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Abstract: Due to the emission of carbon dioxide and other greenhouse gases, the global climate is
warming. As the world’s biggest emitter of carbon emissions, China faces a more severe challenge in
reducing carbon emissions than developed countries. A reasonable prediction of the carbon peak
in China will help the government to formulate effective emission reduction paths. This paper
analyzes the changes in carbon emissions in China from 2004 to 2020, uses the STIRPAT model and
scenario analysis method to predict carbon emissions from 2021 to 2030, and then calculates the
carbon efficiency during carbon peaking to select the most effective carbon peak path for China.
The results show that China’s carbon emissions increased year by year from 2004 to 2020. Under
the baseline scenario, China is unlikely to reach its carbon peak before 2030. Under the regulatory
scenarios, China can reach its carbon peak before 2030. The peak values from high to low are seen
with the rapid development-weak carbon control scenario, rapid development-intensified carbon
control scenario, slow development-weak carbon control scenario and slow development-intensified
carbon control scenario, respectively. Correspondingly, China will peak its carbon emissions in 2029,
2028, 2028 and 2028, respectively, according to these scenarios. The carbon efficiency under the
rapid development-weak carbon control scenario is the highest, which means that accelerating the
growth rate of population, GDP and urbanization while moderately carrying out the transformation
of industrial structure and energy structure is an effective way to achieve the goal of “carbon peak by
2030”.
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1. Introduction

The negative impact of global warming has become one of the most serious environ-
mental problems facing all countries. The massive emissions of greenhouse gases are the
main causes of global warming. Controlling greenhouse gas emissions can not only im-
prove the global climate issue but also promote the sustainable development of economies
and society. As a country with a large population and high energy consumption, China
emits more than 6 billion tons of carbon dioxide into the atmosphere every year, ranking
first in the world. Compared with developed countries in the post-industrialization stage,
China is faced with a more arduous task of carbon emission reduction and needs to make
more efforts. In order to reduce carbon emissions and tackle global warming, in September
2020, China took the initiative to put forward the carbon emission reduction target of
“striving to achieve carbon peak by 2030 and carbon neutrality by 2060” (“dual carbon
target”). However, since the outbreak of the COVID-19 pandemic, there has been a lack of
research on China’s carbon peaking and its path. Therefore, it is particularly important to
find a suitable path for China to reach its carbon peak in the situation of unprecedented
changes. At present, scholars have made many predictions for the “dual carbon target”.
Some scholars believe that at current growth rates, China cannot reach the carbon peak
before 2030 [1-4]. Li et al. [5] predicted that China can reach the carbon peak in 2030 only
when the rate of carbon emission reduction is higher than the economic growth rate, but
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it is still very difficult at the present stage. Zheng et al. [6] predicted the carbon emission
of 100 cities in China, and the results showed that only 44% of the cities could achieve the
carbon peak before 2030, while the other cities needed more time. Wang et al. [7] made
a scenario prediction of the carbon peak in the megacity of China and believed that the
peak could be reached in 2030 only when the carbon emission intensity decline rate was
very high. However, a rapid decline in carbon intensity is bound to cause economic losses.
Other scholars believe that the carbon peak can be reached in China before 2030 [8-10].
Ma et al. [11] predicted China’s carbon emissions in 2030 based on the energy system
optimization model and concluded that carbon emissions would peak in 2030, with a peak
value of 10-10.8 billion tons. Yu et al. [12] conducted a top-down study on carbon emissions
from the perspective of industry in China, and the result showed that China could reach
a carbon peak in 2025 at the earliest and 2030 at the latest. Wang et al. [13] simulated the
impact of carbon peaking on the economy and society of China in different years and found
that carbon peaking in 2030 would have the least impact on China’s economy and the best
effect on carbon emission reduction. The discussion on carbon peaking is obviously open.
The existing studies on this topic have not reached a consistent conclusion, and the specific
peaking time and peaking path need to be further explored. This paper focuses on the
following issues: (1) According to the current situation of social estrus, can China reach its
carbon peak before 2030? (2) When will China reach its carbon peak under the regulatory
scenario? (3) Under which scenario can China achieve its carbon peak successfully and
quickly? Choosing a suitable prediction model and evaluation method is the premise of
solving the above problems.

For carbon emission prediction, the STIRPAT (Stochastic Impacts by Regression on
Population, Affluence, and Technology) model, the LEAP (Long-range Energy Alternatives
Planning System) model, the neural network model and scenario analysis have been widely
used. Qu et al. [14] used the STIRPAT model to predict carbon emissions in China and
the result showed that when economic growth and carbon emission intensity decline
maintained a reasonable relative relationship, the goal of carbon peak would be achieved
between 2020 and 2045. Zhang et al. and Niu et al. [15,16] also adopted the STIRPAT model
to predict carbon peaking at the provincial level and found that the adjustment of model
parameters can realize the setting of different peaking scenarios. Using the STIRPAT model
can help to identify the factors that will influence carbon peak so that governments can tailor
economic growth and emissions reduction accordingly. Deng et al. [17], Deng et al. [18]
and Wang et al. [19] used the LEAP model to predict carbon emissions at the provincial
level. Song et al. [20] also used the LEAP model to explore the path of carbon emission
reduction in Chongqing. Zhou et al. [21] used the LEAP model to test the carbon emission
reduction effect of the “3E policy” in Urumgi. Qiu et al. [22] and Gao et al. [23] used a
BP neural network model to predict China’s carbon emissions. Hu et al. [24] improved
the neural network model to reduce the model error and predicted China’s industrial
carbon emissions. Liu et al. [25] used scenario analysis to set up a variety of scenarios to
predict China’s carbon emissions. Scenario analysis could predict future carbon emissions
from multiple perspectives in a more comprehensive way, making the prediction results
more convincing. Scholars often combine models when making scenario predictions. For
example, Li et al. [26] and Wang et al. [27] set up a variety of scenarios to predict carbon
emissions by combining the extended STIRPAT model and scenario analysis.

