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Abstract | China is currently the world’s largest emitter of carbon dioxide (CO,).
China therefore has a key role in global climate change mitigation. Policies and
commitments are required to enable decarbonization. In this Perspective, we
summarize the key features of China’s CO, emissions, its reduction processes and
successes in meeting climate targets. China’s CO, emissions reductions have been
substantial: by 2020, carbon intensity decreased by 48.4% compared to 2005 levels,
achieving objectives outlined in the Nationally Appropriate Mitigation Actions and
Nationally Determined Contributions. These reductions rely on the achievements
of sectoral and sub-national targets outlined by China’s Five-Year Plans. However,
China still faces the challenges of reaching its peak total CO, emissions before
2030 and achieving carbon neutrality before 2060. Key steps towards China’s
carbon neutrality include increasing its non-fossil energy share, deploying
negative-emission technologies at large scale, promoting regional low-carbon
development and establishing a nationwide ‘green market’. To achieve these steps,
top-down socio-economic development plans must coincide with bottom-up

economic incentives and technology development.

Owing to its rapid economic development
and urbanization, China is currently

the largest carbon emitter in the world,
accounting for 28% of global CO, emissions
in 2019 (REF)) (FIG. 1a). Its CO, emissions
surpassed those of the US in 2007, and those
of the US, the 27 European Union countries
(EU27) and the UK combined in 2012,
reflecting an increase of 45% from 2007 to
2013 (REF?). It was thought that China’s CO,
emissions had peaked, as suggested by the
negative growth rates observed from around
2013 to 2016 (REFS*). However, a rebound
in emissions thereafter™ suggests that
long-term reduction remains a key policy
challenge for China and the world.

Indeed, in recognition of the importance
of China in determining the stabilization of
the Earth’s climate”®, many mitigation
policies have been introduced. These include
obligatory energy and carbon intensity
targets stipulated in the Five-Year Plans
(FYPs). Policies that specifically focus
on emissions reductions have also been
implemented, each supplanted by more
stringent objectives. For example, in 2007

China’s National Leading Committee
on Climate Change and The National
Climate Change Program were established,
introducing goals to reduce energy intensity
and increase the share of non-fossil energy.
The Nationally Appropriate Mitigation
Actions (NAMAs) followed, as did
China’s Intended Nationally Determined
Contributions (INDCs) in 2015, the
latter of which aimed to achieve 60-65%
carbon intensity reductions by 2030 (from
2005 levels) and to reach peak emissions
around 2030. Building on these objectives,
in September 2020, President Xi further
proposed a long-term mitigation goal
of carbon neutrality before 2060, and in
December 2020, enhanced the INDC targets
to a >65% reduction in carbon intensity by
2030 from 2005 levels.

Achieving these targets, especially
that of carbon neutrality before 2060,
requires technological improvements and
social-economic transitions. These include
increasing the share of non-fossil energy,
developing negative emission technologies,
and measures to remove carbon from the
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air or to increase the carbon sink. The
implementation of effective policies is also
critical, such as launching low-carbon pilot
projects, promoting the ‘green market’ and
establishing market mechanisms in carbon
emission trading.

In this Perspective, we assess the status of
China’s carbon emissions and progress in its
emission reduction plans, providing a basis
for future decarbonization efforts. First, we
outline the current standing of Chinas CO,
emissions alongside the factors driving the
changes observed. We subsequently assess
China’s achievements towards low-carbon
development, and discuss future prospects
and challenges for further decarbonization,
including reaching peak emissions before
2030 and achieving carbon neutralization
before 2060. We end with recommendations
for future research to facilitate future deep
decarbonization. Unless specified, emissions
refer to CO, emissions throughout.

China’s carbon emissions

Carbon emissions in China have evolved
alongside socio-economic development. The
key features and drivers of this phenomenon
are now described.

Key features
Before 1970, China’s total CO, emissions
were <900 Mt CO,, and per capita
emissions were roughly a quarter of
the global average’. However, since the
reform and opening-up in the 1970s, and
particularly after joining the World Trade
Organization (WTO) in 2000, the economy
grew rapidly along with CO, emissions
(FIG. 1a). Indeed, CO, emissions in China
increased by an average of 10% yr' in
the 1970s, 5% yr' in the 1980s, 3% yr in the
1990s, 9% yr! in the 2000s and 3% yr' in
the 2010s'. Meanwhile, per capita CO,
emissions also increased, experiencing rapid
growth during 2000-2013 and stabilization
thereafter (FIG. 1b). Concurrently, carbon
intensity (CO, emissions per GDP) exhibited
a downward trend since 1980 (FIG. 1¢). As of
2019, these key features culminated in CO,
emissions of 10.3 Gt CO, (£13%, confidence
interval (CI)=90%)"*-"" and per capita CO,
emissions of around 7.4t CO, (REF.) (FIG. 1d).
Chinas CO, emissions are mainly
attributed to its fossil-based energy and
manufacturing-based industrial systems.
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a CO, emissions by region

b CO, emissions per capita
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Fig. 1| China’s carbon emission trend. a | Annual CO, emissions from fuel combustion and cement

production’ in major emitting regions. b | CO, emissions per capita

¥1in major emitting regions.

c| Carbon intensity'®! (carbon emissions per economic output) for major emitting regions. The EU27
incorporates: Austria, Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg, Malta, The Netherlands,
Poland, Portugal, Romania, Slovakia, Slovenia, Spain and Sweden.d | CO, emissions trends in China,
from the GCP’, IEA™, BP'!, EDGAR?, CDIAC'** and CEADs"'* databases, and years in which emission
inventories were submitted to the UNFCCC via National Commmunications (NC)'’*'#**% and Biennial
Update Reports (BUR)**"***. Red shading represents uncertainties among databases. China’s share in
global CO, emissions has increased rapidly since about 1980, with emissions per capita increasing
substantially during the 2000s, but plateauing and fluctuating since 2010. GDP, gross domestic

product.

