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Abstract: Energy is consumed at every stage of the cycle of water production, distribution,
end use, and recycled water treatment. Understanding the nexus of energy and water may
help to minimize energy and water consumption and reduce environmental emissions. How-
ever, the interlinkages between water and energy have not received adequate attention. To
address this gap, this paper disaggregates and quantifies the energy consumption of the
entire water cycle process in Beijing. The results of this study show that total energy con-
sumption by water production, treatment and distribution, end use, and recycled water reuse
amounts to 55.6 billion kWh of electricity in 2015, or about 33% of the total urban energy
usage. While water supply amount increased by only 10% from 2005 to 2015, the related
energy consumption increased by 215% due to water supply structural change. The Beijing
municipal government plans to implement many water saving measures in the area from 2016
to 2020, however, these policies will increase energy consumption by 74 million kWh in Bei-
jing. This study responds to the urgent need for research on the synergies between energy
and water. In order to achieve the goal of low-energy water utilization in the future, water and
energy should be integrated in planning and management.

Keywords: water-energy nexus; integrated planning; water supply; energy consumption; Beijing

1 Introduction

The volume of urban water supply has increased rapidly with the expansion of the global
population during recent decades (Vorosmarty et al., 2000). According to the world urbani-
zation prospects (Valek et al., 2017), there will be 7 billion people living in urban areas as of
2050. This is equivalent to the entire global population today. A large urban population im-
plies a considerable increased demand on water service provision, along with water-related
energy consumption. Although water and energy policies continue to be formulated sepa-
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rately, the relationship between water and energy is inherently linked. Energy is used in
every stage of urban water cycle, from water abstraction, treatment, distribution, to end use
and recycled water treatment (Lam et al., 2017). As a pertinent example, at present about
12% of primary energy consumption in the US is related to the water sector (Sanders and
Webber, 2012) and current estimates state that at least 2% to 8% of global energy use is in
the water sector (Connor, 2012).

As one of the world’s most populous cities, Beijing’s population exploded in the early
21st century because of rapid urban growth (Zhang and Brown, 2005). In 2011, the munici-
pal population exceeded 20 million for the first time and is expected to continue increasing
in the coming decades (Wang et al., 2015). As a consequence of population growth, the av-
erage water resources per capita decreased from 300 m’® in 2000 to 100 m® in 2011 (Xinhua
Report, 2011). To meet urban water demand, many high energy-intensive water sources are
used in Beijing, including deep groundwater, recycled water and inter-basin transfer water.
At the same time, the increase in water supply has also increased the energy consumption of
water treatment and distribution, as well as recycled water treatment. Beijing is a city where
water and energy are in relative shortage, and the extensive use of water and energy will
restrict the sustainable development of the city. In this grave water and energy situation, an
in-depth study of water and energy synergies is of particular importance for the healthy de-
velopment of both water and energy resources.

General information regarding water and energy and their relationship is available, espe-
cially in terms of national, regional, or the average values (Council, 2011). However, the
study of energy consumption in the whole water cycle at the city-level is still in its infancy
(Kahrl and Roland-Holst, 2008; Qin et al., 2015). Kenway et al. (2013) quantified the im-
pact of different policy decisions on the water-energy future for Melbourne, Australia. Using
urban metabolism modelling, they found that a compact urban form would result in greater
water savings than a sprawling city. They also showed that while desalination will become
more important, it currently provides a low percentage of total water, but with a high energy
cost. Lam et al. (2017) developed a cost curve of water-related energy management options
from a city perspective for a hypothetical Australian city. The results show that the end use
process has a greater effect on energy consumption, and if policy maker invested in end use
options instead of utility options, greater energy saving potential at greater cost-effectiveness
could be achieved in urban water systems. Vincent et al. (2014) discussed the energy cost
that has been, or may be, associated with water independence for Singapore. They showed
that while Singapore is world-leading in terms of becoming self-sufficient with regard to
water supply, this may come at a high energy cost, increasing reliance on energy imports. In
a more narrowly focused study, Venkatesh et al. (2014) showed that climate, technology, and
geography, inter alia, play important roles in shaping the water-energy nexus in different
parts of the world. Jiang ef al. (2016) showed the important contribution of urban residential
water consumption to overall energy demand in an urban area, taking Tianjin, China, as an
example. They showed that through a variety of in-home water savings measures, a signifi-
cant energy saving city-wide could be achieved. A smaller scale study of household wa-
ter-energy nexus was conducted by Hokoi et al. (2013), who quantified the energy con-
sumption by hot water supply and cooking in Nanjing city and Hefei city through a field
survey. Some small influencing factors, such as frequency of cooking, cooking time, and
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bathing time were considered. Taking Beijing as a case, Chen and Chen (2016) used in-
put-output modelling and system network modelling to show the energy used for water ser-
vices in the city, and demonstrated the tight coupling of water and energy use for Beijing. In
general, although the majority of previous academic studies have analyzed the energy use of
a certain part of water cycle processes and are very useful in providing general quantitative
results, they lack an in-depth analysis of whole water cycle energy use at the city-level and
the study of the water—energy nexus in China is still in its infancy.

