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Abstract: Since the Chinese government proclaimed the “double carbon” goal in 2020, carbon
emissions reduction has become an important task for the Chinese government. Cities generate
more than 60% of carbon emissions. There are many challenges in achieving the “double carbon”
goal for the cities of China. Science and technology innovation (STI) provides a feasible path, and
the mechanism of STI influencing carbon emissions is analyzed. The STI factors, economic factors,
energy factors, and population factors are studied based on the generalized Divisia index method.
According to the decomposing results, science and technology innovation investment is the most
important increasing factor in carbon emissions, and technology innovation investment efficiency is
the most important decreasing factor, respectively. Three scenarios are set up and simulated with
Monte Carlo technology evaluating the city of Xi’an in China. Under the baseline development
scenario, it cannot achieve the carbon peak goal, and the uncertainty of carbon emissions increases.
Under the green development scenario, it will peak in 2051, with a 95% confidence interval of
6668.47–7756.90 × 104 tons. Under the technology breakthrough scenario, the lower and median
boundaries of carbon emissions peak at 4703.94 × 104 tons and 4852.39 × 104 tons in 2026, and the
upper boundary peaks at 5042.15 × 104 tons in 2030. According to the Environmental Kuznets Curve
theory, it will peak between 2028 and 2029 with a GDP per capita of CNY 153,223.85. However, it
will fail to achieve the carbon neutrality goal by 2060, and should rely on the national carbon trading
market of China to achieve the goal with a trading volume of 2524.61–3007.01 × 104 tons.

Keywords: science and technology innovation; carbon emissions; carbon peak; carbon neutrality;
Monte Carlo simulation

1. Introduction

Greenhouse gas emissions have attracted extensive attention all over the world. In
September 2020, China proclaimed that it would aim to reach peak carbon emissions by
2030 and would work towards achieving carbon neutrality by 2060 (the “double carbon”
goal). Therefore, the CPC Central Committee and the State Council issued “Opinions on
Complete and Accurate Implementation of the New Development Concept to Do a Good
Job in Carbon Peak and Carbon Neutral Work” [1] and approved “Action Plan for Carbon
Dioxide Peaking Before 2030” [2].

The relationship between urban development and climate warming is becoming
stronger. Cities are both a major contributor to climate warming and a major locus of
carbon emissions reduction, generating more than 60% of carbon emissions [3]. Urban
carbon emission reduction is the key to low-carbon development in China and even the
world. Urban carbon peak is the premise to achieve the “double carbon” goal [4]. Therefore,
the Chinese government has undertaken a series of efforts to enable cities to achieve the
“double carbon” goal. However, because China is still in a period of industrialization
and urbanization, the pattern of energy consumption, mainly coal, has not yet undergone
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a fundamental change [5]. The total energy consumption will continue to climb in the
future. Thus, it is difficult to immediately reduce carbon emissions in cities, and there
is a contradiction between urban economic development and carbon emission reduction.
Although some cities have achieved success in carbon emission reduction, most cities
are still facing tremendous pressure to reduce emissions. There are many challenges in
achieving the “double carbon” goal for the cities of China.

As an important tool for energy conservation and emission reduction, science and
technology innovation (STI) has received extra attention from the Chinese government. In
August 2022, nine ministries in China, including the Ministry of Science and Technology,
issued the “Science and Technology to Support the Implementation Plan of Carbon Peak
and Carbon Neutrality (2022–2030)” [6]. It points out that the supporting role of STI is
extremely important to guarantee high-quality economic development and the achievement
of the “double carbon” goal. On the one hand, STI could promote the development of new
energy technologies. While new energy and traditional energy are mutual alternatives,
the use of new energy can reduce the demand for traditional fossil fuel energy [7]. On the
other hand, STI could improve the efficiency of traditional energy technologies. It would
optimize the traditional production process, and reduce the process’ carbon emissions
level [8].

STI provides a feasible path for cities to achieve the “double carbon” goal. However,
there are still some shortcomings in the existing research on the role of STI in supporting
Chinese cities to achieve the “double carbon” goal. These are as follows: First, the roles of
urban carbon emission [9,10] and STI on carbon emission reduction [11,12] were studied
separately. There is a lack of comprehensive research on STI to support cities in achieving
the “double carbon” goal. Second, most of the existing research failed to include the
STI factor in the generalized Divisia index method (GDIM) [13,14], and STI was not as
important a factor as economics, energy, and population in influencing carbon emissions.
Third, research on the projection of urban carbon emissions is not enough, especially
considering the length of the period. Some scholars have studied carbon emissions and the
time to 2030 [10,15]; however, the projection of carbon neutrality by 2060 was not enough.

Therefore, we have studied the path of STI to support cities achieving the “double
carbon” goal and take the city of Xi’an in China as a study case. This paper tries to better
understand the impact of STI on carbon emissions. First, this paper analyzes the dual
effect of STI on carbon emissions and explores multiple paths for STI to influence carbon
emissions. Second, based on GDIM, this paper discusses the influential factors on carbon
emission, including STI factors (STII, STIICI, and STIIE), economic factors (GDP and OCI),
energy factors (EC, ECCI, and EI), and population factors (population and CPC). Third,
the baseline development scenario, the green development scenario, and the technology
breakthrough scenario are set, respectively. Monte Carlo technology is applied to simulate
the carbon emissions in Xi’an according to the scenarios.

The remainder of this paper is structured as follows: Section 2 reviews the existing
literature. Section 3 introduces the research methods. Section 4 analyzes the results of
GDIM decomposition and scenario simulation, and discusses the technology breakthrough
scenario with Environmental Kuznets Curve (EKC) theory. Section 5 summarizes the paper
and provides policy suggestions.

2. Literature Review
2.1. Evaluation and Decomposition Methods of Carbon Emissions

According to the existing research on the evaluation of urban carbon emissions, the
method based on the Intergovernmental Panel on Climate Change (IPCC) framework was
widely accepted [16]. In 2021, China’s Ministry of Ecology and Environment (2021) [17]
issued “Guidelines for the Preparation of Provincial Carbon Emission Peaking Action
Plans”. It has made some additions to the IPCC guidelines according to the situation in
China. There is some research on the evaluation of carbon emissions in Xi’an [18–20]. In
this paper, five sectors were selected to evaluate the carbon emissions of Xi’an, comprising
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energy, industrial processes and product use, agriculture, waste, and forestry and other
land use.

As environmental problems become more and more prominent, structural decomposi-
tion analysis (SDA) [5,21] and index decomposition analysis (IDA) are widely used to study
the driving factors in carbon emissions. The SDA is comparatively more data-intensive and
needs to be built on complex input–output tables. The input–output tables are updated
every five years in China, and the IDA is more convenient for this research. IDA methods
mainly include the Laspeyres Index (LI) decomposition method and the Divisia Index
decomposition method. Chen et al. (2022) [22] used the LI decomposition method to
discuss the effects of economic growth and coal intensity on China’s coal consumption.
There were 0 value or residual problems with the LI [23]. The Logarithmic Mean Divisia
Index (LMDI) could overcome the above-mentioned defects, and many recent studies have
employed LMDI to analyze factors that impact CO2 emissions [24–26]. The IDA methods
(including LI, LMDI, etc.) rely on the Kaya identity and express the explanatory variables
as the product of several factors while ignoring the dependence between the multiplied fac-
tors [27]. It may lead to contradictory decomposition results if different factors are selected
for the decomposition model [13]. Given the defects above, the GDIM was proposed [28]
and could overcome the defects of the existing index decomposition methods mentioned
above. Since the GDIM was proposed, scholars have conducted empirical research on its
effectiveness [14,15].

