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Abstract: The vision of carbon neutrality is a climate ambition of milestone significance
for China and a key step for China's transition from industrial civilization to ecological

civilization. The realization of carbon neutrality requires profound changes in China's
technological and socioeconomic systems involving zero-carbon electric power, low-
carbon and zero-carbon end-use energy consumption, and negative emission technologies.
Achievement of carbon neutrality is subject to the choice of pathways for various sectors,
especially the electric power, industrial, transportation and construction sectors with
significant carbon emissions and decarbonization difficulties. The goal of carbon neutrality
will influence China's economic and industry systems, resource and industrial layout,
technological innovation and ecological environment in profound ways. Hence, China's
future policymaking on carbon neutrality needs to consider environmental, technological,
economic and social impacts, establish a correlation between carbon peak and carbon
neutrality, identify climate-friendly clean technology innovations in real earnest, and put
carbon neutrality into the overall plan for ecological civilization.
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1. Introduction

The vision of carbon neutrality was put forth in the context of global climate governance. China’s
socio-economic development and ecological civilization should, in the final analysis, achieve carbon
neutrality. The past three decades have seen great progress in the scientific awareness, political process
and industry actions for global response to climate change. Against the backdrop of global climate
governance, carbon neutrality is an inevitable stage of countries’ response to climate change. China’s
carbon neutrality commitment will bring great opportunities and challenges to its socio-economic
development. China’s carbon emissions and carbon intensity are both among the highest in the world.
In the foreseeable future, China will remain in the late stage of industrialization and urbanization. With
China’s economy on the rise and carbon emissions yet to peak, China’s economic development has yet
to be decoupled from carbon emissions. For a long period of time, China’s carbon emissions and carbon
intensity will both remain high. It will take about three decades for China to move from carbon peak to
carbon neutrality. Within this short span, it will take much greater efforts for China to achieve the vision
of carbon neutrality compared with developed countries in Europe and North America. Yet the vision of
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carbon neutrality opens up opportunities for China to address challenges to its strategic energy, economic
and ecological security in its modernization drive. In achieving its vision for carbon neutrality, China
needs to embark upon a new path of development less reliant on fossil fuels. By reshaping its energy and
industrial systems, China will unlock greater growth potentials for its industrial economy while ensuring
energy and ecological security.

2. China’s March towards Carbon Neutrality

On September 22, 2020, Chinese President Xi Jinping declared for the first time at the General
Debate of the 75" Session of the United Nations General Assembly (UNGA) that China would increase
its nationally determined contributions (NDCs) and step up policies and initiatives to peak its CO,
emissions by 2030 and strive to achieve carbon neutrality before 2060. This important declaration marks
China’s strategic decision to fulfill its responsibility in creating a community with a shared future for
humanity and pursuing sustainable development. It is also a strategic arrangement of the CPC Central
Committee and the State Council for coping with domestic and international situations. Internationally,
the targets for carbon peak and carbon neutrality represent China’s steadfast support to multilateralism.
In joining hands with countries to meet the challenges of climate change and contributing Chinese
wisdom to protecting Planet Earth for human survival, China lives up to its status as a responsible
stakeholder. Domestically, the targets for carbon peak and carbon neutrality coincide with China’s goal
of building a strong socialist modern nation by the middle of this century with far-reaching significance
to the sustainable development of the Chinese nation. In the foreseeable future, China will follow these
targets in its broader initiatives of climate change response, green and low-carbon development, and
ecological civilization.

China’s climate policy targets have been consistent and reinforced. In 2009, the Chinese government
made a carbon intensity commitment to “reduce CO, emissions per unit of GDP by 40% to 45% by 2020
on the basis of 2005”. In 2015, this commitment was renewed into “reducing CO, emissions per unit
of GDP by 60% to 65% by 2030 on the basis of 2005.” In 2014, China put forth its carbon peak target,
vowing to peak CO, emissions by around 2030 or earlier where possible. The target for carbon neutrality
announced in 2020 marks a step forward in China’s climate policy. After China announced its target for
carbon neutrality, the Chinese leadership made a series of important speeches on various international
and domestic occasions, including the United Nations Summit on Biodiversity, the Third Paris Peace
Forum, the 12" BRICS Summit, the G20 Riyadh Summit, the Climate Ambition Summit, the Davos
World Economic Forum, China’s Central Economic Work Conference, China’s Ninth Meeting of the
Central Committee for Financial and Economic Affairs, and the Leaders’ Summit on Climate (see Figure 1)
(Wang and Zhang, 2021). The Chinese leadership mentioned carbon neutrality with increasing frequency
and determination, indicating China’s resolve and confidence in achieving carbon neutrality by 2060.
From the carbon neutrality target by 2060 to the renewal of NDC target and tightened control on non-
CO, greenhouse gas emissions, China has been broadening the regulatory scope for carbon neutrality and
steadily implementing relevant work. Without a doubt, it is a tough battle to achieve carbon neutrality
and a big test for the Party’s governance capabilities. For this reason, carbon neutrality needs to be
carried out in a steady manner and requires joint participation of all social members.

3. Supporting Technologies for China to Achieve Carbon Neutrality

3.1 Description of Technological System

The technological system for achieving the vision of carbon neutrality consists of four categories
of technologies, including zero-carbon electric power system, low-carbon/zero-carbon end-use energy
consumption technologies, negative emissions, and non-CO, greenhouse gas emissions reduction
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o International occasions

gth

September 22, 2020, General Debate of the 75™ Session of the
United Nations General Assembly

China will increase its nationally determined contributions (NDCs)
and step up policies and initiatives to peak its CO, emissions by
2030 and strive to achieve carbon neutrality by 2060.

September 30, 2020, the United Nations Summit on Biodiversity
Once again mentioned the “3060” targets to make greater efforts
towards and contributions to achieving the goals set forth in the Paris
Agreement on climate change.

November 12, 2020, the Third Paris Peace Forum
Once again mentioned the “30+60” targets and announced that the
Chinese government would draft an implementation plan

November 17, 2020, the 12" BRICS Summit
Once again mentioned the “3060” targets and vowed that “we will
keep our word!”

November 22, 2020, the G20 Riyadh Summit
Once again mentioned the “30+60” targets and declared that “China
will keep its word and steadfastly fulfill its targets.”

December 12, 2020, the Climate Ambition Summit

Further announced that on the basis of the “30+60” targets, China
would reduce its CO, emissions per unit of GDP by over 65% by
2030 on the basis of 2005, increase the share of non-fossil fuels in
primary energy consumption to around 25%, increase forest stock by
6 billion cubic meters on the basis of 2005, and reach a total installed
wind and solar power capacity above 1200 GW.

January 25, 2021, “Davos Agenda” Dialogue at the World Economic
Forum

Once again mentioned the “30+60” targets and revealed that China
was formulating an action plan and had started to take specific
measures to achieve the set targets

April 22,2021, Leaders’ Climate Summit

China will strictly control coal-fired power projects, curb coal
consumption growth during the 14" Five-Year Plan period, and

take steps to reduce coal consumption during the 15" Five-Year
Plan period. In addition, China has decided to accept the Kigali
Amendment to the Montreal Protocol and tighten the control of non-
CO, greenhouse gas emissions.

e Domestic occasions

December 16-18 2020, the Central Economic Work Conference
We should work properly to achieve carbon peak and carbon
neutrality. We should try to peak China’s CO, emissions before
2030 and achieve carbon neutrality before 2060. We should race
to formulate an action plan for carbon peak by 2030 and support
localities with proper conditions to achieve carbon peak first.

February 19, 2021, the 18" Meeting of the Central Committee for
Deepening Overall Reform

Establish a sound economic system for green and low-carbon
circular development, and formulate an action plan for carbon peak
before 2030.

March 15, 2021, Ninth Meeting of the Central Economic and
Financial Affairs Committee

Achieving carbon peak and carbon neutrality is an extensive and
profound socioeconomic transformation. We should include carbon
peak and carbon neutrality into the overall plan for ecological
civilization. When we clutch a piece of iron, we will leave our
handprints on it. With this spirit, we should achieve carbon peak by
2030 and carbon neutrality by 2060 as planned.