In this study, data from multiple sources are compiled and used to calculate energy con-
sumption for different processes of water utilization in Beijing, including water production,
treatment, and distribution, as well as end use and recycled water treatment. Furthermore,
our work analyzes the trend of water supply structure change on energy consumption for the
water sector from 2005 to 2015. The impact of different water-saving activities on energy
consumption also is discussed in this article. A better understanding of water—energy link-
ages will provide valuable insights on water resource sustainable utilization and technical
solutions, which, in turn, will contribute to achieving the goal of low-energy water utiliza-
tion in the future.

2 Method and data

Energy used by the water sector can be divided into constructional use and operational use.
Constructional use refers to the energy used in constructing water-related infrastructure such
as wells, conveyance pipes and treatment plants; operational use indicates the energy used to
extract, convey, treat and distribute water (Rothausen and Conway, 2011). The former cate-
gory is usually counted as energy used by industry and therefore is not considered in this
study.

In general, the water cycle can be divided into four parts: water production, treatment and
distribution, end use, and recycled water treatment. The energy consumed by each process is
expressed in terms of kWh of electricity per cubic meter of water applied or served in this
study.

2.1 Data source

The data sources used in this paper are divided into three categories: water supply amount
data, pumping lift data, and parameters and energy quota data. These data were collected
from Chinese government-authorized sources, as well as a series of reports and academic
journal articles. The data used in this study, as well as their sources, are shown in Table 1
and explained in detail in the following sections.

2.2 Energy use for water production

2.2.1 Groundwater withdrawal

According to the theoretical physical relationship, the energy required to lift groundwater
varies depending on the quantity and depth of the water being pumped and the type and effi-
ciency of the pumping system. This method has been widely used in several studies
(Rothausen et al., 2011), and the formula is as follows:
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Table 1 Energy intensity for various water processes in Beijing and the data sources

Item Value Data sources
Water supply amount Water supply amount of different sources (10° m?) — CWSY (2016)
Pumping lift Groundwater pump (m) — CGMY (2015)
Surface water lift (m) — CIAD Centre (2009)
Parameters and Efficiency of electrical motors (%) 40 Shah ez al. (2009)

Karimi et al. (2012)
energy quota

Shah et al. (2009)

Efficiency of diesel motors (%) 15 Karimi et al. (2012)

Water lost rate in water supply network (%) 15 Zﬁjgilr;gpllz;h(g(i)\;eg)y ear Water-
Fresh water treatment (kWh/m?) 0.374 CUWSD (2015a)

Fresh water distribution (kWh/m?) 0.441 CUWSD (2015b)

Wastewater collection (kWh/m?) 0.2 Gao (2012)

Wastewater treatment (kWh/m?) 0.33 CUWSD (2015b)

Recycled water treatment (kWh/m?) 0.84 CUWSD (2015b)

Energy intensity for bathing (kWh/m?) 31.5 Zhu (2017)

Energy intensity for cooking water use (kWh/m?) 99.2 Zhu (2017)

