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Introduction: Climate change caused by carbon emission and their impact on
social and economic system have garnered global attention, particularly from the
world's largest emitters. Therefore, knowledge of both driving factors and
reduction potential for carbon emission is crucial to revise climate policies.
The transportation industry plays a major in global carbon emissions, mostly due
to the excessive utilization of fossil fuels for combustion purposes.

Methods: The goal of this study is to investigate the underlying causes that drive
carbon emissions in China's Yangtze River Basin. Additionally, this study seeks to
anticipate the future potential reduction in carbon emission. To achieve these,
our research used a combination of the LMDI method and Monte
Carlo simulation.

Results and discussion: The results indicate that, during 2006 to 2020,
transportation carbon emission increased from 48.41 Mt to 104.37 Mt,
following an annual growth rate of 5.64%, which suggests that energy
strategies are not fully implemented as planned. The greatest positive impact
on carbon emission is attributed to economic development, as the increase in
resident income has led to the vigorous development of the transportation
sector. Moreover, energy intensity and transportation efficiency have a negative
influence on carbon emissions. The decrease of carbon emissions can be
accomplished by the continued advancement of novel energy technologies
and the optimization of energy systems. According to the baseline scenario, it is
projected that carbon emissions from the transport sector will reach 198.76 Mt
by the year 2030. Under the moderate scenario, there is a possibility for reducing
emissions by 18.6 Mt, and under the advanced scenario, the potential reductionis
estimated to be 48.84 Mt. As a view to suppress the increase of carbon emission
from transportation, a set of plans and policies must be implemented from
demand-side and supply-side, including improving transportation efficiency, and
optimizing energy structure, etc.
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1 Introduction

Over the past decades, there has been increasing global concern
regarding the phenomenon of global warming, which is mostly
attributed to the release of greenhouse gases (Falkner, 2014). There
has been a global consensus about the significance of constraining
greenhouse gas emissions. China, as the foremost user of energy and
emitter of carbon dioxide, bears responsibility for around 30 of
global emissions (Shan et al., 2018). Based on data provided by the
International Energy Agency, China’s transportation sector, in
isolation, contributed to around 23% of the nation’s overall carbon
emissions, trailing solely behind the United States (IEA, 2018). The
Intergovernmental Panel on Climate Change has highlighted
transportation as one of the industries characterized by significant
energy use and rapid growth in carbon emissions. Currently, 60% of
global oil consumption is allocated to the transportation sector. The
combustion of fossil fuels, particularly oil, constitutes the primary
contributor to carbon emissions within this industry (IPCC, 2014).
In response to this challenge, China’s central government has
expressed its dedication to achieving the objectives of reaching the
peak of carbon emissions by 2030 and attaining carbon neutrality by
2060 (Mi et al., 2017). However, these targets have placed enormous
pressure on the transition and adjustment of industrial structure,
particularly in terms of achieving synergy and balance between the
economy, energy, and technology. As a result, uncertainties and
practical challenges remain regarding China’s ability to achieve the
“30-60” decarbonization goal.

Many countries, such as China, have recognized the need of
mitigating carbon emissions originating from the transportation
industry. China has carried out a range of low-carbon
transportation practices in response to the issue. These practices
include the implementation of pilot projects with the objective of
establishing an environmentally friendly mode of transportation, as
well as the execution of demonstration projects focused on green
freight distribution. Similarly, other countries are also taken steps to
reduce carbon emissions in transportation, such as UK’s “Road to
Zero Strategy” (Brand et al., 2020), Japan’s “Zero Emission Tokyo”
(Toh, 2022) and emission trading scheme (Sheu and Li, 2014).
However, despite these efforts, research has indicated that the
efficacy of traffic control measures in reducing carbon emissions
is unsatisfactory (Wang et al,, 2022). The global concern about
climate change has been on the rise due to the carbon emissions
resulting from transportation activities. Achieving a decarbonized
transport sector is crucial not only to disentangle economic activity
from transportation modes but also to address the contradiction
between carbon emissions and environmental carrying capacity.

Since the 2000s, China has undergone rapid urbanization and
industrialization, resulting in significant economic growth, an
increased demand for fossil energy, and an upsurge in energy
consumption (Bai et al., 2020; Chen et al.,, 2020). The
transportation industry is vital to the advancement and expansion
of the country’s economy and relevance to the preparation of
mitigation policies related to climate change. However, The
correlation between economic advancement and increased energy
consumption is evident, with the transportation sector emerging as
a prominent contributor to both energy consumption and carbon
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emissions (Gambhir et al., 2015; Lu et al., 2017; Friedlingstein et al.,
2019). The transportation industry acts as a mirror reflecting
societal activity through the physical movement of goods and
services, as well as individual transportation preferences, which
are influenced by factors such as income level and network
influence (Geng et al., 2013).