On March 25, 2021, General Secretary Xi Jinping said during his
inspection to Fujian Province:

“We should include carbon peak and carbon neutrality into the plan
for developing an ecological province, formulate a timetable and
roadmap in a science-based manner, and promote modernization
with the harmonious coexistence between man and nature.”

On April 30, 2021, General Secretary Xi Jinping stressed at the 29"
group study session of the Political Bureau of the Central Committee
of the CPC that

“In the 14" Five-Year Plan period, with decarbonization as a strategic
direction, China’s development of ecological civilization has
entered into a critical stage of pollution abatement in coordination
with decarbonization to raise efficiency, all-round green transition
for socio-economic development, and qualitative improvement in the
ecological environment on the basis of quantitative change.”

Figure 1: Implementation of China’s Carbon Neutrality Target

Source: Wang and Zhang (2021).
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CO, emission /(Gt/Year)

Low-carbon/zero-carbon end-use energy
consumption technologies

Raise energy efficiency per unit of output:
structural adjustment, product substitution, process
re-engineering, and behavioral change

*Reduce the direct use of fossil fuels the end-use
energy consumption: new-type fuel substitution and
electrification

Zero-carbon electric power system
*Traditional renewable energies: PV, wind and
hydropower energies

*Non-traditional renewable energies: geothermal,

6 Zero-carbon electric biomass, nuclear and hydrogen energies
4 power system *Power grid upgrade: smart grid and energy storage
: systems
21 ! Net zero emission
| path s = Negative emission technologies
0 : *Carbon capture, utilization and storage (CCUS),
i biomass energy carbon capture and storage
27 ' (BECCS), direct air carbon capture (DAC)
-4 : : *Agricultural and forest carbon sink
2020 2030 2040 2050 2060

Figure 2: Net Zero Emission Technologies under the Carbon Neutrality Vision
Source: Wang and Zhang (2020); Wang et al. (2021).

technologies. The first three are important pillars of the CO, net zero emissions technology system (see
Figure 2).

Rapid decarbonization is a necessary condition for achieving the carbon neutrality vision.
This vision is underpinned by the important transition from carbon-intensive fossil fuels to clean
energies through the penetration of zero-carbon energy technologies and processes based on complete
electrification. In addition to the development of traditional renewable energies such as wind, PV and
hydropower, decarbonization also requires a significant increase in non-traditional renewable energies
like geothermal, biomass, nuclear and hydrogen energies. A significant proportion of power generation
from intermittent renewables needs to be matched with powerful energy storage and smart grid systems
to decarbonize energy use.

Low-carbon/zero-carbon end-use energy consumption technologies are concentrated at the left end
of the emissions abatement cost curve, characterized by significant emissions reduction effects with
low costs and even lucrative revenues. This category of technologies is applied in a wide range of key
energy-consuming sectors with different processes such as industrial, construction and transportation
sectors. In terms of decarbonization methods, such technologies can be divided into the following two
directions: Firstly, energy consumption efficiency per unit of output can be raised through structural
adjustment, product substitution, process re-engineering and behavioral change to reduce energy
consumption. Secondly, carbon emissions can be cutted by reducing the direct use of fossil fuels in the
end-use energy consumption process through fuel substitution and electrification. Existing estimates
point to great potentials for improving energy efficiency in various sectors. For instance, energy
efficiency still has the potential to increase by 50% in the transportation sector and by 10% to 20% in
industrial sectors (Energy Transition Commission, 2020).

Negative emission technologies may increase flexibility for electric power systems based on
renewable energies. Such technologies include agricultural and forest carbon sequestration, carbon
capture, utilization and storage (CCUS), bioenergy with carbon capture and storage (BECCS) and direct
air carbon capture and storage (DACCS), whose economic performance is subject to the feasible and
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secure effective capacity of carbon sequestration in various regions (Energy Transition Commission,
2020).

3.2 Zero-Carbon Electric Power Systems

As a necessary condition for China to achieve its vision of carbon neutrality, decarbonization in
energy systems puts forth higher requirements on zero-carbon electric power systems. Carbon neutrality
in sectors like industry, transportation and construction is dependent on zero-carbon electric power
systems. On the basis of complete electrification, all sectors need to employ zero-carbon electric power
for the transition from carbon-intensive fossil fuels to clean energies to decarbonize the use of energy
(Wang and Zhang, 2020). In the three stages of carbon peak, plateau and neutralization, new-energy
technologies will play an important role. In the carbon peak period before 2030, China needs to apply
energy efficiency improvement, emission abatement and renewable energy technologies; in the plateau
period before 2050, China’s carbon emission abatement will focus on the rollout and commercial
application of decarbonized and zero-carbon technologies, as well as the complete substitution of
decarbonized fuels, raw materials and processes; in the following period, decarbonization and zero-
carbon technologies will be further rolled out for achieving the neutralization target by 2060. The
vision of carbon neutrality will trigger an energy revolution, reshape the energy industry, and replace
fossil fuels such as coal in the energy system with new low-carbon energies. Meanwhile, China’s
energy system will transition towards green, low-carbon, secure and efficient performance and achieve
electrification, smart and network-based operations.

The zero-carbon electric power system encompasses three components: zero-carbon power source,
energy storage, and power grid. Under the carbon neutrality vision, new-type electric power systems
include zero-carbon power generation based on renewable energies such as Photovoltaic (PV), wind
and hydropower, zero-carbon power consumption based on mass energy storage technologies, and zero-
carbon power distribution through smart grid. Furthermore, strategic emerging industries such as new
energy vehicles, the internet of things (IoT) and artificial intelligence (Al) will jointly support the secure
and stable operation of energy systems.

Zero-carbon power technologies lie at the heart of zero-carbon power systems. Mature technologies
include wind, PV, hydropower, biomass, geothermal, tidal, and nuclear energies. Wind and PV systems
are relatively mature zero-carbon power generation technologies with positive employment, regional
environment and health benefits with broad public acceptance. With increasing cumulative installed
capacity, wind and PV systems have become commercially competitive with conventional thermal
power, offering superior cost and technological performance.

As a mature technology with high energy density and superior economic performance,
hydropower plays a pivotal role in the low-carbon transition of China’s energy system (Energy
Transition Commission, 2020). However, China’s hydropower resources are limited and uneven. With
the construction of hydropower stations in downstream regions, future hydropower resources to be
developed in China will be concentrated in the mid- and upstream regions of Sichuan, Yunnan, Qinghai
and Tibet (CICC, 2020).

Nuclear energy technologies include heavy nuclear fission in the commercialization stage and
light nuclear fission still under experiment. Compared with PV or biomass power generation, nuclear
power offers greater emission reduction benefits (Zwaan, 2013; International Energy Agency, 2015)
and employment dividends. On the other hand, nuclear power is faced with challenges in supply chains,
economic performance, nuclear safety, political factors, and public acceptance.

Geothermal resources include hot springs, shallow geothermal energy developed with heat pump
technology, geothermal fluid extracted through artificial drilling, and geothermal resources in dry-heat
rock bodies. The benefits of geothermal energy include abundant geothermal reserves, broad distribution,
stable and reliable performance and high energy utilization factor. Yet geothermal energy remains in the
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carly stage of development due to uneven resource distribution, insufficient exploration, technological
immaturity, and imperfections in policy and administrative systems.

Biomass energy sources include sludge, agricultural and forest residues, energy crops, and perennial
lignocellulose (International Energy Agency, 2017). Although biomass technology is more mature, the
aggregate amount of waste biomass is low, and biomass crops may occupy arable land and increase
water scarcity, among other ecological risks.

Given the distributed attribute of zero-carbon new energies, fundamental changes will occur in
energy storage, power grid, and energy mix. As far as the carbon neutrality vision for 2060 is concerned,
hydrogen, ammonia and electrochemical energy storage solutions are considered as technologies with
great potentials. Different energy storage methods have distinctive advantages in terms of energy storage
duration, efficiency and capacity. For short-term and low-capacity power transmission, batteries are
the most efficient and convenient energy storage solution. Yet ammonia energy storage could be more
effective for long-term energy storage or mass application. Power grid dispatching and capacity will
greatly influence the efficiency of energy use, giving rise to smart power grid dispatching, smart energy
services, and smart power grid control. Power grid system needs to evolve from traditional centralized
grid focusing on stability, reliability and resiliency to smarter and more flexible distributed grid.