In general, the STIRPAT Model studies the impact of each driving factor on carbon
emissions from the perspective of population, economic and technological factors on the
environment. At the same time, the study of influencing factors is conducive to setting
the parameters of scenario simulation. Compared with other prediction models, scenario
analysis has the following characteristics: First, it allows more possibilities for future
development, and many scenarios will be generated when setting independent variables,
so there are also many kinds of prediction results. Second, it focuses on the analysis of the
factors that play a key role in the prediction results. Third, the subjective will of decision-
makers will also have a certain impact on the results in the scenario prediction process.
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Fourth, it combines quantitative analysis with qualitative analysis [28]. In light of the above
discussion, this paper uses the STIRPAT Model and the scenario analysis method to predict
the trend in carbon emissions in China from 2021 to 2030.

Previous studies only analyzed the peak time and the peak value of carbon emissions
while ignoring the input-output efficiency of all society. The introduction of carbon effi-
ciency can evaluate the effectiveness of carbon emissions from the perspective of input and
output. We can analyze how to promote the improvement in carbon efficiency through
the evaluation and provide some theoretical references for China to formulate a carbon
peak policy. Scholars most commonly use the DEA (Data Envelopment Analysis) model to
analyze efficiency. Liu et al. [29] measured the efficiency of carbon emissions at the provin-
cial level with the DEA model and analyzed regional differences according to provincial
carbon efficiency values [30,31]. Fang et al. [32] used the DEA model to evaluate the impact
of energy price fluctuations on carbon efficiency. However, scholars have only studied the
efficiency of carbon emissions in recent years, not the efficiency of carbon peak measures
in the future. Zhou et al. [33], Miao et al. [34] and Feng et al. [35] calculated provincial
carbon emission reduction potential using the DEA model, the Zero-sum Gains-DEA model
and the frontier DEA model and formulated effective regional carbon emission reduction
policies. Feng et al. [36] evaluated the effectiveness of carbon emission control policies of
13 cities in the Beijing-Tianjin-Hebei region using an SBM (Slack-Based Measure) model.
The traditional DEA model will be fully effective at the same time when calculating the
efficiency value, while the super-efficiency model can make the efficiency value break
the limit of 1. Therefore, Jiang et al. [37] and Zhang et al. [38] calculated the efficiency
of carbon emission control policies by using the super-efficiency DEA model, which can
clearly distinguish the differences in efficiency values in different provinces. Zhou et al. [39]
calculated the carbon efficiency of 35 industries in China using the super-efficiency SBM
model and analyzed the differences in emission reduction paths of different industries.
Based on previous studies, we choose carbon efficiency to evaluate the efficiency of energy
input and benefit output in China when carbon levels peak.

Based on the above research results and current research background, the argument on
how to achieve China’s carbon peak goal needs to be updated. At the same time, previous
studies did not evaluate the carbon efficiency of the predicted scenarios, so the effectiveness
of energy input and benefit output under each scenario could not be measured. Based
on the above research, this paper takes the achievement of the “double carbon target” in
China as the research background, and uses the STIRPAT model, scenario analysis and
DEA theory to explore the optimal path toward carbon peak in China as the research
theme. Under different scenarios, it discusses whether China’s carbon emissions can
reach a peak before 2030, and expounds on the corresponding conditions of the economy,
population, urbanization, industrial structure, energy structure and energy intensity when
carbon emissions reach their peak. In addition, it uses the super-efficiency DEA method
to evaluate the efficiency of energy input and benefit output when China reaches the
carbon peak. It also studies the questions of when and under what scenarios China’s
carbon emissions will peak under different development scenarios. This study clarifies
the corresponding situation of the economy, population, urbanization, industrial structure,
energy structure and energy intensity at the time of carbon peak, selects the relatively most
effective carbon peak path for China according to the evaluation of carbon efficiency, and
proposes corresponding policy development suggestions. The purpose of this paper is to
provide some theoretical reference for China to achieve the “dual carbon target”.

2. Methods and Data Sources
2.1. Calculation Method of Carbon Emissions

Carbon emissions are calculated according to IPCC (Intergovernmental Panel on
Climate Change) Inventory Guidelines (2006). Combined with the existing research litera-
ture, this paper selects the consumption of eight common energy sources—raw coal, coke,
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crude oil, gasoline, kerosene, diesel, fuel oil and natural gas—to calculate China’s carbon
emissions. The calculation formula is as follows:

C=Y"1 kxfixe (1)

where C represents carbon emissions, i and j represent energy types, k represents energy
consumption, f represents the energy conversion standard coal coefficient and e represents
the energy carbon emissions coefficient.