Energy intensity for hot water drinking (kWh/m?) 99.2 Zhu (2017)

Energy intensity for washing machine (kWh/m?) 7.5 Plappally and Leinhard (2012)
Energy intensity for office water use (kWh/m?) 6.6 Arpke and Hutzler (2006)
Energy intensity for school water use (kWh/m?) 5.7 Arpke and Hutzler (2006)
Energy intensity for hotel water use (kWh/m?) 22 Arpke and Hutzler (2006)
Energy intensity for restaurant water use (kWh/m?) 69 Ei;lli Z;Zl'H(i t9221§;) (2006)

Turiel et al. (1987)

. . . 5
Energy intensity for hospital water use (kWh/m?) 58 Arpke and Hutzler (2006)

gravity(ms ™) x lift(m) x Mass(kg)
3.6x10° x efficiency(%)

where the gravitational acceleration is 9.8 m/s>. The pumping efficiency is mainly affected

by the power type, which is primarily electricity or diesel in Beijing, and the efficiencies of

electrical and diesel motors are estimated to be 40% and 15% (Shah et al., 2009; Karimi et
al., 2012), respectively.

Energy consumption(kWh) =

(M

By considering the impact of the water table drawdown and water head on the pump lift,
the experimental results in 366 villages of north China were applied to refine the calculation
of the pump lift (Eq 2) (Wang et al., 2012).

Lift(m) = 0.906 x groundwater level(m)+21.75 R* =0.62 2)

2.2.2 Surface water conveyance pumping

Surface water lift refers to use of energy to pump surface water from rivers, lakes or reser-
voirs. Eq. (1) was also used to calculate energy use for surface water lift. Pumping lift is a
critical factor that influences surface energy consumption and varies according to specific
local conditions. China’s Irrigation and Drainage Development Centre investigated the sur-
face water pumping lift in Beijing in 2009 (CIAD Centre, 2009) and the pumping lift data
were used in this paper. Data on the volume of surface water lift was obtained from the
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China Water Statistical Yearbook 2015 (CWSY, 2016).

Inter-basin water transfer projects are the most energy-intensive type of surface water
supply. The energy consumption of these projects depends primarily on the length of each
individual transfer project. The middle route of the South-to-North water transfer project is
the only water transfer project in Beijing, and the amount of water transferred in 2015 was
880 million m®. A previous study calculated the energy use for water transfer projects per
unit distance in China to be 0.0045 kWh/m® per km (Gao, 2012) and this quota is adopted in
this paper.

2.3 Water treatment and distribution

Freshwater can be either directly used or treated in public water plants before use. The fresh
water treated in the study area mainly includes surface water, groundwater and inter-basin
transfer water. Additionally, these water sources are mainly distributed in urban domestic
and industrial. Energy is also required to distribute the water from treatment plants to users.
The energy consumption of water distribution depends primarily on the topography. China’s
urban water supply yearbook for 2015 (CUWSDA, 2015a) contains data regarding the pro-
vincial energy consumption of water treatment and distribution. The average value of energy
consumption for water treatment and distribution in Beijing is 0.374 kWh/m® and 0.441
kWh/m?, which are adopted as the calculation standard in this paper.

2.4 End users

The end users of water in the study area including domestic, public, industry, environment,
and agriculture. For some direct water users, such as agriculture and the environment, there
is little energy consumed in the end use process; therefore, this paper only calculates domes-
tic, public, and industrial energy consumption in the end use part.

2.4.1 Domestic water use

Energy consumption for domestic water can be divided into water heating and washing ma-
chine energy use (Plappally and Leinhard, 2012). Water heating energy use includes bathing,
cooking, and other activities, which require a higher water temperature. Che et al., (2015)
investigated the structure of household water use in Beijing, and found that hot water use
accounts for 43% (bathing, cooking, and hot water drinking) of the total. Heating energy
intensity for bathing, cooking and hot water drinking in Beijing is 31.5, 99.2, and 99.2
kWh/m’, respectively (Zhu, 2017). Energy consumption for washing machines is related to
the type of machine. At present, 90% of China’s washing machines are vertical, and the av-
erage energy consumption is 7.5 kWh/m® (Plappally and Leinhard, 2012).