2.2. Impact Mechanism of Technological Innovation on Carbon Emissions

Based on the existing literature, Table 1 presents a summary of the decomposition
methods and driving factors of carbon emissions. Accordingly, scholars have usually taken
economic activity (GDP), energy intensity, energy consumption, energy structure, popu-
lation, etc., as the key driving factors affecting carbon emissions. Others have found that
the energy and carbon emissions are significantly affected by STI [13]. STI has a dual effect
on carbon emissions. The effect of technical progress on carbon emission intensity was
negative in eastern and western China, but it was positive in central China [29]. On the one
hand, STI can have a negative effect on carbon emissions. Nguyen et al. (2020) [11] studied
the G20 countries, and the results showed there was a negative relationship between STI
and carbon emissions. Sun et al. (2020) [12] based their study on a moderated mediation
model and found that industrial structure upgrading and technology innovation could
significantly reduce carbon emissions. Furthermore, green technology innovation is the
most important part of STI in carbon emissions reduction [30]. Green technology innova-
tion and institutional quality were identified as effective mechanisms to mitigate carbon
emissions and promote sustainable development [8]. On the other hand, STI can have a
positive effect on carbon emissions. Liu et al. (2021) [31] studied the threshold effects of
energy consumption, technology innovation, and supply chain management on enterprise
performance in China’s manufacturing industry, and found that technology innovation
had a dual effect on enterprise performance.

Figure 1 shows the mechanism of STI influencing carbon emissions, and the acronyms
are in Table 2. Economic expansion is the primary contributor to carbon emissions in
China [32], and STI is an important driver of economic expansion [33]. Government
financial expenditure on science and technology is the most common and focused part of
science and technology innovation investment (STII). Science and technology innovation
investment efficiency (STIIE) measures the economic growth per unit of STII funds, and
affects carbon emissions through its effect on economic growth. Huang et al. (2021) [34]
studied the science and technology investment efficiency of Xi’an during 2000–2019 and
found it had been greatly improved. Science and technology innovation investment carbon
intensity (STIICI) measures the CO2 produced per unit of STII, and could directly reflect
the carbon emission levels of the investment.
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Table 1. Literature on decomposition methods and driving factors of carbon emissions.

Literature Research Fields Period Method Factors

Pan et al. (2018) [21]
The northeast, central
region, west, and
coastal region of China

2002–2010 SDA

Carbon intensity, production
technology, final demands
(investment and
consumption), exports

Wang et al. (2019) [5]
The
Beijing-Tianjin-Hebei
region of China

2002–2012 SDA
Carbon intensity, intermediate
demand, consumption structure,
consumption level, population

Zhengnan et al. (2014) [35] Eight major industry
sectors of China 2003–2011 LI Structural factors, efficiency factors

Chen et al. (2022) [22] Coal consumption
in China 2005–2017 LI Economic growth, coal intensity

Mohammad and Wu
(2020) [23]

Electricity sector
of Bangladesh 1979–2018 LMDI

Carbon intensity, substitutions,
energy intensity, GDP per
capita, population

Alajmi (2021) [24] Greenhouse gas in
Saudi Arabia 1990–2016 LMDI GDP, energy

consumption, population

Roux and Plank (2022) [25] Energy use in the USA 1995–2016 LMDI Economic output (GDP), energy
intensity, share of sector

Vaninsky (2014) [28] The United States
and China 1980–2012 GDIM

GDP, energy consumption,
population, intensity of energy,
energy intensity of economic activity,
GDP per capita, CO2 per capita

Shao et al. (2017) [36] The manufacturing
sector of China 1995–2014 GDIM

GDP, GDP carbon intensity, energy
use, energy structure, energy
intensity, investment, investment
carbon intensity,
investment intensity

Li et al. (2020) [15] The construction
industry in China 2001–2017 GDIM

GDP, carbon intensity of output,
energy consumption, energy
consumption intensity, labor
population, carbon intensity of
energy consumption, labor
productivity per capita, carbon
emissions of the labor force,
construction industry labor share,
construction industry
labor productivity

Table 2. The acronyms and variables involved in GDIM.

Acronyms Meaning Variables

CE Carbon emissions Z = CO2
GDP Economic output (GDP) X1 = GDP
OCI Output carbon intensity X2 = CO2/GDP
EC Energy consumption X3 = E
ECCI Energy consumption carbon intensity X4 = CO2/E
STII Science and technology innovation investment X5 = T

STIICI Science and technology innovation investment
carbon intensity X6 = CO2/T

P Population X7 = P
CPC CO2 per capita X8 = CO2/P
STIIE Science and technology innovation investment efficiency X9 = GDP/T
EI Energy intensity X10 = E/GDP
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3. Methods
3.1. Decomposition of Carbon Emission Factors Based on GDIM

The GDIM uses the Kaya identity to construct a multifactor decomposition model and
reveals the driving factors of carbon emissions. According to the GDIM, carbon emissions
can be decomposed into:

CO2 = (CO2/GDP)× GDP = (CO2/E)× E = (CO2/P)× P = (CO2/T)× T (1)

GDP/P = (CO2/P)× (CO2/GDP) (2)

E/GDP = (CO2/GDP)× (CO2/E) (3)

In this paper, we need to symmetrically incorporate all of them into the factor analysis.
Considering the readability, we make the following denomination: Z = CO2, X1 = GDP,
X2 = CO2/GDP, X3 = E, X4 = CO2/E, X5 = T, X6 = CO2/T, X7 = P, X8 = CO2/P,
X9 = GDP/T, X10 = E/GDP. The meaning of the variables are shown in Table 2. Therefore,
Equations (1)–(3) could be rewritten as:

Z = X1X2 = X3X4 = X5X6 = X7X8 (4)

X9 = X6/X2 (5)

X10 = X2/X4 (6)

To apply the GDIM, we make a further transformation based on Equations (4)–(6):

Z = X1X2 (7)

X1X2 − X3X4 = 0 (8)

X1X2 − X5X6 = 0 (9)

X1X2 − X7X8 = 0 (10)

X1 − X5X9 = 0 (11)

X3 − X1X10 = 0 (12)
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According to GDIM, the gradient of Z(X) and the Jacobian matrix are obtained
as follows:

∇Z = 〈X2, X1, 0, 0, 0, 0, 0, 0, 0, 0〉T (13)

ΦX =


X2 X1 −X4 −X3 0 0 0 0 0 0
X2 X1 0 0 −X6 −X5 0 0 0 0
X2 X1 0 0 0 0 −X8 −X7 0 0
1 0 0 0 −X9 0 0 0 −X5 0
−X10 0 1 0 0 0 0 0 0 −X1

 (14)

Then, we reach the following formula:

∆Z[X|Φ ] =
∫

L
∇ZT(I −ΦXΦ+

X
)
dX (15)

where L is the time range from t0 to t1. I is the identity matrix. Φ+
X is the generalized matrix

of ΦX . If the columns of ΦX are linearly independent, then Φ+
X =

(
ΦT

XΦX
)−1

ΦT
X .