Coal, the primary energy source, was key
to industrialization and urbanization"
and at present accounts for 75% of China’s
carbon emissions®'* (FIG. 2a). Indeed, China
is regarded as the largest coal consumer
in the world, burning over half of annual
global coal consumption''. The past few
decades, in particular, witnessed a surge in
coal consumption, and although it seemed
to decline in relation to carbon emissions
during 2013-2016 (REF."), consumption
rebounded by 0.8% per year from 2017 to
2020 (REFS™'). Considering the wide range of
emission factors and uncertainties in energy
statistics, this coal-based emission structure
results in a great deal of uncertainty in China’s
carbon emission accounting'’-** (BOX 1).
Rapid industrialization has also
established China as the world’s
manufacturing powerhouse. Power
generation and manufacturing sectors

are, thus, the primary contributors to CO,
emissions, accounting for 44% and 38%
of China’s CO, emissions, respectively
(FIG. 2a). In contrast, the transportation
sector, residential sector and other sectors
account for 8%, 5% and 6% of total CO,
emissions in China, respectively (FIC. 2a).
Along with regional disparities in
technology, and its energy and economic
structure, this sectoral breakdown of
CO, emissions also influences the uneven
provincial distribution of CO, emissions
in China”?*'. For example, provinces that
are located within industrial clusters,
such as Shandong and Hebei, exhibit a
higher proportion of CO, emissions from
manufacturing sectors, especially from the
production and smelting of non-metals and
metals”. Inland provinces with rich fossil
resources also emit vast quantities of CO,.
For example, Inner Mongolia experienced

a sixfold increase in CO, emissions from
1997 to 2017, rising from 97 Mt CO, to
639 Mt CO, (REFS™") (FIG. 3; Supplementary
Table 1). Accordingly, the top six largest
emitters in China in 2017, including eastern
coastal provinces (such as Shandong,
Jiangsu and Guangdong) and energy-based
provinces (such as Hebei, Inner Mongolia
and Henan), account for more than
40% of national CO, emissions® (FIC. 3;
Supplementary Table 1).

Nevertheless, regional per capita
CO, emissions do not necessarily exhibit
strong coupling to economic development.
For example, cities in the Guangdong-Hong
Kong-Macao Greater Bay Area accounted
for 13% and 4% of the 2016 national GDP
and CO, emissions, respectively™. Yet, their
carbon intensity and CO, emissions per
capita were 29% and 73% of the national
average in the same year®. In contrast,
several underdeveloped regions have
higher per capita CO, emissions. For
example, per capita emissions in Ningxia
were about 26t CO, per person in 2017
(REFS®?), greater than those of the US and
almost four times greater than those of the
EU. The high per capita CO, emissions in
these underdeveloped regions could be
linked to two factors. First, eastern coastal
provinces outsource their CO, emissions to
central and western regions by consuming
electricity and industrial materials provided
by them. For instance, about half of Inner
Mongolia’s GDP is attributed to its export
products, whereas over 30% of its generated
power is exported to other provinces®*.
Consequently, the western and central
regions have become net carbon exporters
owing to the emissions embodied in
the export products, as is evidenced by
other regions in China outsourcing over
180 Mt CO, from the central and western
regions in 2012 (REF.). Second, the
economy of underdeveloped regions is more
reliant on energy-intensive industries and
infrastructure construction. For instance,
the carbon intensities of Shanxi, Inner
Mongolia and Ningxia are roughly 6, 7 and
14 times greater than that of Beijing in 2018,
respectively'”.

Driving factors

The increase in China’s CO, emissions can
be ascribed to its rapid economic growth
and improving living standards®"*>. Between
1978 and 2018, emissions resulting from
the growth of GDP per capita were 176%
higher than the overall change in CO,
emissions, completely offsetting the effects
of improved energy intensity (~79%) and
carbon intensity (-13%)*. Indeed, since the
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Fig. 2 | Drivers of China’s emissions. a | Emission
flows of China’s CO, emissions from sources to
sectors in 2017 (REFS%). b | Investment in fixed
assets’, exports®’, consumption®!, GDP*, CO,
emissions”'* and CO,/GDP relative to 1980;
units are scaled such that 1980 represents 100.
c | Industrial and energy production"'*"* rela-
tive to 1980; units are scaled such that 1980 rep-
resents 100. China’s CO, emissions are dominated
by coal (from the perspective of fuel types) and by
electricity production (from the perspective of
sectors), all driven by rapid economic growth and
energy demand.

reform and opening-up in late 1970s, China’s
GDP increased more than 30 times by 2017,
averaging annual growth rates of around
10% from the 1980s to the 2000s™.
However, since 2011, economic growth
exhibited a marked slowdown, mainly owing
to economic restructuring, averaging 7.4%
in the 2010s™. At this time, CO, emission
growth rates concurrently decelerated®,
particularly between 2013 and 2016,

when emissions dropped temporarily>*.
Accordingly, there are indications that
China’s economy entered a “new normal””’,
characterized by the implementation

of innovation-driven development,
optimization of economic structure and
maintenance of a medium-to-high pace of
economic growth. A fundamental challenge
for China to cut its emissions to near-zero is,
therefore, to decouple its economic growth
from increasing CO, emissions.

Export, investment and consumption —
known as the ‘troika’ of China’s economic
growth — also enhance CO, emissions on the
demand side’’, but with substantial temporal
variability (FIC. 2b), as now discussed.

Trade and globalization. After joining the
WTO in 2001, export was a temporary

key contributor to emissions growth in
China, accounting for nearly half of the
annual emissions growth from 2002 to

2005 (REFS***%). In 2001, 24% of national
production-based CO, emissions were
ascribed to exports”, and peaked in 2008
(REF.*). However, trade-induced emissions still
represent a considerable proportion of the
national total, linked to China becoming
the world’s largest exporter in 2009 and
corresponding international consumption®.
For example, in 2017, 1.0 Gt CO, emissions
were embodied in trade, a more than
doubling compared to 2000, contributing
roughly one-tenth of total production-based
emissions in the same year'.

After China’s trade-induced emissions
peaked around 2008, a rapid increase in
carbon emissions has been observed
in other developing nations, especially in
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Box 1 | Data reporting challenges

Given the magnitude and uncertainty surrounding China’s carbon emissions, precise
quantification is critical for mitigation efforts. The uncertainty of emissions from developing
countries is £10-50%'7'%""%!, against an average of less than £5% for developed countries'’'*’.
Given that emissions from non-Annex B countries in the Kyoto Protocol (a proxy for developing
countries) have doubled since 1990, now accounting for 58% of the total in 2013 (REFS'***%),
uncertainty has increased over time and is now substantial. The official emission inventories!*’7418-18
reported by China to the UN use China’s specific emission factors based on national
investigations'*’. The uncertainty, as recorded in China’s Third National Communications on
Climate Change'’#, was approximately +5%. Owing to the fast growth of emissions and large
amount of coal consumption, this uncertainty dominates the overall uncertainty from developing
Countriesll,l‘).l‘i‘;JQh'

The IPCC encourages countries to compile their carbon emission inventory using country-
specific emission factors, while also providing the default emission factors'*"'** measured in
developed countries for reference. International carbon emission datasets such as those of the
International Energy Agency (IEA)™, the Carbon Dioxide Information Analysis Center (CDIAC)*®?,
British Petroleum (BP)", and the Emission Database for Global Atmospheric Research (EDGAR)?
provide a range of emission estimates for China (spanning 1.6 Gt CO, for 2016) (FIG. 1d). The lack
of transparent comparisons of the activity data and emission factors used for estimating China’s
emissions in these different datasets presents a key research gap. These critical parameters also
vary with time and space, following shifts in the exploitation of different coal mines, or changes in
the origin and amount of imported coal (in 2012, 8% of coal used in China was imported, compared
t0 0.1% in 1990 (REF."*)). However, keeping emission factors up to date is a key challenge to obtain

reliable emission estimates”®’
year by using coal of a different quality mix.

labour- and energy-intensive industries***.