2.4.2 Public domestic water use

Public domestic water use refers to water consumption in offices, schools, hospitals, and
other public buildings, as well as green-land irrigation. Water heating is the major part of
public domestic water-related energy consumption. Wang et al. (2008) analyzed the structure
of public domestic water use in Beijing, of which water use by offices accounted for the
largest proportion. Due to a lack of previous studies considering China, some foreign quota
of energy intensity in public domestic water use is used in this study (Turiel et al., 1987,
Arpke and Hutzler, 2006).
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2.4.3 Industry

Water-related energy consumption in industry is mainly concentrated in the water cooling
and heating. At present, the electricity consumption of water cooling and heating in Beijing
accounted for 10% of total industrial electricity consumption (Xiao, 2015). Thus, 10% of
Beijing’s total industrial electricity consumption is used as water-related energy consump-
tion in this paper.

2.5 Energy use for recycled water treatment

The treatment of recycled water can be divided into two categories: preliminary treatment
before discharging water to the environment, and high-quality treatment for water recycling.
Eq.3 shows the formula used for calculating the energy consumed to process recycled water:

E=0, xRy x(1+L)+ 0O, xRy 3)

where E is energy consumption (kWh); Q; is the volume of recycled water (m’); L is water
lost to pipeline leaks in the water supply system (%), and distribution losses in the water
supply network were estimated to be 15% (BWA, 2016); and Ry and Ry are energy needed
for treating recycled water and wastewater (kWh/m’). The Urban Drainage Statistical Year-
book (CUWSD, 2015) contains annual electricity consumption data of the recycled water
plants and wastewater treatment plants in Beijing, which are used in this paper.

3 Result and discussion
3.1 Energy consumption for Beijing water utilization

The Sankey diagram shown in Figure 1 depicts the energy required for the whole water cy-
cle process in Beijing in 2015. The chain of water utilization (including water production,
treatment and distribution, end use, and recycled water treatment) consumed 55.6 billion
kWh, accounting for about 33% of total energy consumption in the city (NBSC, 2016). The
highest percentage of energy use was for end use process (90%) and domestic water use in
particular (32.8 billion kWh). Groundwater is the main water supply source in Beijing (50%),
and also is the most energy-intensive water source in the water production process. The
overexploitation of groundwater not only consumes a lot of energy, but also has caused
many geological and environmental problems. Beijing and the surrounding area has become
the world’s largest groundwater mining region, second only to Northern India (Margat and
Gun, 2013). With falling water tables and the long-term unsustainable use of groundwater,
one can expect that more energy will be required for each unit of water withdrawn. In 2015,
the leakage rate of the water supply network was estimated to be 15%, which means that
0.32 billion m? of water and 0.14 billion kWh of electricity for water treatment and distribu-
tion was lost. Recycled water is Beijing’s second largest water source for water supply, ac-
counting for 25% of the total. Although the use of recycled water can ease water pressure,
the energy consumption for recycled water production is much higher than for other water
sources. According to the government’s plan, Beijing’s recycling rate will increase by 25%
in 2020 compared with 2015, meaning that electricity consumption in the recycled water
treatment process will continue to increase in the future.
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Figure 1 Sankey diagram of energy use in the whole water cycle process in Beijing in 2015

3.2 Time series analysis of energy consumption for water supply

Despite the water supply amount remaining stable during the past years, the water supply
structure has changed a lot in Beijing (Figure 2a). For example, over the past 11 years, the
recycled water supply has increased from 260 million m® to 950 million m’, an increase of
3.7 times. In 2015, recycled water became the second largest water source in Beijing only
after groundwater. Inter-basin transfer water is another unconventional source that has in-
creased; the amount of water transferred accounted for 23% in 2015. To evaluate the effect
of water supply structure change on energy use, this paper calculates the water-related en-
ergy use for the water supply during 2005 to 2015 (Figure 2a). We can clearly see in Figure
2a that the water supply amount in Beijing only increased by 10% during the last decade,
however, the energy used for the water supply increased by three times, from 1.3 billion
kWh in 2005 to 4.1 billion kWh in 2015. In addition, it can be seen in Figure 2a that there
are two inflection points, in 2008 and 2015, respectively. Before 2008, energy use for water
supply increased significantly at a rate of 25% per year. During 2008 to 2014, the upward
trend was relatively weak, at a rate of 4% per year. In 2015, the upward trend increased
again at a rate of 23%.

