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In recent years, with the socio-economic development, energy production and water
consumption have been given more and more scientific, political and public concern.
Taking Hebei Province, China as, an example, this paper performs an in-depth analysis of
the energy production and water consumption. In this study, the water withdrawals and
water consumption associated with energy production in Hebei Province from 2015 to
2050 were estimated by using the bottom-up Long-range Energy Alternative Planning
model, which established three scenarios based on three different development models.
The results show that the energy production and their associated water requirements
would continue to grow at a high speed in the Reference Scenario. The energy production
and their associated water withdrawals and water consumption were found to have
decreased sharply in the coordinated development scenario and the strong emission
reduction scenario compared to the reference scenario. It shows that industrial
restructuring, energy structure optimization and the renewable energy replacement
have played an important role in energy-efficient and water-efficient in coordinated
development scenario and strong emission reduction scenario. Further coordinated
management policy on water and energy should be fully considered to promote the
sustainable management of water and energy in Hebei Province.

Keywords: energy production, water requirements, energy–water nexus, Long-range Energy Alternative Planning
model, Hebei

INTRODUCTION

Water and energy resources are significant material foundations for the development of human
society and a powerful driving force for the modernization process (Spang et al., 2014; Qin et al.,
2015). However, in the context of global climate change and an increasing population, we are facing
many problems regarding the demand for water resources and energy. The UN Sustainable
Development Goals proposed in 2015 pointed out that, as the global economy grows year by
year, despite the improvement in energy efficiency, energy use will have grown by 35% by 2020, and
the world’s energy consumption will increase by nearly 50% over the next 30 years (Bureau for
Workers’ Activities, 2014). At the same time, <3% of the world’s water will be fresh, and it is
estimated that two-thirds of the world’s population will face water shortages by 2025 (Lu et al., 2015).
Therefore, one of the objectives of the United Nations (UN)World Water Day, which has the theme
of “Water and Energy,” is to call on countries to implement more “coordinated, coherent, and
consistent” sustainable development policies for energy and water resources.
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Hebei Province (E 113°27′–119°50′, N 36°05′–42°40′) is located
on the shores of the Bohai Sea. Its inner ring contains the cities of
Beijing and Tianjin, and it is one of China’s primary industrial
bases (Figure 1). It holds a critical strategic position in the
integrated development of Beijing–Tianjin–Hebei (Jing-Jin-Ji).
Hebei is a major energy and industrial center and faces
population pressure, resource shortages, and environmental
pollution. Hebei Province is rich in energy resources but
seriously lacks water resources, and there is typically a serious
mismatch between the energy and water resources distribution
patterns. The energy industry is responsible for a large part of the
water use of the industries in Hebei province. The exploitation and
processing of traditional energy consumes a lot of fresh water every
year, but Hebei Province is seriously deficient in water resources.
The water resources per capita are 386 m3, the water resources per
acre are 243 m3, and the water resources per capita and acre are
equivalent to one-eighth of the national average value (Ministry of
Water Resources of China, 2015).

The continuous increase in demand for energy poses
enormous challenges for water use and safety in Hebei
Province. In the functional orientation of the
“Beijing–Tianjin–Hebei (Jing-Jin-Ji) Collaborative Planning
Outline,” Hebei Province is considered to be an area that
supports the Beijing–Tianjin–Hebei ecological environment
and plays an important role in the utilization of ecological
resources and environmental protection. It is a typical regional
economic area and a significant hub for the integration of Jing-
Jin-Ji. However, the primary industry and the secondary industry
require a large amount of imported water due to the fact that the

local water resources cannot meet their total water demand.
Considering the implement of the recent development plan
(“The development of Xiongan New Area” and the “Two-child
Policy”), hosting the Winter Olympic Games, and the
technological innovation in the energy sector, without a doubt,
it will exert great influence on the tense relationship between
water and energy in Hebei Province. At this stage, studies focused
on Hebei is commonly found on water-energy nexus and the
decomposition analysis of water utilization in Jing-Jin-Ji region
(Wang et al., 2015; Sun et al., 2018; Li X. et al., 2019). Specifically,
for Hebei Province, Lv et al. (2018) identified optimal strategies
for the energy-water nexus system under multiple uncertainties
and various water-saving scenarios (Lv et al., 2018). However, few
studies are employed to perform an in-depth analysis of the
energy production and their associated water consumption under
a multi-scenario analysis considering the low-carbon and
sustainable policy in Hebei Province. Thus, this study
established a multi-scenario analysis of water requirements for
energy production in Hebei province using the Long-range
Energy Alternative Planning (LEAP) model via
comprehensively considering the corresponding policy of the
development of a low-carbon economy. Furthermore, the
paper explores the trend of change in water demand for
energy production under the influence of the corresponding
greenhouse gas emission policies in Hebei Province as well as
the water use problems in the energy industry. The results of this
study may provide a scientific basis for decision-making to
improve the management of energy and water use and
implement sustainable energy and water resource development
policies, and be conducive to the sustainable development of the
Beijing–Tianjin–Hebei region.

