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Abstract: In recent years, global environmental issues have become increasingly prominent. The
transportation industry, as the fundamental sector of national economic development, is also charac-
terized by high energy consumption and carbon emissions. Therefore, it is imperative to conduct
research on the carbon emission problem within this industry. In light of the Tapio decoupling
model, an analysis of the correlation between traffic carbon emissions and economic development in
Guangdong province during 1999-2019 was carried out. With the aim of encouraging Guangdong
province’s low-carbon transportation development, the factors affecting the transportation industry
are analyzed utilizing the generalized Divisia index model (GDIM). We also introduced passenger
and freight turnover as an influencing factor for analysis. The findings indicate that (1) Guangdong
province’s traffic carbon emissions increased from 1999 to 2019; (2) the traffic carbon emissions’
decoupling effect is mainly “weakly decoupled”, and the overall decoupling effect is not strong in
Guangdong province; (3) among the traffic carbon emissions’ factors, the effects of the production
value of traffic and the turnover volume are at the forefront, and the effect of turnover volume has
gradually exceeded the production value of traffic in recent years. The suppression of the intensity of
carbon emissions is relatively large, while the suppression of the intensity of energy consumption
and transport is relatively weak. Based on this, strategies were proposed to promote a cleaner energy
mix, improve energy use efficiency, create energy savings, develop green technologies, and foster the
restructuring of transportation.

Keywords: transportation; carbon emissions; Tapio decoupling model; generalized Divisia index
model; decomposition of influencing factors

1. Introduction

The steady rise in the standard of living has been accompanied by a significant increase in
the consumption of mineral fuels like coal and oil, which not only causes global climate change
but also impacts energy, resources, and the ecological environment. The growing “greenhouse
effect” has become a major barrier to achieving sustainable social and economic progress.

In 2015, the 193 member states of the United Nations formally adopted 17 Sustain-
able Development Goals at the summit. These include the goal of Sustainable Cities and
Communities, which aims to render cities and human settlements inclusive, safe, resilient,
and sustainable, and the goal of Climate Action, which intends to undertake urgent ac-
tions to combat climate change and its impacts. Numerous nations have begun to focus
on reducing their carbon emissions in the context of global warming. In July 2021, the
European Commission published a set of recommendations known as “Fit for 55”, which
put forward a wide range of initiatives in energy, industry, transportation, and buildings [1].
In March 2023, the EU and its member states reached a provisional agreement on the
revision of the Renewable Energy Directive, reaffirming the EU’s determination to achieve
energy independence [2]. The United Kingdom has released its Net Zero strategy, which
comprehensively sets out how the United Kingdom will achieve its net zero emissions
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commitment to climate change by 2050 [3]. The U.S. government released the first blueprint
for decarbonizing the transportation sector in January 2023, aiming to decarbonize trans-
portation by 2050 [4]. In February 2023, the Cabinet of Ministers approved the “Basic
Policy for Realizing the Green Transition”, which aims to realize the green transition and
simultaneously decarbonize the country, stabilizing the energy supply [5]. In March 2023,
the Korean government issued an outline of a basic plan for carbon neutral and green
growth and a concrete implementation plan to achieve the 2030 greenhouse gas reduction
target and 2050 carbon neutrality [6]. China is also concerned about the negative effects
of carbon emissions. The “Fourteenth Five-Year Plan” and the Central Economic Work
Conference have made it fairly evident that carbon neutrality objectives should be met
before 2060 and carbon peaking targets by 2030 [7]. The 20th National People’s Congress
also shows that it is necessary to “aggressively and consistently advance carbon peaking
and carbon neutrality”, enhance the system of market-oriented resource and ecological
component allocation, and cultivate low-carbon and green industries.

Transport is an indispensable basic industry for the national economy and people’s
lives. However, its energy consumption is huge, especially the elevated CO, emissions
represented by fossil fuels. In this context, transport is a key driver for achieving the
objectives of carbon peak and carbon neutrality.

Guangdong is situated at the hub of the maritime transportation routes between the Pacific,
Indian, and Atlantic Oceans, with its back leaning on the vast hinterland of China and its front
facing Southeast Asia. It is one of China’s important maritime traffic chokepoints, with its
communication channels to the outside world and major ports for foreign trade. The length of
expressways open to traffic in Guangdong is about 11,500 km, ranking first in China for the
10th consecutive year. The operating mileage of the high-speed railway is about 2838 km, and
the operating mileage of the urban rail transit system is about 1373 km. China has built about
400 10,000-ton berths and seven 10,000-ton ports. It has opened more than 400 international
container liner routes, covering the world’s major trading ports. Its inland waterways cover
1479 km of high-grade waterways, ranking first in China. Nine airports, including Guangzhou
Baiyun and Shenzhen Baoan, have been built, and 36 general aviation airports have been
registered, forming the initial system for the general aviation industry. The geographical
location of Guangdong province is shown in Figure 1.
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]

Figure 1. The geographical position of Guangdong province.

At present, Guangdonyg is still in the midst of a period of high-speed development,
with a growing population and increased demand for travel and cargo transportation by
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residents, posing a serious challenge to China’s goals of reducing emissions and conserving
energy. By calculating China’s transportation-related carbon emissions across all provinces,
Guangdong ranked first in transportation emissions, with 84,645,700 metric tons, surpassing
second-ranked Shanghai by about 48 percent. The total amounts of the import and export of
goods, passenger and freight transportation, and turnover volume of Guangdong province
are all ranked first in China, and it produces more carbon emissions while developing
continuously. Thus, it is imperative to investigate the factors impacting Guangdong
province’s traffic carbon emissions.
The following are the fundamental contributions of this paper:

(1) The “up-bottom” method is applied to calculate each province’s carbon emissions
from traffic. Guangdong’s transport carbon emissions are then measured from 1999
to 2019.