Many studies have tried to explain emission changes in
transportation emission in China (Fan and Lei, 2016; Wang et al.,
2018). Tt is of great importance to explore driving factors of
transportation carbon emission, and understand the future
reduction potential behind the consumption of fossil-based fuels.
In this study, we aim to ascertain the primary factors that may have
played a role in the escalating carbon emissions in transport sector
from 2006 to 2020. Additionally, we intend to establish various
scenarios to model potential future carbon emissions. Our
contributions to existing research are mainly presented as follows:
First, it can be seen from the available research that academic
interest has generally centered on exploring the driving factors for a
country. Our study aims to ascertain the primary factors of
transportation carbon emission in pilot zone of development in
China, and to some extent contribute to the study in this field.
Second, we provide a new perspective for understanding the future
reduction potential by establishing various scenarios to model
potential future carbon emissions considering China’s cross-cycle
policy adjustment. Monte Carlo simulation avoids the previous
practice of using discrete values as simulation parameters, making
the results more reliable. Finally, we give specific mitigation
recommendation according to scenarios simulation, providing
scientific support for mitigation tactic designs.

The subsequent portions of this study are outlined below. In
Section 2, related researches are reviewed and discussed. Section 3
mainly presents details about study area and methodology.
Analytical results and highlight the potential for carbon emission
reduction are presented in Section 4 followed by Section 5, where we
summary the conclusion and put up policy recommendations.

2 Review

The issue of low carbon development has significant
importance in the context of the energy crisis and global
warming, which has become the consensus of most countries
(Kwon, 2005; Wang and Zhao, 2015). Transportation businesses
are a primary contributor to carbon emissions (Chen and Lei,
2017). The transportation industry has driven economic activities
and provides support to many other industries throughout all stages
of production, distribution, organization, and consumption (Lian
et al, 2020). On the other hand, however, due to its huge energy
consumption, the transportation industry is more difficult to
decarbonize than other industries, making it the most challenging
industry to achieve carbon neutrality (Umar et al., 2021). In that
respect, understanding the driving factors that drive transportation
emissions is imperative due to its potential for reduction and
increasing prominence in the context of economic development.

Several studies have been conducted to investigate various
aspects of the transport industry in order to provide relative
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reference for future mitigation policy designs. Achour and Belloumi
(2016) decompose analyzed five different driving mechanisms
affecting transportation energy consumption. Their study
emphasized the dominant role of energy intensity for decreasing
energy consumption (Achour and Belloumi, 2016). Timilsina and
Shrestha attributed carbon emission into six factors and pointed out
that income growth and population increase are responsible for
transportation emission (Timilsina and Shrestha, 2009). These
studies differed in driving factors given the data availability and
regional disparity. However, up to the knowledge of the authors, the
upward trend in carbon emissions is commonly ascribed to several
influential factor, namely economic development, population
growth, and energy consumption (Eng-Larsson et al, 2012;
Azlina et al,, 2014; Xu and Xu, 2021). As the economic
development level advances, people strive for an enhanced
standard of living and have a higher demand for transportation.
The expansion of the population has, to a certain degree, resulted in
a rise in the need for transportation. Thus, it can be observed that
both the process of economic development and population increase
have exerted a substantial influence in facilitating the escalation of
transportation-related carbon emissions. In Chinese context, the
relationship between energy consumption on carbon emissions
holds particular significance, as oil products are the dominant
energy consumed causing large amount of carbon emission (Lin
and Xie, 2014). Considering the substantial growth in
transportation demand and its close relationship with socio-
economic development, the adoption of new energy is crucial, as
it serves the dual purpose of enhancing energy efficiency and
mitigating carbon emissions within the broader economic
framework (Shukla and Chaturvedi, 2012; Wang et al., 2022).

Decomposition methods and other econometric model are
often employed to ascertain the underlying determinants of
greenhouse emission (Li et al., 2013; Yang et al., 2019). Although
no common accepted opinion indicates which method is better, the
LMDI method, proposed by Ang (2005); Ang (2015), is favored due
to its wide applicability, flexible operation, and direct to the effect.
At present, The LMDI approach has been extensively adopted for
the purpose of examining the influencing factors and conducting
analysis of structural changes (Ang, 2015; Kim, 2019; Isik et al,
2020). In contrast to alternative econometric approaches, the LMDI
model is valid under the timereversal tests and facilitates the
decomposition of factor effects over the duration of the study
period. Various studies use this methodology to analyze and
describe the changes in carbon emissions within diverse
industries, regions, or countries. For example, Solaymani (2019)
conducted a study that examined the prevailing patterns and
characteristics of carbon emissions from transport sector in seven
leading carbon-emitting countries. Fan and Lei (2016) contributed
to a decomposition model utilizing Kaya identity framework to
evaluate the impact of various variables on carbon emissions.

