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Abstract: Carbon neutrality is one of the most important goals for the Chinese government to mitigate
climate change. Coal has long been China’s dominant energy source and accounts for more than
70–80% of its carbon emissions. Reducing the share of coal power supply and increasing carbon
capture, utilization, and storage (CCUS) in coal power plants are the two primary efforts to reduce
carbon emissions in China. However, even as energy and water consumed in CCUS are offset
by reduced energy consumption from green energy transitions, there may be tradeoffs from the
carbon–energy–water (CEW) nexus perspective. This paper developed a metric and tool known as
the “Assessment Tool for Portfolios of Coal power production under Carbon neutral goals” (ATPCC)
to evaluate the tradeoffs in China’s coal power industry from both the CEW nexus and financial
profits perspectives. While most CEW nexus frameworks and practical tools focus on the CEW
nexus perturbation from either an external factor or one sector from CEW, ATPCC considers the
coupling effect from C(Carbon) and E(Energy) in the CEW nexus when integrating two main carbon
mitigation policies. ATPCC also provides an essential systematic life cycle CEW nexus assessment
tool for China’s coal power industry under carbon-neutral constraints. By applying ATPCC across
different Chinese coal industry development portfolios, we illustrated potential strategies to reach a
zero-emission electricity industry fueled by coal. When considering the sustainability of China’s coal
industry in the future, we further demonstrate that reduced water and energy consumption results
from the energy transition are not enough to offset the extra water and energy consumption in the
rapid adoption of CCUS efforts. However, we acknowledge that the increased energy and water
consumption is not a direct correlation to CCUS application growth nor a direct negative correlation
to carbon emissions. The dual effort to implement CCUS and reduce electricity generation from coal
needs a thorough understanding and concise strategy. We found that economic loss resulting from
coal reduction can be compensated by the carbon market. Carbon trading has the potential to be the
dominant profit-making source for China’s coal power industry. Additionally, the financial profits in
China’s coal power industry are not negatively correlated to carbon emissions. Balance between the
carbon market and the coal industry would lead to more economic revenues. The scenario with the
most rapid reduction in coal power production combined with CCUS would be more sustainable
from the CEW nexus perspective. However, when economic revenues are considered, the scenario
with a moderately paced energy transition and CCUS effort would be more sustainable. Nevertheless,
the ATPCC allows one to customize coal production scenarios according to the desired electricity
production and emission reduction, thus making it appropriate not only for use in China but also in
other coal-powered regions that face high-energy demands and carbon neutrality goals.
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1. Introduction
1.1. Background on Carbon Neutrality and China’s Coal Industry

Greenhouse gases absorb infrared radiation and retain heat, warming Earth’s surface
and driving global warming. Anthropogenic emissions have contributed to most atmo-
spheric CO2 over the past 150 years [1]. As global warming imposes significant impacts on
extreme weather, rising sea levels, environmental stress on terrestrial and aquatic ecosys-
tems, and food insecurity, there is a need to constrain global warming to 1.5 ◦C through
carbon neutrality by 2050 [1].

Carbon neutrality means that emitted CO2 is equal to the eliminated/sequestered
CO2 in the atmosphere within the same period. To mitigate climate change and global
warming triggered by carbon emissions, reaching carbon neutrality is one of the world’s
most urgent missions [2]. Present efforts largely include sustainable economic growth and
energy consumption goals [3]. 29 countries or regions have already declared carbon-neutral
climate goals [4].

Globally, electricity and heat-related energy production accounts for around 31% of
carbon emissions and is the most significant contributor by sector. As the most populous
country with the most rapidly developing economy globally, China has the largest energy
consumption demand, which is still increasing. With 3000 million tons of oil equivalent (Mt)
energy consumed each year, China accounts for about 28% (9.8 Gt/year) of all greenhouse
gas (GHG) emissions. Additionally, the type of primary energy used to generate electricity
is a significant contributor to China’s GHG emissions. For electricity generation alone,
traditional thermal sources account for around 70% of the total share, compared to a 30%
share of green energy sources, such as wind, hydro, and nuclear. Coal contributes to about
92% of all thermal energy sources, making it the dominant energy source in China for
electricity generation [5]. In 2019, coal accounted for greater than 60% of the total energy
consumption in the country.

Coal has long been one of the biggest shares in the mix of energy sources due to its
low cost and high accessibility in China [6,7]. However, the economic benefit comes hand
in hand with negative impacts on the environment [8–10]. Coal combustion has long been
recognized to account for an enormous carbon emission [11]. Approximately 80% of CO2
emissions in China between 2000 and 2013 were from coal combustion alone [12]. Far
beyond that, carbon emission from the process of coal mining is also significant. Mining
activities release a large amount of methane (CH4), the second most important greenhouse
gas after CO2, as well as CO2 and other gases from coal and surrounding rock strata [13].
Additionally, emissions during the process of mining and washing, as well as transportation,
significantly contribute to the total carbon emissions of generating coal power [14,15].
Therefore, it is essential to consider the entire coal power generation process in calculating
total carbon emission and the environmental cost of utilizing coal power.

In the 2020 United Nations General Assembly, President Xi Jinping declared that China
would aim to cut peak emissions before 2030 and pledged to achieve carbon neutrality
before 2060 [16]. To accomplish carbon neutrality, the energy sector, especially coal power
generation, should be the first emission source that needs urgent action. Generally, two
pathways of action can reduce carbon emissions in power generation in countries where
coal is the primary power source. The first is to reduce the share of coal power in the
country’s total power supply, and the second is to reduce carbon emissions from coal power
generation by applying the technology for carbon capture, utilization, and storage (CCUS).

The best and only approach to, while ensuring sufficient power, reduce the emissions
is energy transition, defined here as shifting the energy sector from fossil-based production
and consumption systems to renewable energy sources [17,18]. Currently, China is enthu-
siastically promoting zero-emission green energy, such as wind, solar, and hydropower,
to replace coal power to reduce emissions. Over the past 30 years, China has reduced
the share of coal power by ~20% and vastly increased the percentage of green energy by
distributing subsidies to the industry.
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In addition to reducing the coal energy, investing in and applying the technology of
CCUS is another effective component of the national strategy to reduce carbon emissions
in China [19,20]. The CCUS is a processing chain that aims to capture and compress carbon
emissions at the source plant and then transport the emissions for another utilization
cycle or geological sequestration [21–23]. This technique is among the most cost-effective
approaches to reducing carbon emissions and has the potential to reduce 20% of total
emissions across the industry sector, which is projected to be above 28 Gt CO2 by the year
2060. Currently, China is currently trying to develop and utilize CCUS in coal power plants.
By the end of 2017, around 26 sites of CCUS had been put into service throughout the
country [24,25].

When considering a sustainable coal power system, the water sector must also be
considered as it provides a significant contribution to the life cycle of coal electricity
production. Water is not only consumed in the mining, washing, and refining process, but
also the combustion at power plants [26]. Most coal mines are in the arid region in western
China, an area vulnerable to water stress. The energy transition process would significantly
reduce water stress since most alternative power sources, except nuclear power, consume
less water. However, extra water consumption is required for CCUS application in coal
power plants. Studies show that the consumption of water in power plants increased by
50–90% after equipping CCUS [27–29]. Therefore, while water stress caused by coal-based
power generation could be alleviated in future energy transitions, it will be exacerbated by
integrating CCUS into coal-based electricity generation.

1.2. Literature Review on CEW Nexus Approach

As CCUS applications would significantly increase energy and water consumption at
electricity generation facilities, it is crucial to understand the tradeoffs on water, energy,
and carbon. This perspective is afforded by coupling two approaches to carbon reduction.
The carbon–energy–water (CEW) nexus approach could offer a sustainability assessment
perspective as it explores the effects of interactions between factors and the functionality of
the entire system. Dynamics within the CEW nexus have been widely discussed, focusing
on different driving forces. Some studies explored how external factors affected the CEW
dynamics. For example, Yu et al. [30] assessed the effects of agricultural activities on
the CEW nexus, and Li et al. [31] and Liang et al. [32] both considered socioeconomic
cost as a significant external driving factor when investigating the CEW nexus. Internal
driving forces are also widely discussed. Lim et al. [33] performed an energy-centric study
that assessed how each factor in the nexus affects energy generation and the ultimate
achievement of long-term energy plans in the United Arab Emirates. Water-centric [34–37],
and carbon-centric [38,39] studies on the internal dynamics within the CEW nexus were
also conducted. However, most of these studies primarily investigated only one individual
sector’s fluctuation in the nexus as an intrinsic driving factor for the nexus.

Focusing on one single centric driver of the CEW nexus can increase the understanding
of the change in one sector and identify the relationship between the centric sector and
other sectors in the system but may also lose the information on interactions between two
or more sectors and their coupled effects on the dynamics of the nexus. The coupling
effect needs to be considered, including both carbon and energy sectors as intrinsic driving
factors to the CEW dynamics. In this research study, we explore the relationship between
the two sectors and investigate how they are coupled to impact the CEW system.

CEW studies also set implementation goals in various industries or sectors, which
implies the versatility and significance of CEW research. Wang et al. [40] made an effort
to assist China’s iron and steel industry achieve water and energy cost-effectiveness goals
while reducing carbon emissions. Similar applications of the CEW were also explored
in food and beverage products [41] and ceramic tile production [42]. Scott et al. [43],
Gu et al. [44], and Trubetskaya et al. [37] attempted to put forward policy recommendations
on water management and wastewater treatment. Emissions by sectors (e.g., agriculture,
urban household, energy generation, and industry) were broadly estimated and discussed
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in the CEW framework [40,45–48]. Coal-based power generation sectors must be critically
investigated as China’s most crucial energy sector supplier and emitter. However, CEW
studies on the coal sector are still lacking. To narrow this knowledge gap, the CEW nexus
of China’s coal power sector is first explored here in this study.

1.3. Literature Review on CEW Model Selection

Due to the complex interconnections between sectors in the CEW system, a compre-
hensive calculation of the perturbation in each component and the impact on the nexus is
highly dependent on counting multiple sectors in multiple steps. Therefore, process-based
models are widely adopted in CEW nexus studies. One of the most applied modeling
techniques is the environmental input–output (EIO) model and life cycle assessment. The
EIO model evolved from the economic input–output model that represented the interde-
pendencies between different sectors of the economy [49]. EIO is suitable for CEW nexus
analysis because it can adequately address direct and indirect contributions from each
sector to the system’s dynamics. It was widely applied in studies that calculated the direct
and indirect effects of separate sectors to the CEW nexus [31,49,50] as well as the individual
and combined contributions from different regions to the entire study area [51,52].

On the other hand, life cycle assessment is to evaluate processes within all stages of
a product’s life cycle and is commonly used to assess environmental impacts from the
entire process [14]. Life cycle assessment is one of the most suitable approaches for those
CEW nexus studies that need to comprehensively count procedural impacts on the CEW
system from a sector [36,51,53] or industry [41,42]. However, previous studies mostly
focused on a specific case study using EIO or life cycle assessment. In our opinion, it
would be instrumental in generalizing these methods into a flexible tool to allow users
in different research and geographic areas to fit in their cases and obtain their desired
outcomes. Therefore, we applied life cycle assessment in the coal power generation process
and proposed this method as a tool for customized uses. In addition to this generalization,
we also improved the tool by adding an external factor, CCUS implementation, which
integrates a more complex feedback loop to account for the interactions among CEW
components. Adding CCUS as a factor in the CEW nexus is a significant improvement
to the tool as it provides practical and valuable impacts on the coal electricity industry in
China.

