
Available online at www.sciencedirect.com
ScienceDirect

Advances in Climate Change Research 13 (2022) 169e178
www.keaipublishing.com/en/journals/accr/
Will China achieve its 2060 carbon neutral commitment from the provincial
perspective?

Li-Li SUNa,1, Hui-Juan CUIa,*, Quan-Sheng GEa,b

a Key Laboratory of Land Surface Pattern and Simulation, Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences,

Beijing 100101, China
b University of Chinese Academy of Sciences, Beijing 100049, China

Received 19 August 2021; revised 1 November 2021; accepted 10 February 2022

Available online 16 February 2022
Abstract
China has pledged to peak carbon emissions before 2030 and strive to achieve carbon neutrality before 2060. However, the significant
variations of provincial carbon emissions make it unclear whether they can jointly fulfill the national carbon peak and neutrality goal. Thus, this
study predicts the emission trajectories at provincial level in China by employing the extended STIRPAT (Stochastic Impacts by Regression on
Population, Affluence, and Technology) model to see the feasibility and time of reaching peak carbon emissions and carbon neutrality. We found
that most provinces can achieve peak emission before 2030 but challenging to achieve carbon neutrality before 2060, even considering the
ecological carbon sink. The provincial neutrality time is concentrated between 2058 and 2070; the sooner the carbon emission peaks, the earlier
the carbon neutral will be realized. The aggregated carbon emissions at provincial level show that China can achieve its carbon emission peak of
9.64e10.71 Gt before 2030, but it is unlikely to achieve the carbon neutrality goal before 2060 without carbon capture, utilization, and storage
(CCUS). With high CCUS development, China is expected to achieve carbon neutrality in 2054e2058, irrespective of the socio-economic
scenarios. With low CCUS development, China's carbon neutrality target will be achieved only under the accelerated-improvement scenario,
while it will postpone to 2061 and 2064 under the continued-improvement and the business-as-usual scenarios, respectively.
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1. Introduction

In 2015, the Paris Agreement has set long-term tempera-
ture goals to control the global average warming at 2 �C and
strive to limit it to 1.5 �C by the end of the 21st century.
However, global greenhouse gas (GHG) emissions continued
to grow and reach a record high of 52.4 Gt CO2e in 2019
without evidence of having peaked yet (BP, 2021). To meet
the 2 �C temperature goal, all countries need to reduce
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additional GHG emissions of 12e19 Gt to their nationally
determined contributions (NDCs) by 2030 and reach global
CO2 emissions peak as soon as possible (UNEP, 2020). Be-
sides, carbon neutrality by the mid-21st century is required to
achieve the 1.5 �C goal (IPCC, 2018). Till now, many
countries have started to make new pledges to carbon
neutrality or zero-emission such as the European Union (EU),
Japan, the Republic of Korea, Canada, etc., who have
announced goals of carbon neutrality by 2050 (European
Commission, 2018; NPR, 2020; Tradelink Publications,
2020 Canada Government, 2020).

China contributed 26% of global greenhouse gas emissions
in 2019 (UNEP, 2020). As the first developing country to
submit NDCs, the Chinese government committed to reaching
peak CO2 emissions before 2030 and striving to achieve
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carbon neutrality before 2060 in September 2020 (The
Chinese Foreign Ministry, 2020). According to Climate Ac-
tion Tracker (CAT, 2020), if China achieves its announced
goal of achieving carbon neutrality before 2060, it would
lower global warming projections by around 0.2e0.3 �C,
closer to the 1.5 �C warming limit of the Paris Agreement.
Whether China can fulfill its carbon peak and neutral com-
mitments is of great significance to the realization of the Paris
Agreement. Compared with some developed countries whose
emissions have peaked such as Canada, United Kingdom, and
Japan, China's carbon emissions are in a growth phase. The
proposal of carbon neutrality by 2060 implies that China will
have a shorter time to implement large-scale emission reduc-
tion after peaking around 2030 (Huang and Zhai, 2021). The
timing of carbon emissions peak directly determines the
available time and the amount of emission reduction to be
completed from carbon peak to carbon neutrality (Hu, 2021).
There is no doubt that achieving carbon neutrality in such a
short period would be a great challenge for China and lack of
lessons can be learned from the developed countries' experi-
ences (Yu et al., 2021). Therefore, the investigation into
China's peak and neutrality path would be of great importance
to the world by providing a new possibility and could be
informative for other developing countries, like India, whose
GHG emission still rises and is highly likely to become the
next largest emitters after China (Jiang et al., 2019). In that
sense, it is of global significance to focus on China's carbon
peaking and carbon neutralization and to design a clear
emission reduction roadmap as soon as possible, especially the
provincial roadmap.