2.2. STIRPAT Model

In 1971, Ehrlich proposed the IPAT equation [40], which was used to study the impact
of population, economy and technology on the environment and to reflect the impact of
economic and social development on the environment. The equation is I = PAT. In 1994,
Dietz et al. extended the random model STIRPAT model to improve the shortcomings of
the IPAT equation [41] and expanded the original equation. The introduction of the index
makes up for the defects in the proportional variation in dependent variables in the IPAT
equation, so that different factors can reflect their impact on the environment more flexibly.
This model has been widely used in the study of carbon emission and its influencing factors
and has obtained satisfactory simulation results. Therefore, this paper uses the STIRPAT
model to forecast carbon emissions in China.

The basic equation form of the STIRPAT model is I = aP? A°T?¢, where I represents
environmental pressure and carbon emissions, P represents the population, A represents
affluence and T represents the technology level. Because the STIRPAT model mainly studies
environmental problems from the perspectives of population, technology and affluence,
this paper makes a scientific expansion on this basis [14-16], and selects six influencing
factors. The specific indicators and definitions are shown in Table 1.

Table 1. Definition of carbon emission influencing factors and indicators.

Symbol Variable Definition

Total resident population of the region at the end of the

Pop Population year (10,000) [42,43]

PG deve]fcc)gif;liclevel GDP (Gross Domestic Product) per capita(Yuan) [43,44]
Urb Urbanization rate Urban population/Total population [43]

IS Industrial structure The value added of secondary industry/GDP [45-47]
EI Energy intensity Total energy consumption/GDP [47-49]

ES Energy structure Coal consumption/Total energy consumption [45,46,48]

As shown in Table 1, in the extended STIRPAT model, Pop and Urb are regarded as
population factors, PG and IS as affluence factors and EI and ES as technical level factors.
The expression is as follows:

I = aPop’ PG Urb*1S°EIf ES8e )

In Formula (2), a represents the model coefficient, b, c, d, e, f, g represent the coeffi-
cient of each influence factor and ¢ represents the model error.

Because of the large gap between the original data, we take the logarithm of both sides
of the equation to get Formula (3) to eliminate the influence of heteroscedasticity.

Inl=Ina+bInPop+cInPG+dinUrb+eInIS+ fInEl + ¢gInES +Ine (©)]

We fit the essential data of China from 2004 to 2020 and get the regression equation
according to Formula (3) and then set different scenarios to predict and analyze the carbon
emissions in China from 2021 to 2030.
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2.3. Parameters Setting of Scenario Prediction

This paper uses the STIRPAT Model and scenario analysis to predict carbon emissions
in China from 2021 to 2030 to study the influences of different factors on carbon emissions
and explore suitable carbon peaking paths for China.

In order to set different scenarios, we divide the influencing factors into economic
development variables and energy conservation and emission reduction variables; set the
variables of economic development as rapid development and slow development, and set
the variables of energy conservation and emission reduction as weak carbon control and
intensified carbon control. The five scenarios are the baseline scenario, rapid development-
weak carbon control scenario, rapid development-intensified carbon control scenario, slow
development-intensified carbon control scenario and slow development-weak carbon
control scenario, respectively.

2.3.1. Parameters Setting of Baseline Scenario

The baseline scenario (BS) is to predict future carbon emissions in China without
too many constraints on energy conservation and emission reduction while maintaining
the current economic development level. The significance of the BS is to study the trend
in carbon emissions when we do not take further measures to save energy and reduce
emissions. It is helpful to compare the carbon emissions under the emission reduction
scenarios and to find the path to reach the carbon peak as soon as possible. The parameters
of each influencing factor in the BS are set as follows.

(1) Population

According to the National Population Development Plan of China, the total population
of China was 1.42 billion in 2020 and will reach 1.45 billion in 2030. Meanwhile, considering
the impact of the comprehensive implementation of the “two-child policy” in China [50],
the average annual population growth rate is set at 5.60 %o from 2021 to 2030.

) GDP

The national development plan only announces the development target of GDP, and
GDP per capita is equal to the ratio of GDP to the total population. Therefore, this paper
uses the GDP growth rate to calculate the change rate of GDP per capita. The “Outline of
the 14th Five-Year Plan and Vision 2035 of China” has a qualitative description of economic
growth. Authoritative institutions such as the China Energy Research Society and the
World Bank also predict the economic development of China in the future. This paper sets
the average annual GDP growth rate of 5.50% from 2021 to 2030 based on the national
economic development plan and relevant research results [51,52].

(3) Urbanization rate

The “Outline of the 14th Five-Year Plan and Vision 2035 of China” stated that China’s
urbanization rate will rise to 65% during the period of the 14th Five-Year Plan. This paper
sets the average annual growth rate of urbanization in China at 1.25% from 2021 to 2030
combined with Li’s prediction of China’s urban progress [53].

(4) Industrial structure

The reform and opening up of China have promoted industrial development. The
proportion of the added value of the secondary industry to GDP increased year by year,
but this development soon caused serious environmental pollution. Since 2010, China
has introduced several policies to adjust the industrial structure and carry out supply-
side structural reform to reduce the negative impact of economic development on the
environment. The “Outline of the 14th Five-Year Plan and Vision 2035 of China” pointed
out that China will reduce the cost and burden of manufacturing, promote the structural
upgrading of the secondary industry and focus on the development of high-tech service
industries. The goal is to increase the proportion of the added value of strategic emerging
industries to GDP by more than 17% before 2035. This paper sets the average annual
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growth rate of the proportion of the added value of the secondary industry to GDP at
—1.15% from 2021 to 2030.

