply in China. However, it should be noted that to alleviate the dependence on 
fossil energy, China has gradually carried out research and development on bioenergy. The growth of bioenergy crops may 
increase, heightening the pressure on agricultural water consumption. In the future, water uses in the bioenergy sector may 
become non-negligible. 

 
5 Conclusions 
 
Based on the multi-scale input–output method, this study calculates the three scales of embodied water intensity and 

embodied energy intensity for each province of China in 2012. The characteristics of resource intensity are analyzed from the 
perspectives of industrial sectors and inter- provincial differences. The sources and final flows of various resources are further 
calculated, and the results are analyzed with the WSI index. 

The embodied water intensity and embodied energy intensity of all provinces except Fujian Province are higher than the 
world average. For most provinces, direct use is the main component of embodied water intensity, with a national average 
proportion of 52.21%. The embodied energy intensity is mainly reflected in domestic imports, whose national average 
proportion is 61.01%. Domestic exports, urban household consumption, and gross fixed capital formation are the main final 
demand types for water and energy. The comprehensive analysis of resource flows and the WSI index shows that 
interprovincial transfers of water resources have alleviated water stress in net inflow provinces but failed to completely 
change water stress status and further aggravated the situation in net outflow provinces. Interprovincial transfers of energy-
induced water also have not effectively alleviated water stress in net inflow provinces but have further aggravated the situation 
in some net outflow provinces. In China, provinces with high water intensities frequently supply provinces with low water 
intensities, which means that the output provinces need to consume large amounts of water to meet the con- sumption needs 
of input provinces. Therefore, in the implementation of water-saving policies, it is important to improve the water 
consumption efficiency of provinces with active domestic trade and high resource intensity, pay more attention to the demand 
side, and avoid the continuous expansion of indirect consumption due to excessive restrictions on direct consumption. 
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Appendix 1 
 
See Table 2. 
 

Table 2 Codes and names of sectors 
 

Sector code Sector content Aggregated 7 sectors 

1 Agriculture, forestry, animal husbandry and fishery Agriculture (Ag) 
2 Mining and washing of coal Mining (Mi) 
3 Extraction of petroleum and natural gas  

4 Mining and processing of metal ores  

5 Mining and processing of nonmetal and other ores  

6 Food and tobacco processing Manufacture (Ma) 
7 Textile industry  

8 Manufacture of leather, fur, feather and related products  

9 Processing of timber and furniture  

10 Manufacture of paper, printing and articles for culture, education and sport activity  

11 Processing of petroleum, coking, processing of nuclear fuel  

12 Manufacture of chemical products  

13 Manufacture of nonmetallic mineral products  

14 Smelting and processing of metals  

15 Manufacture of metal products  

16 Manufacture of general-purpose machinery  

17 Manufacture of special-purpose machinery  

18 Manufacture of transport equipment  

19 Manufacture of electrical machinery and equipment  

20 Manufacture of communication equipment, computers and other electronic equipment  

21 Manufacture of measuring instruments  

22 Other manufacturing  

23 Comprehensive use of waste resources  

24 Repair of metal products, machinery and equipment  

25 Production and distribution of electric power and heat power Electricity and gas supply (El) 
26 Production and distribution of gas  

27 Production and distribution of tap water Water supply (Wa) 
28 Construction Construction (Co) 
29 Wholesale and retail trades Services and transport (ST) 
30 Transport, storage, and postal services  

31 Accommodation and catering  

32 Information transfer, software and information technology services  

33 Finance  

34 Real estate  

35 Leasing and commercial services  

36 Scientific research and polytechnic services  

37 Administration of water, environment, and public facilities  

38 Resident, repair and other services  

39 Education  

40 Health care and social work  

41 Culture, sports, and entertainment  

42 Public administration, social insurance, and social organizations  
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Appendix 2 
 
See Table 3. 
 

Table 3 Embodied water and energy-induced water transfers in each  province  

 
Province   Net inflow of   Net inflow of 
 

embodied water (108 m3)  energy-induced water (108 m 
_________________________________________________________________________ 
Beijing 56.66 9.47 
Tianjin 37.45 3.73 
Hebei - 30.63 7.24 
Shanxi 17.87 - 25.28 
Inner Mongolia - 70.54 - 34.36 
Liaoning 3.22 6.61 
Jilin - 25.26 1.11 
Heilongjiang - 212.44 0.23 
Shanghai 12.06 10.28 
Jiangsu - 178.69 23.57 
Zhejiang 6.30 17.21 

Jiangxi - 69.34 6.99 
Shandong 152.57 18.58 

Hunan - 113.23 2.13 
Guangdong - 10.28 12.28 
Guangxi - 118.44 - 3.05 
Hainan - 21.55 1.10 

Chongqing 9.67 3.30 
Sichuan        - 16.29        - 1.25 

Guizhou         -31.27       - 9.10 
Yunnan - 26.27 - 5.72 
Shaanxi 6.62 - 16.18 
Gansu - 35.98 - 1.95 
Qinghai - 0.22 - 2.39 
Ningxia - 9.61 - 2.40 
Xinjiang - 341.91 - 3.31 
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