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Abstract

The impact of global greenhouse gas emissions is increasingly serious, and the development of green low-carbon circular economy
has become an inevitable trend for the development of all countries in the world. To achieve emission peak and carbon neutrality
is the primary goal of energy conservation and emission reduction. As the core province in central China, Hubei Province is under
prominent pressure of carbon emission reduction. In this paper, the future development trend of carbon emissions is analyzed, and
the emission peak value and carbon peak time in Hubei Province is predicted. Firstly, the generalized Divisia index method (GDIM)
model is proposed to determine the main influencing factors of carbon emissions in Hubei Province. Secondly, based on the main
influencing factors identified, a novel STIRPAT (Stochastic Impacts by Regression on Population, Affluence, and Technology)
extended model with ridge regression is established to predict carbon emissions. Thirdly, the scenario analysis method is used to
set the variables of the STIRPAT extended model and to predict the emission peak value and carbon peak time in Hubei Province.
The results show that Hubei Province’s carbon emissions peaked first in 2025, with a peak value of 361.81 million tons. Finally,
according to the prediction results, the corresponding suggestions on carbon emission reduction are provided in three aspects of
industrial structure, energy structure, and urbanization, so as to help government establish a green, low-carbon, and circular devel-
opment economic system and achieve the industry’s cleaner production and sustainable development of society.

Keywords Emission peak - Energy conservation and emission reduction - GDIM - STIRPAT extended model - Ridge
regression - Scenario analysis method

Introduction of greenhouse gases, led by carbon dioxide, has caused

serious damage on the environment, and posed a grave

Climate change has become one of the greatest concerns
confronting humanity in the twenty-first century as the
problem of global warming grows. The massive emission

Responsible Editor: V.V.S.S. Sarma

< Zhuo Hu
hzwhut@foxmail.com

School of Science, Wuhan University of Technology,
Wuhan 430070, People’s Republic of China

School of Management, Wuhan Institute of Technology,
Wuhan 430205, People’s Republic of China

3 NUS Business School & The Logistics Institute-Asia Pacific,
National University of Singapore, Singapore 119623,
Singapore

School of Automation, Wuhan University of Technology,
Wuhan 430070, People’s Republic of China

@ Springer

threat to the sustainable development of global community
(Ren and Long 2021; Gao et al. 2022). Energy and envi-
ronmental problems have become the key factors restrict-
ing economic and social development. The global commu-
nity has reached an agreement on the need to take decisive
action in response to climate change and make significant
strides toward the development of low-carbon economy
(Liu et al. 2022a; Ding et al. 2023). China, the world’s top
carbon emitter, has committed to aggressively reducing its
carbon output, promoting a high-quality, environmentally
friendly, economic and social growth, reaching its carbon
dioxide emission peak before 2030, and achieving carbon
neutrality by 2060 (Xi 2021).

At the end of 2017, the Central Economic Work Con-
ference emphasized that the development of the Yangtze
River Economic Belt, including Hubei Province, should
take ecological priority and green development as the
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program. In July 2021, the National Development and
Reform Commission issued the “14th Five-year Plan” for
Circular Economy Development (National Development
and Reform Commission 2022). Developing circular econ-
omy has become a crucial strategy for China’s economic
and social development, playing a significant role in both
the economy and society.

As a crucial region in central China, Hubei Province
has set carbon emissions reduction and industrial struc-
ture optimization as its top growth priorities in order to
advance both the sustainability of society and the indus-
try’s clean output. Within the background of the overall
trend of energy-saving and emission reduction, how to
actively develop circular economy and materialize carbon
peak and carbon neutrality as quickly as feasible in accord-
ance with the requirements of environmental protection
and low-carbon circular economy development system
has evolved into a focal point for advancing Hubei Prov-
ince’s high-quality development. Under the new normal,
the adjustment of social and economic structure in Hubei
province is accelerating, and the growth rate of energy
consumption is gradually slowing down. However, with
the expansion of industrialization, rising level of urbani-
zation and constant changes in the energy consumption
structure, energy demand continues to grow, and the strain
on resources and the environment intensifies, the challenge
of lowering emissions and cutting down on energy use is
still a huge one. Under this background, the study on peak
and neutralization of carbon emission in Hubei Province
not only serves as a demonstration for the goal of carbon
neutrality in developed provinces, but also provides deci-
sion support for exploring sustainable development paths
and formulating reduction measures of carbon emissions.

Taking the data of statistical yearbook of Hubei Prov-
ince in 2000-2020 as sample data, this paper focuses on the
system research of carbon emissions forecasting in Hubei
Province. Our aim is to forecast the peak value and peak
time of carbon emissions in Hubei Province. Based on our
findings and in conjunction with the growth trend of carbon
emissions, this paper provides appropriate countermeas-
ures and recommendations on how to better realize the
objective of carbon neutrality, in order to give theoretical
support for further boosting eco-friendly, low-carbon, and
high-quality sustainable development in Hubei Province.

The main contributions of this study are summed up
below.

(1) A decomposition model of carbon emission factors in
Hubei Province based on GDIM decomposition method
was proposed. The model decomposed the driving fac-
tors into three aspects: economic development scale,
population scale, energy consumption and each rela-
tive quantity factor, and calculated the contribution

degree of each influencing factor from 2000 to 2020.
The results show that low-carbon energy-saving tech-
nology development as well as the modernization and
upgrading of industrial structure are essential for the
purpose of curbing carbon emissions.

(2) Based on the actual economic and social development
of Hubei Province, the traditional STIRPAT model
was expanded, and its variables were expanded into
six types, namely, total population, per capita gross
domestic product (GDP), energy intensity, urbaniza-
tion rate, industrial structure, and energy structure. For
this extended model, in order to avoid the interference
of multicollinearity and preserve the information of
carbon emissions and influencing factors to a greater
extent, this paper used ridge regression to re-regres-
sion the STIRPAT extended model, and proposed a
new STIRPAT extended model with ridge regression
to overcome the multicollinearity problem.

(3) The scenario analysis method was used to set the variables
of the STIRPAT extended model with ridge regression,
and the future carbon emissions of Hubei Province were
predicted by constructing different scenarios and devel-
opment paths. The carbon peak times and peak values
under various scenario models were analyzed, so as to
provide the emission reduction path and suggestions suit-
able for Hubei Province’s development. Results indicate
that under the condition that the economic scale, popula-
tion and urbanization keep developing at a high speed,
accelerating industrial transformation and upgrading, as
well as continually optimizing the energy structure, can
effectively mitigate the effects of population expansion
and urbanization on carbon emissions, allowing us to
meet the target of reaching a carbon peak before 2030
and achieving a win-win scenario in terms of economic
development and environmental conservation.

The remaining sections of this work are structured as fol-
lows. “Literature review” provides the literature review. “Analy-
sis of carbon emission status in Hubei Province” analyzes the
current situation of carbon emissions in Hubei Province. The
main influencing factors of carbon emissions in Hubei Province
are determined using a GDIM decomposition model in “Main
influencing factors analysis of carbon emission in Hubei Prov-
ince.” In ““Carbon emission forecasting via STIRPAT extended
model with ridge regression,” a carbon emission prediction
model via a STIRPAT extended model with ridge regression is
established based on the identified influencing factors. In “Fore-
cast of emission peak value and carbon peak time in Hubei
Province,” the scenario analysis method is applied to set the
variables of the STIRPAT extended model with ridge regres-
sion, so as to predict the emission peak value and carbon peak
time in Hubei Province. “Conclusions and policy implications”
summarizes this paper and presents some policy interpretation.
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Literature review

Many academic research on carbon emissions have been
done in recent years, in line with the broader movement
toward low-carbon economy and sustainable development
(Cansino et al. 2016; Zhu et al. 2022a), and developed many
quantitative analysis methods for carbon emissions (Zhu
et al. 2022b; Zhou et al. 2022; Rao et al. 2022a). At present,
studies on carbon emission research focus on two aspects,
i.e., driving factors decomposition of carbon emission and
carbon emission forecasting.

