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Abstract

The total factor CO, emission performance (TFCEP) of transportation industry has received increasing research interests, while
existing literature pays little attention to its regional inequality and driving factors. In order to uncover the regional inequality of
TFCEP in China’s transportation industry, this paper used Theil index and combined with geographical detector model (GDM) to
explore the driving factors and their interactions on TFCEP in Chinese transportation industry. The results revealed that the
TFCEP of transportation industry showed a promising increase during 2003—2017 with an annual growth rate of 0.12%, and the
improvement was contributed by the technical efficiency change. The TFCEP in the Eastern region performed better than that in
the Northeast, Central, and Western region. Regional inequality of TFCEP did exist and exhibited an obvious downward trend.
The within-region inequality had a greater impact on the inequalities than between region. Freight turnover was the main driving
factor of TFCEP in the transportation industry, followed by the energy intensity and per-capita GDP. In the Eastern and Western
regions, freight turnover had the greatest impact on TFCEP, while in the Central and Northeastern regions, urbanization rate and
energy intensity were the dominant factors, respectively. The interactions between energy intensity and freight turnover were
highly influential. This paper provides important insights for different regions to formulate targeted carbon emission reduction
policies.

Keywords Total factor CO, emission performance - Chinese transportation industry - Driving factors - Theil index - Geographical
detector model

Introduction

China has surpassed the USA to be the world’s largest energy
consumer as well as the carbon emitter since 2009 (EIA
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2010). In 2018, China’s carbon emissions took up 27.8% of
global greenhouse gas emissions (BP 2019). As the third larg-
est energy consumption sector, Chinese transportation indus-
try contributed 10% of the national total carbon emission
(Zhang and Wei 2015). Until now, it still maintains a growing
trend (Hu et al. 2018), which meant that there is large carbon
emission reduction potential in the transportation industry.
Revealing the affecting factors of the rapid growth of the
carbon emissions in China’s transportation industry and dis-
covering the way to sustainable development are important for
China to achieve carbon peak and carbon neutralization
targets.

As one of the important ways for the transportation indus-
try to achieve economic growth and carbon dioxide emission
reduction, improving the carbon emission performance has
great practical value and theoretical significance (Chen et al.
2019; Zhang and Wei 2015). Different from a single indicator,
the total factor carbon emission performance (TFCEP) can
consider more production factors involved in the production
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process (Zhang and Wei 2015). Quite a few studies have ex-
plored the TFCEP in the China’s transportation industry
(Zhou et al. 2013; Zhang et al. 2015; Zhang and Wei 2015).
For example, Zhang et al. (2015) investigated the dynamic
TFCEP change and its decomposition of the transportation
industry throughout China’s 30 administrative regions from
2002 to 2010. They found that the TFCEP overall decreased
by 32.8% over the period, which was primarily caused by
technological decline. However, Zhang and Wei (2015) found
that the overall TFCEP of transportation industry in China had
an overall increase of 6.2% and it was mainly driven by tech-
nological innovation during 2000-2012. China has a vast ter-
ritory with distinctive regional and provincial characteristics.
There were inequalities in the carbon emissions and energy
intensity in China’s transportation industry (Du et al. 2020;
Zhang et al. 2020). In the meanwhile, the distinctions in pop-
ulation distribution, economic development, industrial stage,
and urbanization development level between regions are very
large. These factors affect the TFCEP of transportation indus-
try in various regions. Although the TFCEP of transportation
industry has been studied in recent years, the existing studies
did not incorporate regional inequalities and driving factors
into their measurements of the dynamic TFCEP changes.
Therefore, it is necessary to analyze provincial heterogeneity
and regional inequalities when evaluating the TFCEP in
China’s transportation industry. Identification of the key fac-
tors for improving the TFCEP would be helpful to formulate
more reasonable carbon emission reduction targets and poli-
cies in consideration of different regional characteristics.

So far, most studies have focused on the determinants of
CO, emissions in Chinese transportation industry while paid
little attention to the factors influencing TFCEP. The main
method to identify the influencing factor of CO, emissions
was the quantile regression approach (Lin and Benjamin
2017; Xu and Lin 2018), logarithmic mean Divisia index
(Liu et al. 2015; Wang et al. 2018), STIRPAT model (Peng
et al. 2020a), spatial Durbin model (Peng et al. 2020b), and
dynamic VAR (vector autoregression) approach (Xu and Lin
2015). However, these methods only analyzed the single in-
fluence of independent variables on dependent variables,
which were difficult to reveal the interactions between differ-
ent variables. Thus, further research is needed to detect spatial
heterogeneity in TFCEP of transportation industry and to re-
veal the driving factors.

Geographic detector model (GDM) is a new type of spatial
statistical method that has been employed to detect spatial
stratified heterogeneity. Originally, it was proposed by
Wang et al. (2010) to detect the environmental risk factors
affecting the occurrence of endemic diseases (Hu et al.
2011; Wang et al. 2010). The principle idea is based on a
hypothesis that if an independent variable contributes to the
dependent variable, the dependent variable should have a

@ Springer

similar spatial distribution as the independent variable.
Compared with traditional statistical methods, GDM has two
main advantages. First, there is no linear assumption on vari-
ables, and the multicollinearity of variables can be ignored.
Second, it can not only analyze the single influence of inde-
pendent variables on dependent variables, but also quantita-
tively describe interactive influence between variable pairs. At
present, GDM method had been widely used in natural and
social sciences, such as land surface temperature (Yin et al.
2019; Ren et al. 2016), vegetation variation (Guo et al. 2020;
Ran et al. 2019), population distribution (Li et al. 2019), CO,
emissions (Cao and Yuan 2019), PM, 5 (Guo et al. 2021), and
energy consumption (Wang et al. 2020a). However, to the
best of our knowledge, GDM is rarely used to detect TFCEP
driving factors in the transportation industry.