Confined by different population distribution, resource
endowment, and socio-economic development, the reduction
potential of carbon emissions vary considerably across China's
provinces (Zhang et al., 2020). More developed regions have
lower energy intensities, higher energy efficiencies, and
advanced emission reduction technology, facilitating an earlier
peak of emissions (Li et al., 2017a,b; Du et al., 2017; Su et al.,
2014). For example, As one of the low carbon pilot cities in
China, Beijing has announced that its carbon emissions peak
in 2020 (Cui et al., 2020). On the other hand, Guangdong,
another developed province, will achieve peak CO2 emissions
in 2020e2025 (Huang et al., 2013; Cheng et al., 2015) or is
unlikely to peak before 2030 (Wang et al., 2019). Chongqing
will achieve peak CO2 emissions by approximately 2030
(Liang et al., 2014) or shortly after that (Liu et al., 2017).
Some undeveloped western provinces like Shanxi, Shaanxi,
Xinjiang, and Inner Mongolia are expected to reach peak CO2

emissions between 2025 and 2035 (Dong et al., 2017; Li et al.,
2017a,b; Zhou et al., 2016). The difference in the peak time of
carbon emissions across provinces are noteworthy. Different
research predicted highly variable peak times even for the
same province, ranging from 2 to 14 years. Shi (2020) pre-
dicted the peak of CO2 emissions in Shandong and Hebei
would occur by 2025. But, Wang et al. (2021) believed
Shandong is probably to reach carbon peaks after 2030 and
even to 2045 due to its high energy intensity and low renew-
able energy utilization, while Hebei is probably to peak before
2026 relying on geographical advantages (affected by advance
low-carbon technology in Beijing). It is primarily attributed to
applying different methods and selecting various socio-
economic drivers behind carbon emissions (i.e., population,
GDP per capita, and energy intensity). Besides, some emission
reduction plans were sorted out in provincial 14th Five-Year
Plan. For example, Beijing and Tianjin have formulated pol-
icies to accelerate the energy structure reform and promote
clean and efficient utilization of energy.

The drivers of carbon emissions are detected mainly by
decomposition analysis, IPAT (Impact, Population, Affluence,
and Technology) model and STIRPAT (Stochastic Impacts by
Regression on Population, Affluence, and Technology) model.
The STIRPAT was created based on the IPAT model, and it
abandons unit elasticity assumption and adds randomness to
facilitate empirical analysis (Fang et al., 2019; Nguyen et al.,
2019; Ghazali and Ali, 2019). Therefore, the STIRPAT model
is ahead of the IPAT model for more factors are considered
and integrated to analyze scenarios for emission trajectory
simulation. It can help policymakers seek feasible emission
reduction paths since comparative estimate factors can observe
all the possible outcomes. The drivers usually include popu-
lation, urbanization, economy level, energy intensity, indus-
trial structure, and energy structure. It is found that
urbanization level, economic level, and industry structure
promote carbon emission, while energy intensity, technology
progress, and tertiary industry proportion decrease CO2

emissions (Wang et al., 2012, 2017; Shen et al., 2018). Be-
sides, it is found that the driving factors of carbon emissions
various across regions, even various in the same region
(Inglesi-Lotz, 2018). Therefore, considering significant dif-
ferences in population, economy, and carbon emissions, it is
necessary to explore the driving factors of carbon emissions at
provincial level.

When and how Chinese provinces will reach carbon peak
and carbon neutrally remain unclear from existing literatures.
To close this gap, this study aims to explore whether China can
achieve its peak carbon emissions target before 2030 and the
carbon neutrality target before 2060 from the provincial
perspective. To that end, the STIRPAT model was applied to
investigate the carbon emission drivers in China's 30 provinces
during 1995e2017 and predict their future emissions from
2018 to 2080 under different scenarios to see whether and
when each province will achieve peak emissions and carbon
neutrality. Finally, China's overall carbon peak and neutrality
were assessed with CCUS.