In terms of driving factors decomposition of carbon emis-
sion, the existing decomposition methods include impact (I)
affected by population (P), affluence level (A), and technol-
ogy (T) IPAT) (Yue et al. 2013); index decomposition anal-
ysis (IDA) (Wang et al. 2022; Yin and Mao 2023); logarith-
mic mean Divisia index (LMDI) (Gao and Zhu 2020; Rao
et al. 2022b); GDIM (Liu et al. 2022b; Wen et al. 2023); and
STIRPAT (Huang et al. 2021). Based on these methods, an
extended LMDI model with scale effect of scientific research
was established, and the results showed that improving sci-
entific research efficiency and optimizing industrial structure
can effectively reduce carbon emissions (Gao et al. 2020).
Similarly, the LMDI method via an extended IPAT model
was proposed by Ge et al. (2020) to made an analysis for
carbon decomposition and forecast the carbon emissions by
setting three different scenarios, and the results showed that
economic progress is the main cause of increased carbon
emissions, with population growth and energy consumption
pattern following closely behind, and industrial structure and
technological progress significantly contribute to the ben-
efits reduction. The IDA method was first used to investigate
what causes carbon emissions from household energy use
in Guangdong Province (Xie et al. 2020). Subsequently, a
hybrid method combining IDA with production-theoretical
decomposition analysis (PDA) is presented to investigate the
elements that contribute to China’s carbon emissions from
three levels of industrial, regional, and national and fore-
cast; the development trend of carbon emissions by setting
medium scenario and high scenario; and the conclusion was
drawn that as time goes on, technical development and the
optimization of industrial structures would play a larger role
in lowering carbon emission intensities (Chen et al. 2022).
Similarly, a generalized GDIM method was proposed for
decomposing the driving factors of carbon emissions of
industrial sectors in Shaanxi Province and computed the
contribution rate of carbon emissions, and it found that ris-
ing carbon emissions are substantially connected to rising
GDP and energy consumption (Qian et al. 2020). Although
these methods provide some good quantitative tools to deter-
mine the influencing factors of carbon emissions, the factors
identified are not very comprehensive, and most of them do
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not consider regional differences and regional characteris-
tics when determining the main influencing factors of car-
bon dioxide emissions. In this sense, this paper takes Hubei
Province as the object under the background of achieving
the “double carbon” goal, and decompositions the influenc-
ing factors of carbon emissions in Hubei Province via the
GDIM method, so as to investigate the contribution of mul-
tiple influencing factors to carbon emissions.

In terms of carbon emission forecasting, the STIRPAT
model and scenario analysis are the popular methods which
are the most widely used for forecasting carbon emissions.
At the beginning, population size, affluence level, and tech-
nological factors are regarded as the key factors causing envi-
ronmental bearing pressure, and then a IPAT model (Ehrlich
and Holdren 1971; Ehrlich and Holden 1972) is proposed,
which was later improved into the STIRPAT model (Dietz and
Rosa 1994). Subsequently, the STIRPAT model was expanded
by introducing climate variables, urbanization rate, and trade
openness to forecast the carbon emissions in regional sectors
of China (Yang et al. 2018). Similarly, the STIRPAT model
is extended by introducing urbanization rate and conducted
a special study on the impact of urbanization level on carbon
dioxide emissions, and the results showed that urbanization
rate is significantly positively correlated with carbon emis-
sions (Hu 2018). Subsequently, the total substitute energy,
total fossil energy, urban total population, per capita GDP, and
merchandise trade GDP were introduced to extend the STIR-
PAT model, and the results showed that per capita GDP, total
fossil energy, total urban population, and total energy have
the greatest impact on carbon emissions (Zhang et al. 2019).
Also, the influence of economic urbanization and technology
on carbon emissions were considered to expanded STIRPAT
model, and the empirical analysis of this model showed that
GDP per capita and population size have positive impact on
carbon emissions, and population urbanization, economic
urbanization, and energy intensity have inhibitory effects on
carbon emission (Liu et al. 2021). On this basis, the STIRPAT
model is applied to determine the drivers of carbon emissions
in Xinjiang, and the application results showed that urbaniza-
tion and per capita GDP have considerable beneficial impacts
on carbon emissions (Chai et al. 2022). Moreover, the drivers
of building carbon emissions were explored according to the
demand and supply and introduced six identified factors to
establish different STIRPAT models, and the empirical analy-
sis showed that the indirect emission intensity and building
construction among six identified factors have the greatest
impact on carbon emissions (Zhu et al. 2022c). In recent
years, scenario analysis combined with STIRPAT model is
the most common. For example, the industrial structure fac-
tors were introduced to extend the STIRPAT model, and the
scenario analysis method was integrated to predict the peak
value of energy carbon emissions in Shanxi Province. The



Environmental Science and Pollution Research (2023) 30:57460-57480

57463

results showed that population factors had the most signifi-
cant driving effect on carbon emissions (Guan et al. 2021).
In addition, the LMDI and STIRPAT models were mixed to
conduct the empirical investigation on the variables impact-
ing China’s carbon emissions using, and the results showed
that the level of economic development was the main driver
of carbon emissions (Shan 2021).

Based on the above existing research on carbon emis-
sion forecasting, some problems need to be further studied.
For example, the STIRPAT model used in most literature
has few independent variables, which only include three
influencing aspects: population scale, affluence degree,
and technological level. Considering the complexity of
carbon emission forecasting, the STIRPAT model must be
expanded in accordance with the real circumstances influ-
encing regional development if its accuracy and universal-
ity are to be improved. In addition, due to the large number
of influencing factors selected in the STIRPAT extended
model, there may be correlation between different factors,
which easily leads to the problem of multicollinearity, thus
affecting the accuracy of the model, and leading to distor-
tion of the model coefficients and errors in the prediction
of carbon emissions. However, many existing literatures
do not consider the possible multicollinearity problem in
the STIRPAT extended model. Against the background of
overcoming the multicollinearity problem, this paper pro-
poses a new STIRPAT extended model with ridge regres-
sion, i.e., use ridge regression to re-regression the STIR-
PAT extended model.

Analysis of carbon emission status in Hubei
Province

Until date, there have been two main categories about car-
bon emission quantification forms: calculation-based and
measurement-based. Specifically, from the perspective of
the existing accounting methods of greenhouse gas emis-
sions, they can be mainly summarized into emission factor
method, mass balance method, and measurement method
(Sun and Huang, 2022). Unable to obtain carbon emissions
data directly, so this paper adopts the emission factor method
to measure the carbon emissions in Hubei Province. The
emission factor method is proposed by the “IPCC (Intergov-
ernmental Panel on Climate Change) national greenhouse
gas listing guidance” (IPCC 2019), and its calculation for-
mula is as follows.

C= Z ES, 0

where C is the measured carbon dioxide emission, and its
unit is ten thousand tons; irepresents the type of energy

Table1 The carbon dioxide emission coefficient of each type of
energy

Types of energy  Emission Types of energy Emission
coefficient of coefficient of
CO, CO,
Raw coal 1.9745 Natural gas 2.1622
Cleaned coal 2.4044 Crude oil 3.0202
Washed coal 1.3727 Gasoline 2.9251
Briquette coal 1.9360 Kerosene 3.0334
Coke 2.8604 Diesel oil 3.0959
Coke oven gas 0.8593 Fuel oil 3.1705
Blast furnace gas 0.8427 Liquefied petro- 3.1013
leum gas
Other gas 0.6921 Refinery dry gas  3.0082

consumption; E; is the consumption of energy i, and its unit
is ten thousand tons or hundred million cubic meters; J; is
the carbon dioxide emission factor of energy i, which can
be decomposed into an expression according to the emission
factor, namely,

C= Z E,-NCV, - CEF, - COF, - 44/12. )

In Eq. (2), NCV is the average low calorific value, and
its unit is kilojoules/kg or kilojoules/cubic meter; CEF is
the carbon emission factor, that is, the carbon content per
unit heat, in kg/10° kilojoules; COF is the carbon oxidation
factor, representing the carbon oxidation rate during energy
combustion; 44 and 12 are the molecular weights of carbon
dioxide and carbon, respectively.

Based on the usage of different energy sources in Hubei
Province, carbon emissions are computed and examined in
this paper. Nonetheless, the statistical energy balance sheet
depicts a multitude of energy sources, so it is too compli-
cated to calculate all the energy sources, which may lead
to unnecessary errors due to repeated calculation of data.
Referring to Fan (2016) and Rao et al. (2023), the energy
types not mainly used for combustion are removed from
the energy types provided by the energy balance sheet.
The main combustion energy varieties including raw coal,
cleaned coal, washed coal, briquette coal, coke, coke oven
gas, blast furnace gas, converter gas, other gas, crude oil,
gasoline, kerosene, diesel oil, fuel oil, liquefied petroleum
gas, refinery dry gas, and natural gas are selected, which
are listed in Table 1. The data in the calculation process are
from Hubei statistical yearbook from 2000 to 2022 (Hubei
Provincial Statistics Bureau 2022). According to Eq. (2),
Table 1 displays the relevant carbon emission coefficient for
each type of energy.

Table 2 demonstrates the calculated carbon emissions and
associated indicators based on the carbon emission calculation
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method (1) and the total energy consumption statistics of
Hubei Province from 2000 to 2022 (Hubei Provincial Sta-
tistics Bureau 2022). As shown in Table 2, the carbon emis-
sions of Hubei Province increased by 234,601,800 tons in 20
years. Even though there have been a few years of reduction,
Hubei’s carbon emissions have generally been on the increase,
increasing at a pace of 5.90% per year on average. From 2000
to 2011, the carbon emissions of Hubei Province increased
rapidly. According to the analysis of the social situation, it
may be because Hubei Province was located in the hub region
of the Yangtze River during this period and its industrializa-
tion developed rapidly. Influenced by some policies such as
expanding domestic demand and increasing investment, the
output value of heavy industries such as ships increased rap-
idly, which increased energy consumption and led to a rapid
rise in carbon emissions. After 2011, the rising trend of car-
bon emissions slowed down and decreased in some years. The
primary explanation is that the government is responding to
national objectives of energy-saving and emission reduction,
increasing investment in the use of low-carbon environmen-
tal protection technologies, and progressively converting to a
green and low-carbon circular economy.