So far, there was considerable literature that deals with
the issue of CO, emission, TFCEP, or the driving factors
of CO, emission in China’s transportation industry.
However, few studies have specially investigated the spa-
tial inequality of TFCEP, and the impact of individual
driving factors and their interactions on TFCEP in
China’s transportation industry. Therefore, this paper will
contribute the research community in the following as-
pects: (1) to evaluate the TFCEP of transportation indus-
try by the Global Malmquist-Luenberger productivity in-
dex (GML index) method throughout China’s 30 prov-
inces from 2003 to 2017, respectively; (2) to discover
regional inequalities of the TFCEP by employing Theil
index; and (3) to assess the impacts of individual driving
factors and their interactions on TFCEP by GDM method.
This study can offer a new perspective in analyzing the
driving factors of TFCEP change in China’s transporta-
tion industry.

The remaining parts of the paper are organized as follows.
The “Methodology and data” section presents the Global
Malmquist—Luenberger productivity index method, Theil in-
dex method, geographical detector model, and data used in
this study. Then, “Results and discussion” section analyzes
and discusses the empirical results. Finally, the
“Conclusion” section concludes the study with some policy
implications for improving TFCEP and provides further re-
search suggestions.

Methodology and data
Estimation method of the TFCEP
According to the point of TFCEP estimation view (Oh

2010; Fére et al. 2007), the production possibility set
(PPS) that contains both desirable outputs and undesirable
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outputs should be defined. There are K decision making
unites (DMUs) to be evaluated in periods T, k=1, 2, ...k,
..., K, T time periods: s=1, 2, ..., t, ..., T, N kind of
inputs: x = (x1 ,x2, ...,xN)eR]J(,, M kinds of desirable out-
puts: y = (y; ,¥2, .-, ¥m)ER 4 and I kinds of undersirable
outputs: ¢ = (¢; ,¢2,...,¢/)€R; in a production process.
The PPS can be defined as P(x) = {(y, ¢) : x can produce (y,-
¢)}. In this equation, the DMUs use inputs x to produce
desirable outputs y and the undesirable outputs c. After
PPS was determined, global Malmquist-Luenberger pro-
ductivity index (GML index) method was used to estimate
TFCEP of Chinese 30 provinces over the period 2003—
2017. This paper referred to the study of Fan et al. (2015),
who used this method to measure 32 industrial sub-sectors
of Shanghai in the period of 1994-2011. This paper re-
placed each industrial sub-sector with each province as a
DMU. The detail method of global Malmquist—
Luenberger productivity index was introduced as follows.

For the calculation purpose, the directional distance func-
tion (DDF) was introduced. DDF is defined as follows (Fare
et al. 2007):

—

D = (x,y,¢;g) = sup{B: (y,c) + PgeP(x)} (1)

This function seeks to increase the desirable outputs
while reducing the undesirable outputs, where /3 denotes
the contraction proportion of undesirable outputs and ex-
pansion proportion of desirable outputs; the direction vec-
tor g =(g,,—g.) determines the direction in which the de-
sirable outputs increase and the undesirable outputs de-
crease; and DDF is the maximized (3 remaining outputs
(y, ¢) + Bg feasible; therefore, it can be used to measure
the inefficiency level of DMUs. The smaller the value of
DDF, the more efficiency level of DMUs. The conven-
tional Malmquist—Luenberger productivity index method
is based on contemporaneous PPS, i.e., P'(x)={(/, ¢'):

¢ t oty CR e g
x' can produce (), c')}; then for DMU k, D (xk,,xk,, s

gzr ) can be solved by the linear programming problem
(Oh 2009, 2010; Fan et al. 2015):

it

D (xi{u Voo g;c/) = maxf3
k
st Y Ly, = (1+ B, Ym
=1
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where Zj is intensity variables, which are weights assigned to
provinces in constructing the PPS. The inequalities in Eq. (2)
indicate that desirable outputs and inputs are free disposable,
while undesirable outputs are weakly disposable.

To calculate and decompose the conventional
Malmquist-Luenberger productivity index (ML index) of

’ L. —t

DMU £k between ¢ and t+1, similar to D (x;(,, y;c, c;{,;gzl),
—t+1

other three DDFs are needed. D (x‘F!,y/F! ¢ifl gt

kK Tk Tk k
—t —t+1
+1 1 1.+ .
D (xk,+ irteitig)s ) and D (xtk,,y;{/ c;{,,g]’{,) can

be calculated by solving corresponding linear program-
ming problems. However, because of the technical gap

. . —t
between two periods, the cross-period DDFs, D

—t+1 . .
(x?17y2,+1 cfjl;g;jl) and D (x;{,,y;{, cj{,;g@), infeasi-
bility problems are frequently encountered, which will
render the ML index biased. Furthermore, since the geo-
metric mean is used as the ML index of the evaluated
DMU k, the ML index is not circular. Oh (2009, 2010)
solved these deficiencies by employing the global PPS
and proposed the GML index, which is free from the
infeasibility problem and circular.
Referring to Oh (2009, 2010) and Fan et al. (2015), global
PPS is defined as a union of all contemporaneous PPS, i.e.,

G 1 2 T —G
P(x)”=P(x) uP(x)“u..uP(x)". Hence, D

(xjc, ) y; c;{, g4 ,) can be solved by the following linear pro-
gramming problems:
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This paper treated transportation industry in each prov-
ince as a DMU. Therefore, different input—output indica-
tors in each decision-making unit (DMU) were selected in
this paper. When calculating TFCEP in China’s transpor-
tation industry, most existing studies were basically using
the same input—output indicators (Zhang et al. 2015; Yuan
et al. 2017). This makes it difficult for us to dig deeper
into other hidden indicators. Like the studies of Zhang
et al. (2015) and Yuan et al. (2017), this paper chose labor
force (L), capital stock (K), and energy (E) as inputs to
produce the added value (Y) as desirable output and CO,
(C) as undesirable output. Then, following the GML in-
dex method, the TFCEP of transportation industry in each
provinces k between period ¢ and #+1 was defined and
decomposed as follows (Oh 2009, 2010; Fan et al. 2015):
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G
1+D (x’,,y;c, c;c,;g',)
FO( 1 g1 1. et
I+D (xk’ R gk )
1+D (x y c 2)
= 1
1+D <t+l yz+1 z+1 g 1)

st
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1+ D <xk Ve ) / 1+D (x/ Yy gkr)

— Ecl 1+1 X ch[+l
(4)

where TFCEP" "*! is used to measure the change in the
total factor CO, emission performance of each province from
period ¢ to ¢+ 1. If there are no changes in the inputs and
outputs over the two time periods, then TFCEP" * 1 =1; but
if a productivity enables more added value and less CO,, the
total factor CO, emission performance has improved (other-
wise decreased), and then TFCEP" '*!' > 1 (otherwise
TFCEP" '*! < 1). TECEP can be decomposed into two com-
ponents, namely, the technical efficiency change index (EC)
and the technical change index (TC), respectively.