Since CEW nexus studies often aim at providing policy recommendations or envi-
ronmental management solutions, scenario analysis is also widely adoptedto evaluate
and compare the effectiveness of potential environmental acts [33,39,54–56]. The Assess-
ment Tool for Portfolios of Coal power production under Carbon neutral goals (ATPCC)
(Figure 1) is a scenario-based tool that can be used to inform future energy policy, especially
for the policymakers that concerningthe coal electricity industry in China. The ATPCC
offers scenarios to sustainably develop portfolios for the coal-based electricity industry to
achieve the carbon neutrality mission in China.

1.4. Research Gaps and Goals

There are three major research gaps in the CEW literature. Theoretically, most ap-
proaches studied the external drivers or focused on one sector within the CEW system,
rarely studying the coupled effects of two or more sectors. Second, there is a lack of a
comprehensive and systematic life cycle assessment to address tradeoffs in the CEW nexus
and financial benefits to the coal power industry. Third, the tradeoff analysis is rarely
studied for the coupled effect of energy transition and CCUS application for China’s coal
electricity system at the national level.

In this study, we first developed a state-of-the-art life cycle assessment tool that
includes the following features:

• A general framework to analyze the perturbation of the CEW nexus driven by coupled
effects of carbon–energy sectors;
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• A mechanism to account for the coupled effects of energy transition and CCUS appli-
cations in China with carbon mitigation synergy and sustainability tradeoffs for the
CEW nexus and financial profits;

• A life cycle analysis of China’s coal power industry; and
• Luxuriant and diverse empirical data for China’s coal power industry from experts.
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We then analyzed three coal power development portfolios that represent different
pathways for the future of China’s coal-based electricity generation based on an extensive
literature review. We finally applied these three portfolios in the ATPCC assessment tool to
address the following questions: (1) Is there a potential for China’s coal power industry
to achieve zero-emission under the present carbon neutrality goals; and (2) what are the
tradeoffs when coupling CCUS and energy transitions in the CEW nexus and economic
profit and do they vary by adoption scales?

2. Methodology
2.1. Conceptual Framework of ATPCC Design

The production portfolio for coal-based electricity under the carbon neutrality goal is
crucial for policymakers in China, who seek to build a sustainable, profitable future. The
feasibility of a given scenario relies on the relationship between the policies for energy
transition and CCUS contribution to the CEW security and economy. This is not only an
issue for the central government but also crucial to policymakers in China, especially for
sectors where there is a risk of natural resources such as water or environmental costs or
financial profits. There is a need to find a way toward a sustainable and profitable coal
system under a carbon-neutral perspective.

The life cycle of coal electricity production is directly linked to energy, water, carbon
emission, and financial profits. It includes coal mining and washing, coal transportation,
and coal electricity production in power plants. Each process has a carbon–energy–water
footprint and is associated with economic measurement. This is also true for the implemen-
tation of CCUS in coal industries with the extra energy, water footprint, and the financial
profit regarding carbon trade. Therefore, the preparation of energy portfolio development
and policies should integrate the assessment tradeoffs and synergies of energy, carbon,
water, and economic profit (Figure 1).
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By applying scenarios that represent different levels (intensities) of coal power share
reduction and CCUS implementation, we produce quantitative water/energy consumption
outputs, which is crucial for natural resources management. Considering the total amount
of water/energy consumption, including reduced consumption in life cycle coal power
production and the increased amount of water/energy used through CCUS application,
is necessary from a resource management perspective. The total carbon emission from
the coal power system is critical to achieving the expected carbon-neutrality goal. The
economic profits from China’s coal power system are also important for the economy.

Therefore, we provide a comprehensive assessment tool to help better understand the
tradeoffs in China’s coal power industry between environmental and economic outcomes.

Given these prerequisites, we constructed the ATPCC (Figure 1) and subsequently
applied it to address the following specific tradeoffs:

• Energy consumption tradeoffs between the levels of energy transition and CCUS appli-
cations: Reducing more share of coal electricity would lead to less energy consumption.
More carbon captured from CCUS would meanmore energy consumption.

• Water consumption tradeoffs between the levels of energy transition and CCUS adop-
tions: Reducing coal-generated electricity would lead to less water consumption. More
carbon captured from CCUS would lead to more water consumption.

• Economic revenue tradeoffs between the levels of energy transition and CCUS ap-
plications: Reducing coal-based electricity would lead to less economic profits from
electricity sales. More CCUS adoptions would increase economic profit from car-
bon trade.

2.2. The ATPCC

To study the tradeoffs and synergies of two main carbon-neutral policy impacts on the
CEW nexus in the China’s coal power system with complex interconnections, we propose a
framework, “The Assessment Tool for Portfolios of Coal power production under goals
or ATPCC”. This tool is the first to integrate all components in China’s coal production
processes, including carbon, energy, water, and profit, with a CEW nexus approach. The
scenario enabled ATPCC enables policymakers to create coal electricity portfolios based
on carbon-neutral policies. Policymakers could assess portfolio scenarios by evaluating
China’s coal industry’s CEW and economic sustainability.

The detailed structure of the proposed ATPCC, illustrated in Figure 2 provides specific
factors in the life cycle of coal power production in four processes: coal mining and
washing/refining, coal transportation to power plants, coal-based electricity production in
power plants, and the CCUS adoption in coal power plants. The quantitative parameters,
factors, and predicted future trends from 2020 to 2060 are sourced from the literature and
in consultation with experts. The energy consumption includes nine energy sources: raw
coal, coke, crude oil, gasoline, kerosene, diesel oil, fuel oil, natural gas, and electricity. They
are all estimated as standard coal transformation coefficients [57].

In the coal mining and washing/refining process, there are around 4700 coal mine pits
in China, and approximately 7% of the coal was imported from other countries. Based on
the national statistics on coal processing, we used the average parameter values for all the
domestic and imported coal, where most of the imported coal is raw material and still goes
through the washing/refining process. Parameters include energy consumption, carbon
emission, water consumption, and financial cost. The energy consumption aggregates the
whole energy inputs of all mechanical equipment used in the entire process, including
shearers, road headers, washing equipment, transportation equipment in the well, and
power boilers for workers. The carbon emission is the sum of energy-related emissions,
emissions equivalent to underground mine gas emissions, and post-mining emissions.
Water consumption is the sum of water usage in mining and cooling without considering
the grey water footprint. The financial cost is the price of the sum of the energies used.
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The ATPCC provides the average distance of coal transportation to power plants on
highways and railways in the transportation process. The energy consumption factors come
from the sum of diesel and electricity usage. Carbon emission parameters are calculated
based on energy consumption. The energy consumption also calculates financial costs.
The ATPCC provides two options for input scenarios in coal-based electricity generation.
By changing the parameters of selected types of electricity generation sets, the portfolio
can provide a unique factor value for each scenario. The ATPCC provides factors and sets
the parameters for average energy consumption, carbon emission related to energy, water
consumption, and the cost of energy used in all processes.

CCUS is also considered in the ATPCC. Total extra energy and water consumption are
the product of the carbon captured by CCUS facilities in coal power plants. The amount of
economic costs for energy consumed from CCUS is also considered. With the given carbon
price under global carbon-neutral missions, the financial profits gained from carbon sales
can be calculated.

The ATPCC is a policy-driven, carbon–energy coupling effective tool, allowing users
to apply it to any governance level or geographic area with the coal industry and under
different carbon-neutral requirements. The user input portfolios comprise two major
sub-scenarios: the total electricity generated from the coal industry and the total carbon
captured by CCUS in the coal industry. There is also a customized option for users to
provide specific parameters for electricity generation and cooling in the power plant, or
users can directly replace parameters and their trends in ATPCC based on their status quo.

Given the scenario inputs and the user-defined parameter values, ATPCC is used to
quantify the following outputs of the life cycle coal industry for electricity production in
China: total water consumption, energy consumption, total carbon emissions, and total
financial profits. Thus, a tradeoff analysis can be drawn based on ATPCC outputs and help
policymakers find a sustainable pathway for coal power development. The customization
feature of ATPCC can help users generate area-specific scenarios and the related tradeoff
analysis.

3. ATPCC Model Parameters
3.1. Energy Consumption in Life Cycle Coal Electricity Production

The energy consumption in the life cycle of coal-based electricity production (Equation (1))
can be presented as a function that aggregates the energy input from three processes:
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mining and washing/refining, transport, and coal combustion in power plants. Nine types
of energy are accounted for, including raw coal and electricity.

ELife Cycle = Emine and wash/refine + Etransportation + Eelectricity production (1)

3.1.1. Energy Consumption in Coal Mining and Washing/Refinement

The energy used in the mining, washing, and refining can be expressed in Equations (2) and (3):

Emine and wash/refine= M ∗ emine and wash/refine (2)

emine and wash/refine =
9

∑
i
αi × Ti (3)

where M is the total raw coal consumed in a power plant. emine and wash/refine is the energy
consumption factor representing the average energy consumption of coal supply. αi
represents the conversion coefficient for each energy source to standard coal (Ce). i = 1–9
indicates for raw coal, coke, crude oil, gasoline, kerosene, diesel oil, fuel oil, natural gas, and
electricity, respectively. Ti is the mean energy input for unit coal production. Parameters αi,
Ti and average emine and wash/refine are shown in Table 1 [58].

Table 1. The conversion coefficient of standard coal with different energy sources and unit energy
consumption in coal mining, washing, and refining process and transportation.

Energy Category Comprehensive Coal Coke Oil Gasoline Kerosene Diesel Fuel
Oil

Natural
Gas Power

Convert coefficient
(kgce/kg) or (kgce/m3) or

(kgce/kW·h)
0.7143 0.9714 1.4286 1.4714 1.4714 1.4571 1.4286 1.330 0.1720

Energy consumption in coal
mining and

washing/refinement by
sources

27.3 0.0 0.0 0.0 0.0 0.2 0.0 2.4 9.3

Energy consumption of coal
mining and washing

converted for standard coal
(kgce/t)

24.6 19.5 0.0 0.0 0.0 0.0 0.3 0.0 3.2 1.6

Energy consumption in coal
transportation (kgce/t) 4.2 0.5 2.5 1.2

The current value of emine and wash/refine is 24.6 kgce/t, and there is a continuous
improvement in mechanization for coal mining and washing in China that has reduced
energy consumption [59]. The average energy consumption in coal mining and washing
decreased rapidly from 30.6 kgce/t in 2010 to 24.6 kgce/t in 2020, with an average annual
declining rate of 2.1% [60]. Energy consumption in China’s coal-mining/washing/refining
process could decline more rapidly in the future through continuous optimization of the
coal production system under the carbon-neutral goal. However, the energy consumption
level in most of China’s coal mining and washing facilities is close to reaching an advanced
level worldwide [61]. Therefore, we assumed that the comprehensive energy consumption
of coal mining and washing would continue to decline, but with a shrinking magnitude. It
would decrease at an average annual rate of 4.0% before 2030, 3% from 2030 to 2040, 2%
from 2040 to 2050, and 1% from 2050 to 2060; the predicted factors are shown in Table 2.
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Table 2. Prediction of the future trend in comprehensive energy consumption.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Comprehensive coal consumption of coal
mining and washing (gce/t) 24.6 20.1 16.4 14.0 12.1 10.9 9.9 9.4 8.9

Comprehensive coal consumption in power
generation and power supply (gce/kWh) 351.2 342.5 334.1 325.8 317.8 309.8 302.1 294.7 287.4

Coal consumption of coal power
generation and power supply (gce/kWh) 305.5 297.9 290.6 283.4 276.4 269.5 262.8 256.3 250.0

3.1.2. Energy Consumption in Coal Power Transportation

Considering only domestic transportation, the average coal transport distance is
651km by railway and 162.7km on the highway. The railway coal transport is around 80%
and 20% for highways [58]. The average energy consumed on the railway has 55% of
diesel and 45% electricity. The mean fuel mix of highway transport is 68% diesel and 32%
gasoline. The energy level (intensity) for coal transportation on railways and highways is
5.06 gce/t·km and 46.53 gce/t·km, respectively [62]. Therefore, the energy consumption of
coal transportation is:

Etransportation = M× etransportation (4)

etransportation =
2

∑
i
θi ×Di× 3i (5)

where θi represents the percentage of coal transported by transportation types, 3i repre-
sents the average energy consumption by distance, Di represents the average distance for
transportation types, i = 1 or 2 representing railway or highway.