(5) Energy intensity

Compared with the 13th Five-Year Plan, the 14th Five-Year Plan requires that energy
consumption GDP per unit should be reduced by 13.5% in 2025, and energy consump-
tion should be the same as that of the 13th Five-Year Plan. Combined with the research
of Zhao (2022) [54], this paper sets the average annual growth rate of energy intensity at
—2.50% from 2021 to 2030.

(6) Energy structure

According to “the Action Plan for Carbon Dioxide Peaking Before 2030”, we need to
optimize the energy structure, reduce the use of coal and other fossil fuels, promote the
development of new energy sources, and improve energy efficiency. The 14th Five-Year
Plan calls for non-fossil energy to account for 20% of total energy consumption by 2025.
Therefore, this paper sets the annual growth rate of coal use in total energy consumption in
2021-2030 at —1.65%.

2.3.2. Parameters Setting of Rapid Development-Weak Carbon Control Scenario

The rapid development-weak carbon control scenario (RWS) refers to the prediction of
carbon emissions in China by adjusting the industrial structure, energy intensity and energy
structure while keeping the rates of change in population, economy and urbanization
unchanged to promote carbon peak in China before 2030 by adjusting the industrial
structure and energy structure, accelerating the development of science and technology,
promoting industrial innovation and upgrading and improving energy efficiency.

The RWS only adjusts the growth rate of industrial structure, energy intensity and
energy structure, while the population, economy and urbanization rate are the same as the
BS. In order to achieve the carbon peak in China before 2030, combined with the research of
Zhao (2022) [54] and Su et al. (2021) [55], this paper sets the average annual growth rate of
the proportion of the added value of the secondary industry to GDP at —1.40% from 2021
to 2030, which is 0.25% lower than the BS. This paper sets the average annual growth rate
of energy intensity at —2.70%, which is 0.2% lower than the BS and sets the annual mean
growth rate of coal consumption in total energy consumption at —1.90%, which is 0.25%
lower than the BS.

2.3.3. Parameters Setting of Rapid Development-Intensified Carbon Control Scenario

The rapid development-intensified carbon control scenario (RIS) refers to further ad-
justing the industrial structure, energy intensity and energy structure based on the RWS to
predict China’s carbon emissions while keeping the rates of changes in population, economy
and urbanization unchanged to promote carbon peak in China before 2030 by deepening
the adjustment of industrial structure and energy structure, promoting the further develop-
ment of science and technology, promoting industrial innovation and upgrading of energy
consumption structure and increasing the amount of new energy consumption.

Under the RIS, the growth rates of industrial structure, energy intensity and energy
structure are further adjusted based on the RWS. The change in parameters is the same size
as that of the RWS and the BS, while the population, economy and urbanization rates are
the same as the BS. Therefore, the annual mean growth rate of the proportion of the added
value of the secondary industry to GDP, the annual mean growth rate of energy intensity
and the average annual growth rate of coal consumption in total energy consumption from
2021 to 2030 are set at —1.65%, —2.90% and —2.15%, respectively.

2.3.4. Parameters Setting of Slow Development-Intensified Carbon Control Scenario

The slow development-intensified carbon control scenario (SIS) refers to only adjusting
the rate of population, economy and urbanization to predict carbon emissions while
controlling industrial structure, energy intensity and energy structure to be the same
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as the RIS. This scenario reflects that the implementation of energy conservation and
emission reduction policies in China certainly will have an impact on economic and social
development. Given that energy conservation and emission reduction will reduce the input
of fossil energy, China’s industry will shift from secondary to tertiary industries. Therefore,
in order to reach the carbon peak of China before 2030, the average annual growth rates of
the population, economy and urbanization rate should be lowered appropriately.

Under the SIS, the average annual growth rates of industrial structure, energy intensity
and energy structure are the same as that of the RIS. Combined with the existing litera-
ture [52,54], the economic development variable parameters are set to be 0.15% lower than
the baseline scenario, so the average annual population growth rate, GDP growth rate and
urbanization rate from 2021 to 2030 are set to be 4.2%, 5.35% and 1.10%, respectively.

2.3.5. Parameters Setting of Slow Development-Weak Carbon Control Scenario

The slow development-weak carbon control scenario (SWS) refers to the prediction
of carbon emissions by adjusting the variables of economic development and energy
conservation and emission reduction at the same time based on the BS. Under the SWS,
the rates of population, economy and urbanization change are the same as those of the SIS,
and the rates of industrial structure, energy intensity and energy structure change are the
same as that of the RWS.