The EC component measures the catch-up effect of a prov-
ince towards the contemporaneous frontier: if EC" ™+ 1>1,
there has been a movement towards the contemporaneous
frontier over two periods, but if EC" ** <1, the province has
become further from the contemporaneous frontier. The TC
measures the frontier-shift effect, accounting for the best prac-
tice gap between the contemporaneous frontier and the global
frontier over time from period t to period #+1. If TC" " '>1,
technical progress has been made, but 7C" '+ '<1 signifies a
technical decline (retrogression).

MaxDEA Ultra software was used to calculate TFCEP of
China’s 30 provinces. The software has been widely used in
total factor efficiency and performance (Guan and Xu 2015;
Wang et al. 2020b).

TFCEP*"! =

Regional inequality of TFCEP

The Theil index is a weighted entropy index, which was first
proposed by Theil (1967) to measure the income gap between
countries. The biggest advantage of the Theil index is that it
can easily divide the total inequality between regions into two
components: between-region inequality and within-region in-
equality (Theil 1967; Shorrocks 1980). This can not only ac-
curately reflect the degree of difference between regions and
within region, but also represent the degree of influence of
between-region inequality and within-region inequality on
the total inequality. Thus, it has been widely used in energy
and environmental research areas (Alcantara and Duro 2004;
Clarke-Sather et al. 2011; Heil and Wodon 2000; Lin and Fei
2015; Xiao et al. 2019). Here, this paper employed the Theil
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index to study the inequalities of the TFCEP in China’ trans-
portation industry. The formula of Theil index refers to Lin
and Fei’s (2015) study, which are shown as follows:

TFCEP’ TFCEP" y COy! 5)
1TFCEPJ "\ 7FcEP/ O,
TFCEP/ TFCEPJ COy/ ©)
=X TFCEP. " | TFCEP' €Oy
j TFCEP/ j TFCEP/ 3 TFCEP'
i TFCEP' ' = i TFCEP' Y TFCEP/
TFCEP'  CO,'
—_— : 7
H[TFCEPJ / cozf} @
T =Ty + Ty (8)

where TFCEP', TFCEP, and TFCEP!, separately denote the
TFCEP for province i, region j, and the whole transportation
industry; CO,', COY, and CO, represent CO, emission for
provinces i, region j, and the whole transportation industry,
respectively; 7; denotes the Theil index of region j; and 75, and
T,,; indicate between-region inequality and within-region in-
equality, respectively. T represents the Theil index of the
whole transportation industry, implying total inequality of
the TFCEP in China’s transportation industry. The threshold
of Theil index is 0-1, and the magnitude of the value repre-
sents the degree of regional inequality (Alcantara and Duro
2004). The Theil index nearly 0 and 1 separately implies a
perfect equality situation and a high inequality indication.

GDM

The factor detector is used to quantify how much dependent
variable Y was interpreted by independent variable X. It is
measured by the g-statistic, which can be written as Eq. (9)
(Wang et al. 2010; Wang and Xu 2017):

L 2
21 Nioj,

No? ©)

g=1-
where h=1, ..., L is the number of strata of factor X; N, and N
are numbers of samples in strata 4 and the whole region,
respectively; and 0, and o are the variance of samples in strata
h and the global variance in whole region, respectively. The
value of g-statistic is between 0 and 1. The larger the value of
q is, the greater the impact of X'is on Y. g=1 indicated that the
spatial heterogeneity of ¥ was completely determined by X.
=0 indicated that X has no effect on the spatial heterogeneity
of .

The interactive detector is used to evaluate the interactions
between two different independent variables, e.g., X; and X5.
The interaction of the two independent variables uses the g¢-
-statistic value of the interaction of X; and X, to identify
whether X; and X, weaken or enhance the influence on the
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dependent variable, or whether the X; and X, have indepen-
dent effects on dependent variable. By comparing the new
interaction g-statistic value and the g-statistic value of
two-single effects, the principle of interaction factor relation-
ship is shown in Table 1.

Data and data sources

With data availability, complete data of the transportation in-
dustry were obtained from the statistics of China’s 30 prov-
inces over the period 2003—2017. Tibet, Hong Kong, Macao,
and Taiwan were not included since their data were missing.
In China, transportation industry is an integrated industry in
relevant statistical yearbook, which includes transport, stor-
age, and the postal industry. Energy consumptions by the
storage and postal services are small, about 7.6% (He 2012).
Therefore, like the studies of Fan and Lei (2016) and Lu et al.
(2017), the input—output indicators related to the transporta-
tion industry can be approximately represented by those of
transportation, storage, and postal services.

According to the National Bureau of Statistics of China
(2011), the thirty provinces in China can be divided into four
regions: Northeast, Eastern, Central, and Western (Table 2).

When estimating TFCEP, labor, energy consumption, and
capital stock of the transportation industry in China’s 30 prov-
inces were selected as inputs indices. Energy consumption
was calculated based on the final consumption of fossil fuels
and electricity. The final consumption of fossil fuels included
raw coal, cleaned coal, other washed coal, briquettes, coke,
coke oven gas, crude oil, gasoline, kerosene, diesel oil, fuel
oil, liquefied petroleum gas (LPG), other petroleum products,
and natural gas. The perpetual inventory method was used to
calculate the capital stock of each province (Shan 2008; Fan
etal. 2015). The added value and CO, emissions of the trans-
portation industry in China’s 30 provinces were separately
treated as desirable output and undesirable output. The CO,
emissions in the transportation industry were treated as the
direct and indirect carbon emissions. Direct carbon emissions
came from final consumption of fossil fuels. Indirect carbon

Table 1 Categories of interaction relationship between two
independent variables

Interaction Judgment criteria

Weaken, nonlinear q(X1NX2)<Min(g(X1),q(X2))
Min(q(X1).q(X2))<g(X;NX2)<Max(q(X1),q(X2))
q(X1NX2)>Max(q(X1).9(X2))

gXINX)>q(X))+ g(Xa)

gXiNX)=g(X 1)+ q(X2)

‘Weaken, univariate
Enhance, bivariate
Enhance, nonlinear

Independent

Note: X; and X, represent the influence factors of TFCEP. The symbol
“N” denotes the interaction between X, and X>

emissions originated from electricity. Both the direct and in-
direct carbon emission were obtained from Wang et al.
(2020c¢). The variables of added value and capital stock were
converted at 2003 constant price.