China, for instance, serves as a conduit of
demand for manufactured goods in the
global trade network, especially in rising
South-South trade (trade among developing
economies)®. In this case, China often
imports raw materials and labour-intensive
products from other developing nations,
but exports mostly manufactured goods
such as machinery”. This upgrade in
South-South trade and the reallocation
of low-end manufacturers from China to
other developing countries could introduce
additional global emissions owing to the
higher emissions intensity in developing
countries*".

The trade conflict between the US
and China also introduces additional
uncertainties in regard to embodied
emissions. In 2004 and 2017, 300 Mt CO,
and 242 Mt CO, were transferred from
the US to China as a result of trade,
respectively*. With an inevitable reduction
in demand for Chinese products as a result
of this conflict, resulting CO, emissions will
invariably be modified, but to an unknown
level. Moreover, trade conflict could result
in the isolation of western nations with
regard to the global high-tech industrial
chain, which could increase the difficulty
of transitioning China to a low-carbon
economy.

Investment and infrastructure construction.
Although trade dominated emissions in

the early 2000s, thereafter investment
became the primary factor (FIC. 2b).

, particularly as China increases its overall coal consumption each

Capital investments in fixed assets (including
infrastructure and the real-estate economy)
increased rapidly, exhibiting annual growth
rates of 21% in the 2000s and 9% in the
2010s*. Consumption of industrial materials
(steel and cement) and fossil energy (from
coal and thermal electricity) also increased
accordingly (FIG. 2¢). As a result, from 2005
to 2007 and from 2007 to 2010, investment
contributed 61% and 71% of emissions
growth, respectively'**.

Part of this growth and change can
be attributed to government stimulation
packages and interventions. Specifically,
following the 2008 financial crisis, a
four-trillion-yuan stimulation package
was launched to encourage infrastructure
construction nationwide. As a result, annual
crude steel production, cement production
and energy consumption increased by
14%, 15% and 5%, respectively, in 2009,
contrasting with 3%, 5% and 3% in 2008
(REF*". CO, emissions therefore increased
by 8.5% in 2009, substantially more than
the 3.3% observed in 2008 (REF."). Owing
to this increase in national emissions,
global emissions also exhibited growth in
2008-2009 despite the impact of the global
financial crisis®*->*.

As an additional example, from
2014-2016, the Chinese central government
granted permitting new power plant project
to provincial government. This regulatory
change triggered a surge in thermal power
plant construction, reportedly adding more
than 250 GW of new power capacity between
2014 and 2018; 78% of these projects were

coal power plants. Such an increase is almost
comparable to the entire coal power plant
fleet of the US (266 GW) in 2018 (REF.*).

In response to the COVID-19
pandemic, the Chinese government further
proposed a set of stimulus projects to
boost economic growth™, investing over
30 trillion yuan (US$4.5 trillion). China’s
economy subsequently recovered very
quickly, increasing by 2.3% in 2020. Annual
CO, emissions in 2020 also recovered to
almost the same level as in 2019 (REFS"*).
However, it is critical for China to achieve
‘green recovery’ in the post-pandemic
era, decoupling economic recovery from
emissions resumption.

Household and government consumption.
Living standards in China have improved
dramatically since the 1970s: as of 2017,
per capita disposable income was 22.8
times higher compared to 1978 (REF.*).
Accordingly, lifestyle transformations have
resulted in a steep increase in household
energy consumption and emissions™~*. For
instance, total household carbon footprints
(including direct emissions from household
fuel consumption and indirect emissions
from the supply chain of household goods
and services) account for 34% of the national
footprint in 2012 (REF*). Moreover, from
1981 to 2002, electricity usage and the
service sector was responsible for over half
of the increased emissions attributed to
urban household consumption®.

The carbon footprints of household
consumption in China exhibit much spatial
variability®, presenting challenges for
China’s carbon neutrality. In general, urban
and wealthy regions tend to have a greater
carbon footprint; higher incomes drive
lifestyles featuring an increased carbon
footprint. For instance, cities in eastern
coastal provinces have relatively higher
household carbon footprints®': the top 5%
of the population with the highest income
in China contribute nearly 20% of the
total household carbon footprint. That is,
emissions equate to 6.4t CO, per capita®,
276% higher than the average of 1.7t CO,
per capita across all households in 2012.

In addition, during the period 2007-2012,
72% of China’s household carbon footprint
was contributed by consumption in urban
areas™.

Government consumption also has a
role in driving national emissions. Indeed,
government consumption contributed 10%
to the total increase in CO, emissions from
1981 to 2002 (REF*"). CO, emissions induced
by government consumption contributed
7%, 5%, 5% and 6% to the national
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CO, emissions in 2002, 2007, 2012 and 2017
respectively™.

China has now entered a “new normal”
phase in terms of its economic development,
transitioning from an investment-
driven economy to a consumption-driven
economy’>*. This shift is likely to modify
future carbon emissions, in turn inﬂuencing
the balance of contributions from trade,
investment and the improvement of people’s
living standards reflected by household

consumption®.

Decarbonizing China

Owing to the magnitude and rapid growth
of China’s CO, emissions — attributed

to factors such as trade, consumption

and investment — several policy-based
mitigation approaches have been introduced
to facilitate their reduction. The top-down
command and control approaches (TABLE 1)
are now discussed.

National and sub-national ambitions

A major contribution towards curbing
carbon emissions in China has involved
voluntary climate change commitments.
Arguably the most important of these are
the NAMAs and NDCs, which aim to reduce
2005 carbon intensity levels by 40-45% and
over 65% by 2020 and 2030, respectively
(TABLE 1). To do so, China primarily
introduced top-down administrative
measures, namely allocating national

goals to local governments. For example,

to meet carbon intensity reduction targets
established in the 12th FYP (2011-2015),
both central and local governments closed
thousands of inefficient power plants

and factories. The cumulative impact of
these closures is equivalent to a reduction

of 750 Mt in coal use and 1.5Gt in
CO, emissions, the latter representing 5%
of total global emissions in 2010 (REF*).

The 13th FYP (2016-2020) also included
carbon intensity reduction objectives,
namely to cut 2020 energy intensity
and carbon intensity by 15% and 18%,
respectively, compared to 2015 levels
(TABLE 1). To meet this goal, the 13th FYP
aimed to increase China’s share of non-fossil
energy supply to 15% and impose ultralow
emission standards on all coal-fired power
plants. These objectives were subsequently
updated with the 14th FYP (2021-2025),
including reducing carbon intensity by 18%,
reducing energy intensity by 13.5% and
increasing the share of non-fossil energy
to around 20% by 2025 (TABLE 1). In 2020,
China renewed its 2030 NDC targets, aiming
to reduce carbon emissions per unit of GDP
by over 65% compared with the 2005 level.