2.4. Super-Efficiency DEA Model

Carbon efficiency is an index used to evaluate the effectiveness of carbon emission
controls. It represents the effectiveness of assessing carbon emissions with given energy
input. The most commonly used method of efficiency evaluation is data envelopment
analysis. DEA is a method proposed by Charnes et al. [56] in 1978 to measure the production
efficiency of decision-making departments. DEA is a nonparametric frontier efficiency
analysis method widely used for efficiency evaluation in many fields. The traditional
DEA model may have a fully effective situation that the efficiency values are all 1 when
measuring the efficiency, which is difficult to compare and rank. Therefore, in order to
make the efficiency value break the limit of 1 and clearly distinguish the difference in
carbon efficiency value under different scenarios, Andersen (1993) et al. [57] proposed the
super-efficiency DEA model, which has better explanatory power. The super-efficiency
DEA model is as follows:

minf , 6 unlimited

Ay +S,;, =vo, u=12,---U
1

wyry — S;F =0wy, u=1,2,---U 4)

LS5 e

u
Z/\uzl,)tuZO
u=1
ST>0,5">0

In Formula (4), 6 represents the efficiency value of the decision-making unit (DMU),
and the value range is not limited to [0-1], the larger the value of 6, the higher the efficiency
of input-output. v and w represent input variables and output variables. S~ and S
represent relaxation variables of input and output, which indicate excessive input or
insufficient output.

2.5. Data Sources

This paper takes the carbon emissions of China (including 30 provinces and municipal-
ities of China, excluding Tibet, Hong Kong, Macao and Taiwan due to lack of data) as the
research object, and covers the period from 2004 to 2020. All data in this study are from the
statistical yearbook of the National Bureau of Statistics of China (http:/ /www.stats.gov.cn/,
accessed on 1 November 2022.).
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3. Empirical Analysis
3.1. The Current Situation of Carbon Emissions

Carbon emissions in China have surpassed those of the United States since 2005
and became the highest in the world [58]. As shown in Table 2, which lists the carbon
emissions of the top ten countries in 2020, carbon emissions in China account for the largest
proportion, up to 30.93%, nearly one-third of the total global carbon emissions.

Table 2. Proportion of carbon emissions in major countries in 2020.

Country

The United States India Russia Japan Iran Germany Korea Saudi Arabia Indonesia

Proportion (%)

13.86 7.19 448 321 2.03 1.89 1.81 1.77 1.69

China’s annual carbon emissions from energy consumption account for a large pro-
portion of the total carbon emissions. According to the study by Li et al. [59], carbon
emissions in China from energy consumption account for more than 70% of the total carbon
emissions in the last ten years. Therefore, the carbon emissions studied in this paper are
from energy consumption.

According to the calculation method of carbon emissions, carbon emissions in China
from 2004 to 2020 are calculated based on the data on energy consumption, and the
calculation results are shown in Figure 1.
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Figure 1. China’s carbon emissions from 2004 to 2020.

As can be seen from Figure 1, China’s carbon emissions have been increasing year on
year since 2004. The growth rate of carbon emissions during 2004-2012 was relatively high,
especially in 2010 and 2011, with an annual growth rate of 10.10% and 9.91%, respectively.
From 2012 to 2015, carbon emissions were stable, and the growth rate of carbon emissions
showed a certain level of stability after 2015. The result is similar to most studies. The
growth rate of carbon emissions in China has slowed down since 2012. The main reason is
the adoption of the 12th Five-Year Plan for Controlling Greenhouse Gas Emissions in 2011,
which brought the growth in carbon emissions in China under control.

3.2. Scenario Prediction and Analysis of Carbon Emissions

Based on the data of China from 2004 to 2020, we use the STIRPAT Model to predict
carbon emissions in China from 2021 to 2030 and analyze the results of the prediction. This
paper sets up five scenarios: BS, RWS, RIS, SIS and SW.

3.2.1. Influencing Factors of Carbon Emissions
(1) The fitting regression process of the STIRPAT model
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The results of fitting regression were analyzed according to the STIRPAT model, and
the specific results are shown in Table 3. It is found that the variance inflation factor (VIF)
value is mostly greater than 10, which indicated that the model had serious multicollinearity.

Table 3. Multicollinearity results.

Variables B Std. Error T-Value VIF
_cons —17.090 13.253 —1.290 -
InPop 1.419 1.124 1.263 266.598
InPG 0.737 0.140 5.251 1173.650
InUrb 0.875 0.480 1.824 593.732

InIS —0.135 0.183 —0.736 41.560
InEI 0.888 0.144 6.164 544.561
InES 0.801 0.183 4.378 3.581

In order to eliminate the influence of multicollinearity, ridge regression was considered
for fitting regression, in which the ridge regression parameter K value was set to 0.01, and
the ridge regression results are shown in Table 4. It can be seen from the table that the value
of R? is close to 1, and the coefficients of all factors are basically significant, indicating that
the regression results of the model have good explanatory power.

Table 4. Influencing factor coefficient of carbon emissions in China.

Variables

InPop

InPG InUrb InIS InEI InES _cons R?

Coefficient

0.960 ***

0.223 *** 1.263 *** 0.887 *** 0.035 *** 0.140 ** —8.857 * 0.994

g1

indicates that the significance is more than 95%, “**” indicates that the significance is more than 99% and
“***” indicates that the significance is more than 99.9%.

(2) Regression analysis of influencing factors

According to the in-depth analysis in Table 4, these influencing factors all have a
positive impact on carbon emissions. The contribution degrees from the largest to the
smallest are urbanization rate, population, industrial structure, economic development
level, energy structure and energy intensity, respectively.

The change in urbanization rate has the greatest impact on carbon emissions, and
the regression coefficient of the urbanization rate is 1.263, and the contribution of the
urbanization rate to carbon emissions is 36%. With the continuous promotion of urbaniza-
tion in China, the urbanization rate rose from 40.89% in 2004 to 59.87% in 2020, with the
urban population accounting for more than half of the total population. The advantage
of urbanization development is that it can improve the level of science and technology
and energy utilization efficiency; the disadvantage is that it will increase the demand for
urbanization infrastructure and energy consumption. The disadvantages brought by urban-
ization development are greater than the advantages in the short term. The urbanization
process will promote further growth in carbon emissions.