The calculated average etransportation value is 4.15 Kgce/t and is applied in this study
(Table 1). Waterway coal transportation also exists in China, but most studies and the statis-
tic yearbook suggest only considering railway and highway transportation of coal. This
may lead to an underestimation of energy consumption and the related carbon emission by
a magnitude of × 32–38 [63]. However, we still use this number due to the lack of historical
data and references. We also assume the energy consumption factor in coal transportation
would remain the same in the future.

3.1.3. Energy Consumption in Coal Power Generation

There are many kinds of coal electricity generator sets in the Chinese coal-fueled power
industry, separated by the type (i.e., domestic, subcritical, supercritical, ultra-supercritical),
capacity and the cooling method (air/water cooling). We specified nine typical sets and
provided the unit consumption parameters for each energy source in Table 3. Thus, the
total energy consumption in coal-based electricity can be calculated by:

Eelectricity production = ∑i,j(Q×φij) eij (6)

where Q is the total production of coal electricity, φij is the share of different typical sets
used, eij is the unit energy consumption for each typical set. The converted standard coal is
based on the coefficient in Table 1, with results shown in Table 3 [64].

The current energy consumption factor in electricity generation eelectricity production is
351.2 gce/kW·h (Table 4). According to the China Energy Big Data Report (2021) [5], the av-
erage coal consumption of Chinese coal-fueled power generation also had a declining trend
in the last decade. Consumption reduced from 385.4 gce/kW·h in 2010 to 362.1gce/kW·h
in 2015, with an average annual reduction of 1.2%. It slowly decreased to 351.2 gce/kW·h
in 2020, with a slight yearly average decrease of 0.6%. A continuous declining trend is
expected in the future. China’s average energy consumption of coal-fueled units in 2060
could reach the currently most advanced state, the world’s first 1350 MW ultra-supercritical
secondary reheat coal-fueled generating unit with a comprehensive energy consumption
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level of 289 gce /kW·h [65]. Therefore, we assume the annual reduction rates in coal power
energy consumption will remain at 0.5% till 2060. The specific predicted energy and coal
consumption are shown in Table 2, assuming that the proportion of energy consumption in
coal power production will not change.

Table 3. Energy consumption of power generation under different capacities of typical units.

Type Capacity
(MW)

Compreh-
ensive

(gce/kW·h)

Coal
(gce/

kW·h)

Coke
(mgce/
kW·h)

Oil
(mgce/
kW·h)

Gasoline
(mgce/
kW·h)

Kerosene
(mgce/
kW·h)

Diesel
(mgce/
kW·h)

Fuel Oil
(mgce/
kW·h)

Natural
Gas (gce/

kW·h)

Power
(gce/

kW·h)

Domestic 100 417.9 363.5 114.6 0.45 85.1 8.1 195.1 13.3 15.96 38.01
Domestic 125 342.7 298.1 94.0 0.37 69.8 6.7 160.0 94.0 13.1 31.2

Subcritical 300
Water-cooling 326.9 284.3 89.6 0.35 66.6 6.3 152.6 89.6 12.5 29.7

Supercritical 660
Water-cooling 314.2 273.3 86.2 0.34 64.0 6.1 146.7 86.2 12.0 28.6

Subcritical 600
Water-cooling 321.9 280.0 88.3 0.34 65.6 6.2 150.3 88.3 12.3 29.3

Ultra-
supercritical

660
Water-cooling 294.2 255.9 80.7 0.31 59.9 5.7 137.4 80.7 11.2 26.8

Ultra-
supercritical

600
Air-cooling 341.1 296.7 93.5 0.36 69.5 6.6 159.3 93.5 13.0 31.0

Subcritical 600
Air-cooling 337.7 293.7 92.6 0.36 68.8 6.6 157.7 92.6 12.9 30.7

Ultra-
supercritical

1000
Water-cooling 303.4 263.9 83.2 0.32 61.8 5.9 141.7 83.2 11.6 27.6

Table 4. Unit energy consumption in coal power plants and the proportion of energy consumption.

Energy Category Integrated Coal Coke Oil Gasoline Kerosene Diesel Fuel Oil Natural
Gas Power

Energy consumption in
coal power generation

(gce/kW·h)
351.2 305.5 0.1 0.0 0.1 0.0 0.2 0.0 13.4 32

Proportion of energy
consumption (%) 100.00 86.98 0.03 0.00 0.02 0.00 0.05 0.00 3.82 9.10

3.2. Carbon Emission in Life Cycle Coal Electricity Production

The carbon emissions in the life cycle coal-based electricity production process can be
divided into three categories: carbon emissions from energy consumption, gas emissions in
mining (carbon emissions equivalent) and post-mine coal emissions [66]. Energy-related
emissions are the emissions through the consumption of input energy. Gas emissions in
mining mainly represent the CH4 escaping from wells and open-pit mining before and
during mining (converted to carbon emission). Carbon emissions from the post-mine
activities are from open-pit mining, abandoned mines, and fugitive emissions during
transportation, washing, refining, and storing raw coal. The function of total carbon
emission is:

CLife cycle = Cenergy consumption + Cgas + Cpostmine (7)

The carbon emission related to energy consumption can be calculated by the total
energy consumption times the carbon intensity coefficient widely used in the Chinese
industry, δ = 2.66 kg CO2/kgce [67].

Therefore, we can obtain the carbon emission from energy input in the following
equation:

Cenergy consumption = δ× Elife cycle (8)

The future carbon emission intensity trends follows the energy intensity trend (Table 5).
The carbon equivalent coal mine gas is one of the most important sources of carbon

emissions in coal production [68]. The carbon emission in coal mining and washing mainly
lies in the direct emptying after gas extraction [69]. In recent years, with the improvement
in the utilization rate of gas extraction, the carbon emission intensity of gas per ton of coal
has shown a trend of gradually declining, from 123.7 kgCO2/t in 2010 to 67.6 kgCO2/t in
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2020, with an average annual reduction rate of 5.8% [60]. With carbon neutrality efforts,
coal mine gas extraction will be strengthened, the gas utilization rate will be improved,
and the carbon emission of the coal mine will be reduced [70,71]. Therefore, we assume the
carbon emission intensity of coal gas emissions per ton of gas will continue to decrease at
an average annual rate of 5.8%, as shown in Table 5.

Table 5. Prediction of the future trend in carbon emission intensity life cycle coal electricity production.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Carbon emission intensity of coal mining and
washing/refinement (kg CO2/t) 65.4 53.5 43.6 37.2 32.2 29.0 26.3 25.0 23.7

Carbon emission intensity of coal transportation (kg CO2/t) 11.46 11.46 11.46 11.46 11.46 11.46 11.46 11.46 11.46
Carbon emission intensity of coal-fired power supply

(g CO2/kWh) 934.3 911.0 888.7 866.7 845.3 824.2 803.7 783.8 764.5

Gas carbon emission intensity per ton of coal (kgCO2/t) 67.6 50.1 37.2 27.6 20.5 15.2 11.3 8.4 6.2
Carbon emission intensity of post-mine activities (kgCO2/t) 18.0 16.5 15.2 13.9 12.8 11.7 10.8 9.9 9.1

Carbon emissions equivalent from post-mine activities refer to the amount of gas
discharged during storage, transportation, and stacking of coal after it leaves the mine. In
recent years, with the widespread application of mine gas drainage prevention and control
technologies, the carbon emission intensity of coal-mining activities has also shown a
gradual decrease trend from 21.5 kgCO2/t in 2010 to 18.0 kgCO2/t in 2020, with an average
annual reduction rate of 1.7% [60]. Under carbon neutrality, it is increasingly urgent to
strengthen the supervision and control of gas emissions from post-mine activities and
reduce the problem of unorganized gas emissions from coal mines. Therefore, we assume
that it will continue to decrease at an average annual rate of 1.7%, as shown in Table 5.

3.3. Water Consumption in the Life Cycle of Coal Electricity Production

The function below (Equation (9)) can express the water consumption in the life cycle
of coal electricity production for water consumption in coal mining and washing/refining
and water consumption in the cooling system of coal electricity production. We ignored
the water consumption in coal transport since it accounts for less than 1% of the total water
consumption [72].

Wlife cycle = Wmine and wash/refine + Welectricity production (9)

3.3.1. Water Consumption in Coal Mining and Washing/Refinement

The water consumption in coal mining and washing/refining is the summation of
mining, washing, processing, and dressing. Water consumption varies greatly in different
regions of China, which is mainly determined by the water resources, economic conditions,
and mineral conditions in different regions, ranging from 0.34 to 3.5 m3/t [73]. The average
coal mining and washing/refining consumption is estimated as 3.1 m3/t in 2020 [74]. A
continuously declining water consumption trend in coal mining, washing and refining is
predicted. It is assumed that after 2030, the water consumption will reach the level of water
areas in western China [75]. The predicted water consumption is shown in Table 6.

Table 6. Prediction of the future trend in water consumption factors.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Water consumption in coal mining and washing 3.1 2.55 2 1.35 0.85 0.68 0.47 0.33 0.14
Water consumption in coal power generation (m3/MWh) 1.34 1.22 1.10 1.00 0.90 0.80 0.75 0.71 0.68
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3.3.2. Water Consumption in Coal Electricity Production

Generally, the cooling method in Chinese coal electricity generation can be divided
into three categories: closed-loop cooling, open-loop cooling, and air cooling. We picked
12 typical cooling sets for a customized cooling portfolio. Thus, the total water consumption
in coal electricity production can be calculated by:

Welectricity production = Q×
12

∑
i,j

wij × γij (10)

where Q is the total electricity generated, γij represents the percentage of the total elec-
tricity generated by each set, wij represents the water consumption intensity for each set
(Table 7) [76].

Table 7. Water consumption coefficient in coal power generation.