In the near future, China’s economy
might enter into a phase of “carbon
neutrality economy”. As such, President Xi
stated that it is important to incorporate the
peaking of carbon emissions and carbon
neutrality into the overall layout of building
an ecological civilization (TABLE 1). The
Chinese government has thus embarked
on several key tasks, including building a
clean energy system, implementing energy
conservation and emission reduction actions
in different sectors, accelerating carbon
emission trading and green financing,
improving the capacity of ecological
carbon sinks, advocating a low-carbon
lifestyle among the public, strengthening
international cooperation, and building a
green “silk road”.

The realization of national targets relies
to a large extent on regional-level emission

PERSPECTIVES

reduction practices. For example, to reduce
carbon intensity by 18%, as proposed in
the 13th FYP, various provincial targets

at different administrative levels were set
(Supplementary Table 2). Accordingly,
provinces might formulate specific
implementation plans, as well as their own
targets of reducing energy intensity and
increasing the share of non-fossil energy
consumption. Furthermore, each province
could specifically allocate its reduction
targets to each of its cities. Through each
city’s respective efforts to decarbonize, the
carbon intensity reduction target of each
province and, by extension, the country’s
target, can be fully achieved.

Measuring success and progress
2020 marked the end of several national
targets for emission control, namely the
NAMAs (which aimed to reduce carbon
intensity by 40-45% relative to 2005 levels)
and the 13th FYP (which aimed to reduce
energy intensity and carbon intensity by
15% and 18%, respectively, relative to
2015 levels) (TABLE 1). In 2020, the Chinese
government announced that the NAMAs
target had been achieved, and achieved
in advance: as of 2019, carbon intensity
had been cut by 48.1% relative to the 2005
level, increasing to 48.4% as of 2020, thus
exceeding the 40-45% target. In 2020, the
share of non-fossil energy reached 15.9% in
primary energy consumption, also meeting
that objective (FIG. 4).

Similarly, several targets for the
13th FYP (2016-2020) were also met.
As 0f 2020, carbon intensity was cut by
18.8% relative to 2015 level, exceeding
the 18% target; the share of non-fossil
consumption to the total primary energy

€ 2017

No
Data

0

200 400 600 800
Mt CO,

Fig. 3 | Geographic variability in carbon intensity. a| Carbon emissions in 1997. b | Carbon emissions in 2007. ¢ | Carbon emissions in 2017. Data from
CEADs"". Regional disparities result in the uneven provincial distribution of CO, emissions in China.
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Table 1 | National targets for emission control

Year

2001

2006

2007

2009

2011

2015

2016

2020

2020

2021

COD, chemical oxygen demand.

consumption increased to 15.9%, exceeding
the 15% target; and the targets of increasing

Document or
announcement

10th Five-Year Plan'’®

11th Five-Year Plan'”!

China’s National
Climate Change
Programme'”*

Nationally
Appropriate
Mitigation Actions'”

12th Five-Year Plan'”?

Intended Nationally
Determined
Contributions'’’

13th Five-Year Plan'’®

President Xi Jinping’s
address at the
General Assembly’s
75th session'”’

Statement of
President Xi Jinping
at the Climate
Ambition Summit®*;
Updated Nationally
Determined

Contributions'®

14th Five-Year Plan®’

Time
frame

2001-2005

2006-2010

2005-2010

2005-2020

2011-2015

2005-2030

2016-2020

About 2060

About 2030

2021-2025

forest cover and forest stock volume were
also achieved (FIC. 4).

Targets

By 2005: reduce main pollutant emissions (SO, and
COD) by 10% compared to 2000 levels; reduce SO,
emissions in the two pollution control zones by 20%
compared to 2000 levels; increase forest coverage
t0 18.2%

By 2010: reduce energy intensity by about 20%
compared to 2005 levels; reduce main pollutant
emissions (SO, and COD) by 10% compared to
2005 levels; increase forest coverage to 20%

By 2010: reduce energy intensity by 20% from

2005 levels; increase share of non-fossil fuels in
primary energy consumption to 10%; increase forest
coverage to 20%

By 2020: reduce carbon intensity by 40-45% from
2005 levels; increase share of non-fossil fuels in
primary energy consumption to about 15%; increase
forested area by 40 million hectares and forest stock
volume by 1.3 billion cubic metres.

By 2015: reduce carbon intensity by 17% compared
to 2010 levels; reduce energy intensity by 16%
compared to 2010 levels; reduce main pollutant
emissions of COD, SO,, ammonia nitrogen and NO,_
by 8%, 8%, 10% and 10%, respectively, compared

to0 2010 levels; increase share of non-fossil fuels in
primary energy consumption to 11.4%; increase
forest coverage to 21.66% and increase forest stock
volume to 14.3 billion cubic metres

By 2030: reach peak CO, emissions and make efforts
to peak earlier; reduce carbon intensity by 60-65%
from 2005 levels; increase share of non-fossil fuels in
primary energy consumption to about 20%; increase
forest stock volume by 4.5 billion cubic metres from
2005 levels

By 2020: reduce carbon intensity by 18% compared
to 2015 levels; reduce energy intensity by 15%
compared to 2015 levels; reduce main pollutant
emissions of COD, SO,, ammonia nitrogen and NO_
by 10%, 10%, 15% and 15%, respectively, compared
to 2015 levels; increase share of non-fossil fuels in
primary energy consumption to 15%; increase forest
coverage to 23.04% and increase forest stock volume
to 16.5 billion cubic metres

Have CO, emissions peak before 2030; achieve
carbon neutrality before 2060

By 2030: reach peak CO, emissions; reduce carbon
intensity by >65% from 2005 levels; increase share
of non-fossil fuels in primary energy consumption to
about 25%; increase forest stock volume by 6 billion
cubic metres from 2005 levels; increase total wind
and solar installed power generation capacity to
>1,200 GW. By 2060: achieve carbon neutrality
before 2060

By 2025: reduce carbon intensity by 18% compared
to 2020 levels; reduce energy intensity by 13.5%
compared to 2020 levels; increase share of non-fossil
fuels in primary energy consumption to about 20%

At the provincial level, most provinces
successfully decreased their carbon intensity
year by year, as specified by the 13th FYP,
in some cases achieving and even exceeding

Progress

As of 2005, main pollutant emissions reduced
by <10%'"!