The regression coefficient of population is 0.960, and the contribution degree is 27.36%.
The total population of China will increase from 1.287 billion in 2004 to 1.42 billion in 2020,
showing a continuous growth state, with an average annual growth of 8.31 million people.
The increase in population will increase the demand for energy consumption and thus
increase carbon emissions. Meanwhile, the increase in population will also bring about
improvements in science and technology, which will slow down the growth rate of carbon
emissions in the future.

The regression coefficient of industrial structure is 0.887, and the contribution degree
is 25.29%. In 2004, the proportion of added value of secondary industry to GDP in China
accounted for 46.67%, which increased to 48.55% from 2004 to 2008, and remained stable
from 2009 to 2011. Then, due to the 12th Five-Year Plan, which proposed the implementation
of the industrial structure adjustment and upgrading strategy in 2011, the proportion of
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added value of secondary industry to GDP in China continued to decrease from 2011 to
2020, dropping to 38.40% by 2020. The development of secondary industry needs a large
amount of energy consumption and will accompany by a large amount of carbon emissions
at the same time. Therefore, the upgrading of industrial structures is of great significance
for carbon emission reduction.

GDP per capita is used to reflect the economic development level in China, with a
regression coefficient of 0.223 and a contribution rate of 6.36% to carbon emissions. The
GDP per capita of China increased from 12,603 Yuan in 2004 to 73,219 Yuan in 2020, with
an average annual growth rate of 30.06%, indicating that the economic level of China has
grown rapidly in recent decades, and the improvement of economic level will also increase
carbon emissions.

Energy structure and energy intensity are both factors related to energy consumption,
with a small contribution to carbon emissions. As early as 2006, the 11th Five-Year Plan
put forward the policy of “energy conservation and emission reduction”. Since then, the
government has introduced various energy conservation and emission reduction policies
successively. The implementation of the policies has reduced the consumption of fossil
energy and improved the efficiency of energy utilization. The energy structure and en-
ergy intensity have decreased year by year after 2011, thus inhibiting a certain amount
of carbon emissions.

3.2.2. Scenario Prediction and Analysis

According to the parameters setting of five scenarios, the carbon emissions in China
during 2021-2030 were predicted, and then the carbon peak was analyzed. Based on
the basic data of China from 2004 to 2020, the model error analysis of carbon emission
prediction was carried out to reflect the prediction ability of the model. As shown in
Figure 2, the error between the predicted value and the real value in the future periods (Fp)
is always within 5%, indicating that the model has good prediction ability and can be used
to predict carbon emissions in China.

10thousand tons

= Fitted value
2,000, 000 True value
e Predicted value
| === Upper bound of the 95% confidence interval
=== Lower bound of the 95% confidence interval
1, 500, 000
1, 000, 000
500, 000
OT——F—T7T 7T 71T T T 7 T T~ T T~ T T~ T T~ T T T T~ T "~ T “Period

2 4 6 8 10 12 14 16 Fp2 Fp4 Fp6 Fp8 Fpl0
Figure 2. Error analysis of carbon emission prediction models.

According to the prediction results, the trend in carbon emissions in China from 2021
to 2030 under five scenarios is shown in Figure 3. Under the BS, carbon emissions in China
will increase year by year, rising from 12.639 billion tons in 2021 to 14.540 billion tons in
2030, with an average annual growth rate of 1.67%. While the average annual growth rate
of carbon emissions from 2015 to 2020 will be 2.51%, which is significantly higher than
the predicted annual growth rate. In comparison, although carbon emissions in China
did not reach the peak before 2030 under the BS, the growth trend in carbon emissions is
gradually slowing down, indicating that the current development plan plays a certain role
in energy conservation and emission reduction. Therefore, in order to achieve the goal of
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“carbon peaking by 2030” as soon as possible, the government needs to further strengthen
the improvement and implementation of relevant policies for energy conservation and
emission reduction.

1 50100 million
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Figure 3. Predicted carbon emissions in China in 2021-2030.

Under the RWS, carbon emissions in China from 2021 to 2030 will peak in 2029 with a
peak of 14.207 billion tons, an increase of 1.568 billion tons compared with 2020, and the
average annual growth rate of carbon emissions from 2021 to 2029 will be 1.55%. Under
this scenario, China’s total carbon emissions in 2029 are 246 million tons less than that in
the BS, indicating that the implementation of weak low-carbon policies has a certain effect
on the reduction of total carbon emissions.

Under the RIS, China will reach the peak of carbon emissions in 2028, with a peak
value of 13.938 billion tons, 269 million tons lower than the peak value under the RWS,
and the average annual growth rate of carbon emissions from 2021 to 2028 will be 1.47%.
Compared with the BS and the RWS, both the growth rate and amount of carbon emissions
have decreased, which indicates that a strict low-carbon policy can reduce carbon emissions
and its annual growth rate effectively.