The paper is organized as follows: Introduction section
introduces motivation and objective and contribution of this
study; Literature Review briefly reviews the previous
literatures; Methodology and Data describes the methodology
and data; Empirical Results and Discussion present the empirical
results and discussion of this work; conclusions and policy
implications are presented in the final section.

LITERATURE REVIEW

In recent years, energy production and water restrictions have
attracted more and more scientific, political and public concern.
Water withdrawals and water consumption for energy
production always serve as key indicators for assessing the
water use in energy production. Water withdrawals refer to
the diverted or withdrawn water from a surface or
groundwater source while water consumption is the consumed
part (evaporation, absorbed by a product, or other losses) of
withdrawn water from natural water bodies (Strzepek et al.,
2012).

To date, researches on water use for energy extraction,
processing, and conversion widely reported, including
traditional fossil fuel production (coal, oil, and natural gas),
heat and electricity generation, the production of energy from
biomass, and the impact of water use in the energy production

FIGURE 1 | The location of the study region in China.
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process on the ecological environment (Veil et al., 2004; Mielke
et al., 2010; Zhou et al., 2016). In addition, the policy implications
for managing the two resources have been assessed at the national
level, where energy and water management are generally
independently regulated (Pate et al., 2007). Many scholars
have commented on the content of sustainable development
policies for both energy and water resources, including the
sustainable development of wind, solar, and biomass energy
sources, an energy conservation policy, a climate policy, the
sustainable development of water resources, the three Red
Lines water policy, and technological innovation (Kiparsky
et al., 2013; Qin et al., 2015; Zhou et al., 2016). The results of
most of the abovementioned energy production studies are based
on the research results of other studies and not on regional
policies. For example, according to the energy strategy scenario of
China’s International Energy Agency (IEA), Cai et al. (2014)
evaluated the water withdrawals for energy production from 2011
to 2030 (Cai et al., 2014), and Qin et al. (2015) assessed the water
use in the energy industry and its impact on the “3 Red Lines
water policy” (Qin et al., 2015). Based on a multiregional input-
output analysis, Jin et al. (2019) investigated the water—energy
nexus networks in China, which provided valuable reference for
synergetic development of water and energy resources (Jin et al.,
2019). However, few of the studies are employed to performs an
in-depth analysis of the energy production and their associated
with water consumption with a multi-scenario analysis
considering the low-carbon and sustainable policy in Hebei
Province.

There are three main approaches to calculate the water
requirements for energy production. One is to use a
technology-based bottom-up approach to calculate water use
(water withdrawals or water consumption) in the energy sector,
which is calculated by multiplying the energy production by the
water use coefficients of a range of energy technologies, including
fossil-fuel-based energy production and power generation (Veil
et al., 2004; Kenney and Wilkinson, 2011; Nicot and Scanlon,
2012; Zhou et al., 2016; Zhou et al., 2019). Another approach is to
use a hybrid strategy consisting of a lifecycle approach and an
input—output approach (Cooper and Sehlke, 2012; Fang and
Chen, 2016). The third approach is to use the scenario analysis
method, which simulates water requirements in the medium- and
long-term for energy production by setting different conditions
(Cooper and Sehlke, 2012; Shang et al., 2016). The bottom-up
approach is a simple and effective way to calculate local and overall
water usage. The hybrid approach is more rigorous, but its data
requirements are strict. The scenario analysis method can be used
to set changes in different conditions and conduct medium- and
long-term simulations of energy production and water
requirements.

METHODOLOGY AND DATA

Methodology
The Framework of the Model
In view of the complex relations between water use, energy
production, and socio-economic factors, the LEAP-Hebei

model was adopted in this research to perform a systematic
analysis of current and future energy production and the
associated water use. Figure 2 presents the model’s
framework, which was applied to assess the water use for
energy production in Hebei Province.