As of 2010, energy intensity reduced by
19.1%; SO, emissions reduced by 14.29%;
COD emissions reduced by 12.45%; forest
coverage increased to 20.36%"'"

As of 2010, energy intensity reduced by
19.3%'"%; share of non-fossil fuels in primary
energy consumption increased to 9.4%'"";
forest coverage increased to 20.36%'"*

As of 2020, carbon intensity reduced by
48.4%'""; share of non-fossil fuels in primary
energy consumption increased to 15.9%*;
forest coverage increased to 23.04%'° and
forest stock volume increased to over

17.5 billion cubic metres'’®

As of 2015, carbon intensity reduced by 20%;
energy intensity reduced by 18.2%; main
pollutant emissions of COD, SO,, ammonia
nitrogen and NO, reduced by 12.9%, 18.0%,
13.0% and 18.6% respectively; share of
non-fossil fuels in primary energy consumption
increased to 12%; forest coverage increased
t0 21.66% and forest stock volume increased to
15.1 billion cubic metres'’’

As of 2020, carbon intensity reduced by
48.4%'"; share of non-fossil fuels in primary
energy consumption increased to 15.9%'%%;
forest coverage increased to 23.04%'*° and
forest stock volume increased to over

17.5 billion cubic metres'’”®

As of 2020, carbon intensity reduced by
18.8%'"; share of non-fossil fuels in primary
energy consumption increased to 15.9%'*;
forest coverage increased to 23.04%'" and
forest stock volume increased to over

x17.5 billion cubic metres'’®

the targets (FIG. 5). For example, as of 2020,
Jiangsu had reduced its carbon intensity by
24% relative to 2015 levels, exceeding the
objective of 20.5% to be achieved by 2020.
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Similarly, carbon intensity in Yunnan fell by
25% by 2020 compared to 2015 levels, ahead
of its target of 18% by 2020. These provinces,
along with other more economically
developed regions, such as Beijing, were
already on a downward trajectory in terms
of their total emissions, indicating a possible
emissions peak.

However, some provinces were not able to
achieve their goals, such as Inner Mongolia,
where carbon intensity decreased by 14% in
2020 compared to 2015 levels, thus missing
the target of —17% (FIC. 5). Inner Mongolia
reflects provinces with energy-intensive
industry, acting as an energy base for the
entire nation. They therefore face greater
challenges in achieving targets, illustrating
the need to co-ordinate bottom-up efforts
that achieve emissions objectives while
taking into account differential regional
development.

Successfully achieving the 2020 carbon
intensity target ahead of schedule can be
attributed to the strong implementation
of measures on climate change mitigation.
Increasing capacity, improving energy
efficiency per unit production in the
production process, and deploying and
transforming low-carbon technologies all

helped reduce carbon intensity per unit of
economic output. Together with an increase
in non-fossil energy, these changes decreased
CO, emissions per unit of GDP by 28.5%
between 2005 and 2013. Over 2,500 Mt CO,
were not emitted as a result®. A change
in the sectoral structure toward sectors
of lower carbon intensities (for example,
by transforming a manufacturing-based
economy to a service-based economy) also
aided in the early realization of China’s 2020
carbon intensity reduction targets.

It is important to note, however,
that some actions to achieve emissions
reductions targets would have promoted
only a short-term response. For instance,
the decommissioning of small, old and
inefficient power plants nationwide is
not sustainable longterm. Replacing such
power plants with those that are larger and
more efficient did substantially increase
the total energy efficiency, but the scale-up
in fossil fuel-based power generation has
resulted in only a marginal reduction in
energy intensity. Indeed, the majority of
coal-fired power plants currently operational
in China are large, modern power plants
built after the mid-1990s, with a designed
operation lifetime of more than 30years®.

PERSPECTIVES

Thus, roughly 200 coal-fired power plants
are planned to be built over the next several
years, which in combination with existing
infrastructure, are anticipated to contribute
approximately 250 Gt CO, over their service
life, half the global total®.

Carbon neutrality before 2060

As well as achieving several mitigation
objectives, China has further pledged to
become carbon neutral by 2060 (TABLE 1).
Carbon neutrality refers to net-zero

CO, emissions — a balance between

all anthropogenic emissions from fossil
fuel combustion, industrial production
processes, land-use changes and CO,
removals from land, ocean and human
society (such as carbon capture, utilization
and storage (CCUS)). Since China is at
present the largest carbon emitter in the
world, its pathway to net-zero emissions
(including all greenhouse gases) will be
essential in meeting the 2° C temperature
limit targets outlined by the Paris
Agreement. However, achieving carbon
neutrality by 2060 cannot depend solely on
measures adopted to meet 2020 intensity
reduction targets. Instead, China must
break down the lock-in of fossil fuel-based
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Fig. 4 | National strategy on reducing carbon intensity and increasing the non-fossil share of energy consumption. Timeline of China’s targets (light
blue) and achievements (dark blue) for carbon intensity reduction (bars) and non-fossil energy share (circles). See also TABLE 1 for achievements. China has
achieved almost all of the decarbonization targets it has set.
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< Fig. 5| Carbon intensity by provinces in 2005-2020. Colours represent carbon intensity reduction

targets of —20.5% (blue), —19.5% (green), —18% (red), —17% (pink), ~12% (magenta), as set in provincial
13th FYP (2015-2020). Labels denote the provincial achievements of carbon intensity reduction from
government reports (see Supplementary Table 2). Labels with no shading denote the achievements as
of 2020, while grey shading denote the achievements as of 2019, and a darker grey for 2018. Data of
carbon intensity trend are collected from the IPE'’, which are originally from the China City
Greenhouse Gas Working Group; data for Tibet is not available. We note that the carbon intensity
trends from IPE might be inconsistent with the official data sources. Most provinces have achieved the

targets set by the central government.

energy supply systems and develop effective
negative-emission technologies. Indeed,
while renewables and energy-efficiency
improvements are projected to contribute
approximately 75% of the cumulative
emission reductions up to 2060 (REFS**),
the remaining emissions rely on offsets by
negative-emission technologies (FIC. 6). Key
elements in China’s carbon neutrality targets
are now summarized.

Coal phase-out
To curb the increase in its energy
consumption and achieve its mid-century
carbon neutrality goal, China needs
to transform its economy from
carbon-intensive manufacturing to a more
service-based economy, to increase the
share of electricity end-use of energy and
to decarbonize its electricity generation®®.
The overarching task in this energy
transition is to phase out coal (and other
fossil fuel) consumption as early as possible
and to expand non-fossil energy supply”.
The Action Plan on Prevention and Control
of Air Pollution facilitated this transition
in 2013, reducing coal consumption in the
most developed regions (such as the Beijing,
Tianjin and Hebei provinces) to improve
air quality”’. Moreover, in 2017, the Chinese
government specifically proposed reducing
coal power capacity for the first time, aiming
to eliminate, suspend and postpone coal
power production capacity by more than
50 GW (REF?). This strategy was intended
to prevent overcapacity and to improve energy
efficiencies in coal power. If these policies,
and others, are followed at current rates’”,
China’s coal power generation and carbon
emissions are expected to peak by 2027 (REF.”).
However, achieving coal phase-out will
require firmer actions. Indeed, coal power
installed capacity continues to increase,
owing to growing energy demand. In
2020, for example, China commissioned
76% (38.4 GW) and retired 23% (8.6 GW)
of global new coal plants, leading to a
net 29.8 GW increase in its coal fleet”.
Moreover, the construction of 210 new
coal projects in 2015 following the
decentralization of power plant approval”’,
the fact that most existing coal-fired power

plants have been put into operation in the
past 15 years’™ and the approval of coal
projects to boost economic growth following
the COVID-19 pandemic all provide
additional challenges to be met before
China’s coal consumption and emissions

can peak. If there is any future for coal-fired
power plants in China, they will probably
have to be retrofitted with CCUS.