Referring to the variables investigated in the existing stud-
ies and considering the data availability (Peng et al. 2020b; Lv
and Wu 2019; Xu and Lin 2015, 2018), six explanatory var-
iables (driving factors) were taken into account. They were
energy intensity (EI), per-capita GDP (PGDP), population
(POP), urbanization rate (UR), freight turnover (FT), and pas-
senger turnover (PT). The definition and statistical description
of all the driving factors are presented in Table 3. The
K-means algorithm was used to convert driving factors from
numerical variables to categorical. The factor detector and
interactive detector modules of geographical detector were
employed to detect the spatial stratified heterogeneity and de-
fine the impacts of driving factors in China’s transportation
industry.

Fifteen years of complete data from the transportation in-
dustry in China’s 30 provinces were collected from related
statistical yearbooks. Energy consumption data was obtained
from China Energy Statistical Yearbook (2004-2018). The
labor, capital stock, and added value data of the transportation
industry and per-capita GDP (PGDP), population (POP), ur-
banization rate (UR), freight turnover (FT), and passenger
turnover (PT) in 30 provinces were obtained from the China
Statistical Yearbook (2004-2018).

Results and discussion

Dynamic TFCEP and its decomposition change
analysis

For each consecutive 2-year period, the original TFCEP
values of the Chinese 30 provinces during 2003—-2017 are
shown in Table 4. From the national perspective, the average
TFCEP of China’s transportation industry was greater than 1
in most of the years except 20062007 and 2013-2015. The
average TFCEP had the lowest value in 2006, since 2006 was
the first year of the Eleventh Five-year plan. The tasks of
stressing the adjustment and optimization of energy structure
and improving energy efficiency in the transportation industry
were very arduous (Zhou et al. 2013). The CO, emission of
the China’s transportation industry in 2006 showed an upward
trend compared with 2005, with a growth rate of 11.83%.
However, the added value showed a downward trend, with
an average annual decline rate of 24.54%. The average
TFCEP value of China’s transportation industry was 1.0012
for the period of 2003-2017, with an average annual growth
rate of 0.12%. The result suggests that the Chinese transpor-
tation industry enabled more added value and less CO, over
the sample period.
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Table 2 Division of 30

Administrative districts (provinces, autonomous districts, and municipalities)

Beijing, Tianjin, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Hainan, Guangdong

administrative districts in to the Region

Northeast, Eastern, Central, and

Western regions of China Northeast ~ Heilongjiang, Jilin, Liaoning
Eastern
Central Shanxi, Hubei, Hunan, Jiangxi, Anhui, Henan
Western

Xinjiang, Guangxi

Inner Mongolia, Sichuan, Chongging, Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia,

Figure 1 showed the dynamic average TFCEP and its de-
composition of the transportation industry. In general, the
trend of technical change (TC) was consistent with the trend
of TFCEP over the study period. On the contrary, the trend of
technical efficiency change (EC) was roughly opposite to that
of TFCEP. The average EC of the transportation industry was
more than 1, with an average annual growing rate of 0.29%,
while the average TC was less than 1, with an average annual
declining rate of 0.16%. The results indicated that EC rather
than TC was the main contributor to the improvement TFCEP
in China’s transportation industry. Therefore, improving TC
was crucial for the transportation industry to achieve the car-
bon emission reduction target in the future. The results sug-
gested that the government should increase the investment in
the research and development, application, and promotion of
low-carbon technology in the transportation industry to im-
prove its technological progress.

At the province level, there was heterogeneity of TFCEP
among provinces (Table 4). From 2004 to 2006, the TFCEP in
most provinces showed a downward trend, except for Hebei,
Shanxi, Inner Mongolia Henan, Chongqing, and Gansu prov-
inces. From 2007 to 2012, only four provinces (Tianjin,
Hebei, Shandong, and Guangxi) had the TFCEP values with
a fluctuating downward trend, while the other provinces had
the TFCEP values with a fluctuating upward trend. In 2013,
about two-thirds of the provinces, such as Shanxi, Inner
Mongolia, and Jilin, experienced a decline in TFCEP.
During 2014-2017, the TFCEP values in more than
two-thirds of the provinces showed an upward trend. The
provincial average TFCEP values of transportation industry
were visualized by ArcGIS 10.1 as shown in Fig. 2. The

spatial distribution of average TFCEP in China’s transporta-
tion industry exhibited a decreasing pattern from east to west.
Half of the 30 provinces had the average TFCEP of more than
1 during the study period, indicating that the transportation
industry in these provinces was available to simultaneously
produce more added values and less CO, emissions. For spe-
cific province, Shanghai showed the largest increase in
TFCEP during the sample period, with an average annual
growth rate of 3.51%, followed by Guizhou and Beijing,
while Qinghai displayed the largest decrease in TFCEP, with
an average annual decline rate of 2.35%.

The average values of EC in most provinces of the trans-
portation industry were more than 1 during the study, while
TC was less than 1 (Fig. 3). Shanghai had the highest EC with
an average annual growth rate of 3.44%, whereas Liaoning
had the lowest value, with an average annual declining rate of
2.20% in EC. Tianjin had the highest TC, with an average
annual growth rate of 2.48%, while Henan had the lowest
TC with an average annual declining rate of 1.29%.

