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Abstract: The energy consumption of China's social water cycle process and the water consumption of power production is ana-

lyzed by taking provincial administrative regions as the research object and year 2017 as the research period. The results showed

that; The total power consumption of China's social water cycle process is 1 082. 81 billion kW + h,accounting for 17. 2% of the

total power consumption of China's society in 2017; Terminal water consumption is the biggest energy consumption. In 2017,

China's electricity production is consumed 6. 57 billion m® of water, accounting for 2% of the total social water consumption;

and Thermal power is the most water-consuming power source in China,accounting for 78% of the total water consumption in

the country’s electric power development. Based on the calculated results, relevant suggestions are put forword for realizing en-

ergy-water coordinated security.

Key words: water resource;energy; nexus; cooperative security;sustainable development

Energy and water resources are important ma-
terial bases for human survival, economic develop-
ment and social progress''). Generally, the proces-
ses of energy extraction, production and transpor-
tation require water consumption,and the develop-
ment, transmission and distribution, terminal use
and recycling of water resources also require ener-
gy Consumptionm. According to the research re-
sults of the IEA, the global water consumption in
the process of energy development has reached
583 billion m®, which is the second largest user of
water after agriculture, accounting for 15% of the

global fresh water consumption™™. It is estimated
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that by 2035, water withdrawals from energy pro-
duction will increase by 20% compared with
201417, At the same time, the energy consumed in
the water cycle of the global society is as high as
2 833. 4 billion kW « h,accounting for about 2. 5%
of the total energy consumption of the global pri-
mary energy-". On a global scale,energy and water
resources have become important constraints to
each other’ s sustainable development. Previous
studies have shown that the study of energy and
water resources as a separate system is not enough
to support the formulation of decision-making

schemes,and it may even mislead the decision-mak-
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ing!™. In the context of the substantial increase in
global resource demand,only by taking energy and
water resources as a research body, enhancing the
coordination, rational allocation and constantly ad-
justing human behavior, can the green development
of the region be realized"™,

In recent years, the relationship between ener-
gy and water is becoming a hot topic in the world.
The academic research on this link mainly focuses
on the following two aspects: The first is the inter-
nal connection between energy and water in the
policy, planning and changing environment; The
second is to quantitatively assess the energy con-
sumption and water consumption of the water cycle
in different regions"*'"', Due to the shortage of en-
ergy and water resources and the significant spatial
difference between them, China has become a hot
spot in the research on the global energy and water
nexus. Many scholars have carried out quantitative
research on the energy-water nexus in typical areas
[11]

such as the Yellow River basin''’, Beijing'* and

the national scalel™ "]

. At present,China is the lar-
gest producer and consumer of energy in the
world, with the proportion of energy production
and consumption accounting for 18% and 23% of
the global total respectively. However,China's fos-
sil energy base is mainly distributed in the arid
central and western regions, and energy develop-
ment is increasingly stressed by water resources.
At present,China is also the largest user of water
in the world,accounting for about 9% of the global
total. According to the national comprehensive plan
on water resources,China's total water use will in-
crease to 696 billion m® in 2030, among which the
supply of energy-intensive water resources such as
external water diversion, renewable water and de-
salinated seawater will increase substantially,
which will also lead to increased energy competi-
tion between the water conservancy industry and
other industries''®). According to the research re-
sults of Jiang Shan et al. "', at present,China's en-
ergy and water problems are mainly faced with
three challenges:1) rapidly increasing consumption
demand of energy and water;2) the optimal selec-

tion of energy-intensive water sources and water-
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intensive energy sources;3) the coupling and coor-
dination of energy-water cross-sector policy mak-
ing.