(2) Utilizing the Tapio decoupling model as a basis, the research investigates traffic carbon
emissions’ decoupling status in Guangdong province.

(3) The GDIM model is integrated with the passenger and freight turnover data to conduct
a thorough analysis of the current Guangdong province traffic carbon emission issue,
and corresponding countermeasures are proposed to lessen carbon emissions.

The reminder of this paper is organized as follows. Section 2 includes a literature
review, Section 3 provides a methodology, Section 4 shows the data and results, and
Section 5 presents conclusions and recommendations.

2. Literature Review

The Organization for Economic Co-operation and Development (OECD) formulated
the decoupling theory first, which expects to effectively solve the problems of resource
depletion and environmental contamination. Carbon emission decoupling is an ideal
process in which the relationship between economic growth and greenhouse gas emissions
constantly weakens and even disappears. That is, there is a gradual reduction of energy
consumption on the basis of economic growth. At present, the methods used by scholars
are the OECD or Tapio decoupling models. Tapio developed a novel decoupling model
that was derived from the OECD decoupling model, investigating the European region’s
decoupling state [8]. Wang and Zhang investigated trade liberalization’s impact, with the
results indicating that wealthy countries gain from trade liberalization as it helps to separate
economic expansion from carbon emissions. However, it negatively affects developing
nations [9]. Wang et al. studied information and communication technology investment
and the connection with carbon emissions and found that its decoupling state gradually
improved [10]. Shi et al. assessed carbon emissions” decoupling status [11]. Nima used
the Tapio model to ascertain the decoupling situation in the Middle East [12]. Zhao et al.
revealed that different countries” decoupling states at different times differ in different
periods. The U.S. was the best performer [13]. Lu et al. introduced fair preference into
the distribution and improved the use requirements [14]. The Tapio decoupling model’s
benefit is that it does not need to choose the base period when calculating, and it will not be
limited by the statistical outline over the OECD decoupling model. It also has a complete
decoupling indicator system. As a result, the Tapio decoupling model was implemented to
examine Guangdong province’s traffic decoupling situation.

The influential factors for the identification and decomposition of transport carbon
emissions are useful for encouraging the implementation of related policies and specific
measures for subsequent low-carbon transportation development. At present, most scholars
combine STIRPAT models, Kaya constant equations, and their expansion forms using index
decomposition methods or factor decomposition to decompose factors. Shahbaz et al.
examined Pakistan through the application of the STIRPAT model, finding that energy
use and urbanization are causally related in a one-way manner [15]. Wang et al. broke
down the carbon emissions factors in Chinese passenger and cargo industries between
1990 and 2015 by using the LMDI [16]. Solaymani determined the primary causes that
impact carbon emissions by applying the average Divisia index to use seven carbon dioxide
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emissions countries as a test case [17]. Mine and Kemal evaluated the variables that
impact the carbon emissions from Turkish traffic in 2000-2017 and determined that the
population and economic factors are the primary drivers [18]. Li et al. integrated the
threshold effect model with the decoupling index to assess the transportation departments
in 30 provinces in China from 2005 to 2019 [19]. Zhang et al. examined the variables
driving urban carbon emissions using the LMDI, which verified that the positive drivers
included population growth and GDP per capita, with energy intensity being a negative
driver [20]. Lu et al. introduced risk factors into the auction mechanism to improve the
higher utility [21]. In terms of decomposition and the influencing factors of traffic carbon
emissions, most scholars therefore decompose the factors affecting traffic carbon emissions
by index decomposition, factor decomposition, and other methods, combined with the
STIRPAT model, Kaya identity, and their extended forms. The exponential decomposition
method can only consider one absolute factor at most, which may lead to unrealistic
decomposition results. Consequently, this paper uses the GDIM model to discover the
variables contributing to Guangdong province’s traffic carbon emissions.

Currently, the GDIM model is widely used in the manufacturing industry, manufactur-
ing’s high-emission subsectors [22], the construction industry [23], the mining sector [24], and
other fields, and used less in the transportation industry. This paper uses the GDIM model
to study the transportation industry, which not only helps to expand the application field of
the model but also provides new ideas and methods for the sustainable development of the
transportation industry. While previous studies mainly approached the issue from the aspects
of energy, the economy, and a population change analysis of carbon emissions, Tang and Jiang
introduced the urbanization effect, however passenger and freight turnover rarely factor into
the influences of the transportation sector [25]. This paper introduces passenger and freight
turnover as influencing factors, contributing to a more comprehensive understanding of the
transportation industry’s carbon decoupling target.

3. Methodology
3.1. Carbon Emissions Calculation

According to the “Publications 2006 IPCC Guidelines for National Greenhouse Gas In-
ventories”, there are two methods to calculate carbon emissions, including the “up-bottom”
approach based on traffic fuel consumption and the “bottom-up” approach centered around
traffic mileage [26]. The essence of the “up-bottom” approach is an excellent method based
on fuel consumption statistics, which can avoid the difficulty of obtaining data. Conse-
quently, this paper uses the “up-bottom” approach to calculate Guangdong province’s
transport carbon emissions. The formula of the calculation is as follows:

=

C=Y(E xF) 1)
i=1

Fi = Ni X Mi (2)

where C is traffic carbon emissions, i is a specific kind of energy, E; is the entire trans-
portation’s class i usage of energy, F; is the carbon emissions coefficient (ton carbon/ton)
of sector i, Nj is the average lower heating value (TJ/10,000 tons), and M; is the carbon
emissions factor of sector i (ton carbon/TJ).