In different provinces, EC and TC contributed differently
to TFCEP. In Hebei, Shanghai, Shandong, and Guizhou, the
average values of EC and TC were higher than 1, indicating
that EC and TC worked together to promote the improvement
of TFCEP in these provinces. In Beijing, Shanxi, Jiangsu,
Jiangxi, Hubei, Hunan, Hainan, Gansu, and Ningxia, EC rath-
er than TC was the main contributor to the improvement of
TFCEP. On the contrary, in Tianjin and Guangdong, the in-
crease in TFCEP was attributed to TC rather than EC. The
decline of EC was the main cause for the decrease in TFCEP
in Liaoning, Zhejiang, and Fujian provinces. In Henan,
Guangxi, Sichuan, Shaanxi, and Xinjiang, the decline in

Table 3 Description of variables

in the model Variable Definition Unit
EI Energy intensity = energy consumption/added value Tce per 10* yuan
PGDP Per-capita GDP = GDP/total population Yuan
POP Population size = total population 10* persons
UR Urbanization rate = urban population/total population %
FT Freight turnover 100 million ton-km
PT Passenger turnover 100 million people-km

Note: Tce ton of standard coal equivalent
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Fig. 1 The dynamic average
TFCEP and its decomposition of
the Chinese transportation
industry. Note: TFCEP, total
factor CO, emission
performance; EC, technical
efficiency change; TC, technical
change. The time “2004” on the
X-axis indicates the change in
TFCEP from 2003 to 2004, and
other time periods have similar
meanings

Fig. 2 The average TFCEP
values of transportation industry
in China’s 30 provinces. Note:
TFCEDP, total factor CO, emission
performance
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Fig. 3 The average technical

EC

efficiency change and the
technical change of transportation
industry in Chinese the 30
provinces. Note: EC, technical
efficiency change; TC, technical
change. Colors are used to show
clearly when symbols crowded
together
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TFCEP related to the decrease of TC although EC had a pos-
itive influence. In the remaining provinces, the decrease of
TFCEP was attributed to the decline in both TC and EC.

Regional inequality of TFCEP analysis

Regional heterogeneity of TFCEP and its decomposition was
clearly reflected in the four regions of Northeast, Eastern,
Central, and Western China (Fig.4). The TFCEP and its de-
composition of the transportation industry in the Central and
Western regions were basically consistent with the national
trend. There were similar trends in the Eastern and
Northeastern regions, except for 2006. Compared with 2005,
the CO, emission of the four regions increased in 2006, added
value decreased, especially in the Eastern and Northeast re-
gions. TFCEP and its decomposition presented different char-
acteristics in different regions. In general, the Eastern region
performed higher TFCEP than the Northeast, Central, and
Western regions. The average annual growth rate of TFCEP
values in the Eastern region was 0.88% in the entire study
period. Northeast region exhibited the lowest TFCEP. The
average TFCEP values of Northeast, Central, and Western
were 0.9928, 0.9987, and 0.9982, respectively, meaning that
the transportation industry in these regions showed an average
annual decline rate 0£0.72%, 0.13%, and 0.18%, respectively.

The changing TFCEP values for the Northeast, Eastern,
Central, and Western regions were related to the effects of
both TC and EC. For the Eastern region, the increase in
TFCEP depended on the joint improvement of EC (1.0051)
and TC (1.0036). For the Central and Western regions, the
decline in TFCEP was attributed to the decrease of TC al-
though EC had a positive influence. In the Northeast region,

EC (0.9905) rather than TC (1.0024) caused a decline in
TFCEP. Therefore, it is necessary to formulate different car-
bon emission reduction policies in China’s transportation in-
dustry based on actual conditions in different regions. In gen-
eral, the provinces in the Central and Western regions should
pay more attention to updating relevant advanced technolo-
gies in the transportation industry to improve TFCEP. For the
Northeast region, the management level should be enhanced.
Meanwhile, cooperation between regions should be strength-
ened. For example, the Eastern region can transfer advanced
technologies and management experiences to other regions.
This will help to narrow regional differences and improve
TFCEP in China’s transportation industry.

In general, the TFCEP in China’s transportation industry
had ameliorated during the study period, and TFCEP in the
different regions displayed different features. However, what
were the differences and changes of TFCEP in various re-
gions? The results of Theil index showed that total inequality
was all above 0.17 over the study period (Fig. 5), which meant
that regional inequality in TFCEP of the transportation indus-
try does exist. Total inequality experienced a sharp decrease
from 2004 (0.29) to 2005 (0.24), an increase in 2006 (0.30),
and then a steady decline in 2017 (0.17). It was evident that
the total inequality of TFCEP of the transportation industry
showed a decreasing trend, with a declining rate of 41.54%.
To some extent, it was consistent with the above analysis that
TFCEP differences among the four regions gradually
narrowed during the study period.

Total inequality was the sum of between-region inequality
and within-region inequality. Between-region inequality fluc-
tuated between 0.04 and 0.08 during 2004-2006 and then
steady dropped from 0.05 in 2007 to 0.03 in 2017.
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Fig. 4 The dynamic average TFCEP and its decomposition of the four
regional transportation industry. Note: TFCEP, total factor CO, emission
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performance; EC, technical efficiency change; TC, technical change. The

Within-region inequality experienced an increase from 0.20 in
2004 to 0.22 in 2006 and then a decrease to 0.13 in 2017.
Further decomposition results of the Theil index showed that

Fig. 5 Theil index decomposition
results for TFCEP in the Chinese
transportation industry. Note: Tw,
within-region inequality; Tb,
between-region inequality; T, to-
tal inequality; Tbc, the contribu-
tion of between-region inequality
to total inequality; Twc, the con-
tribution of within-region in-
equality to total inequality
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the total inequality, which was because technological prog-
ress, transportation structure, fixed asset investment, etc. in
the transportation industry tended to spread first in the prov-
inces of within region and then to the provinces of other
regions.

Except for the Western region, the Eastern, Central, and
Northeast regions did not show reduction significantly in their
contributions to the within-region inequality (Table 5). There
is an old Chinese saying that if you want to get rich, build
roads first. Accelerating the construction of transportation in-
frastructure is a prerequisite for China’s western development.
Since the Western Development Strategy was proposed, the
Chinese government has increased its support for transporta-
tion construction in the Western region in terms of policies,
funds, talents, and technology. The transportation infrastruc-
ture in western region has improved significantly. The “Belt
and Road” initiative has further accelerated the construction of
transportation infrastructure in the Western region. The trans-
portation infrastructure of the western provinces has improved
significantly. Therefore, the economic differentiation brought
about by the imbalance of transportation facilities has been
reduced, and the difference of TFCEP has also become small-
er. The values of the within-region inequality changed slightly
in the Eastern, Central, and Northeast regions. In particular,
the values of the within-region inequality across Chinese
Central and Northeast regions appeared very small. This is
mainly because the geographical location, transportation
structure and technology, economic development, etc. of the
provinces in the region are very similar.