Cooling
Method Capacity (MW) Leading

(m3/MWh)
Advanced
(m3/MWh) Base (m3/MWh)

Closed-loop
cooling

<300 1.73 1.85 3.20
300 1.60 1.70 2.70
600 1.54 1.65 2.35
1000 1.52 1.60 2.00

Open-loop
cooling

<300 0.25 0.30 0.72
300 0.22 0.28 0.49
600 0.20 0.24 0.42
1000 0.19 0.22 0.35

Air cooling

<300 0.30 0.32 0.80
300 0.23 0.30 0.57
600 0.22 0.27 0.49
1000 0.21 0.24 0.42

Average 0.68 0.75 1.21

Due to technological development and changes in national water-saving requirements,
the water consumption of coal-fueled power generation has a downward trend [77,78].
The literature [77,78] shows that, the average water consumption factor is 1.34 m3/MWh.
Therefore, we assumed that the average water consumption of coal power units would
reach 1.21 (m3/MWh) in 2025 and 1.10 (m3/MWh) in 2030 at a rate of 0.024 (m3/MWh)
declining per year before 2030. The magnitude of such a declining trend would shrink,
with a 0.02 (m3/MWh) reduction per year from 2030 to 2045, and 0.01 (m3/MWh) per
year from 2045 to 2050. In 2050, the average water consumption of coal power units will
reach the advanced value of 0.75 (m3/MWh). In 2060, coal power units’ average water
consumption could have reached the advanced value of 0.68 (m3/MWh). The prediction of
China’s average water consumption factors for coal power generation is shown in Table 6.

3.4. Profits in the Life Cycle of Coal Production

The economic profits of coal electricity production can be calculated through the
difference in income and the cost of energy consumed in the life cycle of coal power
production, including coal and other energy inputs.

Profitslife cycle = priceelectricity ×Q−Q×Costlife cycle (11)

Costlife cycle = Costelectricity production (12)

Since the cost of coal mining, washing, and refining are included in the energy price,
we only calculate the profits in coal power plants. The energy price for energy inputs and
the calculated Costelectricity production is shown in Table 8. It is hard to predict the changing
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trend in raw material and currency inflation. Therefore, we assume the price of all the
energy inputs remained unchanged through the years. However, the cost is declining due
to the reduction in unit energy consumption. The predicted cost and profits are shown in
Table 9.

Table 8. Different energy consumption costs per unit of power generation in coal power plants.

Energy Category Comprehensive Coal Coke Oil Gasoline Kerosene Diesel Fuel Oil Natural
Gas Power

Energy prices (Yuanton)
or (Yuan/m3) or

(Yuan/kW·h)
600 2600 4800 5700 3600 4800 3600 3.40 0.45

Energy consumption of
coal power generation

(gce/kW·h)
351.2 305.5 0.1 0.0 0.1 0.0 0.2 0.0 13.4 32.0

Cost of coal power
generation

(Yuan/kW·h)
0.397 0.26 0.03 0.00 0.00 0.00 0.00 0.00 0.03 0.08

Table 9. Prediction of energy consumption cost in the future.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Cost of coal power generation (Yuan/kW·h) 0.40 0.39 0.38 0.37 0.36 0.35 0.34 0.33 0.32

3.5. The CCUS Impacts
3.5.1. CCUS Impact on Energy and Water Consumption

The installation of CCUS equipment in coal-fired units will change the structure of the
original power generation equipment, cause partial energy loss, increase energy consump-
tion [79], significantly reduce carbon emissions and increase the water consumption of the
power generation system. This will also cause water consumption across different types of
units to increase by 31–91% [27]. The implementation of CCUS projects consumes water
and energy during the process of capturing and storing carbon. The additional energy
consumption is around 68.2–85.4 (kgce/t) [80] and the water consumption is around 20 to
40 (m3/t CO2). There is no clear evidence for the development level of CCUS technologies
to improve efficiency. We assume that the intensity of water and energy consumption by
the CCUS process will decrease with an average annual rate of 5%, and the results are
shown in Table 10.

Table 10. Prediction of the increased water and energy consumption with CCUS.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Increase in energy consumption by adding CCUS (kgce/ton) 76.8 59.4 46 35.6 27.5 21.3 16.5 12.8 9.9

Water consumption increase intensity (m3/ton) 30 23.2 18 13.9 10.8 8.3 6.4 5 3.9

3.5.2. CCUS Impacts on Economic Profits

The national carbon market was officially established in December 2017. The first
batch of about 1700 power generation enterprises was selected to be involved in the carbon
emissions trade [65,81]. In 2020, China’s average carbon trading price was 28.6 Yuan/ton.
There are various predictions on the carbon price, but the price is expected to grow in the
future, and the drivers include inflation and, most likely, carbon policy [82]. We excluded
the inflation impact under the assumption of no change in energy and electricity prices.
An official survey has shown that the carbon price in 2021–2022 is around 50 yuan/ton
and is expected to reach 87 and 139 Yuan/ton in 2025 and 2030, respectively [82]. Based
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on the 25% yearly increase rate between 2020 and 2025 combined with the 10% annual
increase rate between 2025 and 2030, we assumed that the increasing annual rate is 9% in
2030–2040, 8% in 2040–2050, and 7% in 2050–2060. The predictions are shown in Table 11.
The carbon price would reach 710 Yuan/ton and 1397 yuan/ton in 2050 and 2060. This is
lower than the prediction of the World Energy Outlook [83], where the carbon price would
reach 250 $ton in advanced economies and 200 $/ton in China in 2050 under a zero-carbon
emission world scenario. However, our estimation excludes the impact of inflation, and
China’s carbon-neutral goal is 2060 rather than 2050. Therefore, based on our prediction,
the 2060 carbon price of 1397 yuan/ton or 216 $/ton fits into the 200–250 $/ton range and
is believed to be more reasonable for China.

Table 11. Prediction on carbon price in 2020–2060.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Carbon Price (Yuan/ton) 28.6 87 139 214 329 483 710 996 1397

4. Scenarios
4.1. Baseline Scenario
4.1.1. Predicted Electricity Demand in China

The rapid modernization process and socio-economic development in China, com-
bined with the changing consumption pattern, contribute to the fast-growing national
electricity demand. The literature has forecasted future electricity demand in China using
various methods and models based on key indicators [84]. We selected a reasonable pre-
diction [85], which calculated the average of seven existing models and applied it to the
baseline scenario input as shown in Table 12.

Table 12. Prediction of future electricity demand in China.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Electricity demand (trillion kWh) 7.4 8.8 10.2 11.3 12.2 13.1 13.6 14.1 14.4

4.1.2. Predicted Change in the Coal Electricity Share

The proportion of coal-fueled power generation in China dropped from 67.9% to 60.8%
in 2015–2020. The coal power share in China would continue to drop, but the declining
magnitude is hard to tell. For consistency, we further applied the companion prediction
with electricity demand in Xie’s study [85] as a baseline scenario input for coal electricity
share (Table 13).

Table 13. The baseline scenario for coal electricity share in the future.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Coal electricity share (%) 60.8 49.9 40.9 33.5 27.5 22.5 18.5 15.2 12.4

4.1.3. Predicted Change in the CCUS Implementation in Coal Electricity Production

According to the statistics collected by the Ministry of Science and Technology for
CCUS demonstration projects nationwide, since the first CCUS demonstration project in
China was put into operation in Shanxi in 2004, there were 38 CCUS projects in operation
before 2020, with a total capacity of 5 Mt/year [80]. Under the carbon-neutral target,
the overall emission reduction demand of CCUS in China is ~20–408 Mt CO2 in 2030,
~600–1450 Mt CO2 in 2050, and ~1–1.82 Gt CO2 in 2060 [86]. According to the CCUS special
report of the International Energy Agency’s power operation and maintenance platform,
CCUS emission reduction capacity is expected to grow rapidly [87]. The capture scale of
CCUS in China’s thermal power plants is about 190 Mt CO2/year by 2030; about 770 Mt
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CO2/year by 2050; and exceeds 1.2 Gt CO2/year by 2070. Based on the prediction, we
deliver a new forecast of carbon mitigation from CCUS in Table 14 and take it as the input
for the baseline portfolio.

Table 14. Coal power and national CCUS-related emission reduction demand for baseline scenario,
2020~2060.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

From coal power (Mt/Year) 3 20 190 370 520 655 775 880 985
Total carbon mitigation (Mt/Year) 5 9–30 20–408 119–850 370–1300 500–1350 600–1450 800–1650 1000–1820

4.2. Alternative Portfolios and the Difference with the Baseline Scenario
4.2.1. Share of Coal Electricity

The baseline scenario on the contribution of shares changed from coal-based electricity
production was based on Xie’s study [85]. The prediction is based on an assumed scheme
of 18% of change for every five years. The proportion of coal-fueled power generation
in China dropped from 67.9% to 60.8% in 2015–2020 and the enhanced efforts of energy
transition after 2020. Additionally, there was a 23% decrease in coal-powered electricity
in the electricity mix every five years. However, there is a chance that the green energy
transition will not go well. In the context of the global removal of coal power, the reduction
rate should be faster than that in 2015–2020. Therefore, we assume the “slow” declining rate
of coal electricity share in China to be 13% every five years. Three portfolios representing
three levels of carbon mitigation were applied in the ATPCC and named “Baseline,” “Slow,”
and “Radical” (Table 15).

Table 15. Scenarios for coal electricity share.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Coal electricity share (Baseline) 60.8 49.9 40.9 33.5 27.5 22.5 18.5 15.2 12.4
Coal electricity share (Slow) 60.8 52.9 46.0 40.0 34.8 30.3 26.4 22.9 20.0

Coal electricity share (Radical) 60.8 46.8 36.0 27.8 21.4 16.5 12.7 9.8 7.5

4.2.2. Carbon Emission Mitigation from CCUS

Based on the baseline scenario of CCUS capture capacity, we further developed the
inputs for carbon capture through CCUS for “Slow” and “Radical” as 80% and 120%,
respectively, of the baseline CCUS carbon emission capacity. When the two “Slow” scenarios
are connected, they reflect a future that is less focused on carbon reduction. Alternatively,
two “Radical” scenarios represent the other way around. Thus, the prediction reflects
the different levels of carbon-neutral policy constraints. The CCUS capture capacity per
scenario is shown in Table 16.

Table 16. Scenario inputs for CCUS carbon capture in 2020–2060.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

CCUS capture in coal power plants (Mt/Year) (Baseline) 3 20 190 370 520 655 775 880 985
CCUS capture in coal power plants (Mt/Year) (Slow) 3 16 152 296 416 524 620 704 788

CCUS capture in coal power plants (Mt/Year) (Radical) 3 24 228 444 624 786 930 1056 1182

5. Results
5.1. Scenario Outputs
5.1.1. Baseline Scenario Outputs

The baseline portfolios by 2060 are expected to decrease coal-powered electricity share
to 12.4% and falls within the interval between n 20% (claimed by the conservative studies)
and 10% (suggested by radical studies). In addition, around one billion tons of carbon
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could be captured by CCUS applications. Modeled outputs in Table 17 indicate that, in
2060, the two carbon mitigation efforts would reduce total carbon emissions to 0.4 billion
tons, which is very close to the carbon-neutral goal. The total energy consumption has a
trend of first increasing and then decreasing with a peak year in 2040–2045. Extra energy
consumption from the CCUS application would overtake the energy consumption from
the life cycle of coal production between 2025 and 2030. The total water consumption has
an overall decreasing trend due to technological innovations and reduced coal production.
Extra water consumption from CCUS overtakes the water consumption from the life cycle
of coal production between 2035–2040. The total revenue in 2060 is the highest among all
three scenarios and is 6.4 times the revenue in 2020 for China’s coal industry, where 86%
of the total revenue comes from the carbon trade through the CCUS implementation. The
carbon trade becomes the dominant economic profit in 2040–2045.