The carbon emission intensity index in Table 2 refers to the
carbon dioxide emissions created by the increase of each unit
of gross national product (GNP), which is primarily used to
assess the link between economic growth and the rise of carbon

emissions. The data in Table 2 show that since the “11th Five-
Year Plan,” the carbon emission intensity of Hubei Province
has been declining with a 7.22% yearly average growth rate,
which means that Hubei Province’s efforts to reduce emissions
and save energy have achieved certain effects.

Main influencing factors analysis of carbon
emission in Hubei Province

“Analysis of carbon emission status in Hubei Province” ana-
lyzes the current situation of social development and the
trend of carbon emissions in Hubei Province. It has been
discovered that the carbon emissions in Hubei Province con-
tinue to rise along with the region’s population, degree of
urbanization, and GDP. To limit the growth benefit of carbon
emissions and achieve carbon peaking and carbon neutral-
ity as soon as feasible, it is vital to perform in-depth study
on the factors that drive carbon emissions. On the basis of
the GDIM decomposition model, this section examines and
discusses the elements that affect Hubei Province’s carbon
emissions, and finally determines the primary contributors
of carbon emissions in Hubei Province.

According to the state quo of social and economic growth
in Hubei Province, as well as the development tendency from
2000 to 2020 described in “Analysis of carbon emission status

Table 2 Carbon emission

; - Year Quantity of carbon emissions (ten Rate of increase Carbon emission inten-
.quantl.ty qnd caer)n em.lssmn thousand tons) sity (ton/ten thousand
intensity in Hubei Province yuan)
from 2000 to 2020

2000 10,916.44 - 3.08
2001 10,953.32 0.34% 2.56
2002 12,278.09 12.09% 247
2003 13,296.50 8.29% 2.46
2004 15,859.05 19.27% 2.51
2005 21,248.56 33.98% 3.26
2006 23,590.20 11.02% 3.11
2007 23,779.12 0.80% 2.58
2008 23917.15 0.58% 2.11
2009 25,015.73 4.59% 1.93
2010 27,790.40 11.09% 1.74
2011 30,023.24 8.03% 1.53
2012 28,474.78 -5.16% 1.28
2013 30,591.12 7.43% 1.23
2014 30,353.70 -0.78% 1.11
2015 29,429.02 -3.05% 1.00
2016 28,705.78 —2.46% 0.89
2017 28,800.47 0.33% 0.81
2018 30,273.10 5.11% 0.77
2019 32,359.53 6.89% 0.71
2020 34,376.62 6.23% 0.69
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in Hubei Province,” the core of industrial structure in Hubei
Province is still in the secondary industry, especially in the
industrial sector. As per capita income increases and urbani-
zation accelerates, carbon emissions also increase rapidly.
It is required to do more in-depth study on the factors that
affect carbon emissions in order to decrease the growing trend
of these emissions and advance the construction process of
energy conservation and emission reduction.

According to the basic development characteristics of Hubei
Province, the possible influencing factors are determined as fol-
lows: socio-economic development level, the affluence of the
people, population size, urbanization rate, industrial structure,
energy intensity, energy consumption structure, and so forth.
These influencing factors may promote or inhibit carbon emis-
sions, and their influencing utility may also change over time.
Now, we will combine the aforementioned factors to investigate
the effects of carbon emission factors in detail.

The GDIM model

The generalized Dlvisia index method (GDIM) model was
proposed by Vaninsky in 2014 (Vaninsky, 2014). In this
model, the target variable is decomposed into multiple
factor products based on Kaya identity. Thus, this model
is suitable for more complete and accurate quantitative
decomposition of the impact of various factors on changes
in carbon emission trend. The decomposition function of
carbon emission target is constructed as follows:

AZ = f() = f(x1 30, %), 3)
AZ=7, —Zoz/dZ=/fl’dx1 +/f2'dx2+---+/f,;dxn,
o)

where Z is the carbon emission function; x; is the ith driving
factor of carbon emission; AZ is the variation from time O
to time 1; fl.’ is the partial derivative of the ith driving factor
of the function Z. Equation (4) can be transformed into the
following form:

AZ = [ VZTdX
AZIX] = [ f1dX, = [ Xt )

where VZ = <f’, 2’ ,f’) is the gradient vector of the car-
. . . n . .

bon emission function f=(f},f,, ***.f,), superscript T is the

transpose matrix, dX is the diagonal matrix of driving fac-

tors dx;, dx,, ***dx,, and AZ[X;] is the contribution value of

driving factor x; to carbon emissions variation AZ.
Considering the correlation between driving factors, Eq. (6) is

introduced to constrain the relationship between driving factors.
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CDj(xl,xz,m,xn) =0,j=1,2,-,k. (6)
The vector form of Eq. (6) is expressed as follows:
O(X) =0, @)
then
AZ[X|®] = / vZ' (I-0,®7F)dx, ®)
L

where the coordinate of the row vector AZ[XI®] is the
component of the factorial decomposition of the change
of carbon emission index Z in the case of interconnected
driving factors. @, is the Jacobian matrix of driving factors,
and @(X);;=0®P;/0®;. Superscript “+” denotes generalized
inverse matrix; / is the identity matrix. If the columns of the
matrix @, are linearly independent, then Eq. (9) is satisfied.

o = (070,) " 0. ©)

By introducing the specific driving factors of carbon
emissions in Hubei Province, Eq. (3) is transformed into
the following form:

C=<$>GDP=(%>E=<%)P, (10)
o= (e )(9)
2 (5) )

The specific meanings of the relevant driving factors in the
Egs. (10)—(12) are shown in Table 3.

Furthermore, Eqs. (10)—-(12) are transformed into the fol-
lowing forms.

C = GDP x CG
GDP X CG-ExXCE =0
GDPXxCG-PxCP=0 . (13)

GDP-PxGP =0
E-EGXGDP =0

Let the contribution function of factor X to carbon emis-
sion be C(X), and construct the Jacobian matrix containing
relevant factors according to Eq. (13) as follows.

CG GDPCEE 0 0 O 0
CG GDP 0 0 -CP-P O 0

1 0 00-GP O -P O
-EG 0 1 0 0 O O -GDP
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Table 3 Variables in Egs. (10)-

. . Variable symbol Meanings Unit
(12) and their meanings
C The amount of carbon emissions Ten thousand tons
GDP Gross domestic product One hundred million yuan
E Total energy consumption Ten thousand tons standard coal
P Population size Ten thousand people
CG=C/GDP carbon emission intensity Tons/ten thousand yuan
GP=GDP/P Per capita GDP Ten thousand yuan/person
EG=E/GDP Energy consumed per unit of GDP (energy intensity) Tons/ten thousand yuan
CE=C/E Carbon emissions per unit of energy consumed (car- kg
bon intensity of energy consumption)
CP=C/P Per capita carbon emissions Tons/person

According to Eq. (8), the variation AC in carbon emis-
sions can be decomposed into the sum of contributions of
all process variations, i.e.,

ACIX|D] = / VCT (I-0(x0)®* (x))dx, (15)
L

where VC=(GDP CG 000 00 0)". According to Eq. (15),
the variation AC in carbon emissions can be decomposed
into the sum of these eight process variations ACgpp, ACp,
ACp,ACqg, ACgp, ACpg, ACg, and ACp, which represents
the variations of economic development, energy consump-
tion situation, population size, carbon emission intensity,
per capita GDP level, energy intensity, carbon intensity
of energy consumption, and per capita carbon emissions,
respectively.

Main influencing factors analysis using the GDIM
model

Based on the “Tenth Five-Year Plan,” “Eleventh Five-Year
Plan,” “Twelfth Five-Year Plan,” and “Thirteenth Five-Year
Plan” formulated by China since 2000, we divide the period
from 2000 to 2020 into four periods as the time span of the
GDIM model, and the values of eight intermediate variations
are listed in Table 4.

Substituting the values of eight intermediate variations in
Table 4 into the decomposition model (15), then Matlab soft-
ware is used to perform calculations, then we obtain the final
values of the quantitative driving factors of carbon emission
as x; = GDP, x; = energy consumption, x5 = population size,
and Z = CO, emissions. That is, by the GDIM model given in
“The GDIM model,” the main influencing factors of carbon
emissions are GDP, energy consumption, and population size.

In terms of GDP, the contribution rate of regional GDP and
per capita GDP to carbon emissions in Hubei Province has
been positive in the past 20 years, contributing 677.1652 mil-
lion tons of carbon dioxide in total, which has obvious positive
effect to carbon emissions. During the “Tenth Five-Year Plan”
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and “Eleventh Five-Year Plan,” the contribution rate of GDP
in Hubei Province increased greatly. Although the cumulative
contribution value is still on the rise, the overall contribution
rate has shown a downward trend since the “12th Five-Year
Plan.” This result indicates that Hubei has accomplished great
successes in green transformation and the establishment of a
green and low-carbon circular economy, which reflects the
remarkable achievements in carbon emission reduction and
control during the “12th Five-Year Plan.”

In terms of population, the population size has a promot-
ing effect on carbon emissions in Hubei Province. Due to the
small change range of population size in Hubei Province, the
positive driving effect on carbon emissions has been main-
tained at a low level.