2. Method and data
2.1. Provincial carbon emission accounting
Due to lack of officially published data of provincial-level
CO2 emissions in China, similar to Fang et al. (2019) and
Wang et al. (2017), we accounted for provincial energy-related
carbon emissions and ecological carbon sink by using the
method recommended by IPCC (2006). The energy-related
carbon emissions were calculated by multiplying the fossil



Table 1

The detailed drivers in the STIRPAT model.

Drivers Short name Description Unit

C Carbon emissions The energy-related

CO2 emissions

kt

TP Population total population thousand

person

UR Urbanization The ratio of the

urban population in

total population

%

RG GDP per capita Real GDP per capita constant 2000

USD

ES Energy consumption

structure

The ratio of fossil

energy in total energy

consumption

%

IS Industry structure The industrial value-added

over the total GDP

constant 2000

USD (% of GDP)

EI Energy intensity Energy consumption

per unit of GDP

tce per constant

2000 USD
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energy consumption amount with their corresponding CO2

emission coefficients as per the following formula:

Eenergy¼44

12

X8

i¼1

Ei �Fi ð1Þ

where, Eenergy is the CO2 emissions in Million tons from
different fuels in each province; i denotes different energy
types, including raw coal, coke, crude oil, diesel oil, fuel oil,
gasoline, kerosene, and natural gas; Ei is the energy type
consumption i; is CO2 emission factors for each energy type i.

This study selected forest, grassland, and cropland as the
primary carbon sink sources regarding the ecological carbon
sink. Referring to the IPCC method, carbon sink was
accounted by multiplying the area of land use type by their
carbon absorb factors.

Eeco¼
X3

j¼1

Sj �Cj ð2Þ

where, Eeco is the ecological carbon sink and is quoted in
million tons; j represents the land use type, such as forest land,
grassland, and cropland; Sj is the area of land use type j and its
units is ha; Cj represents the carbon absorb factor of every land
use type j and its units is t CO2 hm

�2.
We further compared estimated carbon emission with

CEADs (CEADS, 2020) (by province) and BP (by country) to
verify its reliability. The results show the differences between
our data and CEADs and BP are less than 10% (see Appendix
Fig. A1), which means provincial CO2 emissions data calcu-
lated in this study is credible.
2.2. STIRPAT model
We applied the improved nonlinear stochastic regression
STIRPAT model proposed by Dietz et al. (1994) to explore
and analyze carbon emissions drivers in China's provinces. An
increasing number of studies apply the STIRPAT model to
analyze driving factors and predict carbon emissions, because
it is capable to overcome unit elasticity constraints and add
randomness to facilitate empirical analysis (Fang et al., 2019;
Ghazali and Ali, 2019; Wang et al., 2019). Since the analytical
and interpretational ability of the STIRPAT model can be
improved by increasing, decreasing, or decomposing factors,
we further extended the STIRPAT model by integrating
additional drivers as:

ln Ik¼ ln a1 þ a2 ln TPk þ a3 lnURk þ a4 ln RGk þ a5 ln EIk

þ a6 ln ESk þ a7 ln ISk þ ln e

ð3Þ

where k stands for the province, a1 is a constant, a2, a3 … a7
are the elastic coefficients, and e is the random error term. The
description of the drivers has been shown in Table 1. It is noted
that all these drivers listed have passed the Pearson correlation
test below 0.1 level and showed significant relationship with
carbon emission.

To avoid spurious regression, the stationarity and cointe-
gration of variables must be examined before regression. This
study used the universally used ADF unit root test method and
Engle-Granger (EG) cointegration test to examine the statio-
narity of the variables and the long-run equilibrium relation-
ship between the variables. As shown in Table A1, all
variables rejected the null hypotheses of a unit root in the first
difference or second difference; namely, all variables in 30
provinces are stationary. Further, the variables in no province
have existed cointegration relationship by rejecting the null
hypothesis at the 1%, 5%, or 10% significance level (see Table
A2), which means there is a long-run equilibrium relationship
among variables. Therefore, these 30 provinces could continue
to carry out the regression analysis. The ordinary least square
(OLS) regression was originally employed for parameter
estimation as per Eq. (3). Whereas the regression result on
Variance Inflation Factors (VIF) is greater than 10 and even
over 100 in some cases, which means it fails to capture the
relationship between provincial carbon emissions and their
socioeconomic factors due to the multicollinearity of these
independent variables. Thus, the Partial Least Squares (PLS)
regression was adopted to obtain the elastic coefficients of the
drivers for each province instead of the widely used OLS
regression model.
2.3. Scenario setting
Three scenarios (BAU, CIS, AIS) were designed to predict
future carbon emissions.