The quantitative identification of the relation-
ship between energy and water is the basis of Chi-
na's economic, social and ecological sustainable de-
velopment. But at present, the academic circles
mainly carry out research on the framework con-
cept of this bond,and there are few quantitative re-
searches in the whole country. Based on this, this
article takes the provincial administrative region
for the study of the smallest unit, choose 2017 as
the current level year. The electricity consumption
in the whole process of water cycle and the water
consumption in the process of power development
are quantitatively analyzed, and based on the re-
search results, the policy suggestions for the coor-
dinated development of energy and water in China
are put forward,so as to provide references for the
sustainable development of economy,resources and

environment in China.
1 Methods and data

1.1 Calculation of energy consumption of
the whole process of social water cycle

With the increase of human activities, the so-
cial water circulation flux is increasing. This water
circulation process that human beings artificially
intervene in order to meet their own needs is called
the social water circulation, which mainly includes
the water intake

process, water production

process, water transmission and distribution
process, water use process, drainage process and
sewage reuse process. Social water cycle energy
consumption refers to the energy consumption as-
sociated with water intake, water production, water
transmission and distribution, water use, drainage
and sewage reuse. The purpose of calculating social
water cycle energy consumption is to improve the col-
laborative management ability of water resources and
energy.
1.1.1 Calculation of energy consumption during
water intake

(1) Surface water intake. Surface water intake

project is mainly divided into water diversion, wa-
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ter lift,water transfer. The process of water diver-
sion is generally a measure to transport water re-
sources from the source to the user by gravity,
which is mostly completed by artesian flow and re-
quires less energy. Therefore, the energy consump-
tion is neglected in this paper. The water lifting
project and water transfer project rely on the elec-
tric pump for extraction, and the energy consump-
tion calculation formula is shown in formula (1)

and (2).

__ mgh

Wi 3. 6X10%Xe (D
—7 2 2 (b+2h /H—j)%

W km ot ey X7 (2)

where: W, and W, represents the energy consump-
tion of the water lifting project and the water
transfer project respectively, kW ¢ h; m is water
quality,kg; g is the acceleration of gravity,N/kg;h
is the lifting height of water body,m; ¢ is the effi-
ciency of the pumping station, diesel pump is gen-
erally 15% ,and electromechanical pump is general-
ly 40%%) 5 L is the length of water delivery,m;n is
the roughness rate of canal system;b is the canal
system bottom width, m; 2 is the water surface
height of the channel,m;c is the slope coefficient of
canal system,

(2) Groundwater extraction. Groundwater in-
take generally refers to the use of water pumps and
other facilities to extract water from the under-
ground aquifer. It mainly consumes electricity or
fossil energy to support the electric pumps and
diesel engines to do work against the gravity of wa-
ter,its size depends on the groundwater depth, the
amount of delivery water, pump station efficiency.
The calculation formula of the energy consumption

of groundwater is as follows

_ mgh
We 3. 6X10% XeX(1—0

3

where: W, represents the energy consumption of
groundwater to carry water, kW * h; @0 is the head
loss in the process of water extraction, which is re-
lated to the type of pump station and the height of
water extraction, and in this study it is assumed

that is 5%,

(3)Energy consumption of sea water desalina-

tion. Seawater desalination projects in China are
mainly distributed in coastal areas such as Tianjin,
Liaoning and Hebei,with the current annual desali-
nation scale of 434 million m®. Currently, reverse
osmosis method is mainly used in seawater desali-
nation in China, and the average unit energy con-
sumption is 6. 8 kW « h/m?*"%%,
1.1.2 Calculation of energy consumption during
water production process

The process of water production refers to the
process of water plant to clarify, disinfect, deodor-
ize and soften the water source. After the complex
treatment of the water plant, the water will enter
the water supply network after meeting the water
quality standard of the city. The energy consump-
tion of water produced by water plants in various
provinces in China comes from the Statistical
Yearbook of Urban Water Supply in 20174,
1.1.3 Calculation of energy consumption during
water transmission and distribution process