Under the SIS, China will reach carbon peak in 2028 with a peak value of
13.608 billion tons, 329 million tons lower than that under the RIS. The average annual
growth rate of carbon emissions from 2021 to 2028 will be 1.10%, lower than the three
scenarios above. This shows that adjusting the variables of economic development and
energy saving and emission reduction not only can promote the realization of the carbon
peak goal earlier in theory, but also can reduce the total carbon emissions and growth rate
to a greater extent.

Under the SWS, China will reach carbon peak in 2028 with a peak value of
13.866 billion tons, 258 million tons higher than the peak under the SIS, and
341 million tons lower than the peak under the RWS. This indicates that under the same
economic and social development conditions, the implementation of more stringent emis-
sion reduction policies can reduce carbon emissions effectively. When implementing the
same emission reduction policy, the lower the level of economic and social development,
the lower the amount of carbon emissions produced. The average annual growth rate
of carbon emissions from 2021 to 2028 will be 1.39%, with the growth rate and amount
decreasing compared with the BS, RWS and RIS, but increasing compared with the SIS.

To sum up, under the BS, that is, under the current level of economic and social
development and the implementation of relevant policies, China cannot reach the carbon
peak before 2030, and the carbon emissions will be 14.540 billion tons in 2030. By adjusting
the growth rate of economic development variables and energy conservation and emission
reduction variables, respectively, carbon emissions in China from 2021 to 2030 are predicted
as follows: under the four regulatory scenarios, China can reach the carbon peak before
2030. The four scenarios are ranked from the largest to the smallest according to the peak
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value, which are RWS, RIS, SWS and SIS, respectively. The corresponding dates the peak
is reached are 2029, 2028, 2028 and 2028, respectively, and the corresponding peak values
are 14.207 million tons, 13.938 million tons, 13.866 million tons and 13.612 million tons
respectively. This indicates that under the current economic and social development speed
level, China should slow down the growth rate of economic development variables, while
implementing strict energy conservation and emission reduction policies to reduce carbon
emissions and its growth rate effectively.

3.3. Calculation and Analysis of Carbon Efficiency

This paper regards population and energy consumption as input variables, GDP as a
desired output, and carbon emissions as an undesirable output. According to the input
and output, we measure the carbon efficiency of the peak year of carbon emissions under
the regulatory scenarios. Based on the indexes of influencing factors and the predicted
value of carbon emissions under four regulatory scenarios, the carbon efficiency of carbon
peaking was measured by the super-efficiency DEA model. The values of carbon efficiency
are shown in Table 5.

Table 5. Carbon efficiency values under carbon peaking.

Scenario RWS RIS SIS SWS
Efficiency values 0.4844 0.4802 0.4664 0.4714

According to the analysis in Table 5, China has the highest carbon efficiency value of
0.4844 under the scenario of high development and low carbon. Although the absolute
value of efficiency is not high, it has reached the relative optimal value compared with the
other three regulatory scenarios. Under the four regulatory scenarios, carbon efficiency
values from high to low under the carbon peak are ranked from high to low as RWS, RIS,
SWS and SIS, respectively.

From the perspective of economic and social development, the carbon efficiency value
under the rapid development mode is always higher than that under the slow development
mode, indicating that rapid growth in population, GDP and urbanization rates can improve
the carbon efficiency without adopting energy conservation and emission reduction policies
and measures. From the perspective of energy conservation and emission reduction, the
value of carbon efficiency under weak carbon control mode is always higher than that
under intensified carbon control mode. The reason is that China is in a period of rapid
industrialization. At present, the improvement in China’s economic development level
and comprehensive strength mainly relies on secondary industry, so excessive industrial
structure transformation cannot be carried out blindly to reduce carbon emissions. At the
same time, the energy consumption structure of China is mainly coal, and a fundamental
transformation cannot be achieved in the short term. Therefore, it is more conducive to
the long-term development of China’s carbon emission reduction to adopt appropriate
energy-saving policies and measures without considering the changes in population, GDP
and urbanization rate.

Under the SIS, the carbon efficiency value at the carbon peak is the lowest, (0.4664).
This indicates that when economic and social development growth is slow, the government
should adopt strict carbon emission reduction measures to promote the rapid transforma-
tion of industrial structure and energy consumption structure. Although this can greatly
reduce carbon emissions, this kind of development mode is not good for future long-term
development in China.

According to the carbon emission peak under each scenario, it is found that a smaller
peak value does not necessarily correspond with higher carbon efficiency. On the contrary,
the value of carbon efficiency is directly proportional to the peak of carbon emissions,
which means that the RWS is a relatively effective path for China to reach the carbon peak
before 2030, while the SIS is the least desirable path for reaching a carbon peak.
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4. Discussion

As a large country in terms of population and energy consumption, China has the
highest carbon dioxide emissions in the world, and the massive emissions of carbon dioxide
and other greenhouse gases are one of the main causes of global warming. Therefore, the
prediction and path selection of carbon peak are of positive significance for curbing global
warming and restoring the balance of the natural ecosystem.

This paper uses the super-efficiency DEA model to select the carbon peaking path for
the first time. On the basis of scenario prediction and analysis of carbon peaking using the
STIRPAT model, the effectiveness of resource input and benefit output were considered.
Combined with the carbon efficiency index calculated by the super-efficiency DEA model,
we evaluated the carbon emission reduction potential under different forecast scenarios
and selected the relatively most effective carbon emission peak path.