In the Business as usual scenario (BAU), the growth rate of
population, urbanization, energy consumption structure, and in-
dustry structurewas designed based on the existing policies, such
as the national mid-and long-term development plans (NDRC,



Table 2

The drivers and their assumptions in different scenarios from 2018 to 2080

(unit: %).

Drivers Scenario

BAU CIS AIS

TP 0.40‒0.10 0.35‒�0.15 0.30‒�0.20

UR 0.75‒0.05 1.00‒0.10 1.25‒0.15

RG 5.50‒0.50 6.00‒1.00 6.50‒2.00

EI �2.00‒�6.50 �2.50‒�7.00 �3.00‒�7.50

ES �2.00‒�4.50 �2.50‒�5.00 �3.00‒�5.50

IS �1.50‒�2.75 �1.75‒�3.00 �2.00‒�3.25

Ecological carbon sink 1.00‒0.10 1.25‒0.15 1.50‒0.20
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2007), and Energy Supply and ConsumptionRevolution Strategy
(2016e2030) (NDRC, 2016). Besides, each macroeconomic
assumption was also compared to international projections from
the United Nations (2019a; 2019b), the World Bank (2019), and
Research on National Energy Comprehensive Strategy and Pol-
icy of China (NEA, 2005).Due toCOVID-19, the growth ofGDP
per capita and energy intensitywas set lower by 0.5%e1.0% than
above international projections. The detailed growth rates of each
macroeconomic have been listed in Table 2.

In the Continued Improvement scenario (CIS), the average
growth rate of China's macroeconomic is expected to be higher
by 0.05%e0.5% than the BAU scenario. The terrestrial
ecosystem is assumed to be well maintained, with an annual
average growth rate of 1.25%e0.15%.

In the Accelerated Improvement scenario (AIS), China will
further reduce energy intensity at a decline rate between
4.00% and 6.50%, optimize energy structure at a decline rate
between 3.00% and 5.50%, and upgrade industrial structures
at a decline rate between 2.00% and 3.25%. Besides, China's
terrestrial ecosystem will be protected and restored to the
utmost extent, considerably reducing carbon emissions.

Considering the heterogeneity of socio-economic develop-
ment between provinces under different scenarios, we
designed the future assumption on drivers with a fixed pro-
portion of the predicted national level, which can be obtained
by the historical proportion between provinces and country
level (2000e2017). The detailed formulae are shown.

At
kl¼At

sl

A2000�2017
kl

A2000�2017
sl

ð4Þ

where k indicates the 30 provinces; l denotes six drivers; t is
the periods; At

kl and At
sl denote the average growth rate of l

drivers in province k and at a national level during period t.
A2000�2017
kl and A2000�2017

sl were calculated in province k and at
a national level in 2000e2017.

Given the attributionproblemof emission reductiononCCUS,
we only considered CCUS sinks at the national level. Thus, we
Table 3

The development of CCUS for two scenarios (unit: %).

Scenario 2018e2025 2026e2030 2

Low CCUS development 5.0 10.0 1

High CCUS development 7.5 12.5 1
designed low and high CCUS development scenarios according
to the roadmap for carbon capture, utilization, and storage tech-
nology in China (ACCA21, 2019) as shown in Table 3.
2.4. Data
We collected China's provincial data covering the period of
1995e2017. Considering the data availability, only 30 prov-
inces, except Tibet, Hong Kong, Macao, and Taiwan, were
analyzed. The fossil energy use data were derived from the
China Energy Statistics Yearbooks (1996‒2018a) (NBSC,1996-
2018a) and China Statistical Yearbooks (1996e2018b)
(NBSC,1996-2018b), including eight types of final energy
consumption data (tce). The carbon emission factors (t CO2 t

�1)
were derived from the 2006 IPCC Guidelines, which lists
emission factors for each energy source. The land-use area
(hm2) of forests, grasslands, and cropland was collected from
theChina Statistical Yearbooks(1996e2018b), while the carbon
absorption factor (t CO2/h m�2) was obtained from IPCC and
(FAO, 2020).