The process of water transmission and distri-
bution refers to the link of pipe network transmis-
sion and distribution from the source to the user.
The process of water transmission and distribution
usually includes water supply equipment, water
pipelines, water distribution networks and regula-
ting structures. The energy consumption per unit
of water transmission and distribution in different
provinces is different, and the data of water trans-
mission and distribution energy consumption in
each region is from the Statistical Yearbook o f Ur-
ban Water Supply in 201791,
1.1.4 Calculation of energy consumption during

water use process

Water use process is the core of the whole wa-
ter cycle process. According to China's water re-
sources bulletin, Chinese water users can be divid-
ed into four categories: agricultural, domestic, in-
dustry, and ecology. Considering that the energy
consumption of the agricultural sector water use is
mainly concentrated in the groundwater water car-
rying process and the energy consumption in the
water using process is less, this study does not con-
sider the energy consumption of agricultural water

use separately. Since the energy consumption of ec-
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ological water use process is negligible, this study
only calculates the energy consumption of domestic
and industrial water use.

(1)Domestic water use. Domestic water is the
basic demand for human survival and development,
which reflects people’s living standard to some ex-
tent. With the acceleration of urbanization and the
improvement of people’s living standard, the in-
crease of domestic water consumption is accompa-
nied by the increase of related energy consump-
tion. Domestic water consumption is mainly divided
into heating energy consumption and mechanical
energy consumption. Among them, heating energy
consumption is mainly used to meet residents’ de-
mand for high-temperature water for drinking,
cooking and bathing, while mechanical energy con-
sumption is mainly used to generate mechanical
power through energy consumption to make water
facilities run normally (such as washing ma-
chines). The calculation formulas of heating energy
consumption and mechanical energy consumption
of domestic water use are shown in formula (4)
and (5) respectively

_ Wee(T =T ]/utE
“ Qx3.6X10°

__ BXDX3 600
“m T QX 3. 6X10°

where:e, and e, respectively refers to the heating

4

©))

and mechanical energy consumption in the process
of domestic water consumption, kW « h/m?*;V is
the storage volume of the water heater,L;p is the
density of water,kg/L.;c is the specific heat capaci-
ty of water,kJ/(kg+ C); T, and T; are respective-
ly the temperature of the heater under constant
temperature and air temperature, C Y] is the ener-
gy consumption coefficient of the heater; E is
standby heat loss, k]J; Q is water consumption in
the heating process, m®; B is the rated power of a
type of washing machine, kW « h/kg; D is the rated
washing capacity of this type of washing machine,kg.
(2) Industry water use. According to the re-
search results of He et al. "%, the energy consump-
tion of industrial water mainly focuses on the heat-
ing energy consumption. On the one hand, industri-

al water heating directly produces hot water or
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steam to provide heat energy for production and
life. On the other hand, steam is converted into me-
chanical energy by power plant,or mechanical en-
ergy is further converted into electrical energy. The
calculation formula of heating energy consumption
is as follows

_em(TW—T)
3. 6X10% Xy

where:e; is energy consumption for boiler heating,

(6)

€1

kW ¢ h/m?; T}, is the temperature to which indus-

trial water needs to be heated, C; ¥ is boiler heat

efficiency, average of 75%.

1.1.5 Calculation of energy consumption during
drainage process

The drainage process mainly refers to the
process of sewage collection, transportation, water
quality treatment and discharge. In 2017, China’s
sewage discharge was 75.6 billion m*, of which

45. 3 billion m*® was treated. The energy consump-

tion data of China’'s sewage treatment plants in

2017 came from the Urban Water Drainage Statis-

tical Yearbook in 20174,

1.1. 6 Calculation of energy consumption during
drainage process regenerated water treat-
ment process

Due to the complexity and different reuse
purposes of sewage components, the treatment
processes of reclaimed water vary greatly. There-
fore, the national average was used to calculate
the energy consumption of sewage reuse process.

According to the Urban Water Drainage Statistical

Yearbook in 2017%*), the national average energy

consumption per unit of renewable water treatment

is 0. 82 kW « h/m?.