According to the China Electricity Council,
however, China is still striving to reach peak
installed coal capacity by 2030, representing
around 1,300 GW. Although this is in line
with the 2030 goal of achieving peak carbon
emissions, its achievement will necessitate
rapid coal phase-out thereafter. These changes
are consistent with government commitments
to control coal-fired power generation projects
and to limit the increase in coal consumption
during the 14th and 15th FYPs. Nevertheless,
targets for coal power installed capacity have
not yet been set officially, either during the
14th FYP nor by 2030.

Non-fossil energy development

With this reduction in fossil-derived energy
comes the need for a corresponding increase
in renewable energy to meet growing energy
demands. Indeed, by 2020, the share of coal
power installed capacity dropped below 50%
for the first time”. During the 13th FYP,
non-fossil energy installed capacity grew at
an average annual rate of 13.1%", allowing
the targets of 15% non-fossil energy to be
met (TABLE 1). With continued increases,
China is also on the path to deliver the

25% target set up for 2030 (REF."”).

Achieving carbon neutrality, however,
means that non-fossil fuel must account for
85% of the energy mix by 2050 (REF™). Thus,
renewables are at the core of the transition to
carbon neutrality, given their vast resource
potential®~*, low or no carbon emissions
and declining costs. China aims to increase
its wind and solar installed power generation
capacity to over 1,200 GW by 2030 (REF.™),
requiring a compound annual growth
rate of around 10%”’. Furthermore, China
requires 1500-2600 GW wind capacity
and 2200-2800 GW of solar capacity by
2050 to help achieve the Paris Agreement,
roughly ten times the 2020 capacity®*.
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Such a large-scale expansion of renewable
energy necessitates fundamental changes
in energy infrastructure, such as storage
and transmissions, and calls for the energy
market to integrate high penetration of
renewables with grids.

Nuclear power might therefore form
the basis of the required non-fossil energy
development. In 2007, China released its
Nuclear Power Medium- and Long-Term
Development Plan (2005-2020), aiming to
increase nuclear power generation installed
capacity to 58 GW by 2020, although only
50 GW has been achieved”. As outlined
by the 14th FYP, another 20 GW installed
capacity of nuclear power generation will be
put into operation, consistent with the target
of 70 GW by 2025 (REF.*). By 2050, nuclear
power generation is estimated to contribute
120-500 GW (REFS**). This large range
creates a huge gap that otherwise will need
to be filled by solar, wind or CCUS in a low
nuclear scenario®**,

The pathways towards achieving
the carbon peak and neutrality goals is
complicated by the combined effects of
technology, resources, cost, policy and
market competition. For example, the cost
of renewables and storage has declined
markedly. If this trend continues, 62%
of China’s electricity could come from
non-fossil sources by 2030 at an 11% lower
cost compared with a business-as-usual
approach’. Furthermore, different transition
pathways deliver similar carbon mitigation
results, but could have different implications
on the energy economy, on water and
land resources’>”, and potentially on
environmental pollution and human
health’*”. Sectors that consume energy, such
as the building™, transport’” and industry”
sectors also have a crucial role in filling the
carbon mitigation gap. As such, adoption
of technology, changes in human behaviour
and policy measures that increase energy
efficiency and restrain demand are equally
important at the other side of the transition
to clean energy.

Negative-emission technology

In addition to expanded renewables and
improved energy efficiencies, negative
emissions (removing CO, from the
atmosphere)” will also be needed to achieve
carbon neutrality in 2060. Specifically,
negative emissions are expected to
contribute nearly 25% of total emissions
reduction from 2020 to 2060 (FIC. 6).

Afforestation. Afforestation is a negative-
emission technology that has been widely
utilized in China. Indeed, efforts to expand
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Fig. 6 | Contributions needed to achieve 2060 carbon neutrality target. lllustration of how negative
emissions, renewables and improved efficiencies can reduce net emissions, and thus achieve carbon
neutrality by 2060. Open circles denote the average baseline scenario emissions from five models”***
(IEA Stated Policy Scenario, IPAC, CE3METL, WITCH2016 and GCAM), and the solid black circles indi-
cate the average emissions from the same models but with the 1.5°C limit. The error bars show the
max-min spread of these models. All scenario data are rescaled to the same levelin 2020 and extended
to 2060, based on the assumption of achieving net-zero emission in 2060. Contributions of each com-
ponent are collected from the IEA World Energy Outlook’s Sustainable Development Scenario®/,
where ‘Efficiency’ denotes end-use efficiency and fossil fuel subsidies reform, and ‘Negative emission
needed’ covers nuclear, CCUS and other technologies®. To achieve carbon neutrality in 2060,
improved efficiencies, renewables development and a large number of negative emissions

technologies are needed.

afforestation have made it the largest
contributor (42%) of the observed global
greening trend'”. During the 1980s and
1990s, the net terrestrial sink in China
was about 0.19-0.26 Pg C per year (around
0.7-1.0Gt CO, per year), offsetting
around 28-37% of China’s anthropogenic
CO, emissions in same period'”’. By
2010-2016, however, these terrestrial sinks
reached 1.11£0.38 PgC per year (about
4.0+1.4GtCO, per year), accounting for
nearly 45% of anthropogenic emissions'®.
Further afforestation could be achieved
by preserving and expanding forest cover,
especially in areas that are suffering from
desertification'®.

However, owing to the fact that
afforestation-related emissions reductions
last only as long as the planted trees are
growing, this strategy presents greater risks
than a strategy that focuses more on gross
reduction cuts. Under these circumstances,

advanced water resource management and
treatment technologies, along with precision
agriculture and land-use management,
could be deployed to ensure that most,

or all, of the increased biomass in the
afforested areas is preserved indefinitely'®.
In particular, commercial and residential
land occupation would need to be limited.
By doing so, China’s forest biomass carbon
stock could increase by more than 50% by
the 2050s'-1°,

Blue carbon. China’s seas also have huge
carbon sink potential (so-called “blue
carbon”), providing ample opportunities to
implement a variety of negative-emission
technologies. For example, in coastal zones,
the organic carbon storage of mangroves,
salt marshes and seagrass beds is 1.3 Mt CO,
per year'”. Carbon sinks in open seas are
much larger, with preliminary estimates
suggesting that sedimentary organic

carbon storage in marginal seas of China’s
coastal shelf is 75.1 Mt CO, per year and
that primary productivity of large-scale
culture algae in China is approximately
12.9MtCO, per year'”. In addition,
artificial upwelling projects could help to
increase carbon sequestration in breeding
areas by 0.3 Mt CO, per year'”. Overall, the
amount of carbon stored in and exported to
Chinass seas is over 300 Mt CO, per year'”.
More efforts are called to increase these
oceanic sinks, such as by alleviating offshore
eutrophication by reducing the use of
inorganic fertilizers on land, enhancing
ocean alkalinization, and by upgrading
mariculture areas by artificial upwelling'”’.