3.3 Low-Carbon and Zero-Carbon End-use Energy Consumption Technologies

In addition to low-carbon energy sources, carbon neutrality also requires decarbonization efforts on
the end-use consumption side. Low-carbon and zero-carbon end-use energy consumption technologies
fall into the five categories of energy efficiency, electrification, fuel substitution, product substitution and
process re-engineering, as well as a circular carbon economy.

Energy-efficient technologies are applicable to almost all end-use energy consuming sectors. Such
technologies may help achieve decarbonization by raising energy efficiency and adjusting structure and
ways of life without affecting living standards. According to the International Energy Agency (IEA),
the construction sector may contribute over 40% to global energy efficiency improvement (International
Energy Agency, 2019). Energy efficiency in the transportation sector is achieved by using carbon-
abatement technologies for traditional fuel vehicles, improving transportation structure, and promoting
clean energies for transportation equipment and infrastructure. Industrial production process involves
a broad range of energy efficiency technologies, most of which are related to heat exchange process
optimization, equipment efficiency improvement, and digitalization.

Electrification is a key impetus and tool for achieving carbon neutrality in the energy system in
coordination with low-carbon or zero-carbon energy supply. According to the estimates, about 50% of
decarbonization of greenhouse gas emissions from human activity is achieved through the use of clean
electric power, including the electrification of transportation system, the production of green hydrogen
energy, and the electrification of various industrial processes (Sachs, 2021). The electrification of
transportation offers potentials for access to frontier technologies such as 5G communication, artificial
intelligence (Al), big data, and supercomputing. Such technologies, once applied in the cooperative
vehicle-infrastructure system (CVIS), will become important technological trends for decarbonization
in the transportation sector. With electrification basically completed for the construction sector,
lighting, refrigeration and home appliances, heat pump heating will become a critical area for the early-
stage deployment of electrification technologies. By 2030, the global penetration of household heat
pump heating facilities will reach 22%, reducing carbon emissions in the construction sector by 50%
(International Energy Agency, 2020).

New fuel substitution is an essential technology for decarbonization in end-use energy-consuming
sectors. Hydrogen energy may replace fossil fuels to reduce GHG emissions by a maximum of 20%.
For instance, the combination between hydrogen and fuel cells provides a solution for long-term
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transportation; hydrogen energy offers a solution to high GHG emissions in the steel and chemical
sectors; in the construction sector, carbon emissions from fuel gas heating can be reduced by mixing
hydrogen into natural gas (Renssen, 2020). From a lifecycle perspective, biomass has near-zero carbon
emissions and positive climate effects with broad potentials for application in clean heating in northern
rural China and industrial sectors such as transportation, cement, iron and steel, and chemical sectors.

Product substitution and process re-engineering are low-carbon end-use energy consumption
technologies applicable to industrial sectors. Product substitution has broad applications in concrete,
steel, and other building materials. For instance, calcined clay and inert filler are the most extensive
options for reducing cement clinker content, and is estimated to reduce 600 million tons of CO,
emissions in the cement industry each year. Moreover, smart features, new technologies, new equipment
and disruptive energy-efficient processes may reduce energy consumption in industrial production,
increase energy and resource efficiency, and reduce carbon emissions.

Circular economy is an economic mode based on regeneration and restoration aimed at weaning
economic growth dependence from limited resources and fostering more resilient and sustainable socio-
economic systems. With great emission abatement potentials in the industrial sectors, a circular economy
prevents waste in product design and recycles products, components and materials. Circular economy
strategies are estimated to cut CO, emissions by 40% or 3.7 billion tons by 2050 in the four critical
industrial sectors of cement, steel, plastics, and aluminum (Energy Transition Commission, 2018). With
cost-effective business modes, high-quality recycling and the reduction of waste in the construction
process, circular economy strategies may also achieve negative emission abatement cost, i.e. create
revenues from emissions abatement (Material Economics, 2018).

3.4 Negative Emission Technologies

Also known as carbon dioxide removal (CDR), negative emission is a critical technology for
keeping global temperature rise below 1.5°C. With the proposition of the carbon neutrality concept
and the broadening perspective of the Earth’s carbon cycle, negative emission technologies encompass
all technical pathways with negative carbon effects, primarily terrestrial carbon sinks and CCUS
technologies.

As an important nature-based solution (NbS), terrestrial carbon sinks include forest, grassland,
farmland and wetland carbon sinks. Forest carbon sink is achieved by increasing and improving forest
stock. Specific methods include protecting forests, closing hillsides for afforestation, forest tending,
improving forest stand, and promoting sustainable forests. Grassland carbon sink requires grassland
protection and the prevention of overgrazing by establishing long-term mechanisms for grassland
ecological compensation and returning grazing land to grassland. Farmland carbon sink is achieved
by raising farmland productivity and improving soil quality for carbon absorption. In particular, GHG
absorption and sequestration in soil can be enhanced by increasing the content of organic matters in
farmland soil. Wetland carbon sink can be achieved by increasing wetlands and conducting ecological
restoration. Specific methods include the protection, ecological recovery, restoration and expansion of
wetlands.

CCUS technology has been considered as the only solution for the clean use of fossil fuels. The
principal mechanism of CCUS technology is to block CO, emissions from fossil fuels from entering
the atmosphere. Under the carbon neutrality target, fossil fuels as a share in the energy mix face a sharp
decline, and only a small portion will be retained in the electric power system to stabilize generation
and support sectors where decarbonization is challenging. For those fossil fuels to achieve near zero
emissions, they should to be matched with CCUS technology. As a technology for the low-carbon use
of fossil fuels on a mass scale, CCUS is an indispensable technology for carbon neutrality and energy
security. Biomass energy, BECCS and DACCS are negative emission technologies based on traditional
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CCUS technology. While BECCS captures and sequestrates CO, from the atmosphere through
photosynthesis, DACCS utilizes man-made devices to capture CO, directly from the air. Compared with
traditional CCUS technology, BECCS and DACCS may reduce CO, concentration in the atmosphere
and qualify as “negative emission” technologies in real earnest, allowing for carbon capture devices to
be located more flexibly and conveniently.

For BECCS or DACCS, their mass deployment is predicated upon the commercialization of CCUS
technology, which remains in the demonstration stage and too costly to be deployed on a mass scale.
DACCS is in the stage of fundamental research with a cost of about 134-345 US dollars/ton of CO,
(International Energy Agency, 2020). It is also possible to be the negative emission technology with
the greatest potential for CO, removal. Compared with DACCS, BECCS is more feasible in terms
of cost, which is 15 to 85 US dollars/ton of CO, (International Energy Agency, 2020). Biofuels that
exist extensively also provide possibilities for rapid BECCS development. Yet the mass deployment of
BECCS is dependent on that of CCUS, whose high cost poses a key barrier.

4. Carbon Neutrality Pathway for Key Sectors

4.1 Electric Power Sector

According to Wang and Zhang (2021), it takes the following three stages for the electric power
sector to achieve carbon neutrality:

Stage 1 (2021-2030): The main goal is to achieve carbon peak in the electric power sector. Priorities
include: On the power generation side, we should reduce renewable energy tariffs to a level below
benchmark electricity tariffs by reducing the cost of renewables such as PV and wind power generation,
steadily develop nuclear energy and hydropower, peak the demand and consumption of coal and other
fossil fuels, and peak carbon emissions from the electric power system; remodel thermal power facilities
to stabilize power generation at a lower cost; standardize renewable power generation and reduce
wind and PV curtailment due to incompatibility. On the power transmission side, we should continue
to build ultra-high-voltage power grid, enhance power grid transmission, develop flexible power grid
technologies to match renewable energy synchronization capabilities, step up energy storage R&D, and
develop smart demand-side response management systems. In this stage, non-fossil fuels as a share of
China’s power generation will increase from 32% in 2020 to 46%-53% by 2030, and the installed capacity
of non-fossil fuels will increase from 43% in 2020 to 65%-69% by 2030 (CICC, 2020; the Rocky Mountain
Institute and Energy Transitions Commission, 2021). Prevailing research indicates that the power system is
more likely to reach carbon peak before 2030 and even 2025 (the Energy Foundation, 2020; Institute for
Climate Change and Sustainable Development at Tsinghua University, 2020).