The six drivers used in the STIPRAT model (Table 1),
including the annual total population (thousands person), GDP
per capita (the GDP divided by midyear population, constant
2000 USD), energy intensity (measured as energy use per
GDP, tce per constant 2000 USD), urbanization (the share of
the urban population in total population, %), energy con-
sumption structure (the share of fossil energy use in total en-
ergy use, %), industry structure (the share of industry value
added to GDP, %) were obtained from the China Statistical
Yearbook (1996e2018b). The GDP-related data were deflated
at constant 2000 prices for eliminating the effect of price rise.

3. Results
3.1. The drivers of carbon emissions
We established the specified extended-STIRPAT model for
each province using the PLS regression. The regression results
of each province are listed in Table A3, and their elasticity
coefficients are plotted in Fig. 1.

In general, GDP per capita, energy intensity, population,
energy structure, industrial structure, and urbanization were
found to be the main drivers of carbon emissions in most
provinces. When ranked by the median coefficient, the
impact of these drivers gradually decreased (Fig. 1). The
elasticity coefficient of GDP per capita, one of the most
important drivers, fluctuated around 1.0, indicating that this
driver has a consistent impact on carbon emissions across
provinces. An increase in GDP per capita would contribute to
accelerated carbon emissions in all provinces. In contrast, the
030e2040 2041e2050 2050e2060 After 2060

5.0 20.0 17.5 15.0

7.5 22.5 20.0 17.5



Fig. 1. The elasticity coefficients of drivers in 30 provinces of China (TP, the total population; UR, urbanization; RG, GDP per capita; EI, energy intensity; ES,

energy structure; IS, industrial structure).
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elasticity coefficient of population fluctuated between 0.05
and 2.1, indicating that the impact of population on emissions
varies significantly among provinces. For example, provinces
like Xinjiang, Inner Mongolia, and Guangxi with high carbon
intensity and per capita energy consumption, are more
affected by population, while Heilongjiang, Jilin, and
Liaoning provinces are less or even not affected by popula-
tion. The elasticity coefficients of energy intensity, energy
structure, and industrial structure are positive in all prov-
inces. However, the gradual decrease of these drivers in-
dicates their inhibitive impact on carbon emissions.
Urbanization, the least important driver, had opposing effects
on different provinces. Due to its positive and negative
Fig. 2. Carbon emissions at provincinl level in four groups under different scenario (

intensity).
elasticity coefficients, its influence on carbon emissions
might be transformed from promoting to inhibiting carbon
emissions with the increase of income level.
3.2. Prediction of carbon emissions at provincial level
We predicted the future carbon emission under three sce-
narios (BAU, CIS, AIS) by combing the regressed provincial
STIRPAT model with scenario analysis. As shown in Fig. 2,
the carbon emission trajectories show an initial increase fol-
lowed by a decline. However, both peaking time and emission
reduction rate varies across provinces. The carbon emissions
of all provinces under the BAU scenario are the highest,
Four groups represent different regions with economic development and carbon
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followed by the CIS and the AIS. The average emission
reduction rate (AERR) gradually increased from the BAU
scenario (3.14%), CIS (5.25%), to AIS (7.63%).

Based on carbon intensity and GDP, the 30 provinces can
be divided into four groups. Group I, characterized by a high
economy and development, shows the fastest decreasing trend;
the AERR varies from BAU (4.05%), CIS (7.03%) to AIS
(9.34%). For Group II, consisting of medium-high economic
development regions, the AERRs increased at a slower rate
from BAU (3.69%), CIS (5.32%), to AIS (8.81%). For Group
III comprising medium-low economic development regions,
the AERRs increased at an even slower rate from BAU
(2.95%), CIS (5.15%), to AIS (7.05%). It increases most
slowly for provinces with low economy development province
in Group IV, which varies from BAU (2.03%), CIS (3.72%), to
AIS (5.68%).

We further analyzed the decline rate of carbon emissions of
the four groups under the fastest emission reduction scenario,
the AIS. The AERR of seven provinces in Group I is expected
to 9.34%, the fastest decrease was observed in Tianjin
(11.5%), while the slowest was observed in Jiangsu (6.67%).
The AERRs of seven provinces in Group II are expectedly
lower at 5.94%, and the fastest and slowest was observed in
Hainan (11.6%) and Hunan (5.77%), respectively. Similarly,
the AERRs of eight provinces in Group III further slowed
down to 5.05%, varying from the fastest of 11.9% in Anhui to
the lowest of 3.67% in Jilin. Compared to the first three
groups, eight provinces in Group IV show the slowest
decreasing trend. The lowest AERR is only 2.66% in Gansu,
even though the fastest is 8.90% in Guangxi.