The quantitative factors X1 = GDP, X3 = E, X5 = T and X7 = P are considered given
functions of a model time t. According to Vaninsky (2014) [28], the range of time change
does not affect the final result. Therefore, we assume 0 ≤ t ≤ 1 and an exponential change
of X1, X3, X5 and X7.

Q(t) =
(

Q1

Q0

)t
(16)

Q stands for any quantitative or relative indicator Xi or Z. Q0 and Q1 are the base and
final values. We reach:

dQ(t)
dt

= Q(t) · ln
(

Q1

Q0

)
(17)

3.2. The Model of Monte Carlo Simulation

According to the decomposition results based on GDIM in Section 4.1, STII (T), EO
(GDP), and EC (E) are important factors contributing to the growth of carbon emissions,
while STIIE (GDP/T) is the most important decreasing factor. Therefore, Xi’an should pay
more attention to the factors mentioned above to achieve the “double carbon” goal. Carbon
emissions could be rewritten according to the key factors:

CO2 = T × GDP
T
× E

GDP
× CO2

E
(18)

We defined the rate of STII (T), STIIE (GDP/T), EI (E/GDP), ECCI (CO2/E), and CE
(CO2) as α, β, δ, Φ, and ω. Consequently, there are Formulas (19)–(23):

CO2,t+1 = CO2,t(1 + ω) (19)

Tt+1 = Tt(1 + α) (20)

(GDP/T)t+1 = (GDP/T)t(1 + β) (21)

(E/GDP)t+1 = (E/GDP)t(1 + δ) (22)

(CO2/E)t+1 = (CO2/E)t(1 + Φ) (23)

Substituting Equations (19)–(23) into Equation (18) yields Equation (24):

CO2,t(1 + ω) = Tt(1 + α) · (GDP/T)t(1 + β) · (E/GDP)t(1 + δ) · (CO2/E)t(1 + Φ) (24)

The rate of carbon emissions ω could be expressed as follows:

ω = (1 + α) · (1 + β) · (1 + δ) · (1 + Φ)− 1 (25)
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According to Equation (25), we can apply the Monte Carlo simulation to predict carbon
emissions in the future of Xi’an. Before Monte Carlo simulation, the probability distribution
of variables needs to be determined, and triangular distribution [37] is chosen in this paper.
Sampling is undertaken according to the median, minimum, and maximum values of the
different variables according to the scenarios in Section 3.3. The sample number is set to
100,000 times for each variable.

3.3. Scenario Setting

To simulate the “double carbon” path of Xi’an, three scenarios are set, including
the baseline development scenario, the green development scenario, and the technology
breakthrough scenario. These scenarios are based on the existing emission reduction
policies and the potential emission reduction of Xi’an.

3.3.1. Baseline Development Scenario

Carbon emissions in 2021 have already occurred, but most of the data are unavailable
due to the statistical yearbooks not yet being published. Therefore, we cannot evaluate
the accurate carbon emissions according to the model. The “National Economic and Social
Development Statistical Bulletin of Xi’an in 2021” [38] report shows that the regional GDP
in 2021 was CNY 10,688.28 × 108. The energy consumption of large industrial enterprises
was 584.77 × 104 tons of standard coal, a decrease of 2.30%. The electricity consumption of
society was 489.37 × 108 Kw · h, an increase of 17.90%. In this regard, it could be estimated
that the energy consumption of Xi’an in 2021 was 2854.86 × 104 tons of standard coal, and
the EI (E/GDP) rate was −5.11%. Since the data for carbon emissions and STII were not
available, the trend extrapolation method was adopted to estimate 4643.81 × 104 tons and
CNY 290,297.50 × 104, respectively. In this regard, the estimated rate of STII (T), STIIE
(GDP/T), and ECCI (CO2/E) were 24.76%, −14.50%, and −6.60% in 2021.

In the baseline development scenario, the economic and societal policies of Xi’an are
based on past development characteristics, and the technology innovation environment is
assumed to remain unchanged. The rate of factors, including the STII (T), STIIE (GDP/T),
ECCI (CO2/E), etc., maintain the original trend. During the period 2022–2060, the rate
of each factor is set based on their average annual rate in the following five periods:
1995–2020, 2000–2020, 2005–2020, 2010–2020, and 2015–2020. The maximum and minimum
rates during five periods are taken as the maximum and minimum values accordingly. The
median values are determined by Equation (26):

Vi = ∑k ri,kVi,k (26)

where Vi is the median value of the ith variable. ri,k is the weight of the ith variable in
the kth period: 0.4 (2015–2020), 0.3 (2010–2020), 0.15 (2005–2020), 0.1 (2000–2020), and 0.05
(1995–2020). Vi,k is the rate of the ith variable in the kth period. According to (26), the
parameters are shown in Table 3 for the baseline development scenario.

Table 3. The annual rate of each factor in the baseline development scenario (%).

Factors 2021
2022–2060

Min Med Max

T 24.76 −1.77 11.27 25.54
GDP/T −14.50 −8.69 1.94 13.05
E/GDP −5.11 −7.64 −6.79 −6.03
CO2/E −6.60 −0.64 1.11 2.74

3.3.2. Green Development Scenario

In the green development scenario, it is assumed that the government has strengthened
the measures against climate change, which will lead to the optimization of energy structure,
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the improvement of energy-saving technology, the enhancement of capital productivity,
and the steady growth of investment in STI. Significant results have been achieved in
resource conservation, clean production and consumption, and circular economy. Green
development has become the consensus of the whole society.

For science and technology innovation investment (T), there is no clear indicator.
According to “The Outline of the 14th Five-Year Plan for Economic and Social Development
and Long-rang Objectives Through the Year 2035 of Shaanxi Province” A [39], it specified
the average annual rate of R&D expenditure during the “14th Five-Year Plan (2021–2025)”
will be more than 8.00%. It is set as the median value in the period. For the period 2026–2060,
a slight decrease in the rate is assumed, and the median values are set as shown in Table 4.
Considering the effectiveness and uncertainty of policy implementation, the maximum and
minimum rates are increased or decreased by 1.00% from the median value, respectively.

Table 4. The annual rate of each factor in the green development scenario (%).