Driving factors on TFCEP analysis

TFCEP of the transportation industry in Chinese 30 provinces
was influenced by many factors. The g-statistic of the driving
factors on the TFCEP at national level was shown in Table 6.
It should be noted that the ¢ values on diagonal line denoted
the impact magnitude of a single factor, and other values rep-
resented interactive effects of pairs of factors on TFCEP.
During the study period, the ¢ values of the six driving
factors on the TFCEP at the national scale can be ranked as

Table 6 Q-statistic of the driving factors on the TFCEP in Chinese
transportation industry

EI POP PGDP UR FT PT
EI 0.0288
POP 0.0624  0.0016
PGDP  0.0847  0.0485  0.0238
UR 0.0721  0.0469  0.0505 0.0138
FT 0.0896  0.0693  0.0719  0.0670  0.0370
PT 0.0472  0.0191 0.0446 0.0432  0.0662  0.0043

Note: EI energy intensity, PGDP per-capita GDP, POP population, UR
urbanization rate, F7 freight turnover, PT passenger turnover

follows: FT (0.0370) > EI (0.0288) > PGDP (0.0238) > UR
(0.0138) >PT (0.0043) > POP (0.0016). That meant freight
turnover contributed significantly on the TFCEP in China.
This was consistent with the existing studies that freight trans-
portation was the main driving factor of CO, emissions (Wang
et al. 2018; Dai and Gao 2016). Energy intensity was the
second largest contributor to TFCEP, followed by PGDP.
That was because the added value growth of the transportation
industry in China depended on large energy consumption,
which was accompanied by substantial carbon emissions
(Lu et al. 2017). Energy intensity was the key factor in im-
proving the TFCEP in China’s transportation industry.
Per-capita GDP had a greater impact on carbon emission,
which promoted the increase of carbon emission for Chinese
transport sector (Peng et al. 2020a; Wang et al. 2018).
Notably, the effects of the driving factors on TFCEP value
in the transportation industry were not mutually independent.
Based on the results of interaction detector module, the inter-
action of any two of the six driving factors was higher than the
influence of a single factor. The type of interaction between
the two was a nonlinear enhancement type, indicating that
TFCEP value of the transportation industry was not caused
by a single impact factor, but by the combined effect of dif-
ferent impact factors. EINFT interaction had a greatest influ-
ence on TFCEP in the transportation industry, with a g value
0f0.0896, meaning that El and FT can explain about 8.96% of

Table 5 The decomposition of the within-region inequality component for the four regions applying the Theil index

Region 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Tw 0.20 0.20 0.22 0.18 0.16 0.18 0.17 0.16 0.15 0.13 0.13 0.13 0.14 0.13

T eastern 0.07 0.09 0.09 0.08 0.06 0.07 0.07 0.06 0.06 0.06 0.07 0.06 0.06 0.06
T central 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

T northeast 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

T western 0.11 0.08 0.09 0.06 0.07 0.08 0.08 0.07 0.07 0.06 0.05 0.05 0.05 0.05

Note: 7w within-region inequality, 7" eastern within-region inequality in Eastern region, T central with-region inequality in Central region, T northeast
within-region inequality in Northeast region; 7 western within-region inequality in Western region
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the TFCEP. This interaction enhancement was not strong,
which indicated that although EI and FT had impact on
TFCEDP, their effects were limited. The influence of URNEI
and FTNPGDP interaction on TFCEP was more than 7%. The
q values of other interaction types of factors were all below
7%. Therefore, when making carbon emission reduction mea-
sures, the role of different driving factors and the synergistic
effect of each driving factor should be taken into consider-
ation, and a differentiated multiple control strategy should be
adopted.

In order to understand the magnitude of the impact from
driving factors on the TFCEP of the transportation industry in
different geographical regions, the ¢ values of these driving
factors on the TFCEP in four geographical regions were cal-
culated and shown in Fig. 6. Results illustrated that the
TFCEP values in different geographical regions were driven
by different factors.

In terms of the impact magnitude of a single factor,
for Eastern region, FT has the greatest influence on
TFCEP (7.76%), followed by EI (6.99%), PGDP
(3.26%), UR (1.83%), PT (1.80%), and POP (0.88%).
For the Central region, the driving factors affecting
TFCEP can be ranked with ¢ value, UR (18.18%) >
PGDP (7.24%) > EI (6.25%) > PT (5.96%) > FT
(4.13%) > POP (3.01%). For the Northeastern region,
the order of influence was as follows: EI (18.40%) >
PGDP (3.19%) > FT (2.03%) > UR (1.75%) > PT
(1.52%) > POP (1.37%). In the Western region, the
factor detector showed that the FT was the most influ-
ential factor (6.16%), followed by EI (2.28%), while PT

- B

POP 0.18

Fig. 6 Q-statistic of the driving
forces on the TFCEP in four
regions. Note: EI, energy
intensity; PGDP, per-capita GDP;
POP, population; UR, urbaniza-
tion rate; FT, freight turnover; PT,
passenger turnover
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(0.12%) and POP (0.63%) had the least impact on
TFCEP. In general, FT and EI had greater influence
on TFCEP in Eastern region and Western region among
the six driving factors, while TFCEP values in Central
region were dominated by UR and PGDP. In the
Northeastern region, EI and PGDP had a significant
impact on TFCEP. The factors of PT and POP in four
regions had a relatively small g value, indicating that
their impacts in TFCEP were not significant.