Stage 2 (2031-2045): The main goal for this stage is to bring about a rapid decline in carbon
emissions from the power sector. On the generation side, priority should be given to increasing
renewables as a share of China’s power generation and installed capacity, generating electric power
from non-fossil fuels to meet increasing power demand, and substituting the stock of fossil fuels with
non-fossil fuels. On the transmission side, priority should be given to developing flexible and mature
power grid technologies while increasing non-fossil fuels as a share of China’s total installed capacity,
developing technologies for two-way smart generation and user demand management, and creating
new business modes. In this stage, the application of energy storage technologies on the demand side
will sharply reduce the cost of energy storage and keep power generation and energy storage cost for
renewables below benchmark electricity tariffs (CICC, 2020) to speed up the deployment of renewables.
By 2045, power generation from non-fossil fuels will increase to about 88%, and the installed capacity
will reach 94% or so (CICC, 2020). Carbon emissions from the power sector will sharply decrease with
the increasing share of renewables.

Stage 3 (2046-2060): The main goal for this stage is to achieve carbon neutrality in the power
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sector. In this stage, priority should be given to long-term development for hydrogen production cost to
reach a competitive level. On the power demand side, with increasing hydrogen consumption primarily
for industrial production, electrolytic hydrogenation requires a further increase in power supply. From
the power generation side, non-fossil fuel power generation technologies will further increase with
rising power demand and further replace the stock of generation capacities from fossil fuels where
necessary. On the supply side of power transmission, flexible power grid technologies will become fully
mature and smart power production and consumption technologies will be extensively applied in power
system management and dispatching for achieving carbon neutrality in the electric power sector. Studies
suggest that the electric power sector is highly likely to achieve zero carbon emissions by around 2050
(the Energy Foundation, 2020; Institute for Climate Change and Sustainable Development at Tsinghua
University (ICCSD), 2020). Technologies such as biomass will be deployed to achieve negative carbon
emissions from the power sector in support of economy-wide carbon neutrality by 2060 (the Energy
Foundation, 2020). By 2050, power generation from the power sector will reach 11 trillion-18 trillion kWh,
of which non-fossil fuels account for 80% to 94% and fossil fuels make up for the rest 6% to 20%.
Studies have widely recognized the importance of electrification to carbon neutrality in energy-using

Table 1: Existing Forecasts on China’s Power Generation and Structure under the Vision of Carbon Neutrality

Year Power generation| Share of non- | Share of coal-fired Source
(trillion kWh) | fossil fuels (%) |power generation (%)

Integrated Report Drafting Team of Institute for Climate Change and

2050 13.1-14.3 90.7-90.9 6.3-65 Sustainable Development at Tsinghua University (ICCSD) (2020)

2050 - 80 12 Boston Consulting Group (BCG) (2020)

2050 15 93 7 Energy Transition Commission (ETC) (2020)

2050 11.8 90 10 World Resource Institute (WRI) (2020)

2050 13 80 - CNPC Research Institute of Economics and Technology (2020)

2050 15 ) ) Rocky Mountain Institute (RMI) and the Energy Transition Commission
(ETC) (2021)

2050 16 ) ) Global Energy Interconnection Development and Cooperation Organization
(GEIDCO) (2021)

2060 17 ) } Global Energy Interconnection Development and Cooperation Organization
(GEIDCO) (2021)

Source: Collected from literature and publicly available information.

Gas-fired power generation | 3.2l 7.0
Coal-fired power generation 34
Biomass [0:777 3.2
Hydropower 66738
Nuclear power | 3.1 M58
PV 352 444
Wind power 31.3 I 43.6

0.0 5.0 100 150 200 250 300 350 40.0 450 50.0(%)

Figure 3: Proportion of Installed Capacities of Key Power Sources under the Carbon Neutrality Vision for 2050
Source: Energy Transition Commission (ETC), 2020.
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sectors and zero-carbon power generation. As such, the low-carbon transition of the power sector is faced
with dual challenges of structural adjustment for zero-carbon energy substitution and rising demand for
highly electrified power consumption. Those challenges are increasingly seen as new requirements and
opportunities under the vision of carbon neutrality. With different scenarios, studies have forecasted the
scale and composition of China’s power generation under the pathway of carbon neutrality, as shown in
Table 1. It is generally forecasted that China’s power generation will reach 11 trillion-18 trillion kWh by
2050 under the vision of carbon neutrality, which is an increase of 0.4-1.4 times compared with China’s
total power generation of 7.6 trillion kWh in 2020, and 80% of such power generation will be used for
electrification in construction, light road transportation, railway transportation and industrial sectors, and
20% will be used for the production of fuels such as hydrogen and synthetic ammonia (Energy Transition
Commission, 2010).

Figure 3 shows the estimated installed capacities of various power sources under the carbon
neutrality vision. Among them, the share of installed wind capacity will increase from the current 12.8%
to 31.3%-43.6% to reach 2.31 billion to 2.74 billion kWh, which is about nine times the current installed
capacity. The share of installed PV capacity is expected to rise from the current 11.5% to 35.2%-44.4%
to reach 2.21 billion to 3.55 billion kW, which is nine to 14 times the current installed capacity. The
share of installed nuclear capacity will rise from the current 2.3% to 3.1%-5.8% to reach 230 million to
330 million kW, which is 4.6-6.6 times the current installed capacity. The share of installed hydropower
capacity will increase to 6.6%-7.8% to reach 420 million to 580 million kW, which is about 1.5 times the
current installed capacity. Under the carbon neutrality vision, the installed capacity of non-fossil energies
will increase sharply, giving rise to broad development potentials and investment opportunities.

Currently, the zero-carbon transition pathway for the electric power sector has become clear.
However, necessary supporting technologies are still in R&D or pre-R&D stage. Achieving the
carbon neutrality vision calls for technological breakthroughs. As such, attention should be focused on
strategically important technologies even though they are currently immature and costly. The stability
of electric power system is highly dependent on power grid, energy storage, distributed renewables and
demand-side response technologies. Compared with renewables-based generation technologies that are
already competitive, the cost of applying the above-mentioned technologies remains exorbitant, and
some technologies are still in R&D stage without mature applications. Secure and stable power supply
is vitally important to the realization of zero-carbon electric power systems and represents a priority and
challenge in ongoing R&D programs.

4.2 Industrial Sector

As major carbon emitters, industrial sectors face complexities and difficulties for decarbonization
with a diverse range of emission abatement technologies. Compared with developed countries, China
lags behind in some critical low-carbon technologies and needs to speed up its R&D process. The
share of industrial carbon emissions in China’s total man-made carbon emissions increased before
decreasing and currently stands at around 40%, making industrial sectors the second-largest source of
carbon emissions in China. Table 2 describes China’s industrial carbon emissions abatement pathways
as revealed by different studies. Most studies suggest that China’s industrial emissions will remain
positive in target years. In the scenario of near carbon neutrality, positive industrial carbon emissions
are generally believed to be around O to 1.5 billion tons, and cement and steel sectors will continue to
be major emitters with 300 million to 400 million tons of carbon emissions, respectively. Under the
condition of zero carbon emissions, industrial sectors still need to rely on negative carbon emissions
from other sectors such as energy and agricultural and forest carbon sequestration to offset remaining
industrial carbon emissions.