Factors 2021
2022–2025 2026–2030 2031–2040 2041–2050 2051–2060

Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max

T 24.76 7.00 8.00 9.00 6.00 7.00 8.00 5.00 6.00 7.00 4.00 5.00 6.00 3.00 4.00 5.00
GDP/T −14.50 −2.00 −1.00 0.00 −1.47 −0.47 0.53 −1.47 −0.47 0.53 −1.48 −0.48 0.52 −1.48 −0.48 0.52
E/GDP −5.11 −3.86 −2.86 −1.86 −3.86 −2.86 −1.86 −3.86 −2.86 −1.86 −3.86 −2.86 −1.86 −3.86 −2.86 −1.86
CO2/E −6.60 −1.26 −1.06 −0.86 −1.22 −1.02 −0.82 −1.25 −1.05 −0.85 −1.25 −1.05 −0.85 −1.25 −1.05 −0.85

Regarding science and technology innovation investment efficiency (GDP/T), accord-
ing to “The Outline of the 14th Five-Year Plan for Economic and Social Development and
Long-rang Objectives Through the Year 2035 of Xi’an” [40], the GDP growth average annual
rate during the “14th Five-Year Plan” will be no less than 6.50%, while in 2025, GDP will
reach CNY 14,000× 108 with an average annual rate of 6.92% compared to 2020. Combined
with the average annual rate of STII (T) at 8.00%, the average annual rate of STIIE (GDP/T)
is calculated to be −1.00% during the “14th Five-Year Plan” period. It is assumed that the
GDP average annual rate is 6.50% during the “15th Five-Year Plan (2026–3030)” period, and
the average annual rate of STIIE (GDP/T) is calculated to be −0.47%. If the GDP average
annual rate decreases by 1.00% every 10 years during the period of 2031–2040, 2041–2050,
and 2051–2060, the average annual rate values of STIIE (GDP/T) are −0.47%, −0.48%, and
−0.48%, respectively. The maximum and minimum average annual rates are increased or
decreased by 1.00% from the median value.

Regarding energy intensity (E/GDP), according to “The Outline of the 14th Five-Year
Plan (2021–2025) for Economic and Social Development and Long-rang Objectives Through
the Year 2035 of Xi’an” [40], energy intensity will take the national or provincial indicator.
The “Action Plan for Carbon Dioxide Peaking Before 2030” [2] specifies that the energy
consumption per unit of GDP until 2025 should decrease by 13.50% compared with 2020.
In this regard, it can be estimated that the average annual rate of EI (E/GDP) is −2.86%
during the “14th Five-Year Plan” period, which is set as the median value. The average
annual rate of EI (E/GDP) is assumed to remain at −2.86% during 2026–2060, when Xi’an
will continue its energy conservation policies. The maximum and minimum average annual
rates are increased or decreased by 1.00% from the median value, respectively.

Regarding energy consumption carbon intensity (CO2/E), the “Action Plan for Carbon
Dioxide Peaking Before 2030” [2] clarified that: by 2025, the share of non-fossil fuels in
total energy consumption will reach around 20.00%, while carbon emissions per unit of
GDP will drop by 18.00% compared with 2020 levels; and by 2030, the share of non-fossil
energy consumption will reach around 25.00%, and carbon emissions per unit of GDP will
have dropped by more than 65.00% compared with 2005, successfully achieving carbon
peak before 2030. From 2022 to 2025, the proportion of non-fossil energy consumption will
increase by about 1.00% annually, and the average annual rate of ECCI is calculated to
be −1.06%. This is assuming that from 2026 to 2060 Xi’an continues the energy policies,
and the median rates are shown in Table 4 for different periods. The maximum and
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minimum average annual rates are increased or decreased by 0.2% from the median
value, respectively.

3.3.3. Technology Breakthrough Scenario

The technology breakthrough scenario is based on the green development scenario,
and the expected changes in STII (T), STIIE (GDP/T), EI (E/GDP), and ECCI (CO2/E),
etc., are enhanced to obtain low-carbon development.

Regarding science and technology innovation investment (T), under the technology
breakthrough scenario, it maintains the same rate as in the green development scenario.
More investment is used for the development of energy conservation and emission reduc-
tion technology, as well as the updating and upgrading of related equipment, while less
investment is used to improve production efficiency and scale expansion.

Regarding science and technology innovation investment efficiency (GDP/T), the
technology breakthrough scenario has less investment to improve productivity, which
will lead to a subsequent decrease in output levels. Therefore, the economic output of the
technological breakthrough scenario is lower compared to the green development scenario
from a macro perspective. Considering the impact of the low-carbon development model
on the economic growth rate [41], it is assumed that the average annual rate of STIIE
(GDP/T) is 1.00% lower compared to the green development scenario.

Regarding energy intensity (E/GDP), the “Action Plan for Carbon Dioxide Peaking
Before 2030” [2] clarified that the energy consumption per unit of GDP will drop 13.50%
by 2025 compared with 2020. Xi’an is at the forefront of energy conservation and emission
reduction in Shaanxi Province and even in China. As economic development and income
levels increase, it becomes progressively more difficult to reduce the EI (E/GDP). Under
the technology breakthrough scenario, the EI (E/GDP) target is set to decrease by 17.00%
compared to 2020, obtaining an average annual rate of −3.66% during the “14th Five-Year
Plan” period. In addition, it is assumed that the energy conservation and emission reduction
policies will continue for the rest of the period, i.e., the average annual rate of EI (E/GDP)
will remain −3.66%.

Regarding energy consumption carbon intensity (CO2/E), due to the time lag between
technology and the actual effect of energy conservation and emission reduction, it is
assumed that the ECCI (CO2/E) is consistent with the green development scenario during
the “14th Five-Year Plan” period. With the development of new energy technology, it is
assumed that the proportion of non-fossil energy consumption will increase from 25.00% to
28.00% by 2030, and the proportion will increase by 15.00% every 10 years during 2031–2060.
Then the average annual rate of ECCI (CO2/E) is calculated as shown in Table 5.

Table 5. The annual rate of each factor in the technology breakthrough scenario (%).

Factors 2021
2022–2025 2026–2030 2031–2040 2041–2050 2051–2060

Min Med Max Min Med Max Min Med Max Min Med Max Min Med Max

T 24.76 7.00 8.00 9.00 6.00 7.00 8.00 5.00 6.00 7.00 4.00 5.00 6.00 3.00 4.00 5.00
GDP/T −14.50 −3.00 −2.00 −1.00 −2.47 −1.47 −0.47 −2.47 −1.47 −0.47 −2.48 −1.48 −0.48 −2.48 −1.48 −0.48
E/GDP −5.11 −4.66 −3.66 −2.66 −4.66 −3.66 −2.66 −4.66 −3.66 −2.66 −4.66 −3.66 −2.66 −4.66 −3.66 −2.66
CO2/E −6.60 −1.26 −1.06 −0.86 −1.85 −1.65 −1.45 −1.81 −1.61 −1.41 −1.81 −1.61 −1.41 −1.81 −1.61 −1.41

4. Results and Discussion
4.1. Decomposition Results of the GDIM

The data for Xi’an required for the GDIM decomposition between 1995 and 2020
are shown in Appendix A Table A1. Based on the GDIM, the results are analyzed by the
cumulative rate for each factor. During this period, the cumulative value of carbon emission
was 199.25%, shown in Figure 2a, with an average annual rate of 7.97%. After 2002, the rate
of carbon emissions accelerated significantly in Xi’an. The cumulative value in 2002 was
42.32%, with an average annual rate of 6.05%; the cumulative growth from 2003 to 2020
was 156.93%, with an average annual rate of 8.81%.
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Regarding the cumulative effect of economic factors, the economic factors include
EO (GDP) and OCI (CO2/GDP). The cumulative effects on carbon emissions during
1995–2020 are shown in Figure 2a. The cumulative contribution of EO (GDP) was 93.44%,
with an average annual growth rate of 3.74%. It is the second most important increasing
factor of carbon emissions after STII (T). The cumulative contribution of OCI (CO2/GDP)
was −35.84%, with an average annual decrease rate of 1.43%. It has a strong inhibitory
effect on carbon emissions and becomes the second most important decreasing factor after
STIIE (GDP/T).