In terms of energy consumption, the rise of total energy con-
sumption plays an obvious role in promoting the carbon emission
of Hubei Province, which is an important factor influencing the
carbon emission of Hubei Province. During the “Tenth Five-Year
Plan” and “Eleventh Five-Year Plan,” the total energy consump-
tion contributed 7489.4 and 109.875 million tons of carbon diox-
ide, with the contribution value increasing by 31.8%. It shows
that the exploitation and utilization of energy is the main factor
for the development of Hubei Province during this period. During
the “12th Five-Year Plan” and “13th Five-Year Plan,” the total
energy consumption contributed 2389.5 and 35.924 million tons
of carbon dioxide, respectively. Compared with the “11th Five-
Year Plan” stage, the cumulative contribution showed a sharp
decline, reflecting that the development of Hubei’s economy
has begun to achieve results in the exploration of low-carbon
economy and moved to the transition stage of economic transfor-
mation. Low-carbon technologies related to energy development
and utilization have been effectively developed.

Carbon emission forecasting via STIRPAT
extended model with ridge regression

This section establishes a STIRPAT extended model with
ridge regression to predict carbon emissions in Hubei
Province based on the key influencing elements of carbon
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iT;t'Z'renfediT;g Zi;‘:tsi(:’nf:‘gh‘ Year  ACqpp  ACy AC,  ACe ACqp  ACyg ACes ACep
2001 2907.9 1061.6 2.3 —2855.5 2907.9 —1846.3 —1009.2 52.3
2002 2353.2 2019.8 70.0 -579.3 2280.9 -3333 —246.0 1701.6
2003 1343.8 134.2 37.9 —40.5 1305.9 —1209.6 1169.0 1265.3
2004 2636.2 2853.4 40.7 3534 2595.5 217.2 136.2 2948.9
2005 603.8 1420.4 45.6 4785.7 558.2 816.7 3969.1 5343.9
2006 3675.0 2234.9 76.7 -1127.0 3598.3 —1440.1 313.1 2471.4
2007 5046.0 3011.7 147.4 —4841.6 4898.6 —2034.3 —2807.3 57.0
2008 5270.7 1445.4 109.3 -5121.8 5161.4 —3825.3 —1296.5 39.6
2009 3473.2 1677.7 131.0 —2314.3 3342.2 —1795.5 —518.8 1027.9
2010 5502.9 2617.7 146.9 —2728.2 5356.0 —2885.2 157.0 2627.8
2011 5909.5 2601.9 56.1 -3699.1 5965.6 -3307.6 -391.5 2266.5
2012 3721.2 1901.9 6.3 —5295.3 3715.0 —1819.4 —3475.9 —1580.3
2013 3130.9 —3424.1 244 —1055.5 3106.5 —6555.0 5499.5 2051.0
2014 2978.7 1156.4 40.4 -3212.5 3019.1 —1822.3 —1390.2 —1934
2015 2280.7 153.4 113.7 -3205.4 2394.4 -2127.3 —1078.1 -811.0
2016 2830.9 854.1 92.7 —3623.1 2738.2 —1976.8 —1646.3 —884.9
2017 2954.1 —1275.5 76.7 —2850.5 3030.9 —4229.6 1379.1 180.3
2018 3276.7 961.9 59.1 —1705.5 3117.6 -2314.8 609.3 1412.0
2019 3906.3 1204.6 25.6 —2754.8 3880.7 -3701.7 947.0 2125.9
2020 2914.8 1847.3 63.1 -897.7 2851.7 —1067.5 169.8 1953.9

emissions in Hubei Province obtained in “Main influencing
factors analysis of carbon emission in Hubei Province.”

STIRPAT extended model

In the field of carbon emission forecasting, Dietz and Rosa
(1994) made improvements to the impact (I) affected by pop-
ulation (P), affluence level (A), and technology (T) (IPAT)
model and developed STIRPAT stochastic model (Dietz and
Rosa, 1994; Wang et al., 2013), which solved the problem
that the driving influence of every factor on carbon emission
in the IPAT model presented the same proportional change
relationship. The model expression is as follows:

I = aPPAT?, (16)

where a is the model coefficient, / (impact) represents
environmental pressure, P (population) represents popula-
tion size, A (affluence) represents affluence degree, and T
(technology) represents technology level. b, ¢, and d are the
elasticity coefficients of population size, affluence degree,
and technology level respectively, and E is the model error
term. In order to better eliminate the possible heteroscedastic
influence in the model and better measure the driving effect
of each factor on carbon emissions, the model is logarithmic
processed, and expression (17) is obtained.

InI=In a+b(In P)+c(In A)+d(In T)+In e. (17)

There are few independent variables set in STIRPAT
model (17), which only include three influencing aspects:
population size, affluence degree and technological level.
Considering the complexity of carbon emission prediction,
with the purpose of strengthening the STIRPAT model’s
accuracy and universality, we expanded the model based
on the development reality of Hubei Province.

As can be seen from “Main influencing factors analysis
using the GDIM model,” the decomposition of the fac-
tors influencing carbon emissions according to the GDIM
model proves that factors such as GDP, population size,
energy intensity have an impact on carbon emissions in
Hubei Province. Thus, Hubei’s total population, per capita
GDP, and energy intensity serve as the STIRPAT model’s
representations of the province’s population size, level of
wealth, and technological advancement, respectively. In
addition, combined with the analysis of the development
status of Hubei Province in “Analysis of carbon emission
status in Hubei Province,” several new extension factors
of STIRPAT model are explored as follows.

(1) Interms of population, with the reform of the housing
policy implementation in Hubei Province, promoting
the regional population transfer from rural to urban,
promoting the development of the urban basic meas-
ures of construction, combined with the energy con-
sumption and utilization improve the carbon emissions
to a great extent. Thus, urbanization rate is added as a
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supplement in the population scale factor, and as one
of the extension factors of STIRPAT model.

(2) Interms of economic scale, the development of industry,
especially the second industry, has performed a crucial
part for carbon emissions. In the industrial structure of
Hubei Province, the second industry relies on the energy
consumption and utilization (Zhang et al. 2023; Chu and
Xiao 2023), the second industry has a carbon intensity
that is much greater compared to the first and third
industries. The industrial structure in Hubei Province
has significant influence on carbon emissions. Therefore,
the industrial composition that reflects the contribution
of secondary industry is also taken as one of the exten-
sion factors of STIRPAT model.

(3) In terms of energy consumption, coal continues to
dominate Hubei Province’s energy consumption struc-
ture, while conventional fossil fuels still take the lead.
The production of carbon dioxide mainly depends on
the utilization and combustion of carbon-containing
energy. With the development and utilization of various
forms of clean energy, the emissions of carbon dioxide
will be greatly reduced (Zhang et al. 2022; Chen et al.
2023). Therefore, this paper takes coal as the repre-
sentative of traditional fossil energy, and the proportion
of coal consumption in energy consumption (which is
called energy structure) is regarded as one of the exten-
sion factors of STIRPAT model.

In summary, the STIRPAT model (17) is extended by
above extension factors, i.e., urbanization rate, industrial
structure, and energy structure, and its logarithmic expres-
sion is shown in the following Eq. (18):

InC=Ina+b(InP)+ c(InA)+d(InT)

+f(InU)+g(nI) +h(nS) + Ine, (18)

where the meanings of variable symbols in Eq. (18) are
shown in Table 5.

Table 5 The meanings of variable symbols in STIRPAT extended model

According to STIRPAT extended model (18), we will
comprehensively study the driving effects of six influencing
factors, i.e., total population, per capita GDP, energy inten-
sity, urbanization rate, industrial structure and energy struc-
ture, on carbon emissions in Hubei Province. Specifically,
the effects and benefits of each driving factor are investigated
from the model coefficients, their mutual promotion and
restriction factors are discussed, and the influence of their
comprehensive benefits on carbon emissions is evaluated.

Re-regression the STIRPAT extended model via ridge
regression

For the STIRPAT extended model proposed in “STIRPAT
extended model,” the least square linear regression may
not solve the multicollinearity problem. In order to avoid
the interference of multicollinearity and preserve the infor-
mation of influencing factors to a greater extent, the ridge
regression model is introduced to re-regression the STIR-
PAT extended model.