Other negative-emission technologies.
CCUS also offers one of the most important
technologies for negative emissions,
despite concerns regarding costs, technical
challenges and actual contributions to
climate mitigation'**"'"". For example, the
potential capacity for CO, storage in China
is estimated to be 1,800 to 3,000 Gt CO,
(REFS'*2!%), hundreds of times higher than
current annual CO, emissions (about
10GtCQO,). Accordingly, China has started
promoting CCUS trials since the 12th FYP.
These include three commercial carbon
capture and storage (CCS) facilities in
operation (out of 26 worldwide), with an
annual maximum capture capacity of around
0.82 Mt CO,, accounting for approximately
2% of global CCS storage'"”. A further three
commercial CCS facilities are also under
construction or in early development, and
are expected to increase the capture capacity
by around 1.8 Mt CO, per year'", as are
13 pilot and demonstration CCS facilities'*.
We note, however, that current CCS
facilities are capturing CO, emissions from
fossil fuel combustion (such as coal-fired
power plants) or fossil/mineral process
emissions (such as clinker production
and numerous petrochemical processes),
reducing them to a lower or even near-zero
level. Negative emissions are only possible
through bioenergy combustion with CCS
or through other methods that capture
CO, emissions from biogenic rather than
fossil sources'”. Deployment of bioenergy
combustion with CCS is still some way off
in China''. Thus, to have a more important
role in China’s carbon neutrality, CCUS
technologies must be developed rapidly and
both CCS and bioenergy combustion with
CCS facilities need to be deployed on a large
scale as soon as possible. Otherwise, the
contributions of CCUS to China’s carbon
neutrality before 2060 will probably be
minimal.
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Carbonation of cement, one of the less
frequently discussed negative-emission
technologies, has considerable potential
for carbon uptake'’-'%". It is estimated
to have contributed a cumulative sink of
around 6.2 Gt CO, in China from 1930 to
2019 (REF.'™). Accordingly, improving the
weathering of cement and other alkaline
solid wastes has become one of the major
ways to mitigate emissions'". Recycling
construction materials will not only
substantially increase the carbonation of
cement materials, but also potentially reduce
the energy intensity of the construction
industry by 90%'*'. To achieve the 2060
net-zero emission target, China must
therefore recycle 100% of its construction
materials and industrial byproducts, ideally
by 2030 (REF.'*). Other CCUS technologies
might also be improved through the
recycling of biomass and cascade utilization
of energy and materials. It is of top priority
for both central government and local
governments to devise and enforce the
corresponding regulations and laws.

Direct air capture technology is
emphasized as one of the most important
negative-emission technologies, with
large-scale potential of CO, removal; these
physically or chemically adsorb CO, in the air
directly'*>'**. However, direct air capture
technology is still immature and expensive
and it has not been listed as an efficient effort
in any official documents in China yet.

Low-carbon cities

Cities have been the main battlefields for
fighting climate change in China'*-'¥,
particularly given that over 60% of the
population live in cities at present™. This
population produces 85% of the national
emissions'*, which is anticipated to
increase further with population and
economic growth'” !, Looking at the
low-carbon development map, it is critical
to develop long-term city-level emission
inventories and further identify the drivers
of cities’ emission growth. City-level
energy and emission inventories can be
developed by bottom-up'**~'"** or top-down
approaches'*-'2. Nevertheless, inadequate
energy statistics, as well as incomplete
sectoral and energy-type information,
pose challenges in compiling city-level
carbon-mitigation policies'**. In addition,
despite territory-based emissions within
city boundaries (Scope 1 emission), cities
also rely heavily on purchased electricity
(Scope 2) and other relevant cross-boundary
energy and material transfer (Scope 3
emission)'*’. Some cities might rely heavily
on imported energy and products to meet

their consumption, but this means
that their emissions have just been trans-
ferred to other cities. For example, 70% of
emissions in China’s metropolitan areas
were associated with products and services
that are imported from other regions'*".
Region-specific CO, emission reduction
targets could be set in provinces and cities'*.
For example, since 2010, China has launched
three batches of low-carbon development pilot
projects in 80 cities and seven provinces'*,
outlining carbon intensity reduction targets
and low-carbon development plans'”’,
including emissions peaks by 2025 (REF."*).
The development of low-carbon cities has
been motivated mainly by government
policies rather than by other factors such
as public awareness' "', including setting
emission peak paths, building near-zero
carbon emission zones, or establishing
assessment systems for controlling
emissions'**. These low-carbon pilots have
made substantial progress'*"'**, with carbon
intensity decreasing in most cities**',
including Xiamen'**. However, from 2015 to
2019, only three (Kunming, Shenzhen and
Wuhan) of the thirty-six typical large cities
in China peaked their emissions, while the
emissions from eight of them (Beijing, Foshan,
Nanjing, Nantong, Qingdao, Shanghai, Wuxi
and Xiamen) have plateaued'*’.

Green markets
Markets have a crucial role in accelerating
the development and/or deployment of
renewables. Given the scale of China’s
“green market” and the timing of its
transition to a higher-value-added economic
structure, market reforms associated with
environmental protection could bring
tremendous change. As of 2020, China’s
balance of green loans amounted to
12 trillion yuan (US$1.9 trillion), with issued
green bonds of around 1.2 trillion yuan.
As aresult, China has become the world’s
second-biggest green bond market'®. In
addition, investment on energy industry
is projected to be 99-138 trillion yuan
cumulatively from 2020 to 2050 (REF.%).
China introduced a market-based
domestic carbon emission trading scheme,
operating in seven pilot markets (Beijing,
Shanghai, Tianjin, Chongqing, Shenzhen,
Guangdong and Hubei) since 2013. The
emission trading schemes in these seven
pilot markets traded approximately
1.1 billion tons of CO, in 2013, which was
the second-largest emission trading scheme
in the world after that of the EU. In 2016, the
8th pilot market was established in Fujian
province. However, current emission trading
quotas are quite small (accounting for less
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than 1% of the total emissions'®"), outlining
great potential for the future.