Regarding the cumulative effect of energy factors, the energy factors include EC (E),
ECCI (CO2/E), and EI (E/GDP). The cumulative effects on carbon emissions during
1995–2020 are shown in Figure 2b. The cumulative contribution of EC (E) is 50.63%, with
an average annual growth rate of 2.03%. It is an important contributor to carbon emissions.
The cumulative contribution of ECCI (CO2/E) is 11.32%, with an average annual growth
rate of 0.45%. It reached a peak of 12.39% in 2010 and had been fluctuating downward
since then. The cumulative contribution of EI (E/GDP) is −9.97%, with an average annual
decrease rate of 0.39%. It is an important decreasing factor in carbon emissions.

Regarding the cumulative effect of population factors, the population factors include
population (P) and CPC (CO2/P). The cumulative effects on carbon emissions during
1995–2020 are shown in Figure 2c. The cumulative contribution of the population (P) is
10.78%, with an average annual growth rate of 0.43%, and shows a significant incremental
trend. It is the lowest among all the increasing factors, indicating that the population
scale contributes to carbon emissions, but the contribution is limited compared with other
factors. The cumulative contribution of CPC (CO2/P) is 40.76%, with an average annual
growth rate of 1.63%. Before 2013, the cumulative contribution is 40.61%, and it has grown
relatively fast. During 2013–2020, it shows a fluctuating growth trend, with a relatively
limited growth rate of 0.15%.
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Regarding the cumulative effect of science and technology innovation factors, the
science and technology innovation factors include STII (T), STIICI (CO2/T), and STIIE
(GDP/T). The cumulative effects on carbon emissions during 1995–2020 are shown in
Figure 2d. The cumulative contribution of STII (T) is 127.14%, with an average annual
growth rate of 5.09%. It is the most important driving factor in carbon emissions. The
cumulative contribution of STIICI (CO2/T) is −1.64%, with an average annual decrease
rate of 0.07%. The rates of STII (T) and STIICI (CO2/T) have a strong negative correlation
effect when comparing the curves. The cumulative contribution of STIIE (GDP/T) is
−87.57%, with an average annual decrease rate of 3.50%, and shows a significant decline
trend. It is the most important factor in carbon emissions reduction. The study shows that
the economic development of Xi’an should be based on STI, accelerating the transformation
and upgrading of the industrial structure to further improve quality and efficiency, and
increasing technical support in the field of energy conservation and emission reduction.

4.2. Forecast Results of Scenario Simulation

By using MATLAB R2021a, Monte Carlo simulations were conducted for the baseline
development scenario, the green development scenario, and the technology breakthrough
scenario, and then the path of achieving the “double carbon” goal was scientifically selected
based on the simulation results.

4.2.1. Baseline Development Scenario

Under the baseline development scenario, the probability density plot of carbon
emission evolution is shown in Figure 3a from 2022 to 2030. Figure 3b shows the upper,
median, and lower boundaries of the 95% confidence interval during 2022–2060. Table 6
shows the average annual rates in different stages of three scenarios. In terms of carbon
emissions, the simulated 95% confidence interval is 4363.56–5653.43 × 104 tons in 2022,
5824.52–12,785.81 × 104 tons in 2030, and increases up to 30,090.25–155,903.42 × 104 tons
in 2060. The confidence interval tends to diverge, indicating that the uncertainty of carbon
emissions is increasing under the scenario. By analyzing the annual average rate of carbon
emissions, the upper, median, and lower boundaries have maintained a faster rate of
growth, with the upper boundary growing the fastest, followed by the median boundary
and the lower boundary. The growth rate of the upper boundary tends to decrease at
different stages, the median growth rate remains about 7.13%, while the growth rate of
the lower boundary tends to increase. Under this scenario, if the past carbon emission
reduction measures are maintained in the economic development pattern, Xi’an’s carbon
emissions will further increase significantly. It means that Xi’an’s carbon emissions will not
peak before 2030. The upper, middle and lower boundaries of carbon emissions will keep
growing faster from 2022 to 2060. Under the baseline development scenario, Xi’an cannot
achieve the “double carbon” goal. Therefore, Xi’an must adjust the energy conservation
and emission reduction policies, and change the past development pattern, which puts
high economic growth at the expense of the environment.

Table 6. The average annual rates in different stages of three scenarios.

Scenario Boundary 2022–2025 2026–2030 2031–2040 2041–2050 2051–2060

Baseline
development scenario

Upper 11.98 9.88 9.04 8.59 8.39
Median 7.13 7.13 7.14 7.13 7.12
Lower 2.56 4.48 5.31 5.68 5.96

Green
development scenario

Upper 3.23 2.67 1.59 0.58 −0.39
Median 2.76 2.39 1.40 0.44 −0.52
Lower 2.29 2.12 1.22 0.30 −0.64

Technology
breakthrough scenario

Upper 1.35 0.16 −0.81 −1.80 −2.76
Median 0.88 −0.11 −1.00 −1.95 −2.88
Lower 0.41 −0.38 −1.19 −2.08 −3.00
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Figure 3. Carbon emission of the baseline development scenario.