The calculation formula for the carbon emissions of electricity is as follows:

E:foBx] 3)

where E is the amount of carbon dioxide produced by electricity, A is the amount of
electricity used, B is the standard coal coefficient of converting power, and J is the carbon
emissions coefficient of power.
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Carbon emissions in transportation refer to the traffic energy consumption, warehousing,
and postal industry. This paper mainly uses energy, including the eight categories of electricity,
natural gas, liquefied petroleum gas, fuel oil, diesel, kerosene, gasoline, and raw coal.

3.2. Tapio Decoupling Model

Decoupling reveals the regional relation of carbon emissions to economic growth.
The Tapio decoupling model was chosen because of its less limited base period and clear
judgment criteria, which can eliminate errors due to the base selection. Therefore, this paper
builds on the Tapio decoupling model, measuring Guangdong province’s transportation
decoupling index. The following is the computation procedure:

_ %AC  AC/C
" %AG ~ AG/G

(4)

where t represents the decoupling elastic index of the gross value of transportation and
carbon emissions, AC symbolizes the change in traffic carbon emissions, and AG represents
the change in the total value of transportation. According to different elastic index values,
the decoupling state is divided into eight types [8], as shown in Table 1.

Table 1. Decoupling state classification.

Decoupling State Classification Decoupling State ACIC AGIG Decoupling Elastic
weak decoupling >0 >0 0<t<0.8
Decoupling strong decoupling <0 >0 t<0
recessive decoupling <0 <0 t>12
. expansive coupling >0 >0 08<t<12
Coupling recessive coupling <0 <0 08<t<12
weak negative decoupling <0 <0 0<t<0.8
Negative decoupling strong negative decoupling >0 <0 t<0
expansive negative decoupling >0 >0 t>12

3.3. The Generalized Divisia Index

Japanese scholar Yoichi Kaya proposed a model for the quantitative analysis of carbon
dioxide emissions [27], which linked carbon emissions with the population, economy,
energy, and other factors, called the Kaya identity, and the expression is as follows:

C_E_G
C= EXEXp X P )
where C is carbon emissions, E is energy consumption, C/E is the energy carbon emissions
factor, G is the GDP in China, E/G is energy strength, G/P is the economy, and P is
the population.

This paper expands the influencing factors of the Kaya constant equation and de-
composes the variables. It also constructs a factor decomposition model for Guangdong
province’s traffic carbon emissions. According to the GDIM [28], the following is a descrip-
tion of carbon emissions and related variables, and the specific meaning can be obtained
from Table 2:

C C C
C—EXG—EXE—?XT (6)
According to ®(X) = 0:
C C C C T T E
C_EXG'EXG_EXE_O'EXG_EXC_O’T_EXG_O'E_EXG_O (7)

For convenience, eight factors in turn are replaced by X, X»,.. ., Xs:

C:X1><X2,X1XXz—X3><X4:0,X1XXz—X5XX6:0,X5—X1><X7:0,X3—X1XXSZO (8)
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Table 2. The specific meaning of various factors.

Factor Symbol Name Meaning
X, G the added value of transportation A standard for measuring the level. of the transportation
industry in a region
X, c/G carbon emission intensity The level of reflecting economic development,. t'ecthologlcal
progress, and the efficiency of energy utilization
X3 E energy consumption Considering how energy affects carbon emissions
Xy C/E carbon intensity frvom energy Considering how clean energy affects carbon emissions
consumption
X T turnover volume The product of the tonnage of cargo or the number of
> passengers transported and the distance they traveled
Xe C/T carbon emission efficiency Reflecting the low-carbon level of the transportation method
Xz T/G transportation intensity Reflecting a high or low transportation efficiency
Xg E/G energy consumption intensity Representing the reliance of economic growth on energy
The factor X is written as the function C(X), and a Jacobian matrix composed of the
various factors is constructed based on the above equation ®y:
X X3 Xy —-X3 0 0 0 0
X Xy 0 0 X —Xs5 O 0
Ox =1 _ )
X1 0 0 0 1 0 X1 0
—Xs 0 1 0 0 0 0 -Xi
According to the principle of GDIM, AC is decomposed into the form of the contribu-
tion sum of each influencing factor:
AC[X|®] = / vCT(I - ox@})dX, VCT = (X2,X1,0,0,0,0,0,0)" (10)
L
For the absolute quantity factors Xj, X3, and X5, the exponential function is defined
as follows:
t
Q(t) = (Q1/Qo) (11)
4. Data and Results
4.1. Analysis of Carbon Emissions Results in Transportation
4.1.1. Data
The data are given in Tables 3 and 4, including the carbon emission coefficient, power
conversion standard coal coefficient, and carbon emission coefficient of petrochemical energy:
Table 3. Net heating value, carbon content, and emission coefficient of various energy sources.
Energy Type Raw Coal Gasoline Kerosene Diesel Oil Fuel Oil PetI;io(i:zfr:\e((l}as Natural Gas
Net heating value/(TJ.(10° t)~1) 20.9 443 43.8 43.0 40.4 47.3 44.2
Carbon content /t.(T])™? 26.37 18.9 19.6 20.2 21.2 17.2 17.5
Carbon oxidation rate/% 0.94 0.98 0.98 0.98 0.98 0.98 0.99
Emission coefficient of unit 1.9 2.925 3.017 3.096 3.171 3.101 2.667

energy CO,/t.t™!