The Long-range Energy Alternative Planning Model
The bottom-up approach can be used to calculate a local or an
overall water use value. At this stage, most studies on water use for
energy production use bottom-up accounting methods to
calculate the water use value in the energy sector. These
studies multiply the energy production by the water use
coefficient of a range of energy technologies. The LEAP model
was developed by the Stockholm Environment Institute in
Boston. It is a bottom-up model and can be applied to
perform a comprehensive analysis of the energy-economy-
environment nexus based on different planning scenarios
(Clark and Heaps, 2012). Different scenarios can be set up in
the model, and different policy measures and technical means can
be adopted to carry out medium- and long-term simulations of
energy supply, energy consumption, and environmental
conditions by linking the environmental emissions and the
driving factors in the study area (Cai et al., 2008). It is widely
used on global, national, and local scales to predict energy supply
and demand and the impact of energy policy changes on the
environment. Based on the LEAP model, Chen et al. (2020)
established four scenarios to estimate China’s energy demand and
carbon emissions from 2020 to 2050. Katta et al. (2019) simulated
energy demand and supply of Canada’s oil sands from 2007 to
2050. Agrawal et al. (2018) developed an integrated framework to
analyze the impact of climate change on water consumption and
greenhouse gas emissions. Zhao et al. (2011) analyzed the path of
China’s development of a low-carbon economy by 2050. Hong
et al. (2016) used the LEAP model to discuss the effectiveness of
policies imposed on the Korean transportation sector, and the
chain effect on Korea’s energy and environment by 2050. Rahman
et al. (2016) combined SMAA (Stochastic Multicriteria
Acceptability Analysis) with the LEAP model to promote
multi-sector-related interests and plan energy policies to
achieve a sustainable low-carbon path. Emodi et al. (2017)
used the LEAP-Ningbo model to simulate the greenhouse gas
emissions of the six energy sectors in Ningbo, which is a pilot low-
carbon city. In summary, the LEAP model is a bottom-up, long-
term energy planning model. Most current research focuses on
energy forecasting and carbon emissions simulation, but there is
relatively little research on water use for energy production using
the LEAP model. In this study, we combined the LEAP model
with energy production forecasting to analyze water use for the
energy sector.

Water Withdrawals and Consumption
Most of the energy scenarios that are currently used to study
energy production and water use are based on the research results
of other studies and do not fully integrate the policies in the study
area. In this paper, we concentrate on current and future water
use for energy production by first applying policies on economic
growth, energy utilization (clean energy), industrial structure,
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and innovative technology in a bottom-up approach based on the
establishment of the LEAP-Hebei model. The water use for
energy production was calculated by multiplying the energy
production of each sector by the intensity of water
withdrawals and the intensity of water consumption to
calculate the water withdrawals and water consumption,
respectively, of various types of energy production.

W � ∑
n

i�1
Eiαi (1)

C � ∑
n

i�1
Eiβi (2)

where Ei represents the i-type energy production, W represents
the water withdrawals for the energy production, C represents the
water consumption for the energy production, n represents the
total number of energy production types, and αi and βi indicate the
i-type intensity of water withdrawals and consumption for the
energy production, respectively.

Scenario Settings
The proposed scenario is based on the Hebei 13th Five-Year Plan,
the Hebei Town Planning System, China’s recent “Climate
Planning,” and the 2050 China Energy and Carbon Emissions
Report. Three scenarios were established based on the activity
level of each energy sector, the energy intensity, and the energy
structure by the bottom-up approach. The key data and
assumptions, including Gross Domestic Product (GDP),
population, and urbanization, were set to be the same in order
to compare the results from the three scenarios. Regarding the
settings of the scenarios in Hebei province, reference was made to
the research of Li Z. et al. (2019). As a basic scenario, the reference

(REF) scenario is consistent with the REF scenario of Li Z. et al.
(2019), representing the existing development status of Hebei
Province. The coordinated development scenario (CDS)
comprises the industry structure optimization scenario and the
terminal consumption structure optimization scenario, which are
based on the REF scenario, and optimize the industrial structure
and energy structure, inhibit the development of the secondary
industry, vigorously develop the tertiary industry, improve energy
efficiency, implement natural gas instead of coal, develop
renewable energy, and increase the proportion of renewable
energy. The strong emission reduction (SER) scenario is
referenced to the low-carbon development scenario, and the
other key parameters refer to the settings described in this
article. The SER scenario is based on the CDS scenario, and
further improves energy efficiency, implements natural gas
instead of coal, develops renewable energy, focuses on the
development of wind and solar energy, which, in this scenario,
become the energy sources with the dominant proportion of
power generation, and introduces advanced carbon capture and
storage (CCS) technology to reduce carbon emissions from
thermal power generation. The major parameters that were
used in the sub-sectors of the REF, CDS, and SER scenarios in
the LEAP-Hebei model are given in Supplementary Tables S2–S6.

