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1. Introduction

At the 75th session of the United Nations General Assembly
on 22 September 2020, President Xi Jinping pledged that China
would peak its carbon emissions before 2030 and achieve carbon
neutrality by 2060 (hereinafter referred to as ‘‘peak carbon emis-
sions and carbon neutrality”). This statement indicated that
China would contribute to the global community in order to
aim toward a shared future for humankind and would establish
a schedule for the promotion of green, low-carbon, and high-
quality development, which will benefit China’s overall and
long-term development. China’s total carbon dioxide (CO2) emis-
sions surpassed those of the United States in 2005, making China
the world’s largest carbon emitter. Due to the nation’s rapid and
sustained economic growth, China’s emissions reached 9.83 bil-
lion tonnes in 2019, accounting for 28.8% of the global total
[1]. China’s per capita carbon dioxide emissions also increased
rapidly, reaching 6.8 t per person in 2018 [2]—about 1.5 times
the global average. Therefore, it is a challenging and formidable
task for China to achieve carbon neutrality on a stricter timeline
than developed countries while ensuring sustained economic
growth.

Energy-related carbon emissions in China account for almost
90% of the national total carbon emissions [3]; therefore, low-
carbon development in the energy sector is the key to carbon
neutrality. Carbon emissions are directly associated with the types,
usage patterns, and total utilization of energy resources. Due to the
structure of China’s energy resources, which are rich in coal while
lacking in oil and gas, and the high dependence of the energy and
energy-related industrial systems on fossil energy, the carbon
intensity of energy consumption remains high in China. Moreover,
the incompatibility between the relatively independent sub-
systems of coal, oil, natural gas, renewable energy, and nuclear
energy may further increase China’s carbon intensity due to energy
consumption. Therefore, it is necessary to get rid of the segmenta-
tion of energy types and energy-related industries, break down
independent institutional barriers, and restructure the energy
and energy-related industrial systems in China [4]. In this way,
China can gain overall advantages from multi-energy system
integration, promoting low-carbon and green development.
To construct a clean, low-carbon, safe, and efficient modern
energy system, it is essential to further strengthen top-level design
and systematic planning, and to give full play to the driving role of
scientific and technological innovation. The development of science
and technologies—especially that of transformative technologies—
will be a crucial factor in breaking industry barriers and promoting
the multi-energy system integration of various types of energy and
industries, thus achieving the prospective goal of carbon neutrality
and supporting China’s sustainable development.

2. Promote breakthroughs in key technologies through
innovation

During the period of the 13th Five-Year Plan, China carried out
many major tasks in the fields of clean and efficient energy conver-
sion, coal utilization, renewable and hydrogen energy, nuclear
safety and advanced nuclear energy, smart power grids, and new
energy vehicles. The overall aims were to resolve key scientific
issues in energy utilization, promote breakthroughs in key tech-
nologies, drive the development of the new energy industry, and
upgrade technologies involving the use of fossil energy, thereby
promoting the reduction of carbon emissions. During the period
of the 14th Five-Year Plan, China will further strengthen its innova-
tion and carry out in-depth research and development of novel
materials, technologies, and processes. The technological develop-
ment of large-scale energy storage, hydrogen energy, and the
smart regulation of modern grids will be accelerated to form a
new power system that can enable a large scale and high propor-
tion of renewable energy in power generation, transmission, grid
connection, and consumption, thus reducing coal consumption
for electricity generation and realizing the decarbonization of the
power system. Technologies for the clean and efficient utilization
of coal will also be developed and demonstrated; for example,
breakthroughs will be achieved in the one-step synthesis of high-
value chemicals from syn-gas, the production of aromatics from
coal, and the hierarchical and qualitative utilization of coal.

In the medium and long term, it is important to accelerate the
development of key technologies to reduce coal utilization by
achievingbreakthroughs inzero-carbon/low-carbonprocess reengi-
neering technologies in the iron and steel, chemical, cement, and
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non-ferrousmetal industries, which are challenging to decarbonize,
in order to promote the deep decarbonization of the industrial sys-
tem. In addition, several cutting-edge and disruptive technologies
will be proactively deployed, such as those involving advanced
nuclear energy, photocatalytic hydrogen production, cross-system
coupling integration and optimization, and large-scale and low-cost
carbon capture, utilization, and storage (CCUS), in order to provide
technical support for the deep decarbonization of society as awhole.

In 2017, a strategic priority project known as the Transforma-
tional Clean Energy Technology and Demonstration was launched
by the Chinese Academy of Sciences (CAS) to promote innovation
and demonstration for a revolution in energy technology. The pro-
ject now boasts numerous achievements; for example, with the
development and massive production of key materials of flow bat-
teries, a 100 MW vanadium flow battery demonstration has been
constructed in Dalian, China [5,6]. Chen et al. [7] achieved break-
throughs in key technologies of compressed air energy storage,
and a 100 MW/400 MW∙h demonstration based on these develop-
ments is currently under construction. An oxide–zeolite (OX-ZEO)
catalytic system has been developed by Bao [8], which realizes the
one-step conversion of coal-based syn-gas for olefin production.
This system greatly reduces water and energy consumption and
subverts the traditional Fischer–Tropsch (FT) process in principle.
The new generation of methanol-to-olefins (MTO) has reduced
methanol consumption by 10% and increased the production of
olefins from 6�105 to 1�106 t per year [9]. Li et al. [10] realized
the successful demonstration of large-scale methanol production
through photovoltaic-water electrolyzer–carbon dioxide hydro-
genation technology using ZnZrOx as a solid solution catalyst
[11]. Moreover, a molten salt nuclear reactor is now under con-
struction in Gansu, China [12].
3. Promote breakthroughs in multi-energy system integration
through cross-sector research