4.2.2. Green Development Scenario

Under the green development scenario, the probability density plot of carbon emission
evolution is shown in Figure 4a from 2022 to 2030. Figure 4b shows the upper, median,
and lower boundaries of the 95% confidence interval during 2022–2060. In terms of carbon
emissions, the simulated 95% confidence interval is 4706.59–4837.86 × 104 tons in 2022,
5610.77–6095.95 × 104 tons in 2030, and increases up to 6293.65–7486.55 × 104 tons in 2060.
Under this scenario, the upper, median, and lower boundaries peak in 2051 at the same
time, with 6668.47, 7194.38, and 7756.90 × 104 tons, respectively. The confidence interval
tends to diverge. It indicates that the uncertainty of carbon emissions is increasing under
the scenario, as well. By analyzing the annual average rate of carbon emissions, the growth
rate of the upper, median, and lower boundaries gradually slows down, and the year 2051 is
an inflection point for carbon emissions to reduce. During the period 2022–2051, the upper
boundary grows the fastest, followed by the median boundary and the lower boundary.
During the period 2051–2061, the lower boundary of carbon emissions decreases the fastest,
followed by the median boundary and the upper boundary. Under the green development
scenario, although Xi’an has taken certain measures to save energy and reduce emissions,
STII in improving production efficiency and expanding production scale accounts for a
relatively large proportion. It means that the carbon emissions fail to peak by 2030 and
delay 21 years to 2051. It can be concluded that the rapid growth of carbon emissions can
be effectively restrained if the government takes active energy conservation and emission
reduction measures. However, there is still a big gap to achieve the “double carbon” goal.
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4.2.3. Technology Breakthrough Scenario

Under the technology breakthrough scenario, the probability density plot of carbon
emission evolution is shown in Figure 5a from 2022 to 2030. Figure 5b shows the upper,
median, and lower boundaries of the 95% confidence interval during 2022–2060. In terms
of carbon emissions, the simulated 95% confidence interval is 4620.39–4749.77 × 104 tons in
2022, 4632.58–5042.15× 104 tons in 2030, and 2524.61–3007.01× 104 tons in 2060. Under this
scenario, both the lower and median bounds peak in 2026 at 4703.94 and 4852.39 × 104 tons.
The upper bound peaks in 2030 at 5042.15 × 104 tons, respectively. The confidence interval
shows a diverging trend in the period 2022–2045 and converges during 2045–2060. It
indicates that the uncertainty of carbon emissions is manageable under this scenario. By
analyzing the annual average rate of carbon emissions, the upper, median, and lower
boundaries gradually decrease at a faster rate after reaching the peak, with the fastest
decrease in the lower boundary, followed by the median boundary and the upper boundary.
Under the technology breakthrough scenario, the carbon emissions of Xi’an will peak by
2030 and still fall short of the carbon neutrality goal by 2060. Combined with the situation of
carbon sinks in Xi’an, it is impossible to achieve carbon neutrality by 2060 depending on its
conditions. Therefore, it must rely on the national carbon trading market of China to achieve
the “double carbon” goal, and the trading volume is about 2524.61–3007.01 × 104 tons.
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4.3. GDIM Decomposition of Technology Breakthrough Scenario

The results of the three scenarios conclude that the baseline development scenario
cannot achieve the “double carbon” goal, the green development scenario peaks in 2051,
and only the technology breakthrough scenario can peak by 2030. The goal of carbon
neutrality would be achieved through carbon trading in the national carbon market by
2060. Therefore, the development path of technological breakthrough should be chosen
for Xi’an, which increases investment in non-fossil energy use, energy conservation, and
emission reduction technology.

To use the GDIM under the technological breakthrough scenario, the values of carbon
emissions, regional GDP, energy consumption, and other factors can be obtained according
to the Monte Carlo simulation during 2021–2060. The population rate of Xi’an is set
according to Kang (2020) [42], where the average annual rate is 2.00% during 2022–2025,
1.00% during 2025–2030, −0.20% during 2030–2040, −0.35% during 2040–2050, and −0.45%
during 2050–2060. It will begin to decline after 2030. During 2021–2060, the simulation
results of each factor by median forecast are shown in Appendix A Table A1, and the results
of decomposition by GDIM are shown in Appendix A Table A2.

From 2021 to 2025, carbon emissions will grow by 3.58% in Xi’an. EO (GDP) con-
tributes 7.10%, and it is the most important contributing factor, followed by the STII (T)
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contributing 4.06%. EC (E) and population (P) contribute 3.38% and 2.00%, respectively.
This indicates that the scale effect is still the main factor to promote carbon emissions, and
the rate of carbon emissions is effectively controlled under the technology breakthrough
scenario, which provides feasible conditions for carbon peak. OCI (CO2/GDP) becomes
the largest contributor of carbon emissions by −5.63%, followed by STIICI (CO2/T) con-
tributing −3.33%. In addition, the carbon intensity of EC (CO2/E, −2.63%), CPC (CO2/P,
−1.09%), EI (E/GDP, −0.17%), and STIIE (GDP/T, −0.11%) also have a dampening effect
on carbon emissions.

From 2026 to 2030, STII (T) is the most important increasing factor, contributing 6.70%,
followed by the EO (GDP) contributing 4.06%. In addition, the STIICI (CO2/T, −6.33%)
surpassed the OCI (CO2/GDP, −6.17%), becoming the most important decreasing factor.

From 2031 to 2040, the population (P, −0.47%) becomes a decreasing factor due to
the negative population growth rate. During 2041–2050, EO (GDP, 21.48%) and OCI
(CO2/GDP, −17.19%) are the most important increasing and decreasing factors, respec-
tively, and the contribution of EC (E, 1.42%) to carbon emissions is further reduced. From
2051 to 2060, carbon emissions are reduced by 23.12%. EC (E,−0.55%) becomes a decreasing
factor, and the increasing factors are the EO (GDP, 6.90%) and the STII (T, 7.50%).

During 2021–2060, total carbon emissions are reduced by 40.66%. EO (GDP, 23.20%)
and STII (T, 20.31%) are the two main increasing factors. ECCI (CO2/E, −25.46%), OCI
(CO2/GDP, −24.33%) and STIICI (CO2/T, −24.47%) are the three most important decreas-
ing factors, respectively.

4.4. Environmental Kuznets Curve Effect

Named after Kuznets (1995) [43], the EKC hypothesis suggests that environmental
degradation increases initially (environmental quality falls), and later falls (environmental
quality increases) beyond a certain point with increasing per capita income along a coun-
try’s growth path. Emissions are a function of income, and there is an inverse U-shaped
curve between emissions and income [44]. Based on the EKC research [45–47], the rela-
tionship between carbon emissions and GDP per capita (logarithm) is shown in Figure 6
during 1995–2060.
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Equation (27) is obtained by the quadratic fitting function.

y = −0.174x2 + 4.155x− 16.380 (27)

where y refers to carbon emissions lnCO2, x refers to income ln(GDP/P). R2 is 0.9637
for Equation (27), indicating a good fit. According to the derivative of Equation (27), the
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extreme point of the curve can be calculated x = 11.94, i.e., the GDP per capita is CNY
153,223.85. The GDP per capita is calculated to be CNY 106,968.37 in 2021, which is still
on the left side of the inflection point according to the EKC hypothesis. Considering the
trend of GDP per capita in Xi’an, the value is obtained between 2028 (CNY 152,014.96) and
2029 (CNY 160,293.01). Therefore, according to the EKC theory, carbon emissions will peak
between 2028 and 2029 in Xi’an under the technology breakthrough scenario.