The following priorities warrant great attention for achieving industrial carbon neutrality objectives.
A key step for carbon neutrality in China’s industrial sectors is to adjust the energy mix. Specifically,
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industrial sectors such as iron and steel, cement and chemical sectors need to further raise the share of
electric power and other non-fossil fuels and take steps to reduce the proportions of coal, petroleum,
natural gas and other fossil fuels. For the iron and steel sector, China needs to ramp up research on
hydrogen-powered steel smelting technologies. China’s cement sector leads the world in terms of
energy efficiency and clinker factor, and the current priority is to step up R&D on fuel and feedstock
substitution. Regarding fuel substitution, biogas or biomass (solid wastes with high calorific value) may
replace fossil fuels. As part of the garbage sorting system, China should develop technologies for the
integrated treatment and application of multi-source alternative fuels. Meanwhile, alternative feedstocks
with low carbon emissions such as desulfurized gypsum and electric furnace slag can be used to reduce
carbon emissions from limestone decomposition. China should also develop technologies for the
integrated application of broader alternative feedstocks such as magnesium oxide and alkali/geopolymer
adhesives.

4.3 Transportation Sector

Amid rapid economic growth, China’s transportation sector has entered a fast track of development.
Transportation has become China’s second-largest CO, emitter next only to industry (Huang, 2017) with
an annual growth rate of CO, emissions above 7.5%. Emissions from the transportation sector will be

Table 2: Forecast of China’s Industrial Carbon Emissions by Different Research Reports

Tareet Peak (100| Emissions in
Sector eir Scenario Target year million |target year (100 Downward trend Data source
Y tons) million tons)
Policy scenario | Around 2025 58 46.1 - . .
Integrated Project Report Drafting
Enhanced policy | Around 2025 57 342 - Team (2020) of the Institute for
Industry | 2050 Climate Change and Sustainable
2C scenario Around 2025 53 16.7 - Development at Tsinghua
D B ; ; ; University (ICCSD) (2020)
1.5°C scenario | Immediate peak - 7.1 Approximately linear
Benchmark ) ) 3739 _
scenario c e G (BCG)
Boston Consulting Group
Industry | 2050 | > scenario . y 2527 - (2020)
1.5°C scenario - - 13.65-15.6 -
2°C scenario | Immediate peak - 8-18 -
Industry | 2050 The Energy Foundation (2020)
1.5°C scenario | Immediate peak - 2-10 -
. . Slow before The World Resources Institute
Industry | 2050 | Enhanced action | Immediate peak - 29 accelerating decrease (2020)
Industry | 2060 Carb;);}r;:/l;t;ahty Immediate peak - 4 Approximately linear Goldman Sachs (2021)
Industry | 2050 Best estimate | Immediate peak - 4 SIO“./ before DNV-GL (2019)
accelerating decrease
Industry | 2050 1.5C scenario | Immediate peak - 0-13 Inconsistent Duan et al. (2021)
Cement Carb i Immediate peak - 4.96 Rapid g:f:;:silowmg
2060 |3 ;’C“er‘l‘;r‘iga ity e CICC (2020)
Steel Immediate peak - 4.6 apid betore slowing
decrease
Cement b . Immediate peak - 3.1 Rapid g:ggézsilowmg
2060 | Carbon neutrality T — CICC (2021)
Steel Immediate peak - 32 apid belore stowing
decrease

Source: Collected from literature and publicly available information.
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Table 3: Forecasts of Steel and Cement Output and Electric Furnace Steel Smelting

Sector Forecast result Data source
Integrated Project Report Drafting Team (2020) of
Indust Output gradually decreases. By 2050, cement output will decrease by 71% | the Institute for Climate Change and Sustainable
y on the basis of 2020 (about 700 million tons). Development at Tsinghua University (ICCSD)
(2020)
Steel By 2050, steel output will reach 475 million tons, and electric furnaces
e will account for 60%. Energy Transition Commission (ETC) (2020)
Cement By 2050, cement output will reach 800 million tons.
Steel By 2050, steel output will be 710 million tons, and electric furnaces will IEA (2020)
account for 50%.
Cement By 2050, cement output will reach roughly 1.5 billion tons. 1EA (2020)
Output will gradually decrease. By 2060, cement output will be some 760
Cement o
million tons.
- - CICC (2020)
Output will gradually decrease. By 2060, steel output will be about 650
Steel g . .
million tons, and electric furnaces will account for 60%.

Source: Collected from literature and publicly available information.

Table 4: Technical Pathways for Industrial Carbon Neutrality in Various Studies

Contributions of carbon emission technologies by 2050/2060 Source

1.6 billion tons from energy efficiency improvement; 400 million tons from production structural adjustment; 500

million tons from energy transition; 1.3 billion tons from CCS Liu et al. (2019)

362 million tons from industrial production optimization; 372 million tons from industrial energy efficiency
improvement; 80 million tons from industrial energy mix improvement; 939 million tons from cross-sector
emission abatement policies (such as carbon price mechanism and CCS)

World Resources Institute
(2020)

1.3 billion tons from energy efficiency / circular economy; 1.2 billion tons from hydrogen energy; 1.1 billion tons

from electrification; 270 million tons from biomass; 1.5 billion tons from carbon capture. Goldman Sachs (2021)

Source: Collected from literature and publicly available information.

significant if it fails to greenize. With a strong lock-in effect and path dependence, the cost of reducing
GHG emissions is higher for the transportation sector compared with other sectors. Involving myriad
entities and subject to technology progress and behavioral change, the transportation sector is faced with
the greatest challenges in reducing carbon emissions. Under the target of carbon neutrality by 2060,
China’s transportation sector should transition towards low-carbon development and achieve net zero
CO, emissions. Carbon emissions from the transportation sector should peak as soon as possible before
2030 and decrease rapidly after the plateau period. By 2050, China should try to reduce CO, emissions
from its transportation sector by 80% (Energy Foundation, 2020). Studies have estimated different
emission pathways for China’s transportation sector, and key parameters are forecasted in Table 5.
Overall, it takes the following three stages to achieve carbon neutrality in China’s transportation sector,
Stage 1 (2020-2030): The primary goal for this stage is to peak carbon emissions from China’s
transportation sector as soon as possible and strictly control the emissions peak to leave a buffer period
for the decrease of carbon emissions in the subsequent stages. For this stage, an important strategy
would be to upgrade traditional energies such as fuel oil and develop new energies like hydrogen at the
same time. Specifically, China should improve the oil consumption structure of its transportation sector
and try to peak oil consumption in transportation around 2025 (CNPC Research Institute of Economics
and Technology, 2020). At the same time, traditional energy sources should be replaced with clean
energies such as electric power, hydrogen, and biomass. By 2030, China should try to ensure that all
new passenger vehicles are new energy vehicles powered by electric power or fuel cell, making them
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affordable and equally or more economical compared with traditional fuel-powered vehicles. New
energy vehicles should account for 40% of the total car population, and achieve carbon neutrality for full
lifecycles. According to the forecast by the Institute for Climate Change and Sustainable Development at
Tsinghua University (ICCSD) (2020), energy demand in China’s transportation sector is projected to be
583 million tce by 2030 with 1,037 million to 1,075 million tons of CO, equivalent (CO,e).

Stage 2 (2030-2015): Plateau or decarbonization period. The primary target for this stage is to
accelerate decarbonization. In this stage, transportation systems will continue to improve, energy
efficiency will keep rising, and major breakthroughs in low-carbon new technologies and new energy
consumption modes will further drive decarbonization and energy diversification in the transportation
sector. Regarding road transportation, new energy vehicles will account for over 50% by 2035 (China
Society of Automotive Engineers, 2020), and the hydrogen fuel cell vehicles will exceed one million
units. Except for very few fuel-efficient vehicle models, traditional fuel vehicles will be prohibited. With
further development in energy storage technologies, electrically and hydrogen powered airplanes will
reach a certain level of commercialization, sharply reducing carbon emissions from the aviation sector.

Stage 3 (2050-2060): Complete neutralization. After the first two stages of transition, energy demand
in China’s transportation sector will be transformed in this stage. In the 2050s, almost all passenger
vehicles in China will be electric vehicles, and other types of vehicles based on alternative fuels will be
much more efficient than traditional vehicles. Close to 100% of railways in China will be electrified,
and the remainder may use hydrogen energy. Hydrogen fuel penetration will exceed 50% in the aviation
sector. According to a forecast by the Institute for Climate Change and Sustainable Development at
Tsinghua University (ICCSD) (2020), energy demand in China’s transportation sector will decrease to
somewhere between 346 million and 402 million tce with emissions reduced to somewhere between 170
million and 550 million CO,e by 2050, down by over half compared with the peak. By 2050, energy
consumption in China’s transportation sector will decrease to 380 million tce, of which electric power
will represent over 40% (Energy Transition Commission, 2020). While further promoting clean and
low-carbon energy use in the transportation sector, China will take initiatives in coordination with other
sectors and employ negative emission technologies to achieve carbon neutrality.