There are many technologies that can reduce the amount of
water use for energy production, most notably cooling
technology. In this paper, the parameters for change in
consideration of the development of water-saving technology
were set for the future. The intensity of water withdrawals and
water consumption remained unchanged at the base year in REF.
The other two scenarios take into account the development of
water-saving technology, and the intensity of water withdrawals
and the intensity of water consumption are estimated from the

FIGURE 2 | The model’s framework.
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scenario. The proportion of the three cooling technologies in the
three scenarios is based on (Zhang et al., 2014; Zhou et al., 2016).
The future cooling technology development ratio parameters
(excluding seawater cooling) were set as shown in Table 1.

Data Acquisition
Data Collection
The data for the modeling process that were collected for this
research included: historical data on Hebei Province, baseline
data from 2015, trend data, and reference parameters. The
historical data were used for key assumptions and scenarios,
such as industry added value, urbanization, population, and GDP,
and were primarily statistics from the Hebei economic statistics
yearbook (2000–2016) (Li et al., 2018), the sixth Hebei population
census, and town planning in Hebei province (Wang and Yang,
2015; Department of Housing and Urban-Rural of Hebei, 2017).
The baseline data from 2015 were statistics taken from the Hebei
Economic Yearbook of 2016 and the China Energy Statistics
Yearbook of 2016 (China Electric Power Yearbook Editorial
Committee, 2016) regarding energy supply, imports and
exports, transformations, input, and demand in seven sectors.
The trend data (changes in industrial structure and changes in
energy efficiency) and some binding indicators were obtained
from government and special department planning documents.
The government department survey data were taken fromHebei’s
13th five-year energy development plan, reports from academic
institutions in various departments of Hebei, the program for the
coordinated development of Beijing–Tianjin–Hebei, and China’s
Energy and Carbon Report 2050 (China energy and Carbon
Emission Research Group, 2009; Department of Housing and
Urban-Rural of Hebei, 2017; Zhou et al., 2017). The reference
parameter data were derived from the “General Calculation Rules
for Integrated Energy Consumption” (GB/T-2589-2008), the
energy conversion standard coal coefficient, and the average
low heat generation of energy, which are all contained in
Appendix 4 of the China Energy Statistics Yearbook of 2016
(China Electric Power Yearbook Editorial Committee, 2016).

The estimations of water withdrawals and consumption for
energy production were found to vary widely across the following
sources of information: the National Pollution Source Survey of
China (Zhang et al., 2013), The Chinese Environmental Statistics
Database of 2011 (Lv et al., 2018), and other research data (Qin
et al., 2015). In this study, the water withdrawals coefficient was
based on (Zhang et al., 2013; Lv et al., 2018), and the water
consumption coefficient was based on (Zhang and Anadon, 2013;
Zhou et al., 2016). The water withdrawals and consumption
factors that were used in this paper are provided in
Supplementary Table S1.

Accounting Scope
In this study, water withdrawals and water consumption were
assessed in the energy sector. Energy production included
primary energy (coal, oil, and natural gas) extraction. The
primary energy processes included processes for washing coal,
coking, refining oil, and biofuel production. Primary energy
conversion included coal power generation, natural gas power
generation, biomass power generation, nuclear power,
hydropower, wind power, and solar power generation and
heating.

Considering that wind energy and nuclear energy are not
widely used in Hebei, the water use for wind energy and nuclear
energy were not taken into consideration (Chen et al., 2016). In
the future, the use of solar energy and photovoltaic power
generation will continue to grow in Hebei, and about
0.019 m3/MW h of water will be used when cleaning the
surfaces of battery components (Macknick et al., 2012).
Hydropower, according to some studies, is considered to be a
water-intensive energy carrier (Liu et al., 2015; Zhou et al., 2016).
Biomass power generation only accounts for a small part of the
total power generation in Hebei Province, and uses crop straw
and garbage as fuel. In this study, we did not consider the water
that was used in the production of biological raw materials; we
only considered water consumption during power generation
(Cai et al., 2014). In this paper, we analyzed the use of fresh water
in energy production in Hebei Province; accordingly, the
utilization of seawater fell outside the accounting scope. A
power plant’s cooling technology has a great impact on water
withdrawals and water consumption. Three types of cooling
systems were considered in our research: once-through, cyclic,
and air-cooling. Only the “operable” water withdrawals and the
water consumption that was directly related to energy production
were considered in this research.