The application of decomposition analysis combined with
scenario analysis has been employed in several studies to examine
carbon emissions (Guan et al., 2008; Agbulut, 2022). The
decomposition analysis allows for an understanding of the
temporal pattern of carbon emissions throughout time, thereby
enabling the identification of the historical influence of various
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sources. Meanwhile, scenario prediction investigates the potential
differential impact of various factors and their evolution across
distinct policy and economic contexts, offering insights into the
future trajectory of carbon emissions. Furthermore, it facilitates a
quantitative exploration of the pathway to achieve future carbon
emission reduction goals. Monte Carlo simulation, recognized for
its comprehensiveness and flexibility, is extensively applied as an
uncertainty analysis method (Vithayasrichareon and MacGill,
2012). By randomly assigning values to each variable according to
its probability of occurrence and combining them with the random
values of other variables (Johansen, 2010), the simulation based on
the Monte Carlo method takes into consideration the variation in
the distribution characteristics of each variable, enabling a more
accurate prediction. Moreover, the integration of the Monte Carlo
method and computer simulation enhances the scientific nature
and reasonableness of the research process.

This study aims to enhance the conventional decomposition
analysis by combining LMDI and Monte Carlo simulation to
explore the driving factors and dynamic structural changes. Using
LMDI and Monte Carlo simulation, we identify the key factors
behind increased carbon emission from transport sector and
forecast the carbon emission in 2030 under different scenarios.
Based on past experience, we propose several policy implication for
important issues concerning future development in economic
growth, structural transformation, technology, and more.

3 Materials and methods

3.1 Study area

Covering 11 provinces (as shown in Figure 1), the Yangtze River
Basin is situated in China’s central area. With its economic strength,
industrial scale, and urban construction, the Yangtze River Basin
has emerged as a major national strategic development area. It
enjoys regional leading advantages, exceeding 40% of the country in
terms of both total population and gross regional product. Since the
central government proposed a major strategic of the Yangtze River
Basin since 2000s, this region has gradually shifted towards high-
quality development, embarking on a fast, stable, and sustainable
development path. However, certain provinces within this region
still rely on an extensive growth model, therefore intensifying the
inherent conflict between preservation of ecological environments
and the pursuit of economic development. Therefore, it is necessary
to build a green energy industry belt along the Yangtze River, and
facilitate the transition towards more sustainable modes. These
involve imposing higher requirements for energy production and
consumption in various provinces and cities along the
Yangtze River.

3.2 Methodology
3.2.1 Calculation of carbon emission

There exist two basic approaches for estimating CO, emissions
in the transportation sector: the bottom-up approach and the top-
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FIGURE 1

Location and DEM of study area. (A) The location of the Yangtze River Basin in China. (B) Digital elevation model (DE) of the Yangtze River Basin.

down approach. The bottom-up process analysis utilizing the
microscopic method entails the examination and evaluation of the
composition and structure of vehicles. Sampling approaches and
field interviews are the typical ways to collect data (Liimatainen and
Pollanen, 2010). The macro approach of top-down input-output is
based on total energy consumption, and then further divided
according freight or passenger modes (Liao et al, 2010). Given
the absence of mileage and unit energy consumption for various
transportation modes in China, the later approach is employed to
approximate carbon emissions (Wang and Zhao, 2015):

44

CE= SE; x NCV; x CEF; x COF,; x —

1

Where CE represents the total carbon emission; NCV; is the
physical consumption energy by the ith category; CEF; denotes the
conversion standard factor from physical ith unit to coal equivalent
(Liu et al.,, 2021); the carbon emission coefficient of the ith fuel
denoted as COF; and % is conversion coefficient from carbon
element to carbon dioxide.

3.2.2 Decomposition of components

The IPAT model combines environmental issues with human
driving factors, reflecting the influence of population growth P,
economic progress A, and technology innovation T on environment
impact shown in Eq.(2) (Ehrlich and Holdren, 1971; Waggoner and
Ausubel, 2002).

I=f(P,A,T) (2)

The carbon emissions are widely recognized as a significant
metric for assessing the environmental impact (Wang et al., 2011).
The relationship between carbon emissions and contributing factors
can be analyzed using Kaya identity as shown in Eq.(3). In this
equation, variables C, E, GDP, and P indicate carbon emissions,
energy consumption, GDP, and population size respectively (Kaya,
1989).

E
GDP

GDP
P

xXP

X

C= % X (3)
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Based on Kaya model, the carbon emission from transport
sector can be broken into 5 factors shown in Eq.(4).

C E TT GDP
C=—-X—=X—=X—XP 4
E TT GDP P @

In the Eq.(4), TT reflects the transportation turnover volume; %
is the energy intensity of carbon emission, which refers to the
carbon emissions generated per unit of energy consumed in the
transportation sector, and this ratio exhibits a strong correlation

. . . E
with the energy structure of the industry; -z denotes the energy
consumption per unit of the overall turnover within the

transportation sector, serving as an indicator of energy

conservation and emission reduction technologies; % indicates
the intensity of transportation and serves as an indicator of

GDP

transportation efficiency; “3

is the per capita GDP of the region;
P is the population.