Ridge regression was proposed by Hoerl and Kennard
(1970). A regular penalty term is added to optimize the
regression coefficient of carbon emission. The carbon
emission driving coefficient function of ridge regression
optimization is defined as follows:

f = argmin || X8 — I3
st , (19)
IBII3 < ¢

where X is an input characteristic matrix composed of each
driving factor index of carbon emission, y is an output
matrix of carbon emission, and f is the coefficient vector
of the model. || ﬂll% < cis the regularization term, and C'is a
constant greater than 0, which measures the strength of the
control penalty. According to Lagrange multiplier method,

Variable symbol Meanings Unit
C The amount of carbon emissions Ten thousand tons
P Total population (total population of Hubei Province) Ten thousand people
A Per capita GDP (the ratio of gross regional product to total population) Ten thousand yuan/person
T Energy intensity (the ratio of energy consumption to gross regional product) Tons/ten thousand yuan
U Urbanization rate (the ratio of urban population to total population) %
1 Industrial structure (the ratio of the output value of the secondary industry to the gross %
regional product)
S Energy structure (the ratio of coal consumption to total energy consumption) %

Ina is the model coefficient, Ine is the model error term, b, ¢, d, f, g, and h are the elasticity coefficients of each variable
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Eq. (19) is transformed into an unconstrained penalty func-
tion optimization problem expressed by Eq. (20).

min [| X4 = ylI3 + AllAII3
s.t.

g3 = /X2 (20)

A>0

To calculate the coefficient f# of STIRPAT extended
model, the coefficient function is defined as follows:

FB) =1XB=yli5 + AIBI5. @1
Set of(ff)/op =0, we have
X'Xp-n+18=(X"X+A)p-X"y=0. (22)

From Eq. (22), the analytical solution of the coefficients
of STIRPAT model can be obtained as follows:

f=(X"X+A1)"'XTy, (23)

where 4 is the ridge parameter and / is the identity matrix.
According to Eq. (23), the effect of the ridge regression
estimation varies with the ridge parameter 4, and A€ (0, 1]
generally. The selection methods of ridge parameter 4
include ridge trace method, variance inflation factor method
and residual sum of squares method. According to the pre-
diction accuracy requirement of STIRPAT extended model,
the combination of ridge trace method and residual sum of
squares method is selected to determine ridge parameter.

Ridge regression results of STIRPAT extended model

Due to many influencing factors selected in the STIRPAT
extended model (18) in “STIRPAT extended model,” there
may be correlation between different factors, resulting in

the problem of multicollinearity, which distorts the coef-
ficient of the model, affects the accuracy of the model,
and leads to errors in the prediction of carbon emissions.
Therefore, in this paper, the least square linear regression
(Wang et al. 2023; Wei et al. 2023) is first conducted on
STIRPAT extended model to analyze the collinearity of all
influencing factors in the model. The regression outcomes
are displayed in Table 6.

As shown by the regression outcomes in Table 6, the
influencing factors exhibit severe multicollinearity, and
certain variable values fail the test. Therefore, the model
coefficients fitted by least square linear regression cannot be
guaranteed to be accurate. Table 7 shows the results of the
correlation test that was further performed on all influencing
elements in the STIRPAT expanded model.

The correlation test findings in Table 7 indicate that the
factors in STIRPAT extended model have significant correla-
tion with each other, and the least square linear regression
cannot solve the multicollinearity problem. Thus, the ridge
regression model given in “Re-regression the STIRPAT
extended model via ridge regression” to re-regression the
STIRPAT extended model (18).

For model (18) in “STIRPAT extended model,” the itera-
tion step of the ridge parameters of the ridge regression is
set as 0.01, and the iteration interval is (0, 1]. The ridge
trace map of the change trajectory combination of standard
regression coefficient §(4) corresponding to different ridge
parameter 4 is obtained, as shown in Fig. 1.

According to the ridge trace map Fig. 1, combined with
residual sum of squares method, when 1=2.46, the goodness
of fit is R>=0.957, the standard regression coefficients of
each factor variable tend to be stable, and the fitting effect
is good. The analysis results of ridge regression are shown
in Table 8. Among them, the explanatory variables of the
regression model all passed the test, and the F-test coeffi-
cient of the model was significant. In addition, Table 8§ also
calculates the non-standardized treatment results of the
regression coefficients.

Table 6 Resu}ts of least square Unstandardized coefficient Standardized ¢ P VIF R?
linear regression coefficient
B Standard error Beta

Constant —22.493 64.61 - —0.348 0.733 - 0.977

InP 2.669 7.587 0.094 0.352 0.730 42.507

InA 1.191 0.338 2.684 3518 0.003%3#* 349.225

InT 1.485 1.221 0.125 0.252 0.805 147.568

InU 0.307 0.302 2.126 491 0.0007%3#* 112.43

In/ -0.772 0.261 —-0.146 -2.961 0.010%* 1.463

InS -0.179 0.339 —-0.063 —-0.528 0.606 8.582

wck kk and * represent the significance level of 1%, 5%, and 10% respectively
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As shown by the ridge regression results in Table 8, the
corresponding regression equation of STIRPAT extended
model is obtained as follows.

InC =-137.523 +16.573InP + 0.1241nA - 0.035InT
+0.268InU +0.378In/+0.131In S ’
(24
Equation (24) shows that in the STIRPAT extended
model, from large to small, the following explanatory fac-
tors have an impact on carbon dioxide emissions: total

population, energy structure, industrial structure, rate of
urbanization, per capita GDP, and energy intensity.

The information on the impact of STIRPAT parameters
on carbon emissions may be found in Table 8’s ridge regres-
sion results. The elasticity coefficient of total population in
Hubei Province on carbon emissions from 2000 to 2020 is
16.573, which has the biggest influence on level of carbon
emissions. Although the total population in Hubei Province
only grows slowly in the past 20 years, the population not
only in terms of its impact on carbon emissions, its growth

Table 7 Correlation test of

. X N InP InA InT InU In/ InS
influencing factor variables
InP 1.000 0.928 —-0.841 0.878 —0.082 —-0.624
InA 0.928 1.000 -0.978 0.989 —-0.240 —-0.827
InT -0.841 -0.978 1.000 —0.989 0.315 0.877
InU 0.878 0.989 —-0.989 1.000 —-0.250 —0.842
In/ —0.082 —-0.240 0.315 -0.250 1.000 0.446
InS -0.624 —-0.827 0.877 —0.842 0.446 1.000
Fig. 1 Ridge trace map ® InP
0.7 = InA
® InT
= InU
0.6 H Inl
g InS
£ 05
Q
8
£ 04
g 03
=
S
E 0.2
g
@ 0.1
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ridge parameter
Table 8 Ana@ysis results of 1=2.46 Unstandardized coefficient Standardized ¢ P R? F
ridge regression coefficient
B Standard error  Beta
Constant ~ —137.523  21.404 - —6.434  0.000%**
InP 16.573 2.489 0.276 6.798 0.000%**
InA 0.124 0.015 0.049 8.247 0.000%**
InT —-0.035 0.041 —-0.016 —0.864  0.037%* 0.965  25.081%**
InU 0.268 0.152 0.067 1.787 0.000%**
In/ 0.378 0.391 0.092 0.972 0.023%*
InS 0.131 0.262 0.054 0.501 0.042%*

wack kkand * represent the significance level of 1%, 5%, and 10% respectively
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can make corresponding energy consumption, GRP, and
urbanization rate rise, thereby indirectly lead to carbon
dioxide emissions continue to rise, causing the population
to have a considerable effect on carbon emissions. To bal-
ance the factors and eliminate the multicollinearity, so the
model coefficient of total population is bigger. The elastic-
ity coefficient of energy intensity is —0.035, which is the
only variable in the model that has a negative impact on
carbon emissions, in line with the analysis results of the
GDIM extended model. Although the reduction of energy
intensity means that the economic development mode of
Hubei Province gradually realizes low-carbon development,
it indicates that the average annual growth rate of GDP in
Hubei Province is greater than the average annual growth
rate of energy consumption. However, as a relative indica-
tor, energy intensity decreases while energy consumption
and GDP increase, indicating that carbon emissions will
increase with the decrease of energy intensity. The model
coefficients of the four explanatory variables, energy struc-
ture, industrial structure, urbanization rate, and per capita
GDP, are consistent with the conclusions of the GDIM
extended model, which is positive on carbon emissions.

In order to intuitively study the effectiveness of regres-
sion equation (24) of STIRPAT extended model, the fitting
prediction analysis was carried out based on the data of
statistical yearbook from 2000 to 2020 in Hubei Province.
The fitting results are shown in Fig. 2. The error analysis of
STIRPAT extended model is carried out according to the
actual and predicted values, and Table 9 shows the results.
The STIRPAT extension model with ridge regression is
effective in solving the elastic coefficient of the model, the
error is within a reasonable range, and the prediction accu-
racy is high. Thus, the regression equation obtained has
practical significance.

Fig. 2 Fitting prediction analy-
sis of carbon emissions in Hubei
Province from 2000 to 2020
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Table 9 Regression error Year  Error/ten Error rate

analysis of STIRPAT extended thousand

model tons
2000 —580.327 5.32%
2001 —-836.616 7.64%
2002 —949.391 7.73%
2003 -704.779 5.30%
2004 —42.3383 0.27%
2005 1926.595 9.07%
2006 1320.395 5.60%
2007  991.6922 4.17%
2008 799.2513 3.34%
2009 165.992 0.66%
2010 —397.846 1.43%
2011 872.2248 291%
2012 -96.7135 0.34%
2013 1252.098 4.09%
2014  1281.421 4.22%
2015 1663.341 5.65%
2016 —1039.43 3.62%
2017 —-253.012 0.88%
2018 —867.538 2.87%
2019 —-1395.61 4.31%
2020 —757.598 2.20%

Forecast of emission peak value and carbon
peak time in Hubei Province

In “Main influencing factors analysis of carbon emission
in Hubei Province” and “Carbon emission forecasting via
STIRPAT extended model with ridge regression,” through
the decomposition of driving factors of carbon emissions, we
found that the main factors affecting carbon emissions in Hubei

1 Actual Value
1 Predicted value

2008 2010

Year

2012 2014 2016

2018

2006 2020 2022
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Province include population scale, economic scale, energy
intensity, urbanization level, industrial structure, and energy
structure. To further research on the future trend of carbon
emissions in Hubei Province, in this section, the scenario anal-
ysis method (Rahman et al. 2021) is applied to set the variables
of STIRPAT extended model with ridge regression established
in “Carbon emission forecasting via STIRPAT extended model
with ridge regression,” so as to predict and analyze carbon
emissions’ peak value and peak time in Hubei Province, and
discuss the path to achieve carbon neutrality.