In terms of the interactive effects between two indepen-
dent factors, except URNPGDP interaction in Central re-
gion was a bivariate enhancement, the type of interaction
between any two independent factors in each region was a
nonlinear enhancement type. The effects of EINPGDP,
EINUR, and EINFT in TFCEP were dominant in the
Eastern region. PTNUR, PGDPNPOP, and PTNPOP were
dominant in the Central region. TFECP in Northeastern
region was mainly determined by the interactions of
EINPOP, EINPGDP, as well as EINFT. TFCEP in the
western was more affected by the interactions between
EINFT and EINPGDP. It should be noted that EI was
the important common interacting factor across most re-
gions except for the Central region. Specifically, the in-
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Northeastern, and Western regions. For the Northeastern
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with a ¢ statistic of 72.36%.
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Conclusions

The TFCEP in China’s transportation industry had a signifi-
cant improvement, and the improvement came from EC rather
than TC. In the future, more advanced green energy technol-
ogies and low-carbon incentives should be taken initiatively
by the Chinese government to achieve green transportation
(Chen et al. 2019). There is an obvious decline in TFCEP
inequalities across China’s transportation industry. This de-
cline was mainly due to the within-region inequality rather
than between-region inequality. Freight turnover, energy in-
tensity, and per-capita GDP were the main driving factors of
TFCEP in China’s transportation industry. Freight turnover
had the greatest power of determinance on TFCEP in
Eastern region and Western region. Urbanization rate and en-
ergy intensity were the dominant factors effecting TFCEP in
Central and Northeastern regions, respectively. The interac-
tions showed a nonlinear enhancement, which meant that the
influence of a combination of any factors on TFCEP was far
more effective than that of any single factor. Therefore, the
characteristics of different driving factors and the effect of
interaction and synergism of driving factors should be taken
into consideration for improving TFCEP in the transportation
industry.

TFCEP of transportation industry is jointly affected by so-
cioeconomic factors and natural factors. The limitation of this
article is that it only focuses on socioeconomic factors. We
therefore encourage future studies to analyze and discuss the
impact mechanisms that the natural factors and socioeconom-
ic factors impose on TFCEP in the transportation industry. In
the further research, the transportation industry carbon emis-
sion performance assessment and influencing factors should
be applied at a more microscopic level, such as city level, as to
provide more specific carbon emission reduction suggestions.
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Passenger turnover

Author contribution Li Wang: Conceptualization; Methodology; Data
curation; Writing, original draft preparation; Visualization; Writing,
reviewing and editing. Yanfei Zhao: Formal analysis; Investigation;
Methodology; Writing, reviewing and editing. Jiaoyue Wang:
Conceptualization; Supervision; Funding acquisition; Writing, reviewing
and editing. Jiahui Liu: Data curation; Methodology; Software;
Validation; Visualization; Writing, original draft preparation. All authors
have read and approved the paper.

Funding This work was supported by Youth Innovation Promotion
Association, Chinese Academy of Sciences [grant number 2020201].

Availability of data and materials The datasets used and/or analyzed
during the current study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval Not applicable.

Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Alcantara V, Duro JA (2004) Inequality of energy intensities across
OECD countries: a note. Energ Policy 32:1257-1260

BP (2019) Statistical Review of World Energy. BP

Cao W, Yuan X (2019) Region-county characteristic of spatial-temporal
evolution and influencing factor on land use-related CO, emissions
in Chongqing of China, 1997-2015. J Clean Prod 231:619-632

Chen JD, Xu C, Song ML, Xie QJ, Liu X (2019) Regional disparities and
influencing factors for carbon productivity change in China's trans-
portation industry. Int J Sustain Transp 14:1-2

Clarke-Sather A, QuJ, Wang Q, Zeng J, Li Y (2011) Carbon inequality at
the sub-national scale: a case study of provincial-level inequality in
CO, emissions in China 1997-2007. Energy Policy 39:5420-5428

Dai 'Y, Gao HO (2016) Energy consumption in China’s logistics industry:
a decomposition analysis using the LMDI approach. Transport Res
D-Tr E 46:69-80

DuQ, LiJ, Li Y, Huang N, Zhou J, Li Z (2020) Carbon inequality in the
transportation industry: empirical evidence from China. Environ Sci
Pollut Res 27:6300-6311

EIA (U.S. Energy Information Administration) (2010) International en-
ergy outlook 2010

Fan FY, Lei YL (2016) Decomposition analysis of energy-related carbon
emissions from the transportation sector in Beijing. Transport Res
D-Tr E 42:135-145

Fan MT, Shao S, Yang LL (2015) Combining global Malmquist-
Luenberger index and generalized method of moments to investigate
industrial total factor CO, emission performance: a case of Shanghai
(China). Energ Policy 79:189-201

Fére R, Grosskopf S, Pasurka CA Jr (2007) Environmental production
functions and environmental directional distance functions. Energy
32:1055-1066

Guan W, Xu ST (2015) Spatial energy efficiency patterns and the cou-
pling relationship with industrial structure: a study on Liaoning
Province, China. J Geogr Sci 25:355-368

Guo Y, Zhang X, Wang Q, Chen H, Du X, Ma Y (2020) Temporal
changes in vegetation around a shale gas development area in a
subtropical karst region in southwestern China. Sci Total Environ
701:134769

Guo P, WuH, ChenY, LvJ, Shi T, Liu P, Wu Y, Zhou H, Zhang H, Liu
M, Zheng M, Feng W (2021) Associations of chemical components
of fine particulate matter with emergency department visits in
Guangzhou, China. Atmos Environ 246:118097

He CH (2012) Research on low carbon traffic development of Shanghai
based on the LMDI model. Hefei University of Technology (in
Chinese), Heifei, 28 pp

Heil MT, Wodon QT (2000) Future inequality in CO, emissions and the
impact of abatement proposals. Environ Resour Econ 17:163-181

@ Springer



Environ Sci Pollut Res

Hu 'Y, Wang J, Li X, Ren D, Zhu J (2011) Geographical detector-based
risk assessment of the under-five mortality in the 2008 Wenchuan
Earthquake, China. PLoS ONE 6

Hu N, Liu S, Gao Y, Xu J, Zhang X, Zhang Z, Lee X (2018) Large
methane emissions from natural gas vehicles in Chinese cities.
Atmos Environ 187:374-380

LiJ, Xu C, Chen M, Sun W (2019) Balanced development: nature envi-
ronment and economic and social power in China. J Clean Prod 210:
181-189