EMPIRICAL RESULTS AND DISCUSSION

Results and Analysis
The Predicted Results for Energy Demand and
Production
Figure 3 shows the long-term energy demand trend in Hebei
Province. There are no inflection points in any of the three
scenarios. There is an increasing trend during the projection
period in the REF and CDS scenarios. The SER scenario also
shows an upward trend; however, the growth rate is slow. The
total energy demand in the SER scenario increased from 321,618
Mtce in 2015–2,253.13 Mtce in 2050, with an average annual
growth rate of 5.72%.

Figure 4 shows the energy production in Hebei Province.
There is an increasing trend during the projection period in the
REF and CDS scenarios; however, in the SER scenario, the energy
production peaked around 2030 due to strict control policies and
then slowly declined. The energy production in the SER scenario
decreased significantly compared to the REF and CDS scenarios.
The energy production in the REF, CDS, and SER scenarios
reaches 826.04, 547.01, and 340.30 Mtce, respectively, in 2050. In
the REF scenario, traditional fossil fuels dominate the period

TABLE 1 | The cooling technology in the future setting [the coordinated
development scenario and the strong emission reduction scenario] in
the model.

Cool technology 2015 2020 2030 2040 2050

Once-through cooling 0.05 0.04 0.03 0.02 0.01
Cyclic cooling 0.66 0.61 0.55 0.50 0.42
Air-cooling 0.12 0.18 0.25 0.31 0.40
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2015–2050; consequently, in this scenario, the coal industry
accounts for the highest proportion of energy production
among the various industries. In the CDS scenario, the total
coal output and energy production in 2030 and 2050 decreased by

approximately 19.78 and 39.47%, respectively, compared with the
REF scenario. In the SER scenario, the production of natural gas
shows an upward and then a downward trend. Renewable
energies, such as wind and solar energy, become the main

FIGURE 3 | The energy demand in the three scenarios during the period 2015–2050.

FIGURE 4 | The energy production of each sector in the three scenarios: (a) reference, (b) coordinated development scenario, (c) strong emission reduction (the
detailed data was shown in Supplementary Table S7).
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sources of energy. The production of coal, oil, and natural gas
decreased by approximately 43.09, 34.34, and 59.60%,
respectively, the production of wind energy increased by
approximately 28.45%, and the production of solar energy
increased by approximately 62.96% compared with the CDS
scenario in 2050. Renewable energy gradually becomes an
important energy, and the gradual expansion of renewable
energy use also effectively reduces CO2 emissions.

Water Withdrawals and Water Consumption for
Energy Production
The amount of water required for energy production is affected
by changes in energy production and different policies will have
different effects on energy production. Three different scenarios,
as shown in Figures 5–7, were analyzed in this paper. A
comparison of the three scenarios shows that, in the REF
scenario, the energy structure was not adjusted, energy
production is on the rise, and water withdrawals and water
consumption for energy production are also on the rise. In the
CDS scenario and the SER scenario, the water withdrawals and
water consumption for energy production first increase and then
decrease, and reach their peak in 2020 and 2030, respectively.

As shown in Figure 5, the REF scenario represents a
continuation of the existing status. The water withdrawals
requirements for energy production will increase to 2.08, 2.36,
2.91, and 3.25 billion m3, and the water consumption for energy
production will increase to 0.45, 0.50, 0.59, 0.75, and 0.88
billion m3, in 2020, 2030, 2040, and 2050, respectively,
Comparing 2015 with 2050, the water withdrawals and water
consumption will increase by 66.80 and 95.68%, respectively, and
the average annual growth rate of water withdrawals and water

consumption will increase by 5.60 and 5.72%, respectively. This
will pose a serious challenge to the protection of water resources
in Hebei province. In terms of water withdrawals by 2050, about
72.43% of the water will be used for thermal power generation,
and 7.76% of the water will be used by the heating industry. Coal
mining, coal washing, coking, oil extraction, oil refining, and
natural gas extraction account for 9.80% of the total water
consumption. In terms of water consumption by 2050, coal
mining, coal washing, coking, oil extraction, oil refining, and
natural gas mining account for approximately 36.19%, the
heating industry accounts for approximately 5.55%, and power
industry’s water consumption accounts for approximately
58.25%, of which thermal power accounts for approximately
56.06% of the total water consumption.