According to Ang (2005); Ang et al. (2015), the difference in
carbon emissions from base period to t period is called the total
effect as shown in Eq.(5). In this way, the variation in carbon
emissions from the transportation sector between the initial year
and target year may be analyzed by considering 5 impacts, as shown

in Eq.(6)—(11).

AC= C'- C° 5)
AC' = AC, + AC,, + ACj, + ACy, + AC, (6)
c- ¢ ct
ACl, = ——— _In[ == 7
“= InC’ — InC® ”(cg) @
Ct_ CO Et
ACL, = ——— _In[ == 8
“ = InC' — InC® ”(Eg) ®
c-C T
ACl, = ——— _In[ == 9
7 InC* - InC° n(TB) ©)
c'- ¢ G!
AC:, = 7111(—8) (10)
2 InCt - InC® T\ G

frontiersin.org


https://doi.org/10.3389/fevo.2023.1283605
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Zhang and Li

Ct_ CO

ACL = —
InC! - InC®

P

(11)

P,
tn (F)

3.2.3 Scenario simulation

The determinants of carbon emission changed within transport
sector in the Yangtze River Basin can be estimated using
decomposition analysis. To assess the possible reduction potential
of carbon emission associated with energy consumption, we further
conduct the scenario simulation. According to Eq.(6), the carbon
emission in target year T may be predicted shown in Eq.(12).

C'= C"+ Cu+Cy+Cy+Cy+C, (12)

R=1+a)1+B)A+7)(1+8)(1+0)-1 (13)

We assume that o, B, 7, 3, 6 are the change rates of the energy
intensity (C,), emission reduction technology (C,), intensity of
transportation (Cy,), GDP (C,), and population (C,),
respectively. Thus, C..(T) = C,(0) x (1 + ), Cy(T) = C.(0) x
(1+B), CiglT) = Cygl0) x (1+7), Cp(T) = C(0) x (1+5),
Cy(T) = Cy(0) x (1 + ©). Therefore, the rate of change in carbon
emissions could be expressed mathematically as Eq.(13), based on
this equation, the future carbon emission can be predicted.

This study utilizes relevant data spanning from 2006 to 2020,
and divides the research period into three distinct time intervals to
enhance data organization and management: 2006-2010, 2011-
2015, 2016-2020. The set of time intervals is set because time
interval for China’s national economic development plan is five
years (Zhang et al, 2011). This article establishes three distinct
scenarios for future development: a baseline scenario, a moderate
emission scenario, and an advanced emission scenario. These
scenarios are formulated by considering historical trends of
influential factors within the transportation industry, the potential

10.3389/fevo.2023.1283605

for reducing emissions, and the challenges associated with
implementing emission reduction policies.

3.3 Data source

The metric standard of coal equivalent is used to denote the unit
consumption of each form of energy. This study utilizes data from
Yangtze River basin spanning the years 2006 to 2020 to assess the
factors influencing carbon emissions. Additionally, scenario
simulations are conducted to further analyze the potential
outcomes. The measurement of energy consumption within the
transport sector encompasses energy consumption from the
transportation, storage, and postal industries. These data could be
obtained from “China Energy Statistical Yearbook” published by
China Statistic Press. The primary focus of this study revolves
around the emissions resulting from fossil fuels, hence excluding
the consideration of electricity. Carbon emission coefficients was
collected from “IPCC Guidelines for National Greenhouse Gas
Inventories”. Social and economic development data including
population size and GDP of each province have been derived
from the National Bureau of Statistics.

4 Results and discussion
4.1 Total calculation of carbon emission

Figure 2 presents the trend of GDP and carbon emission of the
Yangtze River basin over the period from 2006 to 2020. Our
calculation reveals that there was a significant surge in carbon
emissions attributed to the transportation industry, as indicated by
the rise from 48.41 Mt to 104.37 Mt. This increase may be attributed

5000 T T T T T T 110
—*— GDP —$— CARBON EMISSION 5
4500
1100
4000 =
190 2
3500 =
o~ =
S 3000 130 4
= =
a]
g 2500 170 2
(=)
2000 g
160
O
1500
150
10004
500 1 1 1 1 1 1 40
2006 2008 2010 2012 2014 2016 2018 2020
year
FIGURE 2
Carbon emission and GDP over 2006 to 2020.
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to an annual growth rate of 5.64%. The Figure 2 also illustrates the
strong correlation between carbon dioxide emissions from
transportation activities and the corresponding levels of economic
growth. Notably, in 2020, there was a significant decrease in carbon
emissions from transportation, marked by a deceleration of —4.69%.
Such reduction can be ascribed to two primary sources. Firstly,
China’s government has started adjusting its extensive
transportation mode and incorporating carbon emission
indicators into its development plans, and emphasizing green
travel, leading a significant decrease in carbon emissions.
Specifically, the adoption and endorsement of new energy cars on
a nationwide scale have contributed to the reduction in carbon
emissions from diesel and gasoline vehicles. Secondly, the decline in
carbon emissions can also be ascribed to the traffic reduction
resulting from the influence of the Covid-19 pandemic (Le Quere
et al., 2020).