Table 17. ATPCC Output of baseline portfolio for China’s coal power industry.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Total energy consumption (Gtce) 2.4 3.1 10.4 14.6 15.5 15.0 13.6 12.0 10.3
Energy consumption from CCUS (Gtce) 0.2 1.2 8.7 13.2 14.3 14.0 12.8 11.3 9.8

Total water consumption (billion m3) 12.7 10.5 11.4 11.0 9.7 8.6 7.3 6.2 5.1
Water consumption from CCUS (billion m3) 0.1 0.5 3.4 5.1 5.6 5.4 5.0 4.4 3.8

Total carbon emission (Gt) 4.8 4.2 3.7 3.0 2.4 1.8 1.3 0.8 0.4
Revenue from CCUS carbon trade (billion Yuan) 0.1 1.7 26.4 79.2 171.1 316.4 550.3 876.5 1376.0

Total revenue (billion Yuan) 251.2 277.7 328.1 388.4 475.6 610.4 823.1 1127.0 1599.4

5.1.2. Slow Scenario Outputs

In the “Slow” portfolio for coal power industry development, 20% of the coal electricity
in the electricity mix will remain in 2060, and around 0.8 (Gt) of carbon will be captured
annually through CCUS facilities in coal power plants. The total energy consumption will
increase and then reduce, with the peak in 2040–2045 as in the baseline scenario (Table 18).
The overall carbon emission will be around 1.5 billion tons in 2060, three times the emissions
in the baseline portfolio. The total consumed energy would be 8.7 (Gtce), much less than
the baseline portfolio. The extra water consumption of CCUS would overtake the water
consumption in the life cycle of coal power production in 2040–2045, a different time from
the baseline scenario. The total revenue in China’s 2060 coal industry will increase by
481% from 2020. Economic benefits from carbon capture would overtake the electricity in
2045–2050, close to 2050 and fall behind the baseline scenario. The CCUS profits would
reach 75% of the total revenue in 2060.

Table 18. ATPCC outputs of “Slow” portfolio for China’s coal power industry.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Total energy consumption (Gtce) 2.4 2.9 8.9 12.3 13.0 12.6 11.5 10.1 8.7
Energy consumption from CCUS (Gtce) 0.2 1.0 7.0 10.5 11.4 11.2 10.2 9.0 7.8

Total water consumption (billion m3) 12.7 11.0 11.7 11.1 9.7 8.5 7.3 6.2 5.2
Water consumption from CCUS (billion m3) 0.1 0.4 2.7 4.1 4.5 4.4 4.0 3.5 3.1

Total carbon emission (Gt) 4.8 4.5 4.2 3.8 3.3 2.8 2.3 1.9 1.5
Revenue from CCUS carbon trade (billion Yuan) 0.1 1.4 21.1 63.3 136.9 253.1 440.2 701.2 1100.8

Total revenue (billion Yuan) 251.2 293.9 360.5 432.5 522.3 649.0 829.6 1078.6 1461.1

5.1.3. Radical Scenario Outputs

The radical scenario has the least coal electricity share, only 7.5% in 2060, and with the
greatest CCUS capacity, 1.2 (Gt) of carbon could be captured through the CCUS application.
However, CCUS capacity cannot be fully utilized by 2060 because the zero-carbon emission
in coal power plants could have been achieved between 2055 and 2060 (Table 19). We
showed that, through the energy transition and the CCUS technology utilization, carbon-
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neutral goals could be achieved even in coal power plants. The total carbon emission would
be very close to zero and thus would lead to the accomplishment of the carbon-neutral
national goal. The output of this portfolio has a minor energy consumption but the same
pattern through the years as other portfolios. It also accounts for the least overall water
consumption. The percentage of water consumption from CCUS would take more than
half of the total water consumption between 2030 and 2035. This portfolio will create the
least revenue of the three portfolios, but this is the fastest for carbon trade to dominate the
incomes of the coal industry, between 2040 and 2045 and close to 2040. The total revenue in
2060 is 5.2 times the revenue in 2020, and the carbon trade would account for 90% of the
total economic profits of China’s coal industry.

Table 19. ATPCC outputs of “Radical” portfolio for China’s coal power industry.

Year 2020 2025 2030 2035 2040 2045 2050 2055 2060

Total energy consumption (Gtce) 2.4 3.2 12.0 17.0 18.1 17.5 15.9 14.0 8.6
Enrgy consumption from CCUS (Gtce) 0.2 1.4 10.5 15.8 17.2 16.7 15.4 13.5 8.2
Total water consumption (billion m3) 12.7 10.0 11.1 11.0 10.0 8.8 7.6 6.4 4.0

Water consumption from CCUS (billion m3) 0.1 0.6 4.1 6.2 6.7 6.5 6.0 5.3 3.2
Total carbon emission (Gt) 4.8 3.9 3.2 2.4 1.7 1.0 0.5 0.1 0.0

Revenue from CCUS carbon trade (billion Yuan) 0.1 2.1 31.7 95.0 205.3 379.6 660.3 1051.8 1159.5
Total revenue (billion Yuan) 251.2 260.9 297.3 351.6 442.3 595.2 847.6 1213.3 1294.6

5.2. Tradeoffs between Scenarios

Carbon emission mitigation is the most important goal in the carbon-neutral context.
The coupled policy implementation of energy transition and CCUS applications has synergy
to improve carbon mitigation. Unintended, complex consequences of these policy imple-
mentations also lead to tradeoffs between carbon emission reduction and water/energy
consumption. The radical portfolio has the potential to achieve zero-carbon emissions in
coal power plants, but with significantly higher energy and water consumption from CCUS
application.

It is noted that the radical and baseline portfolios could achieve close to zero-carbon
emissions in China’s coal industry. Nevertheless, compared to the 2055 and 2060 states in a
radical portfolio and the outputs from the baseline scenario, we also found the potential
of reducing a large amount of extra water and energy consumption from CCUS with a
tradeoff for slightly more carbon emissions. The highest revenues generated from the
baseline scenario proved that the relationship between economic profits from China’s
coal industry and the magnitude of carbon emission reduction is not simply a negative
correlation. A win–win situation can be found with high profits and high carbon emission
mitigation. Therefore, the optimized equilibrium between two policies regarding the CCUS
application and reduced share of coal-generated electricity is never simple and is crucial for
the sustainability in the future of China’s coal power industry concerning carbon emission
mitigation, water/energy consumption, and financial profits.

The baseline and the slow scenario almost account for the same water consumption in
2060. However, the slow scenario has a higher coal share and lower CCUS applications.
With the same water constraints, energy consumption in the baseline scenario is much
larger than in the slow scenario, but more economic profits would be gained. Therefore,
choosing between revenue and energy inputs is crucial for energy-stressed areas. Tough
choices must also be made between radical and slow portfolios in water-stressed areas.
With relatively similar energy consumption, the radical portfolio accounts for less water
consumption and carbon emissions, but lower economic gains.

The radical portfolio has the most economic revenue and accounts for the lowest
carbon emissions. Besides that, it illustrates a new way for China’s coal power industry
to increase revenues. The carbon trading profits only accounted for less than 0.1% of the
total revenue in China’s coal power industry in 2020. However, it would reach more than
50% before 2050 in each scenario. The carbon-trading profits would account for about
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90% of the total revenue in the radical portfolio. This is an inspiring result of China’s coal
power industry development. One of the critical reasons is that although it is economically
beneficial to produce coal electricity, many companies in China’s coal industry are in a
deficit situation. The reason is that we did not include coal power companies’ salaries and
administration costs. However, the carbon market and the CCUS implementation could
provide a new pathway toward financial profits in this study. With the rapid growth in
the amount of captured carbon and the increasing carbon price, the coal industry has the
potential to transform the primary revenue source from electricity sales to captured carbon
trade.

6. Discussion
6.1. Carbon Mitigation Policies and CEW Nexus in China

Findings in the tradeoff analysis between the portfolios’ outputs have important
implications for China’s carbon neutrality goals. Our results proved the feasibility of
carbon neutrality by 2060 in China if there is a zero-carbon-emission possibility in China’s
coal industry, which has long been considered the most significant contributor to China’s
carbon emissions [31]. Most of the mitigated carbon emissions come from the decreased
contribution of coal-based electricity production to the electricity mix. The second is China’s
green energy transition policy that converts thermal-electricity-dominated energy systems
to renewable-energy-dominated [88]. However, the transformation process may lead to new
issues and thus weaken the carbon mitigation efforts. Hydropower accounts for China’s
largest share of renewable energy and has long been treated as green energy. However,
recent studies contested its GHG emissions status and proved it can no longer be considered
as a comparatively low-emissions energy source in the Mekong River Basin [89]. The same
pattern also was observed in bioenergy efforts. Compared with thermal energy sources,
biofuels may account for more carbon emissions [90]. The energy transition could be a
solution toward a sustainable carbon-mitigated power system in China, but the featured
development energy source must be considered cautiously.

The regulation on reducing coal shares in China’s electricity mix is also of concern.
The rapid growth of green energy could put the country’s power system in a vulnerable
situation. The current dominant renewable energy sources, including hydropower, wind
parks, and photovoltaic and concentrated solar power plants (PV and CSP) are mostly
naturally based. In particular, PV, CSP, and wind power rely on local weather conditions
and possess intense space and time fluctuations. Hybrid power generation, including
coupled renewable energy sources, is a proper solution but coal energy still needs to sustain
the security of an energy system [85].

Coal transportation is a major carbon emission source in the coal power industry. It is
due to the long distance between places of coal production and electricity production. Most
coal mines are in western China and the power plants are mostly located in eastern China.
The reduced coal electricity shares triggered by the green energy transition could relieve the
emission stress from coal transportation. It helped water stress related to coal mining and
washing where western China has limited water resources. The life cycle of coal electricity
accounts for large amounts of water consumption and its water intensity is higher than
most other energy resources, except for nuclear power. In this study, we demonstrated
that the water consumption in the coal power industry could not compete with CCUS
water consumption. This is mainly because we only considered the water consumed by
evaporation. A large amount of water withdrawal and use in the coal industry is dissipated
back to the environment as polluted water [72]. A “greywater footprint” study is needed
for further assessment.

CCUS application in a coal-fueled power plant has been proven crucial and the
tradeoffs on extra energy and water consumption should be considered significant even
when they are coupled with the implementation of the energy transition. The CCUS had
great potential to reduce the extra water consumption by replacing fracturing water with
the captured CO2 in the CCUS application [91]. The energy transition with reduced shares
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of coal-powered electricity leads to a decreased financial revenue from the coal industry,
thus reducing the energy sector’s profits nationally. Despite the high cost of electricity in
renewable energy sources compared to coal, re-arranging and treating abandoned coal
power facilities lead to more investments. However, the revenues from the captured
carbon through the CCUS application can fill this gap and have the potential to make more
profits. A win–win future can be achieved through the well-organized coupling of CCUS
applications and coal power reduction through the economic and environmental energy
transition.