We also compared the provincial peak and neutrality time
under different scenarios. As shown in Fig. 3, both peak and
neutrality times of the four groups vary greatly among
different scenarios. Overall, the carbon neutrality time for each
province is related to its peak time: the sooner peak carbon
emissions are reached, the earlier carbon neutrality will be
achieved.

Under the BAU scenario, all provinces in Group I and
Group II and most of the provinces in Group III could achieve
peak carbon emissions in 2023e2030. Carbon emissions of
Beijing are the first to peak by 2023. In comparison, the peak
time of Group IV is relatively late and concentrated in
2030e2035. The latest peak time was projected in 2035 in
Guizhou. Similar to peak time, the neutrality time also shows
variation between groups. The provinces in Group I are ex-
pected to reach carbon neutrality at the earliest between 2064
and 2068. Provinces in Group II (except Yunnan and Hainan)
and Group III will achieve carbon neutrality later than Group
I, mainly concentrated between 2056 and 2076. However,
Group IV is expected to achieve carbon-neutrality after 2070.
Among all the provinces, Hainan in Group II would be the
earliest to attain carbon neutrality in 2056, while Guizhou in
Group IV would be the last in 2077.

Under the CIS scenario, all provinces can attain peak car-
bon emissions between 2021 and 2030. The time to achieve
peak emission and carbon neutrality are both earlier by 1e5
years and 1e8 years in the CIS scenario compared to the BAU
scenario. Eight provinces, mainly belonging to Group I and II,
are likely to achieve carbon neutrality in 2049e2060. Again,
Hainan is projected to achieve carbon neutrality at the earliest
by 2049. Twenty-two provinces, mainly belonging to Group
III and Group IV, are likely to achieve carbon neutrality be-
tween 2060 and 2074. Hebei would be the last province to
achieve carbon-neutrality around 2074.

Under the AIS scenario, the peak carbon emission time of
all provinces is earlier by 0e4 years, and the carbon-neutrality
time is earlier by 2e10 years compared to the CIS scenario.
Over half of the provinces, most of which belong to Groups I,
II, and III, are expected to achieve carbon neutrality by 2060.
On the contrary, the provinces in Group IV (except Guangxi)
are unlikely to achieve carbon-neutrality before 2060, but
these provinces might succeed in reaching a carbon neutrality
stage within 2070, with Gansu and Qinghai being the last in
2068.
3.3. Pathways to China's carbon neutrality targets
The aggregated carbon emission of China from 2018 to
2080 under three scenarios has been shown in Fig. 4. In
general, China's carbon emissions are projected to be the
highest under the BAU scenario, followed by CIS and AIS.
Under all three scenarios, China's carbon emissions can reach
the peak before 2030, with the peak emissions of
9.64e10.71 Gt. However, it is not feasible to achieve the
carbon neutrality goal before 2060 without CCUS, where
additional carbon reduction or negative emission of 519 Mt
under AIS, 1369 Mt under CIS, and 2631 Mt under the BAU
scenario is needed. With the high CCUS development, China
can achieve its carbon neutrality target regardless of the sce-
narios. The earliest carbon-neutrality can be achieved by 2054
under the AIS scenario, and the latest is expected by 2058
under the BAU scenario, all well within the targeted time
frame. With the low CCUS development, China is likely to
achieve its carbon-neutrality goal only under the AIS scenario
by 2058. It will be postponed to 2061 under the CIS scenario
and further postponed to 2064 under the BAU scenario.

4. Discussion

Compared with most previous research which explores
China's future carbon emission trajectory from the national
level, the bottom-up research perspective of this study can
reflect China's provinces and overall carbon emission in detail,
to help policymakers have a clearer understanding on the
feasibility and time of reaching peak carbon emissions and
carbon neutrality. However, as Fang et al. (2019) said, any
research on the future emissions trajectories and peaking paths
inevitably contain uncertainties and limitations. Our study
trying to take a preliminary investigation into China's carbon
peak and neutrality is not an exception. First, uncertainty ex-
ists in the data. Several authors questioned China's energy
consumption and carbon emission data. They revealed that
energy consumption in China was underestimated by the
Chinese national statistics while its carbon emission was



Fig. 3. Peak and neutral time of carbon emissions for 30 provinces under (a) BAU, (b) CIS, and (c) AIS scenarios (The green, blue, orange, and red bubbles

represent Group I, Group II, Group III, and Group IV, respectively. The center height of the bubbles represents the peaking time. The bubble size represents the

amount of peak emissions from 25 Mt to 930 Mt. The triangle represents neutral time).
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Fig. 4. China's aggregated carbon emissions under different scenarios with or

without CCUS.
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overestimated by IPCC and other reports (Liu et al., 2015; Mi
et al., 2017). Therefore, we integrated the energy consumption
data from two official released Chinese Energy Statistics
Yearbooks and China Statistical Yearbooks to reduce the in-
fluence of data inaccuracy on the results.