The energy use for different water supply sources in Beijing is showed in Figure 2b. Fig-
ure 2b shows that the rapid increase of water-related energy use in Beijing during 2005 to
2008 was mainly due to the increase of energy use associated with recycled water supply. In
2008, the 29th Olympic Games was hosted in Beijing and Green Olympics was adopted as
the propaganda slogan. To achieve this goal, Beijing proposed that the urban wastewater
treatment rate and recycled water reuse rate would reach 90% and 50%, respectively, by
2008 (Sina Reports, 2006). Six new recycled water plants were built during 2005-2008, re-
sulting in a significant increase of recycled water use, as well as energy consumption. In
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2015, the main reason for the significant increase in energy use is attributed to inter-basin
transfer water. The mid-route of the South-to-North Water Diversion Project (SNWDP) is
the unique water transfer project in Beijing and was implemented in December 2014. The
water supply amount from the SNWDP in 2015 reached 880 million m* and 320 million
kWh were used to transfer water.

Beijing is a water shortage city, with a gap more than 2 billion m? between available water
resources and the required amount of water (Figure 3). In order to meet water demand, some
high energy intensity water sources are being used extensively in Beijing. However, through
the above analysis, Beijing eases water supply pressure at the expense of electricity con-
sumption. In addition, Beijing’s electricity is mainly generated by thermal power, and the
increase of water-related energy use means more emissions of greenhouse gases and other
air pollutants (Xue et al., 2016).
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Figure 2 Energy use for water supply during 2005 to 2015 (a. Energy use for water supply in Beijing; b. Energy
use for different water supply sources)
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Figure 3 Water supply amount and available water resources quantity from 2005 to 2015 in Beijing

3.3 The effect of future water saving activities on energy consumption

Facing the pressure of water shortage, water conservation is the inevitable trend and the ba-
sic requirement of future economic and social development. According to the Water-saving
Society Establishment Plan (2016-2020) (hereafter referred to as the “Establishment Plan™)
released by the Beijing municipal government in April 2016, Beijing will limit the water use
amount to 4.3 billion m® in 2020, of which recycled water have to account for 1.2 billion m?.
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Five water-saving measures will be implemented according to the Establishment Plan during
20162020 (Table 2). Through the calculation method displayed in Part 2, the impact of dif-
ferent water-saving activities on energy consumption was evaluated and detailed evaluation
results are shown in Figure 4. We can clearly see in Figure 4 that water conservation and
energy conservation are not simply identical and not always consistent. In some cases, water
conservation can result in energy saving, but in other cases, entails more energy consump-
tion. For example, reducing groundwater use by increasing recycled water usage can save
about 1.5 billion m® of water, however, this water-saving activity will increase energy con-
sumption by 100 million kWh. In general, implementation of water-saving measures in Bei-
jing can save water about 350 million m* of water, but the electricity consumption would
increase by 74 million kWh (Figure 4).

Table 2 Water saving activities implemented in 2016-2020

Water cycle Option Unit Current value  Plan value in 2020

Reduce groundwater exploitation by in-

. 4 03
Water production creasing the use of inter-basin transfer water 107 m 0 26000
Treatment and Reduce leakage rate of urban water o
L % 15 10
distribution supply network
End use Improve industrial water recycling rate % 89.7 91.4
Improve thfe utilization efficiency of irriga- % 0.705 075
tion water in farmland
Recycled water Reduce groundwater exploitation by in- 4
. 10" m? 0 15100
treatment creasing the use of recycled water