Regarding carbon neutrality for the transportation sector, three priorities warrant our attention:
First, electrification is the fundamental solution to carbon neutrality in the transportation sector. As
the most important technology for carbon neutrality, electrification contributes the most to reducing
carbon emissions in the transportation sector, including road, railway, and aviation. Second, clean fuel
substitution offers an important assurance for carbon neutrality. In addition to electric vehicles, hybrid
vehicles and fuel cell vehicles also represent important clean energy sources to substitute petroleum in
road transportation. In railway transportation, hydrogen energy holds great promise as an alternative
energy source for decarbonization in railway transportation (Jiang and Feng, 2021). Solar and biofuel
will also accelerate decarbonization in the railway sector. Sustainable biofuels should be adopted in the
civil aviation sector on a broader scale to bring down the cost to an acceptable level as soon as possible.
Third, support from relevant sectors is needed to achieve carbon neutrality in the transportation sector.
This requires policy guidance on low-carbon transportation, vigorous public transportation development,
and science-based urban planning.

4.4 Construction Sector

As shown in Table 6, studies have estimated decarbonization trends for the construction sector under
China’s carbon neutrality target. In the benchmark scenario, China’s construction sector emissions will
decrease by 2050 compared with the current level. Following the 1.5°C pathway, the construction sector
is to reduce emissions by 50% to 95% by 2050. Considering technological and economic uncertainties,
carbon emissions from China’s construction sector need to reduce by 20% to 80% by 2050 under
the 2°C pathway. Carbon emissions from China’s construction sector will decrease from a high level
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Table S: Scenarios of Low-Carbon Transition for China’s Transportation Sector

Year
Indicator Source
2030 2050

Share of new energy vehicles (%) 40~50 100 China Society of Automotive Engineers (2020)
Range of electric vehicles (km) 500 -
Fuel cell vehicles in stock (10,000 units) 100 - China Society of Automotive Engineers (2016)
Vehicle weight reduction (%) 35 -
Overall emissions reduction in the transportation ) 20 The Energy Foundation (2020)
sector (%)
Emission reduction in the road transportation Re.s haping Energy Research Group of the Energy Res'e a?ch
sector (%) - 61 Institute of the National Development and Reform Commission

(NDRC) (2016)
zlilllfgrrllstlér;s[))tlon in the transportation sector (100 3.7 (2025) 25

— CNPC Research Institute of Economics and Technology (2020)
Hydrogen as a share of energy consumption in ) 28
transportation (%)
Natural gasasa share of energy consumption in 10 21 World Resources Institute (2020)
transportation (%)
Railway electrification rate (%) - 100%  |Energy Transition Commission(2020)
Elf:c?rlc power demand in the transportation sector 0.42-0.56 0.79-1.59
(trillion kWh) . . . .
Total encrav demand in the transportation Sector Integrated Project Report Drafting Team of Institute for Climate
(100 millifr}; tce) P 5.83 3.46-4.02 |Change and Sustainable Development at Tsinghua University
Total emissions f n - 100 (ICCSD) (2020)
().tg emissions from the transportation sector ( 1037-10.75 | 1.72-5.50

million tons of CO,e)
New investment§ f'or transportation transition from 122 “Reshaping Energy” Research Group of the Energy Research
2010 to 2050 (trillion yuan) - Institute of the National Development and Reform Commission
Expected investment return (trillion yuan) 23.4 (NDRC) (2016)

Note: Investment and return are calculated based on 2010 price.
Source: Collected from literature publicly available information.

and ultimately reach zero for carbon neutrality. In China’s construction sector, coal and natural gas
consumption will peak by 2035, and carbon emissions will peak by around 2035; from 2035 to 2050, the
construction sector will sharply reduce carbon emissions; from 2050 to 2060, the sector is expected to
decarbonize at a deeper level to achieve the carbon neutrality target.

Stage 1 (2021-2035): The primary target for this stage is to peak coal and natural gas consumption in
the construction sector and peak carbon emissions from the construction sector. In this stage, the critical
strategy for the carbon neutrality pathway is to increase the electrification rate, phase out household coal
and natural gas consumption, and increase building energy efficiency. Specific strategies include: to raise
building energy efficiency design standards and improve energy efficiency standards and label programs
for home appliances; extensively renovate old buildings; and broadly apply distributed PV generation
and efficient biomass technologies in rural buildings. Under this plan, coal consumption in rural
dwellings will be phased out, the building materials sector will achieve carbon peak by 2025, and cement
and some other sectors will achieve carbon peak by 2023. By 2025, increase in the area of assembled
buildings will reach 1.069 billion square meters. Overall electrification rate in the construction sector
will exceed 50%.

Stage 2 (2036-2050): The primary target for this stage is to substantially reduce carbon emissions.
In this stage, priority should be given to replacing electric power demand in the construction sector with
biomass, residual industrial heat without generating additional carbon emissions, solar heating. In this
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stage, centralized heating systems in cities in northern China will complete decarbonization by 2050,
and new buildings will achieve zero carbon emissions. By 2050, the overall electrification rate will reach
85%; cooking in dwellings and commercial buildings will be electrified 100%.

Stage 3 (2051-2060): The primary target is to deepen decarbonization and achieve the carbon
neutrality target. The key for decarbonization lies in electric power decarbonization and negative
emission technologies (CCUS, BECCS). Decarbonization in the electric power sector is subject to
decarbonization technologies. Where zero carbon emissions cannot be achieved, carbon sequestration
and negative emission technologies should be employed to achieve the carbon neutrality target.

Three priorities warrant great attention for the construction sector to achieve carbon neutrality: First,
increasing building energy efficiency is a key step. This requires higher energy efficiency standards
and penetration of existing home appliances and equipment, stricter building energy efficiency design
standards, near zero/zero carbon energy consumption for new buildings, and energy efficiency retrofitting
for existing buildings. Second, electrification represents an inevitable trend for carbon neutrality in the
construction sector. In 2019, the overall electrification rate in China’s construction sector was only 37%,
and this ratio has huge reform potentials in the future. Third, China should accelerate the deployment
of technologies for low-carbon building materials and construction with renewable energies, as well as
other innovative technologies, to achieve carbon neutrality in the construction sector.

5. Overall Effects of Carbon Neutrality in China

The carbon neutrality target will reshape China’s economic and industrial systems. Carbon
neutrality offers China a major opportunity to overtake early-moving countries and increase industrial
competitiveness. In such sectors as new energy, electric vehicle and zero-carbon industries, China has
developed technological and market strengths and is ahead of other countries in some areas. Leadership
in those industries will give China an opportunity to hold sway globally and strengthen its previously
unfavorable competitive position. All in all, the global industrial landscape will transform under the
carbon neutrality vision, giving rise to numerous emerging industries, jobs, new industry standards, and
business opportunities in various industrial chain segments. With those changes taking place, a new
world industrial landscape is on the horizon. In the long run, economic competitiveness will hinge upon
emerging green and low-carbon industries.

The carbon neutrality target will reshape global energy resources and industrial layout. As an oil-
poor country, China is heavily dependent on imported oil resources, which presents energy security
risks. Under the carbon neutrality target, steps will be taken to phase out fossil fuels and increase the
share of clean energy sources for China to become less dependent on traditional energy resources
and explore a win-win situation to promote both energy security and industrial development. Second,
electrification and digitalization will coordinate energy supply side and consumption side, thus changing
energy consumption and supply modes. Electrification in energy-using sectors and decarbonization in
the electric power sector are critical drivers of the low-carbon transition strategy in the long run. By
integrating the future electric power system, the energy interconnection system holds the promise of
creating more efficient and resilient energy systems. Transformations in future energy consumption and
supply modes will foster more industrial growth drivers.