Table 4. Electricity coal folding coefficient and carbon emission coefficient.

Energy

Carbon emission coefficient
(carbon. (t equivalent of coal)™1)

Conversion of the standard coal coefficient
(kg equivalent of coal. (kW-h)~1)

Electricity

0.1229 8.12
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The carbon emission coefficient is calculated according to the average low calorific
of various energy sources given in the China Energy Statistical Yearbook and the carbon
emission factor in the IPCC [26]. To completely mitigate the epidemic’s effect on traffic
carbon emissions, the 2019 data were used to calculate the carbon emissions in 30 provinces
and cities.

4.1.2. Results

The “top-down” method was adopted to calculate the carbon emissions of various
provinces in China, and the results are shown in Figure 2 below. From the figure, it is
obvious that the carbon emissions of the transportation industry in Guangdong province
rank first, reaching 84.6457 million tons, about 48% more than those of Shanghai, which is
located in second place. Guangdong province’s total import and export of goods, passenger
and freight traffic, turnover, etc. are ranked first in China, while development has produced
more carbon emissions, so it is urgent to study the influencing factors of Guangdong
province’s traffic carbon emissions.

Xinjiang Uygur Autonomous Region

Province

carbon emission

I cata nissing
[ 300. 000001 - 1379. 170000 \ 2 N
:l 1379. 170001 - 2505. 250000 e blﬂa\l
- 2505. 250001 - 3560. 170000 ) PR - ”ﬂ E

I 5560 170001 - 4669, 470000 oAl :
I o9 470001 - 8464. 570000 ( A b

0 395 790 1580 Miles '/

Figure 2. Carbon emissions of transport industry in China by province.

As aresult, this paper uses the “up-bottom” method to calculate Guangdong province’s
carbon from 1999 to 2019, and Table 5 displays the outcomes. It is evident that Guangdong’s
traffic carbon emissions indicate a rising tendency. In 2003, the traffic carbon emissions
increased significantly, mainly because the growth of port transportation demand this year
increased the amount of water transportation, which led to the transportation’s carbon
emissions rising noticeably. In 2013, the traffic carbon emissions prematurely decreased
first and then rose annually.
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Table 5. Traffic carbon emissions in Guangdong province from 1999 to 2019.

Year Carbon Emissions Year Carbon Emissions
1999 1787.91 2010 5815.64
2000 2057.68 2011 6063.79
2001 2254.24 2012 6346.04
2002 2457.78 2013 6157.36
2003 2940.33 2014 6446.25
2004 3422.06 2015 7044.92
2005 4066.47 2016 7562.99
2006 4192.19 2017 7827.27
2007 4635.13 2018 8111.29
2008 4990.32 2019 8464.57
2009 5267.83 — —

4.2. Empirical Analysis of Carbon Emissions Decoupling Effects

On the basis of Guangdong province’s economic development and carbon emission
decoupling elastic index, the result is shown in Table 6, and the changing trend of the

decoupling elastic index is shown in Figure 3.

Table 6. 1999-2019 Guangdong province’s decoupling index and status judgment form.

Year AC/IC AGIG Decoupling Index Decoupling Status
1999-2000 0.15 0.26 0.59 weak decoupling
2000-2001 0.10 0.22 0.43 weak decoupling
2001-2002 0.09 0.10 0.86 expansive negative decoupling
2002-2003 0.20 0.03 6.47 expansive negative decoupling
2003-2004 0.16 0.12 1.32 expansive negative decoupling
2004-2005 0.19 0.19 0.99 expansive coupling
2005-2006 0.03 0.16 0.19 weak decoupling
2006-2007 0.11 0.16 0.66 weak decoupling
2007-2008 0.08 0.14 0.55 weak decoupling
2008-2009 0.06 —0.04 -1.57 strong negative decoupling
2009-2010 0.10 0.12 0.84 expansive coupling
2010-2011 0.04 0.13 0.32 weak decoupling
2011-2012 0.05 0.11 0.42 weak decoupling
2012-2013 —0.03 0.06 —0.46 strong decoupling
2013-2014 0.05 0.11 0.42 weak decoupling
2014-2015 0.09 0.07 1.34 expansive negative decoupling
2015-2016 0.07 0.08 091 expansive coupling
2016-2017 0.03 0.10 0.35 weak decoupling
2017-2018 0.04 0.06 0.58 weak decoupling
2018-2019 0.04 0.09 0.50 weak decoupling

8.00
7.00
6.00
5.00
4.00
3.00
2.00

decoupling index

1.00

-1.00
-2.00

2018

2
2016-20
20
2(

year

Figure 3. Guangdong province’s transportation decoupling index change tracker.
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From 1999 to 2005, Guangdong province’s traffic decoupling status appeared as ex-
pansive coupling, expansive negative decoupling, and weak decoupling. The decoupling
situation of the last few years is not optimal. In a great period of economic development,
the quick expansion of various industries has increased the demand for logistics and trans-
portation in Guangdong province. Moreover, because of the weakness of transportation
infrastructure and the weak awareness of emissions reductions, it has caused a lot of
consumption of transportation energy.

From 2006 to 2010, weak decoupling was the outstanding characteristic at this stage.
During this period, the economy outpaced the rise in carbon emissions primarily because
Guangdong attached great importance to infrastructure construction, forming a relatively
complete comprehensive transportation system. Railway construction has achieved historic
leaps, high-speed railway roads have considerably developed, and freight capacity has
been considerably improved. In addition, Guangdong province has a lengthy coastal line
on the coast. The rapid development of ports has led Guangdong’s container throughput
to increase to almost one-third of the country’s.