China subsequently launched a plan for
establishing a national emission trading
scheme since 2017. The plan initially started
in the power industry, and was planned to
expand to seven major industries, making
it the largest emission trading scheme
worldwide'®. In 2020, China’s Ministry
of Ecology and Environment drafted rules
for the national carbon emission trading
scheme, further leading an expansion of
emission trading schemes from these pilots
to other regions nationwide. By 2030, the
financial needs of low-carbon projects
might exceed 2,000 billion yuan'®’. More
than 400 Mt CO, have been traded so far'®,
which is the world’s second-largest carbon
market in terms of the quota trading volume.
However, the current cap-and-trade regime
is only for electricity companies. Thus, this
scheme requires further development and
adjustment. For example, a cap-and-trade
system for the steel sector proposed in the
14th FYP is now under discussion. As a
national environmental strategy, China
plans to introduce more caps on other major
industries that emit carbon, such as ferrous
and non-ferrous metallurgy, construction,
chemical production and aviation services.
More importantly, a carbon credit
mechanism, such as what was granted
for negative carbon emissions, should be
considered by the cap-and-trade system
in the future, eliciting more projects on
increasing carbon uptake from bottom-up
actions. A successful cap-and-trade scheme
requires reliable carbon data, a transparent
carbon market, and fair credit allocations.
A nationwide carbon market has been
launched since July 2021, which still involves
only power companies at present.

Summary and future perspectives

As the world’s largest emitter, China’s carbon
emissions account for 28% of the global
total, surpassing those of the US and Europe
combined since 2012. The fastest increase
in carbon emissions were observed from
2000 to 2013, followed by a brief pause in
growth and a slow rebound since 2016.

80% of China’s carbon emissions are from
electric power generation and industrial
sources, since its rapid industrialization,
urbanization and globalization are powered
by a coal-dominated energy system. China
has adopted a low-carbon strategy for its
economic development. Efforts to save
energy, to use renewable energy and to
launch low-carbon pilots, especially since
2005, have facilitated low-carbon growth,
thus bending the emissions curve. Indeed,
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with large-scale deployment of renewable
power generation, particularly hydro, wind,
and solar, the share of fossil fuel has reached
an all-time low and coal consumption has
plateaued.

In doing so, several national targets have
been met: as of 2020, carbon intensity was
reduced by 18.8% relative to the 2015 level,
the share of non-fossil consumption as part
of the total primary energy consumption
was increased to 15.9%, and forest stock
volume was increased to over 17.5 billion m?,
exceeding the targets of 18%, 15% and
16.5 billion m’, respectively. China also
plans to become carbon neutral by 2060,
making the nation ready to take global
leadership in economic decarbonization
and global climate governance. China
has the shortest time to become carbon
neutral by 2060 from the carbon
emission peak by 2030 (Supplementary
Table 3), with the most dramatic emission
reductions required. Roadmaps for
China’s low-carbon development have
been proposed, emphasizing the major
role of the electricity sector in achieving
net-zero or near-zero emissions. Several
key steps were established at the national
level, including carbon emission reduction
targets set up in the 14th FYP, clarifying
China’s future carbon emission reduction
path, and formulating a green finance
plan in the 14th FYP. Such strategies are
incorporating economic recovery plans
into cultivating green industries such as
green buildings and renewables, supporting
the development and promotion of
green technologies, and facilitating the
establishment of zero-carbon-emission zones.

Milestones in achieving the national
2060 carbon neutrality target include
the following: establishing a full-scale
cap-and-trade system that covers all
sectors, achieving negative emissions
from afforestation, recycling and CCUS;
recycling 100% of construction materials
and industrial byproducts; realizing the goal
of a 70% or 85% non-fossil share of primary
energy consumption by 2050 under the
1.5°C and 2° C temperature limit scenarios,
respectively; and developing a full CCUS for
the remaining fossil fuel-based boilers and
plants. Concrete progress in these aspects
will help to realize China’s commitment to
carbon neutrality before 2060. However,
understanding the trends and trajectories of
carbon emissions remains challenging in the
light of uncertainty about world economies
and technological breakthroughs.

To achieve net-zero emissions before
2060, China needs to embrace an era of
opportunities and challenges. First, its CO,

emissions must be decoupled from its
economic growth. Second, given the rapid
expansion of residential consumption

and infrastructure investments, reducing
emissions from the demand side (or
consumption side) remains essential to
achieving both the goal of carbon neutrality
and the goal of economic growth. Third, coal
is still the key energy source in China. Before
achieving any breakthroughs in applying
renewable energy technology at large scale,
as well as the technology of utilizing coal

in a clean way, China still needs to find a
balance between coal phase-out, costs and
energy security. Fourth, as a developing
country, China still lags in terms of some
technological research and innovations,
posing challenges to upgrading industries
and, by extension, to the adjustment of

its economic structure. Breakthroughs in
technologies for achieving global carbon
neutrality, especially negative-emission
technologies, are essential for international
cooperation. Last, current efforts to reduce
emissions are mainly responses to top-down
policies by the central government.
Measures that can incentivize bottom-up
efforts more widely are called for, such as
setting local mitigation targets for emission
caps, perfecting the carbon trade scheme,
promoting a just transition towards carbon
neutrality, and mobilizing communities
and society.

Meanwhile, the opportunities brought
by carbon neutrality will also trigger
fundamental transformations. A green
path to net-zero emissions will promote
sustainable and high-quality development
in China, especially in the post-COVID
era. Incorporating carbon neutrality into
national social and economic plans will
accelerate optimization and green upgrading
of industrial structure and energy structures,
and promote the development of new
technologies for low-carbon industries.
These challenges also create tremendous
opportunities. Since it has the world’s largest
installation capacity in wind power, solar
power and hydro power, China is well
positioned to be the leading manufacturer
of green technologies. These capabilities
could enable China to transform and
upgrade its various industries and to create
more employment opportunities in green
industries. In addition, the realization
of net-zero emissions will benefit air
quality'®'*° and human health'""~'¢,

For example, an improvement in energy
intensity in the non-power industrial

sector could help reduce CO, emissions

by 18-50% in China, along with a reduction
of SO,, NO, and particulate matter'**.

To address the challenges posed by other
contributors, key areas of technology, such
as energy storage, hydrogen and even fusion,
are anticipated to mature at a reasonable cost
in the next few decades. Meanwhile, a clear
role in long-term strategies, a harmonious
system of regulatory standards, and a mature
commercial practice for massive secure use
will be key to the large-scale application
of these technologies. Digital technologies
are also expected to revolutionize both
the demand and the supply side of energy
systems. Great challenges lie ahead in terms
of social cost and political stability in the
course of this dramatic transition of the
energy and economic systems, which will
create both winners and losers at large scale.
The path to net-zero emissions will trigger
profound top-down reforms in every aspect
of economy and society. Research in social
sciences and behavioural science has not yet
given much attention to the enormous social
transition that will be induced by actions
towards carbon neutrality.
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