The carbon neutrality target will redefine China’s regional economic landscape. To a great extent,
carbon neutrality is contingent upon geographical conditions. With a vast expanse of territory, China
may leverage resource endowments across regions, whose roles in China’s economy can be redefined.
China’s central and western regions boast abundant clean energy resources and huge potentials for
carbon sequestration, creating opportunities for local economic development.

The carbon neutrality target will transform technological and industrial innovations. Progress in
science and technology holds the key for turning challenges of carbon neutrality into opportunities. In
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Table 6: Carbon Neutrality Pathways for the Construction Sector

. Investment
Emission pathway Technology pathway pathway
Peak | End-use End-use Power (Clean energy utili-
Scenario carbon | carbon | SRerEY con- | Electrifi- zation Investment Others Data source
- . con- . . volume
€miss10ns |emissions sumption sumption |cation rate E Sh (trillion
(100 mil- | (100 mil- |° mﬁion (trillion | (%) ?;;fy (Ojr)e yuan)
. . o
lion tons) | lion tons) KWh) kWh)
Energy intensity is 0.3t
o oot | ey g
neutralit 2030 0 785 2.70 63 ignal and 22 - ener; gzlix im roz//ement Institute of Econom-
e (2060) | (2050) : (2050) (2050) 8y provel ics and Technology
scenario hydrogen contribute to emissions (2020)
energies abatement by 23% and
73%, respectively.
Solar 7
Zero carb e H hnol
(2050) . (2050) | residual | 12 3 o OTOUIAING| - mission (2020)
2050 heat heating and cooking
Biomass | 7
Integrated Project
Report Drafting
Biomass Total construction area: Team of Institute for
1.5°C . 2030 0.81 305 3.66 60 and natural| 40 7.88 within 74 billion square ChmaFe Change and
scenario (2050) | (2050) (2050) Sustainable Devel-
gas meters by 2050 -
opment at Tsinghua
University (ICCSD)
(2020)
1.5°C ) 0 ) ) 100* ) ) ) ) Boston Consulting
scenario (2060) Group (BCG) (2020)
[Energy efficiency technolo-|
Low-carbon| 7.8 615 | 748 ] ) ) ) o4y ot tagjnfﬁiﬁz ig‘:ni‘i];f; Liu Junling et al.
scenario (2027) | (2050) | (2050) abatement by 33.4% and (2019)
66.6%, respectively
Construction area for
voltage direct current PV
oo | 21| s Lm0 L e mters: cunuly] T ERerEy Founda-
scenario (2030) | (2050) | (2050) (2050) tive installed capacity of tion et al. (2020)
PV generators in buildings:
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L.3%C ] 03 1447976 3 oo | 7585 | BT 0l L |ty cntralised heating| e Enerey Founds-
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Low-carbon| 30 10 8.13 efficiency and fuel conver-
scenario (2030) | (2050) | (2050) B B . . sion contribute to emissions 210U € @l- (2018)
abatement by 81% and
19%, respectively.

Note: End-use energy consumption and electric power consumption are in trillion kWh. *Electrification rate refers to cooking and water heating. **End-use energy

consumption only includes primary energy.

Source: Collected from literature and publicly available information.

the absence of any step change in economic structure and technological conditions, priority should be
given to improving technologies for carbon peak and carbon neutrality. China should ramp up R&D and
deploy technological innovations, giving play to the strategic and pivotal role of technology in achieving
vision. Driven by the carbon neutrality target, attempts have been made to explore technologies and
industrial innovations in various sectors to turn advanced low-carbon, zero-carbon and negative carbon
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technologies into strategic drivers of China’s future socio-economic development.

The carbon neutrality target will drive forward a wave of climate investment and financing. Carbon
neutrality requires both technology and financial input. For China to achieve carbon neutrality by 2060, it
needs to invest an additional 138 trillion yuan in its energy systems from 2020 to 2050 (Global Climate Change
Institute (GCCI) of Tsinghua University, 2020). Goldman Sachs estimated China’s investment demand for achieving
carbon neutrality to be 16 trillion US dollars by 2060. Such a huge financial input requires policy guidance and
support from relevant stakeholders, and work is already under way to garner both.

The carbon neutrality target will lead to a fundamental improvement in the ecological environment.
To achieve the vision, China needs to transform its energy mix and economic structure, reduce pollution
at the source, and promote high-quality development. Decarbonization is the key for ecological
management. The inclusion of the target into the framework of ecological civilization will facilitate
climate change mitigation and environmental quality improvement. Efforts to achieve this goal will
provide a strong impetus for reducing air pollution and improving air quality. Greenhouse gas emissions
and air pollution stem from the same sources and can be addressed simultaneously with overlapping
policy targets, implementation pathways and involved entities. Carbon neutrality programs will create
positive indirect effects on reducing water and soil pollution, enhancing ecosystem services, and
protecting biodiversity.

6. Discussions

6.1 Carbon Neutrality Policy System

The carbon neutrality target cannot be achieved without benign social interactions. Governments,
localities, enterprises and individuals play pivotal and differentiated roles in the journey towards
carbon neutrality. A system of policies should be enacted for different types of entities towards the
carbon neutrality vision. At the national level, we should create a complete set of laws and regulations.
Commitment to emission abatement under the carbon neutrality vision represents a natural trend for
China’s future development. Legislation needs to be introduced for the long-term implementation of
emission abatement policies. Climate legislation is becoming an important part of international carbon
neutrality actions. Legislation ensures the legal basis and validity of emission abatement policies,
and may convert the long-term vision of carbon neutrality into society-wide consensus to encourage
individual and corporate behaviors, capital flow and R&D for the low-carbon transition. On this basis,
China may further consider improving climate-related institutional development. One initiative would be
to further develop a national carbon trading system based on the Interim Regulations on the Transaction
of Carbon Emission Rights and incorporate innovative low-carbon and negative emission technologies
into China’s critical technology development strategies.

At the local level, differentiated carbon neutrality action plans should be formulated. Local
exploration of a carbon neutrality plan is a sure path towards the carbon neutrality vision. Under the
carbon neutrality vision, localities should explore appropriate transition pathways according to their
resource endowment, development stage, and industrial structure. On the other hand, carbon neutrality
programs help revolutionize energy production and consumption for high-quality economic development
and environmental protection.

Industries and enterprises should tighten carbon neutrality constraints and incentives. In the final
analysis, it takes technology to achieve carbon neutrality, and enterprises are both innovators and carbon
emitters. The key, therefore, is to allow firms to adopt practical innovations and actions for carbon
neutrality. To encourage carbon neutrality actions at the firm level, China needs to fully leverage market-
based instruments to reduce the cost of zero-carbon development for firms. In addition, we should protect
and support low-carbon/zero-carbon technologies, enhance intellectual property rights (IPR) protection
and offer tax credits for low-carbon/zero-carbon technologies, conduct government procurement and
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technology authorizations, and raise firm revenues from carbon neutrality.

6.2 Relationship between Carbon Peak and Carbon Neutrality

There is a fundamental logical difference between carbon emissions and carbon neutrality (Wang
and Zhang, 2021). The first difference lies in the underlying logic. While carbon peak is a concept of
carbon emission abatement in the traditional sense, carbon emission abatement requires optimizing
existing emission and development pathways with the current status of emissions as the baseline. The
reference baseline for carbon neutrality is net zero emissions and requires an in-depth reorganization of
the energy, economic and social systems on the basis of the maximum possible emission abatement. The
second difference lies in the concept of range. The socio-economic effects of carbon neutrality require
both traditional and emerging industries and supply and demand sides to respond. A comprehensive
system of applicable, science-based and accurate concepts should be put into place. The third
difference lies in methodologies and pathways. Carbon neutrality entails a fundamental transformation
in development concepts and methods. Brand-new methodologies and pathways should be adopted
regarding infrastructure, market rules, supply chains, and technological systems.