From 2011 to 2014, the traffic carbon emissions growth rate during this period was
lower than the rate of economic expansion, and Guangdong’s economy was in a sustain-
able development state. Guangdong province attaches great importance to low-carbon
development. Followed by Shenzhen in 2011, it was identified as a low-carbon transporta-
tion system construction pilot, and green transportation gradually entered into people’s
thoughts. In 2013, there was a state of strong decoupling, which is an ideal state. Guang-
dong province issued transportation energy conservation projects and kept pushing for
energy saving, carrying out pilots, demonstration projects, and a transportation month
and increasing the transportation of energy saving and technology applications, as well as
creating and applying sustainable renewable energy, which has received excellent results.

From 2015 to 2019, there were three states where the traffic carbon emissions” decou-
pling state occurred, suggesting that it is still unstable. In 2015, the number of Guangdong
civilian cars increased from 7.835 million in 2010 to 14.7233 million; by 2019, this had
reached 23.2695 million vehicles, with an average growth rate of about 73%. With the
swift expansion of the number of urban automobiles and the swift advancement of passen-
ger transportation, freight business and the transportation industry’s “carbon reduction”
pressure is increasingly great; in the field of transportation, the situation is still grim.

On the whole, the economic development of China’s transportation from 1999 to 2019
has not entirely rid itself from dependence on carbon emissions, and the environmental
problems are still extremely serious. As China’s economy continues to grow quickly, the
road to low-carbon transformation is still lengthy. For this reason, it is essential to research
the reasons that affect traffic carbon emissions.

7

4.3. Carbon Emissions’ Influencing Factors Decomposition Results
4.3.1. Data

This paper selects the overall data on Guangdong’s transportation from 1999 to 2019
as a research sample. Related data mainly come from the Chinese Energy Statistical
Yearbook [29] and the Guangdong Statistical Yearbook [30,31].

In order to facilitate the calculations, the passenger turnover volume is converted into
a freight turnover calculation through a certain transformation. The conversion coefficient
is shown in Table 7 below:

Table 7. The conversion coefficient of each transportation method.

Transportation Railway Highway Waterway Aviation

conversion

coefficient 1 0.2 0.3 0.83
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4.3.2. Results

This paper breaks down the influential factors of the GDIM with R language. The
contribution rate and contribution of different factors are presented in Tables 8 and 9.

Table 8. The influencing factors’ contribution rate.

Year G C/G E C/E T C/T T/G E/G
2000 0.0854 —0.0298 0.0496 0.0000 0.0149 0.0363 —0.0049 —0.0007
2001 0.0739 —0.0369 0.0286 0.0027 0.0194 0.0123 —0.0028 —0.0017
2002 0.0353 —0.0045 0.0275 0.0025 0.0071 0.0233 —0.0010 0.0000
2003 0.0105 0.0565 0.0500 0.0162 0.0381 0.0274 —0.0007 —0.0018
2004 0.0418 0.0126 0.0519 0.0030 0.0485 0.0062 0.0000 —0.0001
2005 0.0640 —0.0005 0.0976 —0.0310 0.0002 0.0656 —0.0055 —0.0021
2006 0.0532 —0.0394 0.0097 0.0004 0.0228 —0.0130 —0.0008 —0.0021
2007 0.0534 —0.0168 0.0342 0.0007 0.0328 0.0021 —0.0004 —0.0003
2008 0.0467 —0.0192 0.0256 —0.0003 0.0075 0.0183 —0.0017 —0.0003
2009 -0.0119 0.0322 0.0170 0.0018 0.0270 —0.0076 —0.0020 —0.0009
2010 0.0405 —0.0063 0.0352 —0.0008 0.0623 —0.0263 —0.0007 —0.0001
2011 0.0424 —0.0275 0.0090 0.0052 0.0573 —0.0415 —0.0005 —0.0017
2012 0.0353 —0.0211 0.0124 0.0030 0.0970 —0.0726 —0.0061 —0.0014
2013 0.0205 —0.0309 —0.0099 0.0003 0.0617 —0.0663 —0.0032 —0.0020
2014 0.0363 —0.0211 0.0159 —0.0005 0.0678 —0.0490 —0.0017 —0.0009
2015 0.0236 0.0075 0.0321 —0.0008 —0.0053 0.0372 —0.0013 —0.0002
2016 0.0253 —0.0024 0.0221 0.0022 0.1351 —0.0906 —0.0178 —0.0002
2017 0.0321 —0.0212 0.0065 0.0052 0.0807 —0.0629 —0.0040 —0.0015
2018 0.0207 —0.0082 0.0080 0.0041 0.0083 0.0038 —0.0002 —0.0002
2019 0.0292 —0.0137 0.0063 0.0083 0.0087 0.0058 —0.0004 —0.0006
Table 9. The influencing factors’ contribution.