1.2 Calculation of water consumption during

power production process

The energy industry is a major water user in

China. According to the energy structure of China,

this study calculated the water consumption of

power generation processes of six major power
sources ( thermal, nuclear, hydro, biomass, solar
and wind). Since detailed data of water consump-
tion of different power plants are difficult to ob-
tain, the calculation of water consumption of elec-

tricity production mainly uses the quota method.
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The water consumption intensity of different pow-

er sources is shown in Tab. 1.

Tab.1 Water consumption quota of different power sources

Water consumption  Data

Category Power source
intensity/ (I.skWe+h!) sources

Once-through cooling 0.38~2. 31
Thermal )

Circulating cooling (tower) 1.10~2.60 [23][24]
power

Circulation cooling (pond) 1.02~3.38

Once-through cooling 0. 65~1. 50
Nuclear ) ) )

Circulating cooling(tower) 1.33~3.20 [25][26]
power

Circulation cooling (pond) 1.33~2.70
Hydropower — 1. 80 [27]
Biomass power

, — 25.00~35.00  [28]

generation
Solar power Photovoltaic power 0. 02 [29]
generation generation solar power 2.80~3. 30 [30]
Wind power — 0~0. 05 [31]

1.3 Data sources

In this study the provincial water diversion, han-
dling, and water transfer data from the China Water
Statistics Yearbook™ ', groundwater water data and
water use in various industries from the China Water

133), surface water lifting head data in

Resources Bulletin
different regions are obtainedfrom the Renovation
Plan for Large Irrigation and Drainage Pump
Stations in China™". Groundwater depth data from
China Geological Environment Monitoring Under-
ground Water Level Yearbook™ ™, energy consump-
tion data of water production and water transmission

and distribution data from the urban water supply sta-

I A I

tistical yearbook, power generation data of different
power sources come from China Energy Statistical
Yearbook"" and Compilation Statistics of China's E-
lectric Power Industry". The canal system informa-
tion of different water diversion projects comes

from each project implementation plan.
2 Results and discussion

2.1 Analysis of energy consumption of the
whole process of social water cycle

In 2017, the total amount of electricity con-
sumed during the water cycle in China was
1 082. 81 billion kW « h, accounting for 17. 2% of
the total amount of electricity consumed in the
whole society. According to Fig. 1, the water-using
process is the link that consumes the most water in
the social water cycle,in which the energy consumption
of industrial water is 570. 11 billion k€W « h, and
that of domestic water is 383. 31 billion kW « h,ac-
counting for 52. 7% and 35. 4% of the total energy
consumption of the whole water cycle respectively.
Since the 21st century, the industrial water and do-
mestic water are the industries with a rapid in-
crease in China's water consumption. With the fur-
ther expansion of industry and population in the
future, China’s industrial and domestic water con-
sumption and energy consumption may further in-
crease. Water intake is the second major energy
consumption link in the water cycle, consuming

84. 08 billion kW « h of electricity ., accounting for
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Fig. 1 Energy consumption in social water cycle process 31 provinces(autonomous regions and municipalities)of China in 2017
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7.8% of the total energy consumption of the water
cycle. The processes of water supply, conveyance
and drainage consume less energy, accounting for
1.1%,1.4% and 1.1% of the total energy con-
sumption of the whole society respectively. In
terms of total amount, the energy consumption of
reclaimed water treatment is less than that of sur-
face water and groundwater development. Howev-
er,from the point of view of energy consumption,
the energy consumption of single water of re-
claimed water (0.82 kW ¢ h/m?®) is higher than
that of surface water (0.15 kW + h/m?®) and
groundwater (0. 32 kW « h/m?). The extensive use
of renewable water can effectively relieve the pres-
sure of water resources in our country, but it
means that we have to pay more energy costs.
2.2 The spatial difference of energy consumption