5. Conclusions

This paper focuses on the issue of STI to support Chinese cities in achieving the
“double carbon” goal, and decomposes carbon emissions using the GDIM based on the
mechanism of STI influencing carbon emissions. Exploring the path of STI to support
carbon emission reduction, the baseline development, green development, and technology
breakthrough scenarios are set up and simulated by a Monte Carlo simulation. The results
are as follows:

Firstly, STI has an important impact on carbon emissions. STI affects carbon emissions
through multiple pathways. During 1995–2020, the cumulative effect of carbon emissions
is 199.25% based on the GDIM decomposition results. STII (T, 127.14%), EO (GDP, 93.44%),
EC (E, 50.63%), CPC (CO2/P, 40.76%), ECCI (CO2/E, 11.32%), and population (P, 10.78%)
are the increasing factors of carbon emissions; STIIE (GDP/T, −87.57%), OCI (CO2/GDP,
−35.84%), EI (E/GDP, −9.77%), and STIICI (CO2/T, −1.64%) are the decreasing factors.

Secondly, under the baseline development scenario, the carbon peak goal cannot
be achieved for Xi’an. The economic growth of Xi’an led to the rapid growth of carbon
emissions during 1995–2020. It grew from 899.12 × 104 tons in 1995 to 4912.14 × 104 tons in
2020. The simulation results show that the uncertainty of carbon emission increases under
this scenario. By 2060, the 95% confidence interval for carbon emissions will increase to
30,090.25–155,903.42 × 104 tons, and Xi’an will fail to achieve the carbon peak goal by 2030.

Thirdly, under the green development scenario, the carbon emissions of Xi’an will
peak by 2051. Under this scenario, the carbon emissions of Xi’an will peak in 2051, with
a 95% confidence interval of 6668.47–7756.90 × 104 tons. The rapid growth of carbon
emissions could be effectively restrained, while the government takes active energy conser-
vation and emission reduction measures. The STII to improve production efficiency and
expand production scale accounts for a relatively large proportion, and it makes the carbon
emissions fail to peak by 2030.

Finally, under the technology breakthrough scenario, the carbon peak goal could
be achieved by 2030. Under this scenario, the lower and median boundaries of carbon
emissions peak at 4703.94 × 104 tons and 4852.39 × 104 tons in 2026; the upper boundary
peaks at 5042.15 × 104 tons in 2030. According to the EKC theory, carbon emissions
will peak between 2028 and 2029 in Xi’an. However, it would fail to achieve the carbon
neutrality goal by 2060 and should rely on the national carbon trading market of China to
achieve the goal with a trading volume of 2524.61–3007.01 × 104 tons.
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Appendix A

Table A1. Data of carbon emission and influencing factors in Xi’an.

Time
(Year)

CO2
(104 t)

GDP
(108 CNY)

E
(104 t)

T
(104 CNY)

P
(104 p)

CO2/GDP
( 104 t

108 CNY
)

CO2/E
( 104 t

104 t
)

CO2/T
( 104 t

104 CNY
)

CO2/P
( 104 t

104p
)

GDP/T
( 108 CNY

104 CNY
)

E/GDP
( 104 t

108 CNY
)

1995 899.12 330.35 440.21 790.00 648.21 2.7217 2.0425 1.1381 1.3871 0.4182 1.3325

1996 883.84 406.95 426.44 696.00 654.87 2.1719 2.0726 1.2699 1.3496 0.5847 1.0479

1997 919.07 488.82 405.20 2841.00 662.06 1.8802 2.2682 0.3235 1.3882 0.1721 0.8289

1998 1253.74 525.85 439.20 40,945.00 668.22 2.3842 2.8546 0.0306 1.8762 0.0128 0.8352

1999 949.95 577.29 965.39 43,618.00 674.50 1.6455 0.9840 0.0218 1.4084 0.0132 1.6723

2000 940.15 646.13 761.55 7985.00 688.01 1.4551 1.2345 0.1177 1.3665 0.0809 1.1786

2001 1202.13 734.86 857.10 7447.00 694.84 1.6359 1.4026 0.1614 1.7301 0.0987 1.1663

2002 1214.32 826.68 938.02 8734.00 702.59 1.4689 1.2945 0.1390 1.7283 0.0947 1.1347

2003 1325.20 926.12 1003.41 8020.00 716.58 1.4309 1.3207 0.1652 1.8493 0.1155 1.0835

2004 1703.33 1092.35 1319.62 9392.00 725.01 1.5593 1.2908 0.1814 2.3494 0.1163 1.2081

2005 1992.99 1294.05 1200.30 10,945.00 741.73 1.5401 1.6604 0.1821 2.6869 0.1182 0.9276

2006 2047.48 1512.56 1337.13 11,760.00 753.11 1.3537 1.5313 0.1741 2.7187 0.1286 0.8840

2007 2292.85 1857.75 1419.90 18,168.00 764.25 1.2342 1.6148 0.1262 3.0001 0.1023 0.7643

2008 2311.27 2313.26 1438.75 16,331.00 772.30 0.9991 1.6064 0.1415 2.9927 0.1416 0.6220

2009 3095.52 2689.06 1684.58 19,586.00 781.67 1.1512 1.8376 0.1580 3.9601 0.1373 0.6265

2010 3440.59 3195.05 1861.77 43,550.00 782.73 1.0769 1.8480 0.0790 4.3956 0.0734 0.5827

2011 3496.78 3791.71 2071.61 52,193.00 791.80 0.9222 1.6880 0.0670 4.4162 0.0726 0.5464

2012 3525.53 4370.16 2226.78 59,301.00 796.00 0.8067 1.5832 0.0595 4.4291 0.0737 0.5095

2013 4184.69 4960.23 2542.01 78,976.00 806.90 0.8436 1.6462 0.0530 5.1861 0.0628 0.5125

2014 3979.30 5576.98 2494.24 134,866.00 815.30 0.7135 1.5954 0.0295 4.8808 0.0414 0.4472

2015 3527.31 5932.86 2318.69 254,413.00 815.66 0.5945 1.5213 0.0139 4.3245 0.0233 0.3908

2016 3624.40 6396.36 2404.40 274,800.00 824.93 0.5666 1.5074 0.0132 4.3936 0.0233 0.3759

2017 4546.63 7418.04 2733.73 452,800.00 845.09 0.6129 1.6632 0.0100 5.3801 0.0164 0.3685

2018 4609.73 8499.41 2867.93 482,295.00 922.82 0.5424 1.6073 0.0096 4.9953 0.0176 0.3374

2019 4375.48 9399.98 2778.62 347,911.00 956.74 0.4655 1.5747 0.0126 4.5733 0.0270 0.2956

2020 4912.14 10,020.39 2820.46 232,684.00 977.97 0.4902 1.7416 0.0211 5.0228 0.0431 0.2815

2021 4643.81 10,688.28 2854.86 290,297.50 999.20 0.4345 1.6266 0.0160 4.6475 0.0368 0.2671

2022 4684.94 11,454.65 2992.60 271,402.62 1017.48 0.4090 1.5655 0.0173 4.6045 0.0422 0.2613

2023 4726.28 12,247.03 3082.57 293,114.83 1037.83 0.3859 1.5332 0.0161 4.5540 0.0418 0.2517

2024 4768.10 13,094.21 3175.25 316,564.01 1058.59 0.3641 1.5016 0.0151 4.5042 0.0414 0.2425