Year G C/G E C/E T C/T T/G E/G
2000 152.68 —53.25 88.73 0.06 26.70 64.90 —8.72 —1.31
2001 152.03 —75.88 58.89 5.58 39.91 25.33 -5.77 —3.51
2002 79.57 138.94 122.80 39.91 93.72 67.43 —1.68 —4.42
2003 25.87 16.01 119.51 41.02 91.47 69.23 —-1.31 —-0.18
2004 122.92 36.98 152.53 8.80 142.71 18.22 -0.11 -0.32
2005 219.06 —1.54 333.89 —106.21 0.77 224.63 —18.93 —7.24
2006 216.24 —160.02 39.31 1.75 92.90 —-52.99 -3.13 —8.34
2007 306.00 —141.68 142.11 3.12 136.25 9.09 —6.24 —5.68
2008 216.61 —88.97 118.62 —-1.22 34.96 84.70 —8.05 —1.45
2009 —59.16 160.67 84.79 8.86 134.91 —38.00 —10.06 —4.50
2010 213.45 -32.95 185.55 —4.00 328.18 —138.31 -3.67 —0.45
2011 246.39 —160.08 52.49 30.04 333.51 —241.12 —2.98 —10.08
2012 214.19 —128.16 74.90 18.43 588.43 —440.40 —36.90 —8.23
2013 130.23 —196.00 —63.06 1.85 391.58 —420.75 —20.06 —12.47
2014 223.47 —129.63 97.67 —-297 417.58 —301.61 -10.35 -5.26
2015 152.23 48.49 207.03 -5.13 —34.33 239.73 —-8.09 —-1.23
2016 177.92 -17.22 155.58 15.46 951.69 —638.25 —125.56 —1.54
2017 242.44 —160.28 49.20 39.24 610.52 —475.83 —29.96 —11.04
2018 162.37 —64.53 62.31 32.17 64.78 29.67 —-1.31 —1.41
2019 237.24 —-111.33 50.83 67.17 70.73 46.80 —3.45 —4.67

From the data in the table, carbon emissions have risen tremendously due to the
production value of traffic (G). Although they have gradually decreased from the overall
point of view, their contribution value is still increasing. Energy consumption (E) has an
enhancive effect and is also at the forefront, and there is the overall presence of a rising
first then moving downward trend. The turnover volume (T) promotes the increase in
carbon emissions, with its impact gradually increasing first and then gradually weakening.
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Moreover, the maximum value in 2016 reached 13.51%, mainly because the waterway
freight remained rapidly developing in 2016, accounting for 22.7% of the total cargo volume
and 82.4% of the cargo turnover.

In most cases, carbon emission intensity (C/G) has suppressed carbon emissions.
Moreover, its degree of suppression is relatively large, indicating that the level of energy
utilization has improved due to the ongoing advancements in technology development,
thus playing an inhibitory role. The impact of carbon intensity from energy consumption
(C/E) is mostly promoted, and the inhibitory effect is minor. The promotion and suppres-
sion effect of carbon emission efficiency (C/T) is equivalent, which shows that the low
carbonization of energy in transportation is low.

Although the transportation intensity (T/G) and energy consumption intensity (E/G)
have an inhibition effect, it was not more than 1%, and the inhibitory effect is weak.
Therefore, transportation efficiency still needs to be continuously improved, and there
should be a progressive reduction in the extent to which the economy depends on energy.

Divided from 1999 to 2019 into four sub-stages—from 1999 to 2004, 2004 to 2009, 2009
to 2014, and 2014 to 2019—the driving factor decomposition results were calculated, as
shown in Figures 4 and 5.
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Figure 4. The various factors’ contribution rates.
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Figure 5. The various factors’ contributions.

(1) The production value of traffic (G) is the end result of the production activities under-
taken by the transportation industry throughout a specific time. It is evident that from
1999 to 2009, the effect of G was extremely obvious, and the contribution rate and contri-
bution volume always ranked first. Owing to the national economy’s explosive growth
throughout this period, Guangdong province has also begun to attach importance to
the transportation industry’s development and investments. Various highways have
been completed and used. Various transportation networks, such as railways, water
transportation, civil aviation, and pipelines, are continuously improved. Motor vehicles
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and transportation demands continue to increase, and numerous nonrenewable energies
are consumed, resulting in increasing carbon emissions.

Carbon emission intensity (C/G) is the economic output of the carbon emissions
per unit. It continually acts as a brake on carbon emissions. In November 2010,
Guangdong officially launched its national low-carbon provincial pilot work and
established a number of programs and initiatives. In 2011, the low-carbon concept
gradually permeated the transportation sector, from the construction of infrastructure
to its promotion and application. It is clear that the contribution increased between
1999 and 2014. This suggests that the creation and efficient application of diverse low-
carbon technologies during this period has improved the degree of low carbonization
and the energy utilization efficiency of transportation. As a result, the suppression of
the intensity of carbon emissions is relatively large. However, from 2014 to 2015, its
contribution rate and contribution value decreased, indicating that the effect of carbon
intensity gradually softened due to technical constraints. Between 1999 and 2019,
energy consumption (E) made carbon emissions grow. The province was becoming
less of an emitter of carbon from 26.6% to 8.4%, but the change in its contribution
was relatively small. Between 1999-2004 and 2014-2019, carbon emissions increased
less strongly than energy consumption, which shows that carbon emissions are still
greatly influenced by energy consumption, and the reduction in its contribution rate
is associated with other influencing factors. When other factors’ contributions greatly
increased, the energy consumption’s contribution rate could decrease. As a result, the
weakening of the positive driving effect cannot be explained only by the decrease in
the contribution rate.