25000

20000 H Energy-saving amount (10*kWh)
] Water-saving amount (10*m?)

15000 -

10000  Replace

groundwater
5000  with inter-basin
transfer water

04
. Reduce leakage Improve reuse Increase the
—-5000 - rate of urban  rate of industry  Utilization

10000 water supply water ?fi_‘ldt:pcy_of
- T network 1rg%1an 1;::1 ::ln Replace
-15000 - groundwater
with
—20000 recycled

water

—25000

Figure 4 Energy consumed in water saving activities (when the energy-saving amount is negative, it means that
energy is consumed; the reverse means that the energy is saved)

3.4 Uncertainty

To evaluate the accuracy of the calculation results, this paper compares the water-related
energy quota between Beijing and other regions (Table 3). Table 3 shows that our results
match well with Cohen et al. (2004), Klein (2005), and Goldstein and Smith (2002). The
difference between our estimates and those of Griffiths (2009) in regard to domestic wa-
ter-related energy use are within £10%.

Because there are no records indicating the annual energy quota in regard to recycled wa-
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ter treatment in Beijing, this paper evaluates energy use for recycled water treatment from
2005 to 2015 according to the 2015 quota (Figure 2a). However, the energy quota will
gradually decrease with technological progress; therefore, this paper may underestimate the
energy use of recycled water treatment before 2014. In addition, using a constant pumping
efficiency to evaluate the energy use of groundwater pumping during 2005 to 2015 also in-
troduces some uncertainties in the results.

Table 3 Comparison between results from other studies

Author and Water-sector Drocesses Estimated energy Beijing water sector Estimated energy
region p intensity (kWh/m?) processes intensity (kWh/m?)
Water production (Sur-
Cohen et al. Supply and treatment 0.06-3.4 face water, 025
San Diego, USA PPy ’ ' ground-water and in- '
ter-basin transfer water)
Residential end use 0-22 Fresh water treatment 0.374
Wastewater treatment 0.11-0.79 Fresh water distribution 0.441
51;;11 California, Water supply/conveyance 0-3.69 Wastewater collection 0.2
Water treatment 0.03-4.23 Wastewater treatment 0.33
Water distribution 0.2-0.32 Recycled water treat- 0.84
ment
Wastewater - collection and 0.29-1.22 Domestic water use 28.9
treatment
Recyc‘led_ water treatment 0.11-0.32 Public domestic use 18.9
and distribution
Goldstein and Surface-water
Smith, USA treatment 0.371-0.392 Industry 15.8
Wastewater treatment 0.177-0.780
Griffiths, USA Heating of residential water 32

4 Conclusions

Energy and water are essential, inseparable, and inextricably linked resources, and under-
standing the nexus between water and energy will help to develop a sustainable, low-carbon
water supply and to optimize the allocation of water resources. This study classifies the wa-
ter cycle into water production, treatment and distribution, end use and recycled water
treatment. Collected and compiled data from multiple sources are used to calculate the en-
ergy use in different processes. According to the results, for the entire processes considered,
the water cycle consumes 55.6 billion kWh of electricity, or about 33% of the total urban
energy consumption. The highest percentage of energy consumption for water is attributed
to the water end use process (90%), especially for domestic water use (32.7 billion kWh).
Although the water supply amount remained stable from 2005 to 2015, the structure of the
water supply changed significantly, which led to the continued increase of energy consump-
tion associated with water supply (215%).

This study also reveals the relationship between water saving and energy conservation.
Energy use by the water sector is directly proportional to the water use amount for pre-
scribed technologies. However, water saving cannot translate into energy savings when these
water savings are achieved through more energy-intensive technologies. According to gov-
ernment’s water-saving plan, the water-saving measures that will be implemented in Beijing
can save about 350 million m* of water, but the electricity consumption would increase by
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74 million kWh.

This study focused on energy use for water, however, it is equally important to explore
water use for energy production. With the rapid increase of population and economic devel-
opment in China, ensuring water and energy security simultaneously is becoming an un-
precedented challenge. Moving forward, comprehensive studies that explore all aspects of
the water—energy nexus for integrated and spatially explicit planning would help improve
the sustainability and prosperity of Beijing.
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