Scenario analysis setup of carbon emission
The basic idea of scenario design

Under the general trend of energy conservation and emis-
sion reduction, the future development goal of Hubei Prov-
ince will be to establish a green and low-carbon circular
economic system. Therefore, in this paper, in combination
with the trend of The Times and the relevant policies and
measures issued by the state and Hubei Province, we set the
growth rate of six influencing factors in STIRPAT exten-
sion model: total population (P), per capita GDP (A), energy
intensity (T), urbanization rate (U), industrial structure (1),
and energy structure (S). Four scenarios were set for the
carbon emission prediction of Hubei Province: extensive
development scenario, benchmark scenario, low-carbon
development scenario, energy conservation, and carbon
control scenario. Moreover, different scenario paths will be
designed under different scenario environments to meas-
ure and compare the carbon emission trend, emission peak
value, and carbon peak time of each development path under
the same scenario.

Scenario parameter setting

In the scenario analysis method, based on the national
economic resources development policy and the regional
development plan of Hubei Province, the scenario param-
eter setting of each influencing factor of STIRPAT extension
model. In this paper, based on STIRPAT extension model,
the scenario analysis method is proposed to predict the car-
bon emissions’ peak value and peak time in Hubei Province.
According to the “Outline of the 14th Five-Year Plan and
Long-term Goals of Hubei Province” (hereinafter referred to
as the “Outline of the 14th Five-Year Plan”) and other rele-
vant policies, the six influencing factors, total population (P),
per capita GDP (A), energy intensity (T), urbanization rate
(U), industrial structure (I), and energy structure (S), are set
parameters in three scenarios, that is, low, medium, and high.

(1) Total population (P) According to the Population Devel-
opment Plan of Hubei Province (2018-2030) issued by

@ Springer

Government of Hubei Province, the general trend of popu-
lation development in Hubei Province during 2018-2030
is as follows: The population size tends to be stable and is
expected to reach a peak of 60.9 million during 2028-2030.
However, due to the impact of COVID-19, the resident
population in Hubei Province dropped from 59.270 million
in 2019 to 57.753 million in 2020. Although the two-child
policy has been fully implemented in Hubei Province, the
potential of population growth is weakened because of the
decrease in the number of women of childbearing age and
the aging of the population, which makes it difficult for the
population to reach the expected size. Combined with the
previous average annual population growth rate of Hubei
Province, the population growth rate is set to be 0.60% in
2021-2025, 0.55% in 2026-2030, and —0.10% in 2031-2040
under the medium mode, and the growth rate of different
years in the low and high mode is adjusted accordingly.

(2) Per capita GDP (A) The Hubei Province’s per capita GDP
in 2020 was 80,803 yuan, increasing by 13.8% compared
with 2019, and the annual average rate of increase from 2000
to 2020 was 13.96%. In the “Outline of the 14th Five-Year
Plan,” the economic aggregate of Hubei Province will across
6 trillion yuan in 2025. Planning is expected in 2035, Hubei
basically realized socialist modernization, and the per capita
GDP reached the level of medium developed economies.
According to The World Economic Situation and Outlook
issued by United Nations and the confirmation of the rich
world’s standard, take the arithmetic average, the level of
moderately developed economies is around $20,000 to
$30,000. According to this standard, the growth rate of per
capita GDP is set at 6.5% in 2021-2025, 7.3% in 20262030,
and 8.6% in 2031-2040 under the medium mode. Accord-
ingly, the growth rate set for different years under the low
and high modes is adjusted accordingly.

(3) Energy intensity (T) In the 14th Five-Year Plan for
Energy Conservation and Emission Reduction issued by
The State Council, the main targets of energy intensity are
as follows: By 2025, the national energy consumption per
unit of GDP will be 13.5% lower than that of 2020, and the
total amount of energy consumption will be under reason-
able control. 14th Five-Year Plan for ecological and envi-
ronmental protection in Hubei Province has proposed that
the goal of 2025 is to complete the targets and tasks issued
by the state. According to the “Outline of the 14th Five-
Year Plan,” the government will play an “innovation card”
to achieve an average annual growth of 7% in the whole
society’s R&D investment, an annual growth of more than
10% in the number of high-tech enterprises, and promote the
low-carbon technologies development. Based on this stand-
ard, the energy intensity growth rate is set to be —5.5% in
2021-2025, —6.2% in 2026-2030, and —7.1% in 2031-2040
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under the medium mode, and the growth rate in different
years under the low and high modes is adjusted accordingly.

(4) Urbanization rate (U) According to the “Outline of the
14th Five-Year Plan,” Hubei Province plans to promote a
new pattern of people-centered urbanization and guide the
development of small towns, and the permanent residents’
urbanization rate will reach 65% by 2025. According to the
Population Development Plan of Hubei Province (2018-
2030), the population of Hubei Province will continue to
gather in urban areas during 2018-2030, and the urbani-
zation level will steadily improve. The urban population is
expected to grow to 42.6 million by 2030, with an urbaniza-
tion rate of 70%. According to this standard, the growth rate
of urbanization rate is set to be 1.2% in 2021-2025, 0.8%
in 2026-2030, and 0.6% in 2031-2040 under the medium
mode. Based on this standard, the growth rate in different
years under the low and high modes is adjusted accordingly.

(5) Industrial structure (I) According to the “14th Five-Year
Plan” of ecological and environmental protection of Hubei
Province, the industrial structure is dominated by heavy
industry, and the level of green and low-carbon develop-
ment needs to be improved. Since the “12th Five-Year Plan”
came out, the annual average rate of the secondary industry
in Hubei Province is —3.14%. According to the “Outline
of the 14th Five-Year Plan,” Hubei Province will imple-
ment new development concepts, promote green industrial
upgrading, and optimize industrial structure. According to
the development status and future goals of Hubei Province,
the growth rate of industrial structure is set as —3.5% in
2021-2025, —4.0% in 2026-2030, and —4.5% in 2031-2040
in the medium mode, and the growth rate of different years
in the low and high modes is adjusted accordingly.

(6) Energy structure (S) The 14th Five-Year Plan for energy
conservation and emission reduction issued by The State
Council proposes to implement clean and efficient coal
utilization projects and promote green and low-carbon

transformation of the energy system. By 2025, non-fossil
energy will take up about 20% of total energy consump-
tion and coal consumption will be reduced by about 10%.
The “14th Five-Year Plan” of ecological environmental
protection in Hubei Province points out that the resource
conditions of wind power and photovoltaic power in Hubei
Province are not optimal, it is difficult to change for the coal-
based energy structure in the short term, and it is also diffi-
cult to be efficiently solved for the structural problems in the
short term. Combined with the emission reduction target and
the current circumstances of Hubei Province, the growth rate
of energy structure is set as —2.5% in 2021-2025, —3.6% in
2026-2030, and —4.8% in 2031-2040 under the medium
mode, and the growth rate in different years under the low
and high modes is adjusted accordingly.

To sum up, the set parameters for the six influencing
factors of total population (P), per capita GDP(A), energy
intensity (T), urbanization rate (U), industrial structure (I),
and energy structure (S) according to the development status
and future policy planning of Hubei Province are shown in
Table 10.

Scenario design of carbon emission

Among the six influence factors in the STIRPAT extended
model, the total population, per capita GDP, and urbani-
zation rate are the factors that increase carbon emissions,
the rise of these indicators will lead to the rise of carbon
emissions. However, the decline of industrial structure and
energy structure will promote the reduction of carbon emis-
sion in Hubei Province. Although the elasticity coefficient
of energy intensity is negative and plays a role in reducing
carbon emissions, the relative energy consumption increases
with the decline of energy intensity, which fundamentally
indicates the increase of carbon emissions. Combined with
the effects of various influencing factors, this paper com-
bined the different change parameters of six influencing fac-
tors according to the development status of Hubei Province

Table 10 Parameter setting of

. 8 R Mode Years The growth rate parameters of the influencing factors
influencing factors in different
scenario modes P A T U 1 S
Low 2021-2025 0.50% 5.5% —4.6% 1.1% -2.5% —-2.0%
2026-2030 0.45% 6.3% -5.4% 0.7% -3.0% -3.1%
2031-2040 0.05% 7.6% -6.3% 0.5% -3.5% -4.3%
Medium 2021-2025 0.60% 6.5% -5.5% 1.2% -3.5% -2.5%
2026-2030 0.55% 7.3% -6.2% 0.8% -4.0% -3.6%
2031-2040 —0.10% 8.6% -7.1% 0.6% -4.5% -4.8%
High 2021-2025 0.70% 7.5% -6.1% 1.3% -4.0% -3.0%
2026-2030 0.65% 8.3% -6.9% 0.9% -4.5% —-4.1%
2031-2040 —0.12% 9.6% -7.8% 0.7% -5.0% -5.3%
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and the planning policies formulated by the government.
Specifically, four scenarios are set for the social and eco-
nomic development of Hubei Province: extensive develop-
ment scenario, benchmark scenario, low-carbon develop-
ment scenario, and energy conservation and carbon control
scenario. Moreover, different scenarios are subdivided into
multiple development paths to compare the impact of differ-
ent change trends of influencing factors on carbon emissions.
Each scenario is explained as follows.