6.2. Limitations of the Study

The ATPCC tool was developed with many assumptions, similar to other predictive
models in the literature. Some assumptions are due to the lack of data and calculation
barriers. We also excluded some parts within the life cycle of coal electricity production. For
instance, we only calculated the domestic transportation of imported coal. As mentioned
earlier, we only considered the water consumption but not the water withdrawal. We did
not track the waste and polluted water treatment in this study. The indirect energy, water
consumption, carbon emission, and economic cost were also not considered, including the
construction of the power plant, mines, and the CCUS facilities. An enhanced and more
comprehensive version of ATPCC could be conducted when more data become available.

Furthermore, the parameters in ATPCC are all in the form of a single value, rather
than a range of possibilities. A fuzzy random number method to replace old parameters
could be applied in ATPCC if users wish to include uncertainty in the tool. The fuzzy set
is commonly used to generate a regular fuzzy number, and it does not refer to one single
value but a connected set of possible values. Each potential value has its weight between 0
and 1 [92].

7. Conclusions

The main purpose of this research is to deliver a comprehensive assessment tool to
analyze the sustainability of China’s coal power industry from a CEW nexus perspective
under carbon-neutral mission policy portfolios. The ATPCC developed in this study is a
scenario-based life cycle assessment tool for coal-powered electricity production under
the two major carbon mitigation policy implementations—energy transition and CCUS
application. To the best of our knowledge, the ATPCC is the first study that applied the
CEW system for coal-powered electricity production to evaluate the interrelationships of
carbon and energy with financial profits. This is also the first study that integrates energy
transition and CCUS impacts on the life cycle of coal-powered electricity production in
China.

Furthermore, to find sustainable development pathways for China’s coal electricity
system before 2060 that meet carbon neutrality goals, three portfolios represented differ-
ent efforts to reduce contributions of coal-generated electricity triggered by the energy
transition and carbon captured by CCUS applications.

This study proved the possibility of zero emissions in China’s coal electricity industry
within the radical portfolio. We also showed that the extra consumption of water and
energy from CCUS could create resource stress and would be the dominant consumption
source for energy and water in the future. However, economic revenue lost from the
reduced production in the coal industry could be compensated from profits in the carbon
trade possible from CCUS applications. Revenues from the carbon trade would be the
dominant source of profit for China’s coal-based power industry in the future.

Comparing the ATPCC outputs across the three portfolios shows that the baseline
scenario has the highest energy consumption and economic profits but moderate water
consumption and carbon emission. The slow energy transition scenario has the highest
water consumption and carbon emissions, but moderate revenues and energy consumption.
The radical energy transition scenario has the lowest carbon emissions, water, energy
consumption, and financial profit. Therefore, the radical portfolio is the most sustainable
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strategy from the CEW nexus perspective for China’s coal power industry: reduce more
coal share and apply as many CCUS facilities as possible. The most profitable scenario is
the baseline scenario, balancingthe energy transition and CCUS application.

The major findings from our scenario analysis can be concluded in three aspects:

1. The carbon-neutral state in China’s coal-powered electricity industry is achievable
with significant efforts on energy transition and CCUS applications.

2. Different implementation levels for the coupling carbon mitigation policies with
carbon-neutral synergy would lead to tradeoffs in the CEW nexus and economic
profits in China’s coal power industry.

3. The tradeoffs would impact the sustainability of China’s coal power system devel-
opment. The tradeoffs are not simply an inverse correlation between one and the
other. Sustainability in coal electricity generation in China’s future can be achieved by
optimizing the energy transition and CCUS applications in different ways to balance
carbon emissions, water consumption, energy consumption, and economic profits.

The ATPCC is a straightforward and flexible tool for policymakers to assess CEW
tradeoffs. It provides a simple approach to analyzing complex issues with almost all
parameters. Policymakers can evaluate the tradeoffs using the tool with only two numerical
inputs from different portfolios. While the empirical parameters are based on China’s coal
industry, they can also be modified for other countries.
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10. Vujić, J.; Antić, D.P.; Vukmirović, Z. Environmental impact and cost analysis of coal versus nuclear power: The US case. Energy
2012, 45, 31–42. [CrossRef]

11. Liu, J.; Wang, K.; Zou, J.; Kong, Y. The implications of coal consumption in the power sector for China’s CO2 peaking target. Appl.
Energy 2019, 253, 113518. [CrossRef]

12. Liu, Z.; Guan, D.; Wei, W.; Davis, S.J.; Ciais, P.; Bai, J.; Peng, S.; Zhang, Q.; Hubacek, K.; Marland, G.; et al. Reduced carbon
emission estimates from fossil fuel combustion and cement production in China. Nature 2015, 524, 335–338. [CrossRef] [PubMed]

13. Cheng, Y.P.; Wang, L.; Zhang, X.L. Environmental impact of coal mine methane emissions and responding strategies in China. Int.
J. Greenh. Gas Control 2011, 5, 157–166. [CrossRef]

14. Wang, J.; Wang, R.; Zhu, Y.; Li, J. Life cycle assessment and environmental cost accounting of coal-fired power generation in
China. Energy Policy 2018, 115, 374–384. [CrossRef]

15. Han, X.; Chen, N.; Yan, J.; Liu, J.; Liu, M.; Karellas, S. Thermodynamic analysis and life cycle assessment of supercritical
pulverized coal-fired power plant integrated with No. 0 feedwater pre-heater under partial loads. J. Clean. Prod. 2019, 233,
1106–1122. [CrossRef]

16. Dong, H.; Liu, Y.; Zhao, Z.; Tan, X.; Managi, S. Carbon neutrality commitment for China: From vision to action. Sustain. Sci. 2022,
accepted/in press. [CrossRef]

17. Zhang, S.; Chen, W. Assessing the energy transition in China towards carbon neutrality with a probabilistic framework. Nat.
Commun. 2022, 13, 87. [CrossRef]

18. Liu, S.; Peng, G.; Sun, C.; Balezentis, T.; Guo, A. Comparison of improving energy use and mitigating pollutant emissions from
industrial and non-industrial activities: Evidence from a variable-specific productivity analysis framework. Sci. Total Environ.
2022, 806, 151279. [CrossRef]

19. Jiang, K.; Ashworth, P.; Zhang, S.; Liang, X.; Sun, Y.; Angus, D. China’s carbon capture, utilization and storage (CCUS) policy: A
critical review. Renew. Sustain. Energy Rev. 2020, 119, 109601. [CrossRef]

20. Yao, X.; Zhong, P.; Zhang, X.; Zhu, L. Business model design for the carbon capture utilization and storage (CCUS) project in
China. Energy Policy 2018, 121, 519–533. [CrossRef]

21. Metz, B.; Davidson, O.; De Coninck, H.C.; Loos, M.; Meyer, L. IPCC Special Report on Carbon Dioxide Capture and Storage; Cambridge
University Press: Cambridge, UK, 2005.

22. Chu, S. Carbon capture and sequestration. Science 2009, 325, 1599. [CrossRef]
23. Hasan, M.F.; First, E.L.; Boukouvala, F.; Floudas, C.A. A multi-scale framework for CO2 capture, utilization, and sequestration:

CCUS and CCU. Comput. Chem. Eng. 2015, 81, 2–21. [CrossRef]
24. Xie, Y.; Hou, Z.; Liu, H.; Cao, C.; Qi, J. The sustainability assessment of CO2 capture, utilization and storage (CCUS) and the

conversion of cropland to forestland program (CCFP) in the Water–Energy–Food (WEF) framework towards China’s carbon
neutrality by 2060. Environ. Earth Sci. 2021, 80, 1–17. [CrossRef]

25. Liu, H.J.; Were, P.; Li, Q.; Hou, Z. Worldwide Status of CCUS Technologies and Their Development and Challenges in China.
Geofluids 2017, 2017, 6126505. [CrossRef]

26. Shirkey, G.; Belongeay, M.; Wu, S.; Ma, X.; Tavakol, H.; Anctil, A.; Marquette-Pyatt, S.; Stewart, R.; Sinha, P.; Corkish, R.; et al. An
environmental and societal analysis of the US electrical energy industry based on the water–energy nexus. Energies 2021, 14, 2633.
[CrossRef]

27. Li, Q.; Wei, Y.N.; Chen, Z.A. Water-CCUS nexus: Challenges and opportunities of China’s coal chemical industry. Clean Technol.
Environ. Policy 2016, 18, 775–786. [CrossRef]

28. Zhai, H.; Rubina, E.S. Carbon capture effects on water use at pulverized coal power plants. Energy Procedia 2011, 4, 2238–2244.
[CrossRef]

29. Newmark, R.L.; Friedmann, S.J.; Carroll, S.A. Water challenges for geologic carbon capture and sequestration. Environ. Manag.
2010, 45, 651–661. [CrossRef]

30. Yu, L.; Liu, S.; Wang, F.; Liu, Y.; Li, M.; Wang, Q.; Dong, S.; Zhao, W.; Tran, L.-S.P.; Sun, Y.; et al. Effects of agricultural activities on
energy-carbon-water nexus of the Qinghai-Tibet Plateau. J. Clean. Prod. 2022, 331, 129995. [CrossRef]

31. Li, H.; Jiang, H.D.; Dong, K.Y.; Wei, Y.M.; Liao, H. A comparative analysis of the life cycle environmental emissions from wind
and coal power: Evidence from China. J. Clean. Prod. 2020, 248, 119192. [CrossRef]

32. Liang, M.S.; Huang, G.H.; Chen, J.P.; Li, Y.P. Energy-water-carbon nexus system planning: A case study of Yangtze River Delta
urban agglomeration, China. Appl. Energy 2022, 308, 118144. [CrossRef]

33. Lim, X.Y.; Foo, D.C.; Tan, R.R. Pinch analysis for the planning of power generation sector in the United Arab Emirates: A
climate-energy-water nexus study. J. Clean. Prod. 2018, 180, 11–19. [CrossRef]

34. DeNooyer, T.A.; Peschel, J.M.; Zhang, Z.; Stillwell, A.S. Integrating water resources and power generation: The energy–water
nexus in Illinois. Appl. Energy 2016, 162, 363–371. [CrossRef]

35. Chhipi-Shrestha, G.; Hewage, K.; Sadiq, R. Water–energy–carbon nexus modeling for urban water systems: System dynamics
approach. J. Water Resour. Plan. Manag. 2017, 143, 04017016. [CrossRef]

36. Lee, M.; Keller, A.A.; Chiang, P.C.; Den, W.; Wang, H.; Hou, C.H.; Wu, J.; Wang, X.; Yan, J. Water-energy nexus for urban water
systems: A comparative review on energy intensity and environmental impacts in relation to global water risks. Appl. Energy
2017, 205, 589–601. [CrossRef]

http://doi.org/10.1016/j.energy.2012.02.011
http://doi.org/10.1016/j.apenergy.2019.113518
http://doi.org/10.1038/nature14677
http://www.ncbi.nlm.nih.gov/pubmed/26289204
http://doi.org/10.1016/j.ijggc.2010.07.007
http://doi.org/10.1016/j.enpol.2018.01.040
http://doi.org/10.1016/j.jclepro.2019.06.159
http://doi.org/10.1007/s11625-022-01094-2
http://doi.org/10.1038/s41467-021-27671-0
http://doi.org/10.1016/j.scitotenv.2021.151279
http://doi.org/10.1016/j.rser.2019.109601
http://doi.org/10.1016/j.enpol.2018.06.019
http://doi.org/10.1126/science.1181637
http://doi.org/10.1016/j.compchemeng.2015.04.034
http://doi.org/10.1007/s12665-021-09762-9
http://doi.org/10.1155/2017/6126505
http://doi.org/10.3390/en14092633
http://doi.org/10.1007/s10098-015-1049-z
http://doi.org/10.1016/j.egypro.2011.02.112
http://doi.org/10.1007/s00267-010-9434-1
http://doi.org/10.1016/j.jclepro.2021.129995
http://doi.org/10.1016/j.jclepro.2019.119192
http://doi.org/10.1016/j.apenergy.2021.118144
http://doi.org/10.1016/j.jclepro.2018.01.158
http://doi.org/10.1016/j.apenergy.2015.10.071
http://doi.org/10.1061/(ASCE)WR.1943-5452.0000765
http://doi.org/10.1016/j.apenergy.2017.08.002