4.2 Decomposition of carbon emission

This study used the LMDI method to conduct a decomposition
analysis of the key factors contributing to carbon emissions in the
transport sector on an annual basis. The results are shown in
Table 1. In the Yangtze River Basin, the rise in the amount of
carbon emissions caused by transport may be attributed, in large
part, to the increased energy intensity of transport. This suggests
that a substantial quantity of energy has been consumed during
the previous decade, resulting in a subsequent rise in carbon
emissions. The technical advancements primarily account for the
enhancement in energy consumption efficiency, with the carbon
intensity of transportation energy serving as a suitable indicator of
technical impacts. Table 1 reveals that the technological effects
manifest as reduction in emission. This suggests that China’s

10.3389/fevo.2023.1283605

transportation industry has been gradually shifted towards green
transformation, by enhancing energy utilization efficiency and
achieving emission reduction effects. On one hand, the
transformation of China’s transportation industry can be
attributed to this phenomenon. The mitigation of carbon
emissions has been partially achieved through the intensification
of transportation, indicating a notable enhancement in the
efficiency of transportation inside China throughout recent years.
Moreover, the efficacy of transport system planning is crucial in
facilitating the attainment of emission reduction objectives (Wang
et al, 2011). Conversely, the progress made in the development of
environmentally-friendly modes of transportation has diminished
the dependence on fossil fuels, leading to the preservation of energy
and reduction in emissions. This has expedited technological
advancements and enhanced the transportation infrastructure,
finally leading the decline in carbon emissions (Shah et al., 2021).

Besides, regional population expansion and economic
development significantly contribute to the escalation of carbon
emissions stemming from transportation activities. As the result
shows in Table 1, the primary determinant of the transportation
sector’s robust development is the growth of per capita GDP,
leading to a rise in resident income. These findings align with
previous research in this field (Wang et al., 2018; Kim, 2019; Umar
et al, 2021). The primary drivers contributing to the escalation of
carbon emissions are the simultaneous growth of the economy and
population. The level of economic output is contingent upon the
amount of energy input, while the utilization of energy resources is
associated with a corresponding rise in carbon emissions. The
increase in individual discretionary income per person is expected
to result in lifestyle modifications as a consequence of the
continuous improvement in living conditions. The large-scale
transportation of goods, the proliferation of private automobiles,
and the growing frequency of residents’ travel will undoubtedly

TABLE 1 Decomposition results of LMDI by year, 2006—-2020 (unit: 10* tone).

2006-2007 31.85022 —-118.64 —436.559 1000.491 66.49854 543.6415
2007-2008 45.75483 —-1045.18 —-130.829 1860.328 123.9822 854.0551
2008-2009 58.23085 —-1006.47 —515.888 2403.963 177.613 1117.448
2009-2010 114.8581 —1597.58 -508.493 3466.728 255.1112 1730.626
2010-2011 172.2571 -2168.61 -712.389 4587.008 330.9655 2209.229
2011-2012 160.1269 -2479.21 —-768.437 5329.277 391.7191 2633.472
2012-2013 176.5068 -2369.21 —-1413.5 5993.294 455.7159 2842.81

2013-2014 152.5035 —2740.37 —-1309.21 6811.516 506.075 3420.511
2014-2015 167.3459 -2244.06 -2096.18 7486.73 550.6104 3864.445
2015-2016 200.0977 —-1872.09 -2733.2 8518.161 619.4591 4732.43

2016-2017 271.5684 —2472.42 -2733.29 9477.261 677.9319 5221.05

2017-2018 3429914 —-2833.2 -3035.85 10396.13 712.9796 5583.052
2018-2019 383.1297 —-1929.55 —4346.61 11245.53 756.8537 6109.356
2019-2020 404.9833 —2348.85 —4345.47 11159.37 725.1221 5595.16
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result in a substantial increase in carbon emissions from
transportation. Currently, China has implemented appropriate
strategies in order to address environmental preservation, energy
efficiency, and the reduction of emissions (Lin and Liu, 2013; Li
etal, 2019). The enhancement in the efficiency of energy utilization
in transportation has been notable; nonetheless, it is important to
note that there continues to exist a substantial positive association
between economic growth and the production of carbon dioxide
resulting from transportation activities. While the importance of
technology developments in mitigating carbon emissions has been
significant, it is not feasible to rely solely on such advancements to
achieve “30-60” decarbonization goal.