As shown in Figure 6, the water withdrawals and water
consumption for energy production decreased sharply
compared with the REF scenario. The water withdrawals and
water consumption first increased and then decreased, and both
the water withdrawals and the water consumption peaked around
2030. The water withdrawals decreased by 33.58 and 73.09% and
the water consumption decreased by 26.95 and 57.58% compared
with the REF scenario in 2030 and 2050, respectively. In the CDS
scenario, the project to replace coal with natural gas is adopted,
which causes the water used in coal mining and coal washing to
reach a peak around 2040, with an inflection point. The amount of
water used for thermal power generation peaks around 2030, then
slowly declines, and the other sectors continue with an upward
trend. In terms of water withdrawals by 2050, the proportion of
thermal power generation will remain the largest, accounting for
approximately 50.30% of the total value, and approximately
20.14% will be used by the heating industry. Coal mining, coal

FIGURE 5 | The water withdrawal and water consumption of each sector in the reference (REF) scenario. Note:W represents water withdrawal, and C represents
water consumption.
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washing, coking, oil extraction, oil refining, and natural gas
extraction will account for approximately 29.16% of the total
water withdrawals, which is 6.85% lower than in the REF scenario.
In terms of water consumption by 2050, the proportion of coking
and oil refining will have increased. Thermal power generation
will account for approximately 39.54%, and this industry will be
the sector with the largest water withdrawals and water
consumption.

As shown in Figure 7, compared with the CDS scenario, the
water withdrawals and water consumption for energy production
decreased sharply in the SER scenario, and the water withdrawals
and water consumption peaked around 2020. The water
withdrawals decreased by 17.06 and 18.41% and the water
consumption decreased by 46.05 and 37.96% compared with
the CDS scenario in 2030 and 2050, respectively. However, in
order to further reduce carbon emissions, the introduction of

FIGURE 6 | The water withdrawals and water consumption of each sector in the coordinated development scenario (CDS) scenario. Note: W represents water
withdrawal, and C represents water consumption.

FIGURE 7 | The water withdrawal and water consumption of each sector in the strong emission reduction (SER) scenario. Note:W represents water withdrawal,
and C represents water consumption.
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advanced CCS technology will increase from 10 to 60% from 2030
to 2050. The additional water withdrawals and water consumption
required for CCS technology will be 52.34 million m3 in 2030,
which will increase to 184.93million m3 in 2050, an increase of
2.53 times compared with 2030. Although the application of CCS
technology reduces carbon emissions, it increases the use of water
resources and reduces the efficiency of electricity production;
hence, the limits of water resources should be weighed against
reductions in carbon emissions. In the SER scenario, the amount of
water used in coal mining and coal washing peaked around 2030,
and there was an inflection point. The amount of water used for
thermal power generation peaked around 2020, and then slowly
declined. The amount of water used in the coking process peaked
around 2030, and other sectors continued in an upward trend,
while the growth rate slowed down noticeably. In terms of water
withdrawals by 2050, the results are basically consistent with the
CDS scenario. The proportion of thermal power generation
remained the largest. About 44.40% of the water is used for
thermal power generation, and 29.44% is used by the heating
industry. Coal mining, coal washing, coking, oil extraction, oil
refining, and natural gas extraction account for approximately
25.66% of the total water withdrawals. In terms of water
consumption by 2050, the proportion of water consumption for
oil refining increased. Thermal power generation accounts for
approximately 36.22% of the total water consumption, which is
the largest proportion of water consumption. The proportion of
water consumption for hydropower generation increased,
accounting for approximately 18.34% of the total water
consumption in 2050. However, this proportion was decreased
in comparison to the CDS scenario; in the CDS scenario, the
further development of wind energy and solar energy increased the
proportion again. The thermal power generation sector remains
the sector with the largest water withdrawals and water
consumption, and should be considered by the local
government in the future.

Discussion
Energy Transformation and Technological Innovation
A comparison of the CDS scenario with the SER scenario shows
that the SER scenario further improved the energy efficiency and
developed renewable energy sources, such as wind energy and solar
energy, to replace traditional thermal power generation. The water
withdrawals by the electricity sector in the SER scenario decreased
by approximately 18.02 and 32.30% compared with the CDS
scenario in 2030 and 2050, respectively. The water consumption
decreased by approximately 17.90 and 36.84% in 2030 and 2050,
respectively. This is due to the fact that almost no water is used in
wind power generation and solar power generation, and the water-
saving benefits increase as the scale of development expands. Hebei
Province’s geographical advantages and natural resources should
be fully exploited to increase the use of renewable energy. In this
paper, we considered threemain types of cooling techniques (once-
through cooling, cyclic cooling, and air-cooling) whose water
withdrawals and water consumption vary greatly. The results of
the scenario analysis indicate that a change in cooling technology
(from once-through cooling to air-cooling) will have an obvious
water-saving effect, which can effectively reduce the water

withdrawals and water consumption of the thermal power
generation sector.