in the social water cycle

Due to the differences of water resources
background conditions and industrial structure, the
energy consumption of water cycle varies greatly in
31 provinces (autonomous regions and municipali-
ties) of China(Fig. 2). Jiangsu is the province with
the largest amount of water consumption in China,

accounting for 9.8% of China’s total water con-

sumption in 2017. Meanwhile, Jiangsu is also the
province with the highest energy consumption of
water cycle in the society. Its total energy con-
sumption in 2017 reached 149. 13 billion kW « h,
accounting for 13.8% of the country’s total energy
consumption. Xizang is the province that consumes the
least amount of water in the society. In 2017, its total
energy consumption was 2. 111 billion kW « h,only ac-
counting for 0.2% of the national total and 1/70 of
that of Jiangsu. From the perspective of zoning, due to
the difference in water use scale between the north and
south, the water cycle energy consumption of the
southern provinces is generally higher than that of the
north. In 2017, the total water cycle energy consump-
tion of the north and south was 868. 24 billion and
214. 58 billion kW « h, respectively, with the north on-
ly one quarter of that of the south. In general, whether
in the south or the north, the terminal water use
process is the most energy consuming part of the wa-
ter cycle in each region. Considering the consisten-
cy of the consumption of water resources and ener-
gy in the process of water use, the implementation
of water-saving measures in the water use terminal
can achieve the win-win goal of water saving and

energy saving.
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Fig. 2 Energy consumption in water cycle process in different provinces 31 provinces(autonomous regions and municipalities) of China in 2017

2.3 Analysis of water consumption in power

production process

c 66 ¢ KXKRFR

In 2017,China’s electricity production process

consumed 6. 57 billion m® of water, accounting for
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2% of the total water consumption of the whole
society(Fig. 3). Thermal power is the most water-
consuming power source in China, accounting for
78% of the total water consumption of the national
power development. This is mainly due to the relatively
rich coal resources in China, with coal reserves ac-
counting for 96% of China's fossil energy reserves. At
the same time, thermal power generation, as the main
power production structure, accounts for 76 % of Chi-
na's total power generation. The main water consump-
tion of nuclear power generation is cooling water. In
2017 ,China’s water consumption of nuclear power was
639 million m® ,accounting for 7. 5% of the total water
consumption for power generation. In the process of
hydropower generation, the evaporation capacity of the
reservoir required for each unit of energy production is
taken as its water consumption. In 2017, China’s total
water consumption of hydropower is about 496 million
m®. Considering the multiple objectives of flood con-
trol, water supply and power generation, the calcu-
lation results of this study may overestimate the
water consumption of hydropower. Due to the
small scale of power generation, biomass energy,
solar energy and wind energy in China consume
less water. In 2017, the total water consumption
was only 171 million, 12 million and 161 million m®
respectively. By comparing the water consumption
intensity of different power sources,it can be seen
that wind power and photovoltaic power generation
are the most water-saving power products at pres-
ent. The vigorous development of clean energy
such as wind power and solar power is not only
conducive to the ecological environment protection

and climate change control in China, but also conducive
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Fig. 3 Water consumption for power development 31 provinces

(autonomous regions and municipalities) of China in 2017

to easing the contradiction between the supply and
demand of water resources in China,
2.4 Spatial variation of water consumption
in power production process