Figure 3 illustrates the cumulative impact of five key driving
influences on carbon emissions within the transport sector
throughout the designated research timeframe. Among them, the
rise in per capita GDP has resulted in a cumulative increase of
897.36 Mt in transportation carbon emissions. The impact of
economic development is significantly greater than the total
impact of the remaining four components. The cumulative rise in
carbon emissions resulting from population changes has reached
63.5 Mt. Due to the relatively small changes in the population over
the past decade, the contribution effect of population size is not very
significant. Similarly, the increase in energy intensity has increased
carbon emissions by 26.8 Mt, and its influence on carbon emissions
is deemed to be insubstantial. It is generally accepted that there
exists a negative relationship between energy intensity and carbon
emissions. Energy intensity largely is mostly influenced by
advancements in technology. By employing energy-saving
innovative items and implementing efficient processes, it is
possible to decrease the proportion of fossil energy consumption
and enhance energy usage efficiency. However, our analysis reveals
that the emission reduction of China’s technology effect remains

x 10
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inconsistent, indicating a lack of adequate green innovation
capabilities within the transportation sector.

The energy consumption per unit turnover and transport
intensity have a detrimental effect on the rise of carbon emissions
from transport in the Yangtze River Basin. The decrease in energy
consumption per unit turnover reduces carbon emissions by 272.25
Mt. This factor has the potential to assist a reduction in energy
consumption, so indicating an enhancement in the transportation
energy consumption framework. The deceleration of carbon
emissions growth can be ascribed to the persistent decrease in the
proportion of conventional coal fossil fuels and a corresponding rise
in the share of renewable energy sources. China has been producing
new energy vehicles since 2005, such technology is the focus of
future automotive industry development. Over the past decade, the
government has enacted comprehensive subsidy policies and
facilitated the widespread integration of new energy vehicles
within the public sector via government procurement (Liu et al,
2017; Zhang and Bai, 2017). The results show that this has indeed
promoted carbon reduction in the transportation industry.
Therefore, in the future years, it is crucial to augment the share of
environmentally friendly and low-emission transportation
modalities. Additionally, it is important to progress the
advancement of transport systems that have low carbon footprints.

The results in Figure 3 also indicate a progressive increase in the
adverse impact of transportation energy intensity on carbon
emissions during recent years. The decrease in transportation
intensity mostly derives advantages from the ongoing
enhancement of transportation infrastructure. The series of
railway and highway plans formulated by China have greatly
promoted the revolution of passenger and freight transportation
from long-distance to short distance, effectively improving
transportation efficiency. As a response, the escalation in

(I AC, EERAC, ERAC, I AC, EEAC,
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FIGURE 3
Cumulative contribution of carbon emission drivers.
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transportation demand exerts a substantial influence on carbon
emissions associated with transportation. The transportation
infrastructure’s continuous improvement has boosted overall
economic activity and subsequently reduced fluctuations in
transportation-related carbon emissions. It should be noted that
this is also related to changes in the transportation structure. The
increase in the ratio of highway turnover is anticipated to result in a
corresponding rise in carbon emissions from transportation (Gan
et al., 2020), potentially compromising the energy efficiency and
hinder endeavors to mitigate carbon emissions. Hence, the
reconfiguration of the transport infrastructure is a critical factor
to be taken into account in order to achieve energy conservation
and emission reduction within the sector.

4.3 Potential of carbon reduction

The Monte Carlo simulation is employed and indicated by
Eq.(13), to stochastically sample the annual average change rate of
carbon emissions within the transportation industry. This approach
enables the prediction of carbon emission fluctuations from the year
2021 to 2030. Firstly, the shape of variable distribution has to be
discussed. At present, scholars have not reached an agreement on
the choice of probability distribution, and the assumptions of
discrete distribution and normal distribution have certain defects.
For parameters where there is some certainty about the expected

10.3389/fevo.2023.1283605

value and the maximum and minimum but it is not possible to
know the shape of the data distribution, we use triangular
distribution (Ramirez et al., 2008). As we noted above, different
scenarios are combined to obtain the future tendency of
carbon emission.

Figure 4 represents the changing tendency of C, Cy, Cy, Cyp
and Cg,. We choose the average growth of each variables over the
period from 2006-2020 as the baseline scenario, which is familiar
with some researches such as Shukla and Chaturvedi (2012); Lin
and Xie (2014). In other words, within the baseline scenario, every
factor will sustain its average growth rate, assuming the
preservation of the current economic environment and
technology level, and the absence of any further steps aimed at
reducing emissions. It is a possible scenario extrapolated based on
the inertia trend of transportation industry development.

Based on the baseline scenario as well as the Eq.(13), carbon
emission from transport sector in 2030 is predicted, which is
200 Mt. That is to say, under the baseline scenario, it is
anticipated that carbon emissions would almost double in the
future compared to current levels. Consequently, by the year
2030, China is projected to fall short of its objective to reach peak
carbon emissions. The above forecasting is derived by determining
the annual changing rate for each driving elements. The annual
growth rate, however, is uncertain for each independent variables.
There can be many possibilities for their annual growth. Therefore,
it is more appropriate to make a prediction that encompasses a
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FIGURE 4
Five driving factors of transport industry over 2006 to 2020
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range of outcomes, taking into account the probability distribution
of the data. Accordingly, we centers on the mean value of the most
likely carbon emission from transportation sector and the
corresponding probability in the future through risk analysis.