Pressures for carbon neutrality can be mitigated by reaching an early carbon peak and reducing the
peak level. After reaching the carbon peak, China is unlikely to experience a protracted plateau period as
did developed countries. Instead, China must embark upon in-depth decarbonization without hesitation.
Some believed that carbon peak was relatively easy to attain. Even though emissions continue to rise,
they argue, the carbon peak can be easily achieved by phasing out some carbon-intensive projects. This
notion of setting a high carbon peak to make things easier is inadvisable and goes against the intention of
China's carbon peak. It will only cause a wasteful use of resources. After the carbon peak by 2030, China
will need to achieve carbon neutrality. The year and level of carbon peak will both influence the pathway
and difficulty of carbon neutrality. Delay in the carbon peak means a shorter interval from carbon peak to
carbon neutrality. A higher peak means more intensive emission abatement work in the same timeframe.
More work in the early stage means less work in the late stage, and vice versa. Hence, efforts to bring
an early and low carbon peak will ease pressures for achieving carbon neutrality in a later stage. That is
to say, more work in the early stage means less work in the late stage, and vice versa. Hence, efforts to
bring an early and low carbon peak will ease pressures for carbon neutrality in a later stage.

6.3 Demand and Incentives for Corporate Action

Carbon neutrality concerns every aspect of green manufacturing, innovation, and industrial chains.
As manufacturers and innovators, it is of great importance for firms to explore carbon neutrality
pathways. Under the carbon neutrality vision, firms face various carbon neutrality requirements,
including the implementation of national carbon peak and carbon neutrality strategies, carbon neutrality
criteria from supply chains, market access thresholds such as the “carbon tariffs” imposed by the
European Union, consumer preferences for environmental protection, and investors' preferences for
low-carbon firms (Luo, 2021). Firms are motivated in many ways to go carbon neutral and expect to
be rewarded if their low-carbon transition is successful. Firms need to conduct carbon accounting and
stock-taking before setting their carbon neutrality targets and making strategic plans. Commitment
to carbon neutrality will contribute to their brand influence. Firms should be more aware about the
concept and boundary of carbon neutrality and less dependent on carbon consumption to complete their
carbon neutrality transition. The government should enhance standardization, low-carbon/zero carbon
infrastructure, and green and low-carbon technology supply.

6.4 Innovation as a Double-Edged Sword
Carbon neutrality is an important campaign in China’s development of ecological civilization, and
is closely related to clean production and environmental technologies. Yet differences also exit. The



China Economist Vol.16, No.5, September-October 2021

(14 ) BEABBT R ) 81

e FFR B o 2 ] A A SO WS Be Y TR SEARAE, S T AR T IR BOR B R A AN R] 5y o BRI, P 2 [ A
AR 225 IR TR B BT A — i 26 SR IR bR oA, L2 AT RE S BIAR BVE R (4, (8 T IR 2 HL e
ARIETE THRBESR b 1R S i O oA i 2 T Qe H I, 2058 1 RETRES T T A REDR A BR A 161 . P
Ebdn, RS R LT A AL BB o Y R LR BE AT DIT IR AR o AE RS P AIE SR T, IXEE B BT AR
BT AE — R B L sl PELASH sk v FD T RR A BT RETR (R AR O BRI B o R DL, TSR rh FNaA A 23R EE
PRAPRE A JR) , MERTR B B ACAF HOTE TS HA , LERR RN B bR A T A S Wi 1 DR k) ) o=

Z5 ik

[1] DNV-GL. 2019. “Energy Transition Outlook 2019: A Global and Regional Forecast to 2050.” http://www.360doc.com/conte
nt/19/1025/11/40958856_868964169.shtml. (accessed June 12, 2021).

[2] Duan, Hongbo, Sheng Zhou, Kejun Jiang, Christoph Bertram, J.H.M. Harmsen, Elmar Kriegler, Detlef Vuuren, Shouyang Wang,
Shinichiro Fujimori, Massimo Tavoni, Xi Ming, Kimon Keramidas, Gokul Iyer, and James Edmonds. 2021. “Assessing China’s Efforts to
Pursue the 1.5°C Warming Limit.” Science, 372 (6540): 378-385.

[3] Energy Transition Commission. 2018. “Mission Possible - Reaching Net-zero Carbon Emissions from Harder-to-abate Sectors by Mid-
century.” https://www.energy-transitions.org/publications/mission-possible/. (accessed April 5, 2021).

[4]  Energy Transition Commission. 2020. “China 2050: A Fully Developed Rich Zero-carbon Economy.” https://www.energy-transitions.org/
wp-content/uploads/2020/07/CHINA_2050 A _FULLY DEVELOPED RICH ZERO CARBON_ECONOMY_ENGLISH.pdf.(accessed
April 14, 2021).

[5] Energy Transition Commission. 2020. “Making Mission Possible: Delivering a Net-Zero Economy.” https://www.energy-transitions.org/
publications/making-mission-possible/. (accessed April 14, 2021).

[6] Goldman Sachs. 2021. “Carbonomics, China Net Zero: The Clean Tech Revolution.” https://www.goldmansachs.com/insights/pages/gs-
research/carbonomics-china-netzero/report.pdf. (accessed April 22, 2021).

[7] International Energy Agency. 2015. “Energy Technology Perspectives 2015.” https://www.iea.org/reports/energy-technology-
perspectives-2015. (accessed April 20, 2021).

[8] International Energy Agency. 2017. “Technology Roadmap: Delivering Sustainable Bioenergy.” https://www.iea.org/reports/technology-
roadmap-delivering-sustainable-bioenergy. (accessed April 20, 2021).

[9] International Energy Agency. 2019. “World Energy Outlook 2019.” https://www.iea.org/reports/world-energy-outlook-2019.(accessed
April 22, 2021).

[10] International Energy Agency. 2020. “Energy Technology Perspectives 2020: Special Report on Carbon Capture Utilization and Storage:
CCUS in Clean Energy Transitions.” https://iea.blob.core.windows.net/assets/181b48b4-323{-454d-961b-0bb1889d96a9/CCUS _in_clean
energy_transitions.pdf. (accessed April 8, 2021).

[11] International Energy Agency. 2020. “Heat Pumps.” https://www.iea.org/reports/heat-pumps#recommended-actions. (accessed April 1,
2021).

[12] International Energy Agency. 2020. “Iron and Steel Technology Roadmap: Towards More Sustainable Steelmaking.” https://iea.blob.core.
windows.net/assets/eb0c8ec1-3665-4959-97d0-187cecal89a8/Iron_and_Steel Technology Roadmap.pdf. (accessed April 1, 2021).

[13] International Energy Agency. 2020. “Technology Roadmap Low-Carbon Transition in the Cement Industry.” https://iea.blob.core.
windows.net/assets/cbaa3dal-fd61-4c2a-8719-31538f59b54f/TechnologyRoadmapLowCarbonTransitionintheCementIndustry.pdf.
(accessed April 1, 2021).

[14] Material Economics. 2018. “The Circular Economy——a Powerful Force for Climate Mitigation.” https://materialeconomics.com/
publications/the-circular-economy-a-powerful-force-for-climate-mitigation-1. (accessed April 8, 2021).

[15] Renssen, Sonja van. 2020. “The Hydrogen Solution?” Nature Climate Change, 10: 799-801.

[16] Zhou, Nan, Nina Khanna, Wei Feng, Jing Ke, and Mark Levine. 2018. “Scenarios of Energy Efficiency and CO, Emissions Reduction
Potential in the Buildings Sector in China to Year 2050.” Nature Energy, 3 (11): 978-984.

[17] Zwaan, Bob van der. 2013. “The Role of Nuclear Power in Mitigating Emissions from Electricity Generation.” Energy Strategy Reviews,
1(4): 296-301.



68

innovation of clean technologies may not always contribute to carbon neutrality. Despite its effects of
raising coal combustion efficiency and reducing air pollution from coal-fired power plants, clean coal
technology reinforces the energy sector’s dependence on fossil fuels. For another example, further
raising end-of-pipe treatment standards for coal-fired power plants will increase the sunk cost for
decommissioning coal-fired power plants. Under the carbon neutrality vision, these innovations and
policies will impede the fast deployment of new energy systems essential for carbon neutrality. By
incorporating carbon neutrality into the environmental protection framework and identifying climate-
friendly clean technologies, the carbon neutrality target should serve as an impetus and rallying force for
ecological civilization. =
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