However, in this paper, the factors of emergency are not taken into account, which
has some limitations. For example, the COVID-19 pandemic, which began in Wuhan,
China, has caused a large number of deaths worldwide. In response to the rapid spread of
SARS-CoV-2 in their populations, countries have imposed spatial restrictions on movement
and social distancing [60]. In addition, pandemic containment measures reduce the use
of transportation vehicles to a certain extent, so carbon emissions in transportation and
carbon emissions produced by transportation vehicles are reduced to a certain extent. The
number of vehicles in use will also have a positive impact on the price, efficiency and
market value of these companies [61]. If the impact of pandemic containment on carbon
emissions from transportation and transportation production is taken into account in the
prediction of carbon emissions in subsequent studies, China’s carbon emissions and carbon
peaking path can be predicted more accurately, which can provide a theoretical basis for
policies and technological development to curb global warming.

5. Conclusions and Policy Implication
5.1. Conclusions

This paper analyzes the carbon emissions from 2004 to 2020 in China and predicts
the carbon emissions using a combined STIRPAT Model and scenario analysis method to
analyze the peak scenario from 2021 to 2030 in China. Then, it uses the super-efficiency
DEA model to measure the carbon efficiency when reaching the carbon peak under dif-
ferent scenarios, which fills the research gap of the combination of carbon efficiency and
carbon peak prediction. Finally, it selects a relatively effective carbon peak path through
comparative analysis. The main empirical conclusions show that:

(1) Through the analysis of China’s carbon emissions from 2004 to 2020, it is found that
carbon emissions are increasing year by year. Based on this scenario, combined with
the STIRPAT model, carbon dioxide emissions from 2021 to 2030 are predicted. It can
be concluded that under the baseline scenario, China’s carbon emissions will show
nonlinear growth year by year, and the carbon peak before 2030 will not be achieved.

(2) Combining the STIRPAT Model with scenario analysis, we set up four regulatory
scenarios to predict carbon emissions from 2021 to 2030. It was found that under
the four regulatory scenarios, the carbon peak values from high to low are RWS,
RIS, SWS and SIS, respectively. The corresponding times that carbon peak is reached
are 2029, 2028, 2028 and 2028, respectively, and the corresponding peak values are
14.207 million tons, 13.938 million tons, 13.866 million tons and 13.612 million tons,
respectively. This shows that under the current level of economic and social de-
velopment, appropriately slowing down the growth rate of economic development
variables while implementing strict energy-saving and emission reduction policies
can effectively reduce the total amount and growth rate of carbon dioxide emission
in China.

(3) The super-efficiency DEA model is used to calculate the carbon efficiency of China
when carbon emissions reach their peak, which reflects the effectiveness of input and
output. Under RWS, China’s carbon efficiency has the highest value at 0.4844, while
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under SIS, it is the lowest. That means that RWS is the relatively most efficient path
for China to achieve the “carbon peak by 2030”. China needs to properly regulate its
industrial structure, energy intensity and energy structure while keeping the growth
rate of population, economy and urbanization level unchanged.

5.2. Policy Implication

Based on the selection of the carbon peak path and the above conclusions, we put
forward targeted suggestions for China to achieve the carbon peak.

(1) Promote economy, population and urbanization growing steadily

According to the carbon emission prediction results, under the baseline scenario,
China cannot reach the carbon peak before 2030; while under the regulatory scenarios,
China can reach the carbon peak before 2030. This shows that China needs to strengthen
the implementation of carbon reduction policies to achieve the carbon peak before 2030.
According to the measurement results of carbon efficiency, this parameter has the highest
efficiency value under the RWS model, which means that the RWS model is the relatively
most effective path to realizing carbon peak before 2030. Therefore, we should follow the
economy, population and urbanization development requirements from the 14th Five-Year
Plan and strive to get closer to the RWS. We should accelerate high-quality economic devel-
opment, seek a balance between economic development and carbon emissions, stabilize
population growth and promote urbanization.

(2)  Accelerate the transformation and upgrading of the industrial structure

Under the condition of maintaining the current development level of the economy,
population and urbanization, we should appropriately enhance the speed of industrial
upgrading and improve the energy efficiency of traditional enterprises to enhance carbon
efficiency. The government should actively guide funds to invest in new green enterprises,
and integrate the secondary industry with artificial intelligence and modern big data
technology. It should promote the digital development of new industries, and take the lead
in promoting the development of tertiary industries with low energy consumption. China
should speed up the upgrading of traditional enterprises with high energy consumption
and low output, and significantly reduce the proportion of traditional enterprises. It should
introduce more developed advanced technology and equipment actively, and accelerate
the development of advanced manufacturing and high-tech industries.

(3) Build a new energy utilization system

In terms of energy, we should reduce the use of fossil fuels and other non-renewable
energy sources while increasing the use of clean and renewable energy sources. The regions
with relatively fast economic and technological development should give full play to their
advantages. We should develop new energy technologies actively to lead the development
of backward areas in western China and promote the improvement of energy utilization
efficiency and carbon efficiency. We should establish a healthy new energy consumption
market, and promote the research and development of new energy products and market
expansion. At the same time, the national government should encourage resource sharing
among regions and promote technology sharing between technologically advanced and
backward provinces. That can improve energy efficiency, enhance industrial upgrading of
energy-consuming enterprises, improve the secondary utilization rate of carbon dioxide,
and, finally, achieve a nationwide carbon peak.
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