(1) Extensive development scenario This scenario is based
on the assumption that in order to pursue rapid economic
development, the government temporarily sacrifices envi-
ronmental protection indicators, continues to maintain
the development mode of “heavy” industrial structure and
energy utilization and consumption, and promotes economic
growth with the development of heavy industry, so as to
catch up with the pace of advanced developing economies.
In this scenario, Hubei Province will invest funds to expand
its industrial advantages and take the secondary industry
as the core of its industrial structure for a long time. With
the research and development of core industrial technolo-
gies, the energy consumption structure is still centered on
fossil energy, but the ratio of non-fossil energy consump-
tion is gradually increasing. At the same time, with the
two-child policy and housing policy in full operation, the
total population and urbanization rate of Hubei Province
may show a rapid growth trend. This scenario reflects the
socio-economic development and carbon emission status of
Hubei Province under the trend of relaxed environmental
constraints and extensive development.

(2) Benchmark scenario Baseline scenario refers to the
assumption that Hubei Province regards social and economic
development as the priority, continue to maintain the exist-
ing social and economic development situation without a
proactive response to climate change, and promotes the effi-
ciency improvement of energy consumption and utilization
only relying on the development of social economy itself.
This scenario reflects the socio-economic development and
carbon emission status of Hubei Province under the natural
development trend.

(3) Low-carbon development scenario This scenario is based
on the assumption that the social development situation of
Hubei Province is developing in accordance with the goals set
by the relevant development plans and policies of Hubei Prov-
ince and the national government. According to the 14th Five-
Year Plan of Hubei Province and 2035 Long-term Target Out-
line, the government will take effective measures to improve
the rate of energy utilization, optimize industrial structure and
improve energy structure, stabilize scientific research funding
for low-carbon and environment-friendly technologies, carry
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out a new round of scientific and technological revolution and
industrial transformation, and promote scientific and techno-
logical innovation to generate new growth drivers. Under the
low-carbon and environmental protection development mode,
the comprehensive strength of the province has been stead-
ily developed, and the carbon emissions have been gradually
controlled. This scenario reflects the socio-economic develop-
ment and carbon emission status of Hubei Province under the
control of its own regional development policies.

(4) Energy conservation and carbon control scenario This
scenario means that Hubei Province gives priority to energy
conservation and carbon control and realizes green envi-
ronmental protection and low-carbon development, slows
down its economic development trend, and thinks more
deeply about the control of energy consumption and car-
bon emissions. Hubei Province will increase investment in
low-carbon energy-saving technology research and develop-
ment funds, introduce new technologies and models of low-
carbon energy control under the relevant national policies,
and encourage push the application of low-carbon and envi-
ronmentally friendly technologies. This scenario reflects the
situation of socio-economic development and carbon emis-
sion in Hubei Province under the support of national policy
and the shift of development focus.

The above specific scenario settings are shown in
Table 11.

Prediction result analysis of carbon emissions
Scenario prediction analysis

According to the four scenarios set for Hubei Province’s
carbon emissions and various carbon emission paths under
different scenarios, and based on the constructed STIRPAT
extended model with ridge regression in “Carbon emis-
sion forecasting via STIRPAT extended model with ridge
regression,” the emission peak value and carbon peak
time in Hubei Province from 2021 to 2040 are predicted.
The prediction results of Hubei Province’s carbon emis-
sions from 2021 to 2040 under each scenario are shown in
Fig. 3. From the prediction results of STIRPAT extended
model with ridge regression, the peak values and peak
times of carbon emission in Hubei Province are different
under different scenarios, and the carbon emission’s peak
times in vary development paths is also different under
different scenarios.

(1) Under the extensive development scenario, the carbon
emissions of paths 1, 2, and 3 will not reach the peak
before 2040, and path 4 will reach the peak in 2039,
reaching 496.73 million tons.
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Table 11 Specific path settings

. Scenario settings
for each scenario

~
>
~
~
95

Scenario path

Extensive development scenario

Benchmark scenario

Low-carbon development scenario

Energy conservation and carbon con-

trol scenario

Path 1
Path 2
Path 3
Path 4
Path 5
Path 6
Path 7
Path 8
Path 9
Path 10
Path 11
Path 12
Path 13
Path 14
Path 15
Path 16
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L, M, and H represent low, medium and high modes respectively

(2) Under the benchmark scenario, the carbon emissions of
the four development paths all reach the peak, and the
peak values are 45,370 tons, 46,665 tons, 43,695 tons,
and 421,090,000 tons in the order of paths, and the
peak times are in 2036, 2037, 2035, and 2034, respec-
tively. Although the carbon emission of the four paths
all reach the peak, it does not meet the target condition
of carbon peak before 2030.

Under the low-carbon development scenario, all the
four development paths will reach the peak of carbon
emission, and the peak value are 39,073 tons, 38,807
tons, 38,415 tons, 382,221 tons in the order of paths,
and the peak times are in 2033, 2032, 2030, and 2030,
respectively. Among them, path 5 and path 6 both
achieve the target of carbon peak in 2030 and before.
Under the energy conservation and carbon control sce-
nario, all the four development paths will achieve the
peak target of carbon emission before 2030. According
to the order of development paths, their peak values are
36181 tons, 36716 tons, 36318 tons, and 367.8 million
tons respectively, and the peak times are in 2025, 2028,
2027, and 2028, respectively. It can be found that under
the scenario of energy conservation and carbon control,
there is little difference in the peak carbon emission of
each development path, but the peak times are different.

3)

“

Comparative analysis of scenarios

In “Scenario prediction analysis,” the STIRPAT extended
model with ridge regression is used to predict the emis-
sion peak values and carbon peak times in Hubei Province
under different situations and different development paths.

However, based on the state formulates about carbon emis-
sions to achieve peak value more than 2030 years ago and
to realize of the carbon neutral target more than 2060 years
ago, how to achieve the carbon peak target in advance and
reduce the target of carbon peak by considering the carrying
capacity of resources and environment, and environmental
protection needs of Hubei Province, is still a problem that
needs to be further discussed. By comparing different sce-
narios, we further analyze the impact of the growth of total
population and per capita GDP, the rise of urbanization rate,
and the decline of energy intensity, industrial structure, and
energy structure on carbon emissions in Hubei Province.
Under the extensive development scenario, the second-
ary industry maintained a high proportion in the industrial
structure of Hubei Province, and the per capita GDP and
urbanization rate increased rapidly. Due to the focus on
economic development and neglect of energy consump-
tion, the energy intensity index has a slow downward
trend. Because of the swift growth of population and
economy, the population gradually moves to the cities
and towns, and the carbon emission shows a rising trend
in the development paths 1, 3, and 4. Although the rate of
increase gradually slowed down, it did not reach a peak
before 2040. Although path 2 achieves the carbon peak,
it reaches the peak later and has a high peak value. This
shows that although the economy is developing quickly,
the fund for scientific and technological innovation is
gradually abundant and the energy consumption struc-
ture is improved, the “heavy” industrial structure makes it
impossible to effectively decrease the energy intensity. The
effects of industrial structure on carbon emission in Hubei
Province are greater than that of energy structure. Carbon
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Fig.3 Prediction results of carbon emissions in Hubei Province for different paths under different scenarios from 2021 to 2040

emission cannot be effectively controlled, which indicates
that it is inadvisable to pursue economic development uni-
laterally while ignoring environmental protection.