Secondly, the uncertainty in methodology, when using
STIRPAT model for regression analysis, although OLS
regression is the most commonly used method, it is not suit-
able for serious multicollinearity. As in Section 2.2, there are
serious multiple collinearities between independent variables
which makes the regression analysis unstable. In contrast, the
PLS method could greatly reduce multicollinearity and apply
to the extended STIRPAT model, which provide an effective
solution for rapid prediction of carbon emission trajectory. In
addition, the selection of variables is also controversial. Six
widely adopted variables have been employed to understand
the drivers of energy-related carbon emissions by province,
while the appropriateness of this selection remains to be seen.
It might be desirable to cover a wide-enough range of factors
to support the STIRPAT analysis. But this perhaps can add
uncertainty to the final estimates if the data are far from
satisfactory.

Finally, uncertainty may be incorporated in the scenario
assumption, we designed scenarios based on the Chinese
government planning. Due to COVID-19, whether China's
future socio-economic will follow the plan is still uncertain.
We adjust the variables slightly. For example, we assumed the
growth of GDP per capita and energy intensity will lower
0.5%e1.0% than international projections. But, these vari-
ables are sensitive to policy decisions, especially under China's
carbon neutrality targets, some low-carbon policies might
affect socio-economic development. If possible, we will
introduce more scene settings to capture the wider changes of
different driving factors in the future.

5. Conclusions

This study predicts the carbon emission trajectories of 30
provinces by employing the extended STIRPAT model and
explore if they can achieve China's targets of attaining peak
carbon emissions before 2030 and carbon neutrality before
2060. We found that the sooner the carbon emissions peak, the
earlier the carbon neutrality will be realized. Under the BAU
scenario, most provinces in Group I, Group II, and Group III
can achieve their peak carbon emissions in 2023e2030 but are
unlikely to achieve the carbon-neutrality targets before 2060.
Under the CIS scenario, all provinces can reach peak carbon
emissions in 2021e2030, but only eight provinces, including
Beijing and Hainan, can achieve carbon neutrality before
2060. Under the AIS scenario, all provinces can reach peak
carbon emissions in 2021e2030, and roughly half of the
provinces are expected to achieve carbon neutrality by 2060.

China can achieve its carbon emission peak of
9.64e10.71 Gt regardless of the scenarios before 2030.
However, it would be hard to achieve its neutrality goal before
2060 without CCUS, where additional carbon reduction or
negative emission of 519e2631 Mt is needed. With the low
CCUS development, China is likely to achieve its carbon
neutrality target only under the AIS. In contrast, with the high
CCUS development, China can achieve its neutrality target
regardless of the scenario, with the neutrality times being
around 2058 (BAU), 2056 (CIS), and 2054 (AIS).

Significant variations found in carbon reduction ratio,
peak time, and neutral time in provinces suggest that socio-
economic disparities should be considered when formu-
lating targeted mitigation policies. For provinces like Beijing
and Shanghai that would achieve carbon emission peak and
carbon neutrality targets under one and two scenarios,
improving the energy intensity is the key to quicken peak
carbon emission and carbon neutrality time. For provinces
like Shandong and Chongqing that would achieve peak car-
bon emissions but are unlikely to achieve carbon neutrality
targets under one and two scenarios, it is necessary to adjust
the energy consumption structure for achieving the carbon
reduction target as soon as possible. For provinces like Inner
Mongolia, Anhui, and Hebei that would neither achieve
carbon emission peak nor the carbon-neutrality target under
at least one and two scenarios, it is crucial to change the
economic development pattern, control urbanization growth
rate, and formulate stricter environmental regulations.
Furthermore, given the contribution of CCUS to China's
carbon neutrality target before 2060, it is imperative to
develop CCUS technology vigorously and design an appro-
priate roadmap of the CCUS strategy as soon as possible.
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