The fundamental procedure of Monte Carlo involves the use of
random sampling, specifically dependent on the distribution of each
variable. Matlab R2020b is applied to test the distribution of growth
rates for each driving factor from 2006 to 2020. Giving the cyclical
adjustment character of China’s five-year development strategy, we
set the maximum, median, and minimum potential annual
variation rates of each factors from 2021 to 2030 based on their
historical variation rates from 2006 to 2010, from 2011 to 2015,
from 2016 to 2020. The potential change rate of each variable is
determined by selecting the maximum and minimum values
matching to their respective maximum and minimum values seen
in the three specified periods. The median value, on the other hand,
is determined based on the annual average variation rate observed
over the entire study period. As a note, considering the average
value C, is larger than the maximum observed over three periods,
the maximum of C,, is set to the historical maximum over the years.
The specific parameter values are shown in Table 2.

The derivation of the triangular distribution for the yearly
growth rate of each variable involves using the mean and extreme
values connected with such variable. Subsequently, the Monte Carlo
simulation generates random numbers, which are employed as the
yearly growth rate for each variable, taking into account their
respective distributions. Thus, based on these simulations, the
values of the future explanatory variable (carbon emissions from
transportation industry) can be calculated. Repeating this process
10 000 times will generate 10 000 sets of random numbers, resulting
in 10 000 possible values of the explanatory variables for 2030 (also
for 2022, 2024, 2026 and 2028), and finally obtaining the probability
distribution of predicted emissions over the next 10 years.

The Monte Carlo simulation was employed to obtain the
probability distribution simulation results for future carbon
emissions within the transportation sector. These findings were
achieved under the baseline scenario and are depicted in Figure 5.
Due to the lack of improvement in the baseline scenario, economic
scale remains the largest driving factor, and the carbon emissions
showed a rapid growth from 2021 to 2030. The maximum possible
average carbon emissions in 2030 are 198.76 Mt. China’s
transportation industry experienced its first negative increase in
carbon emissions due to the Covid-19 pandemic in 2020. However,
from the baseline scenario simulation result, without any policy
intervention, the emission reduction effect caused by this short-

TABLE 2 Statistical property of each independent variable.

Variable Min Mean Max
C. ~0.10% 0.37% 0.53%
C, -5.15% ~1.35% 2.05%
Cye ~4.67% ~3.54% ~0.53%
Cgp 6.19% 11.15% 12.41%
G, 0.28% 0.52% 0.95%
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term impact is unsustainable (Le Quere et al., 2020). After the
epidemic, with the orderly progress of resuming work and
production, it may even cause larger scale emissions. Therefore,
government policy intervention is essential for achieving peak goals.

This study employed a methodology that integrated two distinct
scenarios, namely the moderate scenario and advanced scenario, in
conjunction with the baseline condition, to assess China’s potential
for decarbonization. Technological innovation is necessary to save
energy and reduce emissions. Under the moderate condition, this
study assumes that there are only impacts brought about by
technological innovation but no other impacts. In this scenario,
both energy carbon intensity and transportation intensity will be
improved. This article assumes that both energy carbon intensity
and transportation energy intensity will decrease by 1.0% compared
to the baseline scenario, and their maximum and minimum values
will be obtained by a range of 2%. The concept of advanced scenario
refers to a situation wherein certain legislative incentives and
economic limitations lead to a reduction carbon emissions as a
consequence of the collective impact of several factors. In order to
attain carbon neutrality, it is imperative to implement modifications
to the existing energy infrastructure, adopt more sustainable energy
sources, and improve energy efficiency in consumption. The mode
of energy carbon intensity decreases by 1% compared to the
baseline condition. Regarding the growth rate of GDP and
population, the upper and lower bounds of population are
modified within a range of 0.1%, whereas the upper and lower
bounds of economic scale are altered within a range of 1.0%. Both
parameters setting are shown in Table 3.

Based on different scenarios, the carbon emission from the
Yangtze River Basin’s transport sector is predicted, as is shown in
Figure 6. The forecasted carbon emissions sector in 2030 are
estimated to be 180.16 Mt in the moderate condition and 149.92
Mt in the advanced scenario. These values are both lower than the
forecasted emissions under the baseline scenario. In two different
reduction scenarios, carbon emission decreased by 9.36% and
24.57% respectively compared to the baseline scenario in 2030. As
is shown in Figure 6, there is enormous potential for carbon
reduction in the future. If the policy pattern is altered from the
baseline to the advanced scenario, by the year 2030, it is anticipated
that the transport industry would achieve a reduction of 48.84 Mt in
carbon emissions. Under baseline scenario, carbon emission
transforms to moderate-reduction scenario. Additionally, under
the moderate scenario, the carbon emissions shifts to the
advanced scenario.