Under the baseline scenario, all the four development paths
achieved carbon peak, but the peak time was far after 2030,
and the peak value was higher, indicating that the greenhouse
gas pollution in Hubei Province was not negligible at this
time. In this scenario, the population growth rate, urbaniza-
tion rate, and per capita GDP are set in a medium mode, and
then the changes of industrial structure, energy structure, and
energy intensity are further compared. By observing the trend
change of carbon emission, it is found that the optimization
and improvement of industrial structure and energy structure
in Hubei Province have obvious inhibitory effect on the rise of
carbon emission. However, by analyzing the carbon emission
situation under this scenario, the role of spontaneous regula-
tion of carbon emission in Hubei Province according to socio-
economic development is not significant.
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Under the low-carbon development scenario, we can
accelerate the adjustment of industrial structure and gradually
improve energy utilization efficiency, so as to achieve obvious
effect of promoting carbon emission reduction. Although path
11 and path 12 are ahead of path 9 and path 10 in terms of pop-
ulation growth and urbanization, path 11 has obvious measures
in terms of energy structure. Increased research and develop-
ment of energy conservation and environmental protection
technologies and the use of new energy resources have reduced
the percentage of coal consumption and inhibited the role of
population growth in promoting carbon emissions. Based on
path 11, path 12 optimizes the industrial structure, acceler-
ates industrial transformation, and the proportion of secondary
industry decreases. This scenario has achieved high-quality
development, steadily increased per capita GDP, and reached
the carbon peak by 2030, which has realized the simultaneous
development of social economy and environmental protection,
and formed a sound low-carbon development system.
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Under the scenario of energy conservation and carbon con-
trol, the growth of per capita GDP remains at a low level, the
proportion of coal in the energy consumption structure contin-
ues to increase and decline, and the percentage of secondary
industry in the industrial structure is also steadily declining.
These changes may sacrifice social and economic develop-
ment to some extent. At the same time, the energy intensity
is also increasing and decreasing, which indicates that Hubei
Province should change the traditional energy consumption
structure, reduce the combustion of fossil energy, increase
capital investment to develop new clean energy, and promote
the reform of industrial structure. These requirements put for-
ward high requirements and challenges for the key energy con-
sumption industries in Hubei Province. Under this scenario,
Hubei Province takes the lead in achieving the goal of carbon
emission peak from a strategic height. Development path 13
is nearly 5 years ahead of the national goal of achieving peak
carbon by 2030. As a central province in central China, Hubei
Province has made important contributions to the national goal
of achieving carbon peak and promoting carbon neutrality.

Through the above comparative analysis, under the dif-
ferent development paths of each scenario, path 12 is the
most consistent with the carbon emission peak path of Hubei
Province. Under this path, the social and economic growth
of Hubei Province is stable, energy-saving and emission
reduction technology is promoted and applied, and the envi-
ronment and ecology are protected accordingly, presenting
a win-win situation of economic and ecological benefits.

Conclusions and policy implications

In this paper, in order to study the carbon emission and change
trend of Hubei Province under the target of emission peak and
carbon neutrality, the carbon emission factors of Hubei Province
were decomposed by GDIM method, and a STIRPAT extended
model combined with scenario analysis method is established
to forecast the emission peak value and carbon peak time in
Hubei Province. The results show that industrial structure,
energy structure, and urbanization level have significant effects
on carbon emissions in Hubei Province, and Hubei Province’s
carbon emissions peaked first in 2025, with a peak value of
361.81 million tons. Compared and analyzed the carbon emis-
sion situation of different development paths in each scenario,
corresponding suggestions and policy implications on carbon
reduction and control according are provided for Hubei Province
as follows, which provides theoretical basis and decision support
for Hubei’s green and low-carbon economic system to achieve
peak carbon and carbon neutralization. At the same time, it also
provides certain reference significance for the formulation of
energy-saving and emission reduction policies in other regions
of China, which help to achieve the industry’s cleaner produc-
tion and sustainable development of society in China.

(1) Optimize industrial structure and promote technologi-
cal innovation The industrial structure of Hubei Province is
dominated by the secondary industry, and the industrial energy
consumption remains high, especially the traditional industries
with high-energy consumption, which have a non-negligible
impact on carbon emissions. According to the contribution rate
of GDIM decomposition in Table 4, the rise of total energy
consumption has an obvious promotion effect on carbon emis-
sion. The coefficient of industrial structure (Inl) in the STIR-
PAT extended model (24) is 0.378, indicating that the high
proportion of secondary industry promotes carbon dioxide
emission. And scene comparative analysis indicates that the
continuous optimization of industrial structure has an obvious
negative impact on the increase of carbon emission. Therefore,
Hubei Province should give priority to reducing the percentage
of the secondary industry, and carry out green transformation
and upgrading of the secondary industry. Firstly, we can start
from the traditional chemical industry and other high energy
consumption industries to carry out low-carbon technology
transformation and upgrading to reduce energy consump-
tion. Secondly, the government can focus on developing effi-
ciency and improving efficiency, change the growth mode of
the secondary industry driven by industrial scale expansion
and energy consumption, and vigorously develop green and
environmental protection industries. Thirdly, the government
can integrate modern high and new technologies, use artifi-
cial intelligence technology to expand production efficiency,
eliminate unnecessary production procedures, reduce energy
consumption, and promote the transformation and upgrading
of traditional industries toward intelligent and green devel-
opment. In addition, Hubei Province is close to mountains
and rivers. Taking Wuhan City as an example, relying on the
advantages of the Yangtze River basin, the government can
vigorously develop the service industry based on tourism,
deeply integrate the advantages of modern internet, develop
the commodity economy of the primary industry, and reduce
the percentage of the secondary industry’s output value.

In addition, the transformation and upgrading of industrial
structure, technological innovation is the breakthrough, the
establishment of high and new technology development system
is conducive to the reduction of carbon emissions. The gov-
ernment should increase the investment of scientific research
funds, fully combine the advantages of many universities in
Hubei Province, introduce innovative talents, do a good job
in the incentive mechanism, and encourage the talents of uni-
versities to focus on research. Furthermore, the government
can vigorously build major scientific and technological basic
measures and high-level laboratories, and serve high-level sci-
ence and technology to become self-reliant and self-reliant.

(2) Energy structure innovation, and energy-saving and

efficiency increasing According to the results obtained by
applying the GDIM model in “Main influencing factors
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analysis of carbon emission in Hubei Province,” it can be
seen from Table 4 that, in terms of energy, energy inten-
sity has a detrimental impact on carbon emissions, and the
reduction of the carbon intensity of energy consumption
can effectively help reduce carbon emissions. In terms of
economy, the reduction rate of carbon emission intensity
is also maintained at a relatively high level. Therefore,
Hubei Province should improve its energy efficiency. Hubei
Province has many industries and a large amount of energy
consumption, and its energy utilization efficiency cannot be
ignored. It is imperative to accelerate the reform of energy
consumption, improve the carbon emission decentralization
system piloted, formulate strict energy constraint indicators,
and restrain unreasonable energy consumption. In addition,
Hubei Province has a wide area, which can optimize the
energy transmission channel and reduce the energy loss in
the transmission link. Moreover, coal is the main body of
energy consumption in Hubei Province, so the government
should encourage the clean and efficient utilization of coal
and accelerate the construction of large-scale power projects
which are clean and efficient coal.

According to the STIRPAT extended model (24), the
coefficient of energy intensity is —0.035, and the coeffi-
cient of energy structure is 0.131, indicating that energy
intensity conforms to the GDIM analysis result and plays
a promoting role in reducing carbon emissions. The carbon
emission prediction result obtained in Fig. 3 combined with
scenario analysis method shows that on the basis of path 7,
path 8 improves the optimization rate of energy structure
and can effectively inhibit carbon emissions. At the present
time, the energy consumption structure of Hubei Province
is still centered on traditional fossil energy represented by
coal consumption, which leads to high-carbon emissions.
Under this background, the government should vigorously
develop clean and safe and efficient new energy technology,
mining the solar energy, hydrogen power, hydropower, wind
energy, biomass energy, and other new clean energy, and
enlarge the coverage of gas zone. Furthermore, depending
on the regional advantage that Hubei Province is located
in the Yangtze River basin, the government can scale up
the exploitation and utilization of comprehensive water use
technologies, while accelerating the spread of green vehicles
such as electric cars. For buildings with a certain height, the
government can install solar energy equipment to decrease
the consumption of high-carbon energy in daily life, so as to
accelerate the optimization of the energy structure.

(3) Guide population development and maintain a balance
between urban and rural areas From the decomposition
outcomes and the regression coefficients of the STIRPAT
extended model (24), population size plays a significant
role in promoting carbon emissions. At present, population
aging leads to productivity decline, and energy intensity
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rose problem must be solved. With the two-child policy and
three-child and the urban housing policy in full operation,
Hubei’s population is likely to surge in a short period of
time. Therefore, it is important to properly guide population
development and migration. In order to prevent the popula-
tion from rising too fast and out of control, causing exces-
sive pressure on resources and the environment, the relevant
departments of population and birth planning should for-
mulate corresponding plans, control the ratio between the
birth rate and the death rate, and avoid the imbalance of the
ratio. According to regression eq. (24), the coefficient of
urbanization rate is 0.268, indicating that the rise of urbani-
zation rate is also an important positive driving factor of
carbon emissions. Housing policies and a rise in population
is bound to bring the improvement of urbanization level,
and increase the consumption of energy. Cities and towns
should strengthen environmental governance and protection,
increase the coverage of vegetation to alleviate greenhouse
gas emission pollution caused by the rise of urban popula-
tion, popularize low-carbon knowledge, and actively encour-
age low-carbon life. With the migration of population, rural
departments can take this opportunity to formulate meas-
ures to restore green ecology and promote carbon emission
reduction guided by rural areas.

Due to the complexity of the carbon emissions’ contrib-
uting factors, the problem of carbon emission forecasting
still needs to be discussed and analyzed. In the future, we
will further expand and optimize the STIRPAT extended
model established in this paper to achieve higher accuracy
of prediction.
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