Lin BQ, Benjamin NI (2017) Influencing factors on carbon emissions in
China transport industry. A new evidence from quantile regression
analysis. J Clean Prod 150:175-187

Lin B, Fei R (2015) Regional differences of CO, emissions performance
in China’s agricultural sector: a Malmquist index approach. Eur J
Agron 70:33-40

LiuZ, LiL, Zhang Y-J (2015) Investigating the CO, emission differences
among China's transport sectors and their influencing factors. Nat
Hazards 77:1323-1343

Lu SR, Jiang HY, Liu Y, Huang S (2017) Regional disparities and
influencing factors of average CO, emissions from transportation
industry in Yangtze River Economic Belt. Transport Res D-Tr E
57:112-123

Lv TX, Wu X (2019) Using panel data to evaluate the factors affecting
transport energy consumption in China's three regions. Int J Env Res
Public Health 16

National Bureau of Statistics of China (2011) Division method of East,
West, Central, and Northeast China [Chinese document]. http://
www.stats.gov.cn/ztjc/zthd/sjtjr/dejtjkfr/tjkp/201106/
t20110613_71947.htm. Accessed 1 April 2021

Oh DH (2009) A global Malmquist-Luenberger productivity index: an
application to OECD countries 1990-2004. The Royal Institute of
Technology, Stockholm

Oh DH (2010) A global Malmquist-Luenberger productivity index. J
Prod Anal 34:183-197

Peng Z, Wu Q, Li M (2020a) Spatial characteristics and influencing
factors of carbon emissions from energy consumption in China’s
transport sector: an empirical analysis based on provincial panel
data. Pol J Environ Stud 29:217-232

Peng Z, Wu Q, Wang D, Li M (2020b) Temporal-spatial pattern and
influencing factors of China’s province-level transport sector carbon
emissions efficiency. Pol J Environ Stud 29:233-247

Ran Q, Hao Y, Xia A, Liu W, Hu R, Cui X, Xue K, Song X, Xu C, Ding
B, Wang Y (2019) Quantitative assessment of the impact of physical
and anthropogenic factors on vegetation spatial-temporal variation
in Northern Tibet. Remote Sens 11

Ren Y, Deng L-Y, Zuo S-D, Song X-D, Liao Y-L, Xu C-D, Chen Q, Hua
L-Z, Li Z-W (2016) Quantitying the influences of various ecological
factors on land surface temperature of urban forests. Environ Pollut
216:519-529

Shan HJ (2008) Re-estimating the capital stock of China: 1952-2006. J
Quant Tech Econ 10:17-31 (In Chinese)

Shorrocks AF (1980) The class of additively decomposable inequality
measures. 48(3):613-625

Theil H (1967) Economics and information Theory, vol 7. North-Holland
Publishing Company, Amsterdam

@ Springer

Wang J-F, Xu C-D (2017) Geodetector: principle and prospective. Acta
Geograph Sin 72:116-134 (in Chinese)

Wang J-F, Li X-H, Christakos G, Liao Y-L, Zhang T, Gu X, Zheng X-Y
(2010) Geographical detectors-based health risk assessment and its
application in the neural tube defects study of the Heshun Region,
China. Int J Geogr Inf Sci 24:107-127

Wang B, Sun Y, Chen Q, Wang Z (2018) Determinants analysis of
carbon dioxide emissions in passenger and freight transportation
sectors in China. Struct Chang Econ Dyn 47:127-132

Wang Q, Jiang X-t, Yang X, Ge S (2020a) Comparative analysis of
drivers of energy consumption in China, the USA and India - a
perspective from stratified heterogeneity. Sci Total Environ 698

Wang L, Xi F, Yin Y, Wang J, Bing L (2020b) Industrial total factor CO,
emission performance assessment of Chinese heavy industrial prov-
ince. Energy Efficiency 13:177-192

Wang L, Fan J, Wang J, Zhao Y, Li Z, Guo R (2020c) Spatio-temporal
characteristics of the relationship between carbon emissions and
economic growth in China's transportation industry. Environ Sci
Pollut Res 27:32962-32979

Xiao H, Shan Y, Zhang N, Zhou Y, Wang D, Duan Z (2019)
Comparisons of CO, emission performance between secondary
and service industries in Yangtze River Delta cities. J Environ
Manag 252:109667

Xu B, Lin BQ (2015) Carbon dioxide emissions reduction in China’s
transport sector: a dynamic VAR (vector autoregression) approach.
Energy 83:486-495

Xu B, Lin B (2018) Investigating the differences in CO, emissions in the
transport sector across Chinese provinces: evidence from a quantile
regression model. J Clean Prod 175:109-122

Yin J, Wu X, Shen M, Zhang X, Zhu C, Xiang H, Shi C, Guo Z, Li C
(2019) Impact of urban greenspace spatial pattern on land surface
temperature: a case study in Beijing metropolitan area, China.
Landsc Ecol 34:2949-2961

Yuan C, Zhang S, Jiao P, Wu D (2017) Temporal and spatial variation
and influencing factors research on total factor efficiency for trans-
portation carbon emissions in China. Resour Sci 39:687-697 (in
Chinese)

Zhang N, Wei X (2015) Dynamic total factor carbon emissions perfor-
mance changes in the Chinese transportation industry. Appl Energy
146:409-420

Zhang N, Zhou P, Kung CC (2015) Total-factor carbon emission perfor-
mance of the Chinese transportation industry: a bootstrapped non-
radial Malmquist index analysis. Renew Sust Energ Rev 41:584—
593

Zhang L, Chen D, Peng S, Pang Q, Li F (2020) Carbon emissions in the
transportation sector of Yangtze River Economic Belt: decoupling
drivers and inequality. Environ Sci Pollut Res 27:21098-21108

Zhou GH, Chung W, Zhang XL (2013) A study of carbon dioxide emis-
sions performance of China’s transport sector. Energy 50:302-314

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


Administrator
高亮


	Regional...
	Abstract
	Introduction
	Methodology and data
	Estimation method of the TFCEP
	Regional inequality of TFCEP
	GDM
	Data and data sources

	Results and discussion
	Dynamic TFCEP and its decomposition change analysis
	Regional inequality of TFCEP analysis
	Driving factors on TFCEP analysis

	Conclusions
	References