Impact on the “Three Red Lines” Water Policy
In 2011, the Ministry of Water Resources selected Hebei Province
to pilot the most stringent water resources management system,
the “three red lines” target system (the red line used to control the
total amount of water, the red line used to control water
efficiency, and the red line used to control the water function
area to limit pollution). In terms of the red line used to control the
total amount of water, the total water use value will be limited to
21.7, 22.1, and 24.6 billion m3 in 2015, 2020, and 2030,
respectively, in Hebei Province (The State Council of the
People’s Republic of China, 2012).

The ratio of water use for energy production to provincial water
abstraction was calculated to illustrate the impact of water use for
energy production on the limited water resources in Hebei.
Although the water use for energy production only accounts for
a small portion (approximately 8.7%) of the total water use inHebei,
it would have a greater impact on local water resources. Hebei is a
region with a serious shortage of water resources, and the water use
in agriculture is huge. An increase in water use for energy
production, especially an increase in water use for traditional
fossil fuel energy production and thermal power generation, will
pose a serious threat to the local ecological environment. The
amount of water used in agricultural and other industrial
production processes will be reduced as more water will be used
for energy production, which poses a high risk of local water
shortages. Optimizing the industrial and energy structure,
inhibiting the development of the secondary industry, vigorously
developing the tertiary industry, improving energy efficiency,
implementing natural gas instead of coal, developing renewable
energy, increasing the proportion of renewable energy, and making
use of advanced water-saving technologies will alleviate this trend.
We estimated the impact of the policy measures adopted in the SER
scenario on the “three red lines” water policy in Hebei. The water
withdrawals for energy production accounted for approximately
8.7, 12.3, and 20.7% of the total water use control target in 2015,
2020, and 2030, respectively, in the REF scenario. A series of
corresponding policy measures were taken in the SER scenario,
where the water withdrawals accounted for approximately 8.7, 7.9,
and 6.2% of the control targets, respectively. The water use for
energy production in the SER scenario decreased by 4.4 and 14.5%
compared with the REF scenario in 2020 and 2030, respectively.
These results indicate that these policy measures can effectively save
water and help to achieve the control target of the “three red lines.”
But it is worth noting that the water saving measures like the air-
cooling technology might bring a risk of high economics cost for
this region. The coordinated management of energy-water-
economy needs further attention. Anyhow, air-cooling
technology is still a better choice of thermal power station in the
area like Hebei Province rich in coal but short of water.

Uncertainty in the Scenario Analysis Results
This study used a series of parameters that were selected in
accordance with the requirements of the 13th Five-Year Plan of
Hebei Province. The LEAP model was adopted to predict the

Frontiers in Energy Research | www.frontiersin.org September 2020 | Volume 8 | Article 5585369

Li et al. Water Energy Nexus

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


energy production, and the water intensity was derived from other
studies. The selection of parameters was too simple and was not
optimized. In addition to not including all of the influencing
factors, there were also uncertainties in the setting of the future
parameter values for the selected driving factors, including GDP
growth rate, industrial structure, population growth rate, and
energy import and export volume. The economy, population,
and urbanization rate of Hebei were predicted according to the
overall development trend in China for the period 2015–2050. As
Hebei has no perfect plan for or information that would allow us to
discuss its development trend, the average development trend of
China’s provincial-level regions was derived from other references.
It was not subdivided into the detailed terminal equipment
planning of each department, thus causing uncertainty in the
accuracy of the results. There is a direct relationship between
energy production and import and export volume, which is
significant to the model that was used in this research, and as
the energy import and export volume was based on a statistical
analysis of historical data on Hebei Province, it is uncertain and
therefore could cause uncertainty in the estimated energy
production values. The estimations of the intensity of water
withdrawals and water consumption were made using a
predictive analysis that considered technological progress every
10 years. Detailed changes in each year were not considered, partly
due to limited data, but also because wemade a general estimate for
the three scenarios based on the set conditions, which would not
affect the comparison between the scenarios.