Energies 2022, 15, 4466 22 of 24

37. Trubetskaya, A.; Horan, W.; Conheady, P.; Stockil, K.; Moore, S. A methodology for industrial water footprint assessment using
energy–water–carbon nexus. Processes 2021, 9, 393. [CrossRef]

38. Liu, Y.; Tan, Q.; Han, J.; Guo, M. Energy-Water-Carbon Nexus Optimization for the Path of Achieving Carbon Emission Peak in
China considering Multiple Uncertainties: A Case Study in Inner Mongolia. Energies 2021, 14, 1067. [CrossRef]

39. Zhu, Y.; Zhao, Y.; Li, H.; Wang, L.; Li, L.; Jiang, S. Quantitative analysis of the water-energy-climate nexus in Shanxi Province,
China. Energy Procedia 2017, 142, 2341–2347. [CrossRef]

40. Wang, X.; Zhang, Q.; Xu, L.; Tong, Y.; Jia, X.; Tian, H. Water-energy-carbon nexus assessment of China’s iron and steel industry:
Case study from plant level. J. Clean. Prod. 2020, 253, 119910. [CrossRef]

41. Leivas, R.; Laso, J.; Abejón, R.; Margallo, M.; Aldaco, R. Environmental assessment of food and beverage under a NEXUS
Water-Energy-Climate approach: Application to the spirit drinks. Sci. Total Environ. 2020, 720, 137576. [CrossRef]

42. Ma, X.; Zhang, T.; Shen, X.; Zhai, Y.; Hong, J. Environmental footprint assessment of China’s ceramic tile production from
energy-carbon-water nexus insight. J. Clean. Prod. 2022, 1, 130606. [CrossRef]

43. Scott, C.A. The water-energy-climate nexus: Resources and policy outlook for aquifers in Mexico. Water Resour. Res. 2011, 47,
W00L04.1–W00L04.18. [CrossRef]

44. Gu, Y.; Dong, Y.N.; Wang, H.; Keller, A.; Xu, J.; Chiramba, T.; Li, F. Quantification of the water, energy and carbon footprints of
wastewater treatment plants in China considering a water–energy nexus perspective. Ecol. Indic. 2016, 60, 402–409. [CrossRef]

45. Yang, X.; Wang, Y.; Sun, M.; Wang, R.; Zheng, P. Exploring the environmental pressures in urban sectors: An energy-water-carbon
nexus perspective. Appl. Energy 2018, 228, 2298–2307. [CrossRef]

46. Yang, X.; Yi, S.; Qu, S.; Wang, R.; Wang, Y.; Xu, M. Key transmission sectors of energy-water-carbon nexus pressures in Shanghai,
China. J. Clean. Prod. 2019, 225, 27–35. [CrossRef]

47. Li, H.; Lin, J.; Zhao, Y.; Kang, J.N. Identifying the driving factors of energy-water nexus in Beijing from both economy-and
sector-wide perspectives. J. Clean. Prod. 2019, 235, 1450–1464. [CrossRef]

48. Li, H.; Zhao, Y.; Zheng, L.; Wang, S.; Kang, J.; Liu, Y.; Shan, Y. Dynamic characteristics and drivers of the regional household
energy-carbon-water nexus in China. Environ. Sci. Pollut. Res. 2021, 28, 55220–55232. [CrossRef]

49. Wang, X.C.; Klemeš, J.J.; Long, X.; Zhang, P.; Varbanov, P.S.; Fan, W.; Dong, X.; Wang, Y. Measuring the environmental performance
of the EU27 from the Water-Energy-Carbon nexus perspective. J. Clean. Prod. 2020, 265, 121832. [CrossRef]

50. Meng, F.; Liu, G.; Chang, Y.; Su, M.; Hu, Y.; Yang, Z. Quantification of urban water-carbon nexus using disaggregated input-output
model: A case study in Beijing (China). Energy 2019, 171, 403–418. [CrossRef]

51. Wang, X.C.; Klemeš, J.J.; Wang, Y.; Dong, X.; Wei, H.; Xu, Z.; Varbanov, P.S. Water-Energy-Carbon Emissions nexus analysis of
China: An environmental input-output model-based approach. Appl. Energy 2020, 261, 114431. [CrossRef]

52. Tian, P.; Lu, H.; Reinout, H.; Li, D.; Zhang, K.; Yang, Y. Water-energy-carbon nexus in China’s intra and inter-regional trade. Sci.
Total Environ. 2022, 806, 150666. [CrossRef]

53. Mroue, A.M.; Mohtar, R.H.; Pistikopoulos, E.N.; Holtzapple, M.T. Energy Portfolio Assessment Tool (EPAT): Sustainable energy
planning using the WEF nexus approach–Texas case. Sci. Total Environ. 2019, 648, 1649–1664. [CrossRef]

54. Ifaei, P.; Yoo, C. The compatibility of controlled power plants with self-sustainable models using a hybrid input/output and
water-energy-carbon nexus analysis for climate change adaptation. J. Clean. Prod. 2019, 208, 753–777. [CrossRef]

55. Zhou, N.; Zhang, J.; Khanna, N.; Fridley, D.; Jiang, S.; Liu, X. Intertwined impacts of water, energy development, and carbon
emissions in China. Appl. Energy 2019, 238, 78–91. [CrossRef]

56. Zhao, Y.; Shi, Q.; Qian, Z.; Zheng, L.; Wang, S.; He, Y. Simulating the economic and environmental effects of integrated policies in
energy-carbon-water nexus of China. Energy 2022, 238, 121783. [CrossRef]

57. Liu, X.; Gao, X.; Wu, X.; Yu, W.; Chen, L.; Ni, R.; Zhao, Y.; Duan, H.; Zhao, F.; Chen, L.; et al. Updated hourly emissions factors for
Chinese power plants showing the impact of widespread ultralow emissions technology deployment. Environ. Sci. Technol. 2019,
53, 2570–2578. [CrossRef]

58. Department of Energy Statistics, National Bureau of Statistics. China Energy Statistics Yearbook 2021; Department of Energy Statistics,
National Bureau of Statistics: Beijing, China, 2021. Available online: http://www.stats.gov.cn/tjsj/ndsj/2021/indexch.htm
(accessed on 1 June 2021). (In Chinese)

59. Zhang, K.; Li, Q.S. Strategic research on clean and efficient development and utilization of coal in China under carbon constraint
conditions. Coal Econ. Res. 2019, 39, 10–14. [CrossRef]

60. Ren, S.H.; Xie, Y.C.; Jiao, X.M.; Xie, H.P. Characteristics of Carbon Emissions During Coal Development and Technical Approaches
for Carbon Neutral Development. Adv. Eng. Sci. 2022, 54, 60–68. [CrossRef]

61. Ge, S.R.; Liu, H.T.; Liu, J.L.; Hu, H.S. Energy consumption and energy-saving strategies for coal mine production in China. J.
China Univ. Min. Technol. 2018, 47, 9–14. [CrossRef]

62. Ou, X.; Yan, X.; Zhang, X. Using coal for transportation in China: Life cycle GHG of coal-based fuel and electric vehicle, and
policy implications. Int. J. Greenh. Gas Control 2010, 4, 878–887. [CrossRef]

63. Peng, Y.; Yang, Q.; Wang, L.; Wang, S.; Li, J.; Zhang, X.; Fantozzi, F. VOC emissions of coal-fired power plants in China based on
life cycle assessment method. Fuel 2021, 292, 120325. [CrossRef]

64. Wang, Y.; Zhao, H. The impact of China’s carbon trading market on regional carbon emission efficiency. China Popul. Resour.
Environ. 2019, 29, 50–58. (In Chinese)

http://doi.org/10.3390/pr9020393
http://doi.org/10.3390/en14041067
http://doi.org/10.1016/j.egypro.2017.12.164
http://doi.org/10.1016/j.jclepro.2019.119910
http://doi.org/10.1016/j.scitotenv.2020.137576
http://doi.org/10.1016/j.jclepro.2022.130606
http://doi.org/10.1029/2011WR010805
http://doi.org/10.1016/j.ecolind.2015.07.012
http://doi.org/10.1016/j.apenergy.2018.07.090
http://doi.org/10.1016/j.jclepro.2019.03.251
http://doi.org/10.1016/j.jclepro.2019.07.001
http://doi.org/10.1007/s11356-021-13924-4
http://doi.org/10.1016/j.jclepro.2020.121832
http://doi.org/10.1016/j.energy.2019.01.013
http://doi.org/10.1016/j.apenergy.2019.114431
http://doi.org/10.1016/j.scitotenv.2021.150666
http://doi.org/10.1016/j.scitotenv.2018.08.135
http://doi.org/10.1016/j.jclepro.2018.10.150
http://doi.org/10.1016/j.apenergy.2018.12.085
http://doi.org/10.1016/j.energy.2021.121783
http://doi.org/10.1021/acs.est.8b07241
http://www.stats.gov.cn/tjsj/ndsj/2021/indexch.htm
http://doi.org/10.13202/j.cnki.cer.20191207.001
http://doi.org/10.15961/j.jsuese.202100924
http://doi.org/10.13247/j.cnki.jcumt.000809
http://doi.org/10.1016/j.ijggc.2010.04.018
http://doi.org/10.1016/j.fuel.2021.120325


Energies 2022, 15, 4466 23 of 24

65. Bao, W.W.; Yang, Y.; Kang, J.N.; Yu, H.P. Thermal Design and Economy Analysis of 1350MW Ultra Super Critical Double Reheat
Unit. Turbine Technol. 2017, 59, 21–25. (In Chinese)

66. Development and Reform Office Climate No.2920. Guidelines for Accounting Methods and Reporting of Greenhouse Gas Emissions of
Chinese Coal Production Enterprises (Trial); National Development and Reform Commission: Beijing, China, 2014. (In Chinese)

67. Tu, H.; Liu, C.J. Calculation of carbon dioxide emission from standard coal. Coal Qual. Technol. 2014, 2, 57–60. (In Chinese)
68. Miller, S.M.; Michalak, A.M.; Detmers, R.G.; Hasekamp, O.P.; Bruhwiler, L.M.; Schwietzke, S. China’s coal mine methane

regulations have not curbed growing emissions. Nat. Commun. 2019, 10, 303. [CrossRef]
69. Zhou, A.; Hu, J.; Wang, K. Carbon emission assessment and control measures for coal mining in China. Environ. Earth Sci. 2020,