Carbon intensity from energy consumption (C/E) has more of a promoting effect
on carbon emissions than an inhibitory effect. It hardly slowed the increase in car-
bon emissions in 2004-2009, and its contribution rate accounts for only 3.45%, so
the inhibitory effect is relatively minor. During this period, clean energy in Guang-
dong received unprecedented attention and development. Not only did it pay great
attention to developing renewable energy sources, such as wind and water, but it
also actively promoted pilot projects of solar energy and biomass energy utilization,
so that the carbon intensity from energy consumption played a certain inhibitory
role. Its facilitative role in 1999-2004 was due to the weak low-carbon awareness and
underdeveloped technology at that time. Although its facilitative role was weak, the
C/E transitioned from inhibition in 20042009 to growth in 2009-2019. This shows
that, in the previous period, Guangdong province optimized the energy structure
successfully, but the energy consumption structure is irrational in later periods, with
unstable low-carbon degrees of energy and minor amounts of clean energy.
Turnover volume (T) is the product of the tonnage of goods or the actual number
of passengers and its transport distance, which increases carbon emissions. Its con-
tribution rate and contribution volume first increased and then decreased, reaching
a maximum of 36.41% and 19,181,010 tonnes in 2009-2014. This is a result of the
increased demand for water transport during this period, with turnover increasing
from 29,937.94 billion tonnes-km to 11,407.8 billion tonnes-km, resulting in a sudden
increase in its contribution to carbon emissions. As a result of advancements in social
and economic growth, as well as higher income levels among individuals and the
rise in logistics and tourism, the demand for transportation in all walks of life was
increasing. From 1999 to 2019, passenger and cargo turnover in Guangdong’s rail, air,
highways, and waterways increased substantially. Its impact on carbon emissions
also continued to grow, and it has grown to become a significant driver of the rise in
transport carbon emissions.

There is less of a facilitative role due to carbon emission efficiency (C/T) on carbon emis-
sions, which has gradually changed to being an inhibitory effect. Its contribution rate
reduced from 14.9% to —12.2%, and the contribution value reduced from 18.4578 million
tons to —7.867 million tons. From being the factor promoting carbon emissions’ growth
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to the primary obstacle, it is indicated that the increasing efficiency of carbon emissions
suppresses carbon emissions. From 2009 to 2014, the greatest inhibition of carbon emis-
sion efficiency was 21.38%. Along with the development and promotion of shared bikes,
Guangdong province has been trying to innovate and apply energy-saving technologies,
promote current energy vehicles, strengthen public transportation, and speed up the
development of a comprehensive three-dimensional transport network. Guangdong
has actively developed various forms of transportation methods and increased the pro-
portion of rail and waterways in integrated transportation, making efficiency in carbon
emissions the main restraining factor.

(6) During 1999-2019, the rise in carbon emissions was restrained by transportation intensity
(T/G). Transportation intensity is the ratio of transport turnover volume to the produc-
tion value of traffic in a certain period of time, and low transport intensity represents
an elevated transport efficiency. The contribution rate of transportation intensity is
maintained at around —1% most of the time, and the overall inhibitory effect is weak.
Its contribution rate reached a maximum of 5 percent from 2009 to 2014, indicating that
Guangdong has strengthened its transportation infrastructure, developed advanced
technological equipment, and changed its transportation structure to make it more effi-
cient, so the inhibitory effect has become stronger. Although transportation intensity has
a restraining effect, its inhibitory effect is relatively low compared with the influencing
factors of promoting the growth effect, so it is still necessary to continuously improve
transportation efficiency to enhance the inhibitory effect.

(7)  Energy consumption intensity (E/G) influences carbon emissions in a positive way.
From 1999 to 2019, energy consumption intensity prevented carbon emissions from
rising, but the overall inhibitory effect was relatively tiny. Its contribution rate gradu-
ally increased to 2.22% from 2009 to 2014. During this period, the energy consumption
intensity’s inhibitory effect became more pronounced with Guangdong province’s
increased percentage of renewable energy sources. During 2014-2019, its contribution
rate decreased to 0.64%; although it has a certain inhibitory effect, it is weak. Trans-
portation development’s dependence on energy is still large, and the growth of it will
inevitably lead to increased energy use. There is still a need to build up the quantity
of technological advancement and the implementation of clean energy.

To more accurately depict every variable’s dynamic influence from 1999 to 2019, this
paper adds up the contribution rate and contribution value of each factor from 1999 to
calculate the cumulative contribution. In Figures 6 and 7, we can see that cumulative traffic
carbon emissions rose by 69.56 million tons from 1999 to 2019. The production value of
traffic (G) was a significant positive contributor. Because of the increase from 1,526,800 tons
in 2000 to 2,372,400 tons in 2019, the cumulative contribution rate to the increase in carbon
emissions was 75.83%. One of the key elements contributing to the rise in carbon emissions
was turnover volume (T), and its contribution increased and increased dramatically, due to
the increase in water transport turnover volume in 2016. From 1999 to 2019, the turnover
volume increased by 45.1696 million tons of carbon emissions, and the final contribution
rate reached 79.21% and exceeded the production value of traffic. After 2005, the effect of
energy consumption (E) gradually became apparent, but its growth was gradual, with a
21.3365 million ton increase in total by 2019. Carbon intensity from energy consumption
(C/E) also promoted carbon emissions, but the effect was tiny and less obvious, with only
1,939,500 tons by 2019.
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Figure 7. Cumulative contribution amount of each influencing factor.

Carbon emission intensity (C/G) and carbon emission efficiency (C/T) are the principal
inhibitors, preventing an increase of 11.2044 million tons and 18.6751 million tons, respectively.
However, both factors are not stable and occasionally promote carbon emissions. Carbon
emission efficiency’s promoting effect was slowly weakened in 1999-2011, then changed
to an inhibitory effect in 2012, and gradually became an essential factor to restrain carbon
emissions. The role that carbon emission intensity (C/G) inhibits is relatively tiny. There has
been a gradual increase in inhibitory effects since 2011, but development has been limited.
Energy consumption intensity (E/G) and transportation intensity (T/G) have relatively weak
effects on carbon emissions. By 2019, carbon emissions were reduced by 933,300 tons and
3.0634 million tons, respectively. According to the needs of the “double-carbon” target, starting
from the present situation and the development tendency of the transport industry, the carbon
emission reduction policy of transportation should be implemented mainly by enhancing the
energy economy and supporting the clean energy system.