The water consumption in the process of power
production is affected by the local power genera-
tion, power generation technology and power struc-
ture. Fig. 4 shows the 2017 water consumption of
electric power production process in the different
provinces in China, among which Shandong, Jiang-
su, Inner Mongolia water consumption of coal-fired
power is higher. This is mainly due to large scale of
thermal power generation in the region. In 2017,
Shandong, Jiangsu and Inner Mongolia generated
437. 8 billion, 382.3 billion and 372.6 billion
kW « h of thermal power generation,accounting for
10.56%,9.21% and 8. 98% of China's total ther-
mal power generation, respectively. China’s nuclear
power plants are mainly distributed in coastal areas. In
2017, the water consumption of nuclear power develop-
ment in Guangdong, Fujian and Zhejiang accounted for
32%,23% and 21% of the total water consumption of
nuclear power development respectively. Southwest
China is the most important hydropower energy base in
China, and its hydropower resources account for
66.7% of the national total. According to the cal-
culation of this study: water consumption of hydro-
power in Sichuan province in 2017 was 158 million
m?®, accounting for 73% of the total water con-
sumption of power development of the province;
Water consumption of hydropower in Yunnan in
2017 is 125 million m®, accounting for 82% of the
province' s water consumption of power develop-
ment. Hydropower has become the most important
power production and water consumption sector in
these two provinces, Clean energy in China con-
sumes less water. Wind power mainly consumes
water in northern provinces, while biomass power
mainly consumes water in Jiangsu, Zhejiang, An-

hui, Shandong and Guangdong.

3 Conclusion and suggestion

3.1 Conclusion

This paper analyzes the social water cycle energy
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Fig. 4 Water consumption for power development in 31 provinces(autonomous regions and municipalities)

consumption and power development water con-
sumption of the provinces (municipalities and au-
tonomous regions) in 2017 and draws the following
conclusions,

(1) In 2017, the total amount of electricity
consumed in China' s social water cycle was
1 082. 81 billion kW « h, accounting for 17. 2% of
the total amount of electricity consumed in China
in that year. Terminal water consumption is the
biggest energy consumption,accounting for 88. 1%
of the total water consumption. From the perspec-
tive of zoning,Jiangsu and Xizang are the provinces
that consume the most and the least water circula-
tion in China, respectively, with energy consump-
tion of 149. 13 billion and 2. 111 billion kW « h in
2017.

(2) In 2017, China's water consumption dur-
ing electricity production was 6. 57 billion m?, ac-
counting for 2% of the total water consumption of
the whole society. Thermal power is the most wa-
ter-consuming power source in China, accounting
for 78% of the total water consumption of the na-
tional power development. The water consumption
of nuclear power and hydropower development is
639 million and 496 million m® respectively, while
wind, solar and biomass use relatively little water.
From the perspective of zoning, Shandong and Xi-

zang are the provinces and regions with the largest
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of China in 2017

and smallest water consumption for power develop-
ment, respectively, with water consumption of 593

million and 3 million m?®.

3.2 Suggestion

Due to the uneven spatial distribution of water
resources and energy resources in China, the energy
consumption of water resources exploitation and
the water consumption of energy exploitation have
exerted great influence on regional energy security
and water security respectively. In order to realize
the collaborative security of water resources and
energy, this paper proposes the following four sug-
gestions based on the research results.

(1) Terminal water consumption is the big-
gest energy consuming link in the process of social
water circulation, Considering the consistency of
the process of water and energy utilization in this
link, efficient water saving at the water use side can
effectively improve the utilization efficiency of wa-
ter and energy and achieve the dual purpose of wa-
ter saving and energy saving.

(2) Northwest fossil energy base is the main
energy output area in our country in the future,al-
though at this stage the power production process
in northwest China consumes less water, consider-
ing the increase in the scale of energy development
and the situation of water shortage in the future,it

is necessary to further study the relationship be-
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tween energy and water in northwest China and
improve the water resources security of northwest
fossil energy base.

(3) The water consumption intensity of devel-
oping clean energy such as solar energy and wind
energy is significantly lower than that of thermal
power and nuclear power. The vigorous develop-
ment of clean energy in China is not only conducive
to reducing pollution and improving energy struc-
ture, but also conducive to the conservation and
protection of water resources.

(4) The water-energy system management
concept should be established based on the devel-
opment characteristics and resource endowment
conditions of different regions, the energy influ-
ence should be considered in the process of water
resources development, and the water resources
restriction should be considered in the process of
energy development, so as to realize the coordina-
ted security of water resources and energy in
China.
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