There is still another limitation to this study. The water use for
nuclear energy were not taken into consideration in Hebei
Province, since the first planed nuclear power station in
Cangzhou of Hebei hadn’t been put into operation to date.
But anyway, the nuclear plant is going to be a very important
factor to water resource stress in Hebei Province if the planned
nuclear power plants will come into service in the next couple of
years. Thus, if reliable data become available, future work on this
topic will be carried out thoroughly and deeply.

CONCLUSIONS AND POLICY
IMPLICATIONS

Conclusions
(1) In this study, the bottom-up LEAP model was applied to

estimate the water withdrawals and water consumption
associated with energy production for each sector in Hebei
Province from 2015 to 2050. Our main conclusions are as
follows.

(2) The energy production and the water requirements for energy
production would continue to grow at a high speed in the REF
scenario (the business-as-usual scenario); the energy
production, the water withdrawals, and the water
consumption for energy production decreased sharply in the
CDS and SER scenarios comparedwith the REF scenario due to
optimization of the industrial structure and the energy
structure, inhibition of the development of the secondary
industry, vigorous development of the tertiary industry,
improvements in energy efficiency, implementation of

natural gas instead of coal, development of renewable
energy, and an increase in the proportion of renewable energy.

(3) The water withdrawals and water consumption would peak
around 2030 and 2020 during the forecast period in the CDS
and SER scenarios, respectively, indicating that these measures
can effectively reduce energy production and water
requirements. The thermal power generation sector remains
the sector with the largest water withdrawal and water
consumption; however, there is a decreasing trend with the
implementation of policies and the development of renewable
energy. The water use of the heating sector gradually increases
with the improvement of people’s living standards.

(4) The results of the comparison of the SER scenario and the CDS
scenario indicate that advances in energy technology,
optimization of the energy structure, and an increase in the
proportion of renewable energy will play an increasingly
significant role in Hebei’s long-term development. Therefore,
the development of a low-carbon economy is not only an urgent
problem due to climate challenges and air pollution, but is also
necessary in order to reduce the pressure on water resources.
The government should adopt stricter policies to reduce the
production of traditional fossil energy (especially by the coal
industry), vigorously develop renewable energy technology, and
reduce the pressure on Hebei’s limited water resources.

(5) The selection of cooling technology for use in electricity
generation should consider specific geographical factors. The
promotion of air-cooling technology must consider the
trade-off between energy efficiency and water use. In
addition, the choice of electricity generation and cooling
technologies should also consider the trade-off between
funding and operating costs and between water
conservation and greenhouse gas emissions. CCS
technology should be carefully developed in areas where
water resources are currently scarce. The trade-off
between emissions reductions and water use by methods
that reduce CO2 should also be carefully considered.

Policy Implications
Combing the above analysis and the industrial structure, energy
structure and energy efficiency of Hebei Province, this paper put
forward the following policy implications to improve energy
efficiency and reduce water consumption:

Firstly, Hebei Province should speed up the adjustment of
industrial structure, reduce the dependence of traditional
industrial structure on energy consumption, promote the
optimization of industrial structure, reduce the proportion of
the primary and secondary industries gradually, develop the
tertiary industry such as modern service industry vigorously,
and promote the integration of the tertiary industry and other
industries. Secondly, for the future development, Hebei Province
should increase the proportion of cleaner alternative energy,
continue to replace raw coal and coke with natural gas and
electricity, improve the energy efficiency of thermal power
generation, and focuses on the development of wind and solar
energy. Finally, Hebei Province should increase investment in
technologies, encourage the innovation in energy technologies,
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carry out the research on energy technologies, and increase the
introduction and deployment of clean energy technologies on
both the demand and supply, such as use cooling technology to
reduce water consumption and improve energy efficiency of each
sectors. At the same time, according to the current policy of Hebei
Province, there may be some barriers for the above policy
implications: for the adjustment of industrial structure, the
large-scale industrial bases provided favorable conditions for
the development of the secondary industries in Hebei
Province, and it is difficult to reduce the dependence of
economic development on the secondary industry in the short
term. For cleaner alternative energy, there are still some problems
in Hebei Province, such as insufficient development and low
energy utilization of cleaner alternative energy, serious shortage
of energy allocationmanagement system. The photovoltaic power
generation in Hebei Province is also in the initial stage. For energy
technologies, the development of energy technologies is slow in
Hebei Province, and the water saving measures like the air-
cooling technology need higher economic cost, while the
government lacks funds for relevant investment.
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