Multi-energy system integration can break through the existing
barriers in the energy sector and promote the integration of the
Fig. 1. Schematic diagram of the propos
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resource advantages of various energy systems. In addition, it can
reconstruct the energy and heavy industry system and realize the
green and low-carbon circular development of high-carbon indus-
tries in China. We have proposed a strategic technology roadmap
to achieve carbon neutrality with three main routes and three plat-
forms [13]. A diagrammatic sketch of the proposed multi-energy
system integration is provided in Fig. 1.

In the proposed roadmap, Route 1 involves the clean and
efficient use of fossil resources and coupling substitutions. CO2

emissions from coal combustion account for over 70% of the total
emissions from energy use in China [14]. According to the China
Energy Statistical Yearbook 2020, the coal combusted for power
generation and heat supply accounted for 60% of the total coal
consumption in 2019 [15]. The most effective way to reduce
CO2 emissions is to replace coal combustion with renewable
energy or nuclear power for power generation. In addition, a
certain number of flexible thermal power plants are still neces-
sary to keep the power system steady and reliable. Coal should
play a more important role in chemical production as a resource.
Through syn-gas/methanol platforms, the coal chemical industry
can complement chemical products from the petrochemical
industry through the production of olefins, aromatics, ethanol,
and ethylene glycol, for example. In addition, coupling the coal
chemical process to the petrochemical process can significantly
improve atomic utilization and energy efficiency; one example
is the coupling conversion of methanol and petroleum naphtha
to light olefins [16].

Route 2 involves the large-scale application of renewable
energy. China has committed to increasing the share of non-fossil
fuels in primary energy consumption to around 25% by 2030 [17]
and to what is expected to be more than 70% by 2050 [18]. Here,
the development of large-scale renewable energy is the priority,
as it will account for 60% of China’s energy mix. However, the pri-
mary drawback of renewable energy (e.g., wind and solar energy)
is its intermittent nature, due to its dependence on the weather.
A large-scale energy-storage platform will be essential for promot-
ing the large-scale and high-proportion development of renewable
energies.
ed multi-energy system integration.
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Route 3 involves low-carbon and intelligent multi-energy sys-
tem integration. Although continuously increasing the use of
renewable energy for power generation will greatly decrease the
CO2 emissions of the energy system, another major problem is
the decarbonization of carbon-intensive industries, such as the
iron and steel, cement, chemical, and non-ferrous metal industries.
Aside from innovative technological developments and synergies
among different industries, the green hydrogen produced by water
electrolysis using renewable or nuclear energy is another platform
that can facilitate the industrial transition. For example, we can
connect the steel to chemical industry to produce ethanol by using
the tail gas of steel plants as a carbon resource, which is economi-
cally feasible and can be integrated into a new type of circular
value chain [19]. It has been calculated that the conversion of
25% of the tail gas of China’s steel plants will produce around 10
million tonnes of ethanol, which can reduce China’s CO2 emissions
by about 20 million tonnes. Moreover, the use of green hydrogen
for metallurgy will cut around 80% of CO2 emissions in comparison
with the traditional blast furnace process [20]. Another example is
coal chemistry: A sufficient supply of green hydrogen for a coal-to-
olefin process will reduce the carbon emissions of the process by
around 70% [21]. At the same time, digital technologies such as
big data and artificial intelligence will have a tremendous impact
on the entire energy value chain, from generation, transportation,
and distribution to consumption.

4. Establish a new pattern of low-carbon development through
regional demonstrations

In view of the complex scenarios of energy application in China,
no universal model can resolve all the problems encountered in the
process of achieving peak carbon emissions and carbon neutrality
in China. Therefore, cross-domain demonstrations in typical
regions or industries can effectively promote technological itera-
tion, systematically innovate within institutional mechanisms,
and explore paths for the construction of a national modern energy
system, thereby promoting the establishment of a new pattern of
low-carbon development. At present, together with the govern-
ment of Shaanxi Province and industrial partners, the Dalian
National Laboratory for Clean Energy, CAS is planning a national-
level energy revolution and innovation demonstration zone in
Yulin [22]. They will establish and demonstrate an integrated
multi-energy system conforming to the characteristics of the
resources and environment in west China, with the aim of realizing
the low-carbon development of a city that is heavily reliant on its
fossil energy resources.

5. Conclusions

To achieve peak carbon emissions and carbon neutrality in
China, it is important to create an overall plan aimed at establish-
ing a clean, low-carbon, safe, and efficient energy system. By
breaking down the barriers between all energy-related industries
to form a resultant force, and with the support of local govern-
ments, regional low-carbon and clean energy supply systems will
be established according to local conditions. With breakthroughs
in key technologies, we can promote a national energy revolution
13
based on successful and revolutionary regional energy demonstra-
tions to resolve systematic energy problems. Therefore, top-level
design should be strengthened in order to establish a beneficial
mode of sustainable development involving joint efforts.
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