The advanced scenario exemplifies China’s most dedicated
approach to mitigating carbon emissions, when a multitude of
influential elements culminate in the most substantial decrease of
carbon dioxide. This outcome is achieved through specific
legislative incentives and economic limitations. In contrast, the
moderate scenario can be characterized as a comparatively gentle
scenario, taking into account the prevailing state of economic
development. This scenario can be viewed as an intermediary
between the baseline and advanced scenarios. In alternative terms,
the advanced scenario exemplifies China’s utmost dedication to
carbon emission reduction, whilst the moderate scenario signifies
the policy commitment at an average level.
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Carbon emission result of distribution shape under baseline scenario.

5 Conclusion and police implication

China, as the biggest developing country, is a party to the Paris
Agreement, and has carried out policy design projects to achieving
its decarbonization goals for the future. In that respect, this paper
makes a significant contribution to addressing policy issues related
to carbon reduction caused by transportation. This study centers on
the key determinants that impact carbon emissions and the
potential avenues for reducing carbon emissions in the future. In
this study, the dependent variable is carbon emissions from
transport sector, and the effect contribution of five components is
calculated using LMDI method. Monte Carlo simulation is then
used to predict carbon emissions, and the implementation of
proactive emission reduction strategies is necessary in order to
effectively mitigate the limited potential for carbon emissions
reduction. Based on these findings, we highlight the main
conclusions of our research.

TABLE 3 Growth rate assumptions under different scenarios.

Moderate condition

First, in the Yangtze River Basin, the transportation sector have
shown a consistent upward trend over the past decades, except the
year influenced by the Covid-19 outbreak. Second, the primary
driver for the increase in carbon emissions is the general economic
expansion. Nonetheless, focusing on transportation efficiency and
energy intensity presents significant potential for substantial
reductions. Consequently, a wide range of options exists in terms
of reducing transportation intensity, transitioning to sustainable
alternatives, and advancing technological improvements. Finally, an
examination of various scenarios for the analyzed period indicates
heterogeneous carbon abatement potential. The Monte Carlo
simulation findings provide evidence that the implementation of
ambitious policies has the ability to effectively mitigate carbon
emissions in the Yangtze River Basin. However, careful planning
is necessary to determine the optimal production locations, material
demands, and their correlation with population and economic
growth. Therefore, it is essential to adopt relevant policies aimed

Advanced condition

Varible Mean Max Mean
C. -1.63% 0.37% 2.37% -1.73% 0.27% 2.27%
C, —4.35% —2.35% 0.35% —4.35% —2.35% -0.35%
Cy —4.67% —3.54% —0.53% —7.02% —6.54% 2.0%
Ce 6.19% 11.15% 12.41% 5.19% 10.15% 11.41%
c, 0.28% 0.52% 0.95% 0.13% 0.42% 0.85%
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Forecast of carbon emission in different scenarios.

at decreasing per capita transportation demand to drive long-term
dynamic changes within the social economy.

Based on conclusions of this study, it is possible to ascertain the
direction of future policies aimed at reducing emissions. In light of
the rapid expansion of China’s economy and the accelerated pace of
urbanization, it is now essential to expedite the reconfiguration of
the industrial framework inside the Yangtze River Basin. First, it is
now essential to expedite the reconfiguration of the industrial
framework inside the Yangtze River Basin. The optimization of
the energy structure is a crucial determinant in the endeavor to
reduce carbon emissions and achieve sustainable growth in the
transportation sector over a prolonged duration. This is an effective
mitigation plan derived from the previous scenario simulation.
Second, the implementation of financial incentives and carbon
trading legislation holds promise as viable tools for promoting
technological research and development within the transportation
sector. The implementation of a carbon tax is widely recognized as a
very successful strategy for substantially mitigating carbon emissions
and curbing energy use. It is considered an essential component of
tax systems aimed at promoting energy conservation and reducing
emissions. Finally, it is recommended that the government give
precedence to the transmission of public awareness campaigns,
cultivate an increased level of environmental consciousness among
individuals, and actively endorse the utilization of environmentally
friendly transportation alternatives, such as public transit and
electric vehicles, for commuting purposes. Enterprises should
engage in active research and development of new energy vehicles
as a viable alternative to the extensive use of petrol in transportation,
owing to the favorable attributes of clean energy, such as low carbon
emissions and minimal environmental contamination.

In practice, Chinese governmental establishments encounter a
deficiency of comprehensive data pertaining to the distinct
categories of energy utilized by diverse transportation modes
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across numerous provinces. If the detailed data of energy
consumption can be obtained in combination with big data in
future research, the conclusions from future research will be more
robust. Additionally, it would be beneficial to consider regional
differences in transportation structure and energy consumption.
Studies have highlighted the importance of considering regional
variations to provide more specific policy guidance for carbon
reduction strategies in different areas (Yang et al., 2019; Liu et al.,
2021). This is also crucial for identifying potential sources of
energy consumption.
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