2025 4810.04 14,000.00 3270.71 341,889.13 1079.76 0.3436 1.4706 0.0141 4.4547 0.0409 0.2336

2026 4852.39 14,910.00 3355.88 365,821.37 1090.56 0.3254 1.4459 0.0133 4.4495 0.0408 0.2251

2027 4846.87 15,879.15 3443.28 391,428.87 1101.46 0.3052 1.4076 0.0124 4.4004 0.0406 0.2168

2028 4841.34 16,911.29 3532.95 418,828.89 1112.48 0.2863 1.3703 0.0116 4.3519 0.0404 0.2089

2029 4836.32 18,010.53 3624.95 448,146.91 1123.60 0.2685 1.3342 0.0108 4.3043 0.0402 0.2013

2030 4831.05 19,181.21 3719.36 479,517.20 1134.84 0.2519 1.2989 0.0101 4.2570 0.0400 0.1939

2031 4825.45 20,236.18 3780.38 508,288.23 1132.57 0.2385 1.2764 0.0095 4.2606 0.0398 0.1868

2032 4777.15 21,349.17 3842.41 538,785.52 1130.30 0.2238 1.2433 0.0089 4.2264 0.0396 0.1800

2033 4728.62 22,523.37 3905.46 571,112.65 1128.04 0.2099 1.2108 0.0083 4.1919 0.0394 0.1734

2034 4681.41 23,762.16 3969.54 605,379.41 1125.78 0.1970 1.1793 0.0077 4.1583 0.0393 0.1671

2035 4634.71 25,069.08 4034.67 641,702.18 1123.53 0.1849 1.1487 0.0072 4.1251 0.0391 0.1609

2036 4588.28 26,447.88 4100.87 680,204.31 1121.29 0.1735 1.1189 0.0067 4.0920 0.0389 0.1551

2037 4542.47 27,902.51 4168.16 721,016.57 1119.04 0.1628 1.0898 0.0063 4.0592 0.0387 0.1494

2038 4496.83 29,437.15 4236.55 764,277.56 1116.81 0.1528 1.0614 0.0059 4.0265 0.0385 0.1439

2039 4451.58 31,056.19 4306.06 810,134.21 1114.57 0.1433 1.0338 0.0055 3.9940 0.0383 0.1387
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Table A1. Cont.

Time
(Year)

CO2
(104 t)

GDP
(108 CNY)

E
(104 t)

T
(104 CNY)

P
(104 p)

CO2/GDP
( 104 t

108 CNY
)

CO2/E
( 104 t

104 t
)

CO2/T
( 104 t

104 CNY
)

CO2/P
( 104 t

104p
)

GDP/T
( 108 CNY

104 CNY
)

E/GDP
( 104 t

108 CNY
)

2040 4407.10 32,764.28 4376.72 858,742.27 1112.34 0.1345 1.0069 0.0051 3.9620 0.0382 0.1336

2041 4362.67 34,238.68 4406.36 901,679.38 1108.45 0.1274 0.9901 0.0048 3.9358 0.0380 0.1287

2042 4277.50 35,779.42 4436.21 946,763.35 1104.57 0.1196 0.9642 0.0045 3.8726 0.0378 0.1240

2043 4194.34 37,389.49 4466.26 994,101.52 1100.70 0.1122 0.9391 0.0042 3.8106 0.0376 0.1195

2044 4112.02 39,072.02 4496.52 1,043,806.59 1096.85 0.1052 0.9145 0.0039 3.7489 0.0374 0.1151

2045 4032.42 40,830.26 4526.97 1,095,996.92 1093.01 0.0988 0.8908 0.0037 3.6893 0.0373 0.1109

2046 3954.02 42,667.62 4557.64 1,150,796.77 1089.19 0.0927 0.8676 0.0034 3.6303 0.0371 0.1068

2047 3877.17 44,587.66 4588.51 1,208,336.61 1085.37 0.0870 0.8450 0.0032 3.5722 0.0369 0.1029

2048 3801.52 46,594.11 4619.59 1,268,753.44 1081.58 0.0816 0.8229 0.0030 3.5148 0.0367 0.0991

2049 3728.04 48,690.84 4650.89 1,332,191.11 1077.79 0.0766 0.8016 0.0028 3.4590 0.0365 0.0955

2050 3655.29 50,881.93 4682.39 1,398,800.67 1074.02 0.0718 0.7806 0.0026 3.4034 0.0364 0.0920

2051 3584.08 52,662.80 4669.00 1,454,752.69 1069.19 0.0681 0.7676 0.0025 3.3522 0.0362 0.0887

2052 3481.06 54,506.00 4655.64 1,512,942.80 1064.37 0.0639 0.7477 0.0023 3.2705 0.0360 0.0854

2053 3380.95 56,413.71 4642.32 1,573,460.51 1059.58 0.0599 0.7283 0.0021 3.1908 0.0359 0.0823

2054 3283.61 58,388.18 4629.05 1,636,398.93 1054.82 0.0562 0.7093 0.0020 3.1130 0.0357 0.0793

2055 3189.18 60,431.77 4615.80 1,701,854.89 1050.07 0.0528 0.6909 0.0019 3.0371 0.0355 0.0764

2056 3097.12 62,546.88 4602.60 1,769,929.08 1045.34 0.0495 0.6729 0.0017 2.9628 0.0353 0.0736

2057 3007.95 64,736.02 4589.44 1,840,726.25 1040.64 0.0465 0.6554 0.0016 2.8905 0.0352 0.0709

2058 2921.35 67,001.79 4576.31 1,914,355.30 1035.96 0.0436 0.6384 0.0015 2.8199 0.0350 0.0683

2059 2837.17 69,346.85 4563.22 1,990,929.51 1031.30 0.0409 0.6217 0.0014 2.7511 0.0348 0.0658

2060 2755.48 71,773.99 4550.17 2,070,566.69 1026.65 0.0384 0.6056 0.0013 2.6839 0.0347 0.0634

Note: It is the simulated value after 2021.

Table A2. The contributions to carbon emissions during 2021–2060 (%).

Time (Year) CO2 GDP E T P CO2/GDP CO2/E CO2/T CO2/P GDP/T E/GDP

2021–2025 3.58 7.10 3.38 4.06 2.00 −5.63 −2.63 −3.33 −1.09 −0.11 −0.17
2026–2030 −0.44 6.35 2.50 6.70 1.01 −6.17 −2.80 −6.63 −1.13 −0.01 −0.27
2031–2040 −8.67 11.43 3.43 11.77 −0.47 −12.38 −6.31 −13.13 −1.89 −0.05 −1.07
2041–2050 −16.21 21.48 1.42 8.35 −0.82 −17.19 −6.46 −14.09 −3.77 −1.86 −3.27
2051–2060 −23.12 6.90 −0.55 7.50 −0.94 −11.60 −5.80 −12.36 −5.14 −0.05 −1.08
2021–2060 −40.66 23.20 10.77 20.31 0.87 −24.33 −25.46 −24.47 −17.72 −0.03 −3.82
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