79, 1–15. [CrossRef]
70. Sheng, J.; Song, S.; Zhang, Y.; Prinn, R.G.; Janssens-Maenhout, G. Bottom-Up estimates of coal mine methane emissions in China:

A gridded inventory, emission factors, and trends. Environ. Sci. Technol. Lett. 2019, 6, 473–478. [CrossRef]
71. Gao, J.; Guan, C.; Zhang, B. China’s CH4 emissions from coal mining: A review of current bottom-up inventories. Sci. Total

Environ. 2020, 725, 138295. [CrossRef]
72. Zhu, Y.; Jiang, S.; Zhao, Y.; Li, H.; He, G.; Li, L. Life-cycle-based water footprint assessment of coal-fired power generation in

China. J. Clean. Prod. 2020, 254, 120098. [CrossRef]
73. Shang, Y.; Hei, P.; Lu, S.; Shang, L.; Li, X.; Wei, Y.; Jia, D.; Jiang, D.; Ye, Y.; Gong, J.; et al. China’s energy-water nexus: Assessing

water conservation synergies of the total coal consumption cap strategy until 2050. Appl. Energy 2018, 210, 643–660. [CrossRef]
74. Pan, L.Y.; Liu, P.; Ma, L.; Zheng, L. A supply chain-based assessment of water issues in the coal industry in China. Energy Policy

2012, 48, 93–102. [CrossRef]
75. Gao, X.; Zhao, Y.; Lu, S.; Chen, Q.; An, T.; Han, X.; Zhuo, L. Impact of coal power production on sustainable water resources

management in the coal-fired power energy bases of Northern China. Appl. Energy 2019, 250, 821–833. [CrossRef]
76. Zhang, C.; Li, J.W. Evaluation of Water Use Efficiency of China’s Coal-Fired Units and Analysis of the Effect of Water Quota

Improvement. Energy Found. Grant Proj. Tech. Rep. 2020. Available online: https://www.efchina.org/Attachments/Report/repor
t-cemp-20201103/%E4%B8%AD%E5%9B%BD%E7%87%83%E7%85%A4%E6%9C%BA%E7%BB%84%E7%94%A8%E6%B0%B4
%E6%95%88%E7%8E%87%E8%AF%84%E4%BC%B0%E5%8F%8A%E7%94%A8%E6%B0%B4%E5%AE%9A%E9%A2%9D%E6
%8F%90%E6%A0%87%E6%95%88%E6%9E%9C%E5%88%86%E6%9E%90.pdf (accessed on 24 April 2022).

77. Li, J.; Zhang, Y.; Deng, Y.; Xu, D.; Xie, K. Water consumption and conservation assessment of the coal power industry in China.
Sustain. Energy Technol. Assess. 2021, 47, 101464. [CrossRef]

78. Zhang, C.; Zhong, L.K.; Wang, J. Decoupling between water use and thermoelectric power generation growth in China. Nat.
Energy 2018, 3, 792–799. [CrossRef]

79. Fennell, P.S. Comparative Energy Analysis of Renewable Electricity and Carbon Capture and Storage. Joule 2019, 3, 1406–1408.
[CrossRef]

80. Zhang, X.; Li, Y.; Ma, Q.; Liu, L.N. Development of Carbon Capture, Utilization and Storage Technology in China. Eng. Sci. 2021,
23, 070–080. [CrossRef]

81. Yi, L.; He, Q.; Li, Z.P.; Yang, L. Research on the Pathways of Carbon Market Development: International Experiences and
Implications for China. Clim. Chang. Res. 2019, 15, 232–245. Available online: http://www.chinacarbon.info/ (accessed on 24
April 2022). (In Chinese)

82. Slater, H.; De Boer, D.; Qian, G.; Wang, S. 2021 China Carbon Pricing Survey; China Carbon Forum (CCF): Beijing, China, 2021. (In
Chinese)

83. Cozzi, L.; Gould, T.; Bouckart, S.; Crow, D.; Kim, T.Y.; Mcglade, C.; Wetzel, D. World Energy Outlook 2020; International Energy
Agency: Paris, France, 2020; pp. 1–461.

84. Xiong, J.; Xu, D. Relationship between energy consumption, economic growth and environmental pollution in China. Environ.
Res. 2021, 194, 110718. [CrossRef]

85. Xie, H.P.; Ren, S.H.; Xie, Y.C. Development opportunities of the coal industry towards the goal of carbon neutrality. J. China Coal
Soc. 2021, 46, 1808–1820. (In Chinese) [CrossRef]

86. Cai, B.F.; Li, Q.; Zhang, X.; Cao, C.; Cao, L.; Chen, W.; Chen, Z.; Dong, J.; Fan, J.; Jiang, Y.; et al. China Carbon Dioxide Capture,
Utilization and Storage (CCUS) Annual Report: China CCUS Path Study; Chinese Academy of Environmental Planning, Institute of
Rock and Soil Mechanics, Chinese Academy of Sciences, The Administrative Center for China’s Agenda 21: Beijing, China, 2021.
(In Chinese)

87. International Energy Agency (IEA). Energy technology perspectives 2020. In Special Report on Carbon Capture, Utilization and
Storage; IEA: Paris, France, 2020.

88. Zhao, X.; Ma, X.; Chen, B.; Shang, Y.; Song, M. Challenges toward carbon neutrality in China: Strategies and countermeasures.
Resour. Conserv. Recycl. 2022, 176, 105959. [CrossRef]

89. Räsänen, T.A.; Varis, O.; Scherer, L.; Kummu, M. Greenhouse gas emissions of hydropower in the Mekong River Basin. Environ.
Res. Lett. 2018, 13, 034030. [CrossRef]

90. Fan, Y.V.; Klemeš, J.J.; Ko, C.H. Bioenergy carbon emissions footprint considering the biogenic carbon and secondary effects. Int.
J. Energy Res. 2021, 45, 283–296. [CrossRef]

http://doi.org/10.1038/s41467-018-07891-7
http://doi.org/10.1007/s12665-020-09189-8
http://doi.org/10.1021/acs.estlett.9b00294
http://doi.org/10.1016/j.scitotenv.2020.138295
http://doi.org/10.1016/j.jclepro.2020.120098
http://doi.org/10.1016/j.apenergy.2016.11.008
http://doi.org/10.1016/j.enpol.2012.03.063
http://doi.org/10.1016/j.apenergy.2019.05.046
https://www.efchina.org/Attachments/Report/report-cemp-20201103/%E4%B8%AD%E5%9B%BD%E7%87%83%E7%85%A4%E6%9C%BA%E7%BB%84%E7%94%A8%E6%B0%B4%E6%95%88%E7%8E%87%E8%AF%84%E4%BC%B0%E5%8F%8A%E7%94%A8%E6%B0%B4%E5%AE%9A%E9%A2%9D%E6%8F%90%E6%A0%87%E6%95%88%E6%9E%9C%E5%88%86%E6%9E%90.pdf
https://www.efchina.org/Attachments/Report/report-cemp-20201103/%E4%B8%AD%E5%9B%BD%E7%87%83%E7%85%A4%E6%9C%BA%E7%BB%84%E7%94%A8%E6%B0%B4%E6%95%88%E7%8E%87%E8%AF%84%E4%BC%B0%E5%8F%8A%E7%94%A8%E6%B0%B4%E5%AE%9A%E9%A2%9D%E6%8F%90%E6%A0%87%E6%95%88%E6%9E%9C%E5%88%86%E6%9E%90.pdf
https://www.efchina.org/Attachments/Report/report-cemp-20201103/%E4%B8%AD%E5%9B%BD%E7%87%83%E7%85%A4%E6%9C%BA%E7%BB%84%E7%94%A8%E6%B0%B4%E6%95%88%E7%8E%87%E8%AF%84%E4%BC%B0%E5%8F%8A%E7%94%A8%E6%B0%B4%E5%AE%9A%E9%A2%9D%E6%8F%90%E6%A0%87%E6%95%88%E6%9E%9C%E5%88%86%E6%9E%90.pdf
https://www.efchina.org/Attachments/Report/report-cemp-20201103/%E4%B8%AD%E5%9B%BD%E7%87%83%E7%85%A4%E6%9C%BA%E7%BB%84%E7%94%A8%E6%B0%B4%E6%95%88%E7%8E%87%E8%AF%84%E4%BC%B0%E5%8F%8A%E7%94%A8%E6%B0%B4%E5%AE%9A%E9%A2%9D%E6%8F%90%E6%A0%87%E6%95%88%E6%9E%9C%E5%88%86%E6%9E%90.pdf
http://doi.org/10.1016/j.seta.2021.101464
http://doi.org/10.1038/s41560-018-0236-7
http://doi.org/10.1016/j.joule.2019.06.003
http://doi.org/10.15302/J-SSCAE-2021.06.004
http://www.chinacarbon.info/
http://doi.org/10.1016/j.envres.2021.110718
http://doi.org/10.13225/j.cnki.jccs.2021.0973
http://doi.org/10.1016/j.resconrec.2021.105959
http://doi.org/10.1088/1748-9326/aaa817
http://doi.org/10.1002/er.5409


Energies 2022, 15, 4466 24 of 24

91. Wilkins, R.; Menefee, A.H.; Clarens, A.F. Environmental life cycle analysis of water and CO2-based fracturing fluids used in
unconventional gas production. Environ. Sci. Technol. 2016, 50, 13134–13141. [CrossRef] [PubMed]

92. Dijkman, J.G.; Van Haeringen, H.; De Lange, S.J. Fuzzy numbers. J. Math. Anal. Appl. 1983, 92, 301–341. [CrossRef]

http://doi.org/10.1021/acs.est.6b02913
http://www.ncbi.nlm.nih.gov/pubmed/27813406
http://doi.org/10.1016/0022-247X(83)90253-6

	Introduction 
	Background on Carbon Neutrality and China’s Coal Industry 
	Literature Review on CEW Nexus Approach 
	Literature Review on CEW Model Selection 
	Research Gaps and Goals 

	Methodology 
	Conceptual Framework of ATPCC Design 
	The ATPCC 

	ATPCC Model Parameters 
	Energy Consumption in Life Cycle Coal Electricity Production 
	Energy Consumption in Coal Mining and Washing/Refinement 
	Energy Consumption in Coal Power Transportation 
	Energy Consumption in Coal Power Generation 

	Carbon Emission in Life Cycle Coal Electricity Production 
	Water Consumption in the Life Cycle of Coal Electricity Production 
	Water Consumption in Coal Mining and Washing/Refinement 
	Water Consumption in Coal Electricity Production 

	Profits in the Life Cycle of Coal Production 
	The CCUS Impacts 
	CCUS Impact on Energy and Water Consumption 
	CCUS Impacts on Economic Profits 


	Scenarios 
	Baseline Scenario 
	Predicted Electricity Demand in China 
	Predicted Change in the Coal Electricity Share 
	Predicted Change in the CCUS Implementation in Coal Electricity Production 

	Alternative Portfolios and the Difference with the Baseline Scenario 
	Share of Coal Electricity 
	Carbon Emission Mitigation from CCUS 


	Results 
	Scenario Outputs 
	Baseline Scenario Outputs 
	Slow Scenario Outputs 
	Radical Scenario Outputs 

	Tradeoffs between Scenarios 

	Discussion 
	Carbon Mitigation Policies and CEW Nexus in China 
	Limitations of the Study 

	Conclusions 
	References