5. Conclusions and Recommendations
5.1. Conclusions

This paper explores the traffic carbon emission’s decoupling state in Guangdong
province from 1999 to 2019 by using the Tapio decoupling index model. In conclusion, the
decoupling state is poor, and low-carbon transformation still faces great challenges and
needs long-term and arduous efforts.
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Through the breakdown of the contributing elements that can be obtained, one of the
main causes of the rise in carbon emissions in the early stages was the production value
of traffic, and its promoting effect was first enhanced and then weakened. In 2005,
energy consumption’s influence ranked top and then gradually weakened. However,
turnover volume’s steadily increasing effect grew year by year and gradually became
the biggest factor. Although the carbon emission efficiency and energy consumption
intensity showed an inhibitory effect for several years, they changed into a positive
impact later on, indicating that the low-energy carbon degree of transportation is not
stable enough and should be continuously strengthened.

Among the inhibitory factors, the role of carbon emission intensity is relatively obvi-
ous. However, its inhibitory effect is unstable, which may be the bottleneck in technical
aspects. Although energy consumption intensity and transportation intensity play an
inhibitory role, their role is weak, indicating that the current transportation efficiency
and energy structure cannot effectively inhibit carbon emissions and needs to be
further improved.

5.2. Recommendations

)

@

®)

Rely on science and technology. Guangdong province should actively pursue innovation
and research, as well as the promotion of cutting-edge technologies. Because of the
marginal suppression of energy consumption and transportation intensity, it should give
full play to its own technical advantages and talent advantages, aggressively advance
environmentally friendly technologies, and enhance energy effectiveness. It is imperative
to hasten clean energy technology’s adoption and improve its use efficiency to promote
clean production and the clean cycle of fossil energy. This can be achieved through
developing energy-saving technology and innovating, introducing talents related to low-
carbon transportation technology, and establishing professional talent teams. Intelligent
and information management methods should be used to alleviate traffic congestion and
to improve urban traffic efficiency and the degree of interconnection of highways, rail-
ways, and waterways, thereby reducing the operation time of transportation equipment.
Additionally, high-performance battery technology could be developed to improve the
energy density and life cycle of batteries and to reduce their cost. The research and
development of battery systems for electric vehicles and hydrogen vehicles could also
be promoted to improve the energy conversion efficiency and durability of batteries.
Integration technology of solar and wind energy in transportation infrastructure should
be strengthened to reduce the dependence on traditional energy sources. Carbon capture
and sequestration technology could be developed to capture, compress, transport, and
sequester the carbon dioxide generated in the transportation sector, thereby reducing
carbon emissions.

Accelerate the use of renewable energy. The installation of solar panels at transporta-
tion hubs, depots, and along major highways to harness solar energy for operational
needs should be encouraged. There should also be the active development and use of
biomass for the production of transport equipment, the strengthening of the manage-
ment of transportation equipment and facilities, and the stimulation of the adoption
of hybrid transportation equipment. Pilot projects showcasing the benefits of hybrid
and electric transportation equipment should be developed and promoted. Charg-
ing infrastructure for electric vehicles and hydrogen fueling stations to facilitate the
transition should be expanded, and the usage of clean energy vehicles to decrease fuel-
powered vehicles should be aggressively encouraged, along with promoting the use of
electricity-, hydrogen fuel-, and liquefied natural gas-powered heavy freight vehicles;
improving the level of transport’s own emissions technology; and implementing
continuous control to reduce energy consumption.

Optimize the transportation structure, promotion of transformation, and upgrading.
There should be the improvement of the transportation structure, the optimization of
urban transportation networks, and a decrease in freight turnover. Logistics hubs and
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distribution centers that are strategically located to minimize transportation distances
should be developed. Public transport and rail transit should be vigorously developed,
along with promoting green low-carbon travel methods and raising the percentage of
urban public transit, while gradually lowering the percentage of private vehicles. The
development of multi-modal transport such as “railway to rail” and “railway to water
could be promoted. The integration and development of green travel methods, such
as rail, bus, and slow travel should be vigorously promoted, along with strengthening
the construction of comprehensive transportation hubs and transportation facilities,
optimizing the layout of the urban public transport line network, and promoting
the coordinated development of various transportation methods. Various passenger
and freight organizations should be optimized to reduce the empty load rate of each
passenger transport. Partnerships between freight companies to share vehicles and
reduce empty trips could be developed. The use of technology, such as load matching
platforms, should be encouraged to improve the utilization of transportation assets.

(4) Increase policy support. A mechanism for rewarding energy conservation could be created.
Special funds could be established, and there could be an increase in investment in research,
developing improved techniques and new energy sources. The city’s vehicles could be
guided and encouraged to use fresh energy, replacing fuel vehicles with fresh energy
vehicles, actively promoting green and low-carbon technologies, improving policies and
measures, and promoting the application of new energy vehicles. For instance, a points-
based system could be introduced where individuals and businesses would earn points
for reducing energy consumption, which could be redeemed for various benefits such as
discounts, vouchers, or even cash incentives. Green travel should be advocated, including
advocating for the public to implement the concept of green travel, forming a good social
style of low-carbon travel, and cultivating the public’s low-carbon travel awareness. People
should be guided towards using sustainable modes of transportation such as walking,
cycling, and public buses. Infrastructure could be improved to make these options more
convenient and appealing, such as building more bike lanes, pedestrian pathways, and
efficient public transit systems.
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