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Abstract

Purpose – The purpose of this study is to analyze the environmental efficiency level and trend of the
transportation sector in the upper–mid–downstream of the Yangtze River Economic Belt and the JingJinJi
region in China and assess the effectiveness of policies for protecting the low-carbon environment.
Design/methodology/approach – This study uses the meta-frontier slack-based measure (SBM) approach
to evaluate environmental efficiency, which targets and classifies specific regions into regional groups. First,
this study employs the SBM with the undesirable outputs to construct the environmental efficiency
measurement models of the four regions under the meta-frontier and group frontiers, respectively. Then, this
study uses the technology gap ratio to evaluate the gap between the group frontier and the meta-frontier.
Findings –The analysis reveals several key findings: (1) the JingJinJi region and the downstream of theYEBhad
achieved the overall optimal production technology in transportation than the other two regions; (2) significant
technology gaps in environmental efficiency were observed among these four regions in China; and (3) the
downstream region of the YEB exhibited the lowest levels of energy consumption and excessive CO2 emissions.
Originality/value – To evaluate the differences in environmental efficiency resulting from regions and
technological gaps in transportation, this study employs the meta-frontier model, which overcomes the
limitation of traditional environmental efficiencymethods. Furthermore, in the practical, the study provides the
advantage of observing the disparities in transportation efficiency performed by the Yangtze River Economic
Belt and the Beijing–Tianjin–Hebei regions.

Keywords Transportation environmental efficiency, Meta-frontier SBM, Yangtze River Economic Belt,

Beijing–Tianjin–Hebei (JingJinJi)

Paper type Research paper

1. Introduction
Since adopting reform and opening-up policies, China has experienced rapid economic
growth, becoming the world’s second-largest economy by GDP. However, achieving this feat
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necessitated adopting an unbalanced development strategy that focused on promoting
economic growth in the eastern coastal region, where favorable geographical and economic
development conditions exist. Despite this strategy’s success in promoting economic growth,
it has led to unintended side effects, such as wealth concentration in certain regions, and the
initially expected spillover effect has not materialized. To address these issues, China has
adopted more balanced and cooperative development strategies that promote regional
development. Two representative examples of these strategies are the Yangtze River
Economic Belt (YEB) Development Strategy and the Beijing–Tianjin–Hebei (JingJinJi) Region
Coordinated Development Strategy.

The YEB leverages its unique geographical advantages to coordinate the development of
China’s eastern, central and western regions, as well as to promote the opening of coastal,
river and border regions to the outside world. As a result, the YEB has become one of China’s
most economically intensive regions, exerting a significant influence on the global inland
river economic belt. In November 2018, the State Council of China emphasized the importance
of green development as the primary driving force for the coordinated development of all
YEB regions, promoting high-quality development while avoiding excessive development.
This underscores the country’s commitment to promoting sustainable and environmentally
friendly development in the YEB. The JingJinJi region, comprising Beijing (China’s capital),
Tianjin (the gateway to the metropolitan area) and Hebei Province (an economic hinterland
for the metropolitan area), aims to extend its development to northern China through
coordinated development strategies. Optimizing the allocation of resources in Beijing, Tianjin
and Hebei promotes functional complementarity and industrial upgrading in the region, as
well as economic development in the surrounding areas. As the third growth pole, this
regional coordinated development has accelerated the national economy’s growth. However,
resource consumption and environmental pollution in the JingJinJi region remain significant
obstacles to its joint development. Figure 1 displays the geographic distribution of provinces
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and cities in the YEB and the Beijing–Tianjin–Hebei (JingJinJi) region. The blue area on the
map represents the JingJinJi region, while the red, green and yellow areas indicate the
upstream, midstream and downstream regions of the YEB, respectively.

China has become the world’s largest energy consumption (British Petroleum, 2022) and
emitter of carbon dioxide country (World Bank Open Data, 2023), resulting in significant
energy and environmental challenges in recent decades. In response, the country has pursued
a “green and low-carbon development” path by implementing several new carbon and energy
targets, particularly, in the transportation sector, based on 2010 emission levels (Na et al.,
2017). Despite the various policy measures implemented by the Chinese government, there
remains substantial room for improvement in energy efficiency and carbon emissions (Feng
and Wang, 2018; Wei et al., 2021). Therefore, to address this issue, constructing a targeted
efficiency assessment model for the Chinese energy–environment–transportation system
and analyzing the problem can better serve as a basis for government decision-making,
leading to improvements in energy consumption and carbon dioxide emissions. The YEB and
the JingJinJi region have also implemented various policies to mitigate carbon dioxide
emissions in the transportation sector.

Conducting an analysis to examine the variations in environmental transportation
efficiency across regions can be instrumental in identifying the strengths and weaknesses of
each region concerning its transportation planning. It can provide reference to governments
and businesses for optimizing regional transportation systems, exploring multi-modal
transportation and relevant policy-making. In addition, the evaluation could assist in
formulating effective environmental protection measures to reduce the transportation
industry’s adverse effects on climate change.

Despite the transportation and environmental significance of the JingJinJi region and the
YEB, there is a current dearth of comparative analysis concerning the environmental
transportation efficiency across these four regions. Therefore, this study aims to analyze the
environmental efficiency level and trend of the transportation sector in the upper-mid-
downstream of the YEB and the JingJinJi region in China from 2004 to 2017 and assess the
effectiveness of policies for protecting the low-carbon environment of the transportation
sector. The study period covered 14 years, spanning from the 10th to the 13th of the Five-Year
Plans in China, and during this period, several transportation-related carbon emission
regulations and environmental protection policies were announced and implemented.

The paper is organized as follows. Section 2 reviews the literature on essential research
viewpoints and approaches related to environmental efficiency. Section 3 proposes a slack-
based measure (SBM) meta-frontier model to estimate the environmental efficiency of the
YEB and JingJinJi region. Section 4 presents the empirical analysis based on this model.
Finally, Section 5 provides conclusions and policy implications for China’s sustainable
transportation development.

2. Literature review
Environmental efficiency assessment is typically applied to measure the extent of synergy
between the economy and the environment. In recent years, the data envelopment analysis
(DEA) approach developed by Charnes et al. (1978) has gained significant prominence within
the domain of energy and environmental efficiency research. For instance, the DEA was
introduced to evaluate energy efficiency from the concept of disaggregate efficiency (Hu and
Wang, 2006) and to analyze the energy and environmental efficiency of transportation
sectors (Wei et al., 2021). Furthermore, an SBM–DEA model was carried out to measure the
environmental efficiency of the US transport sector (Park et al., 2018), which showed that the
state was supposed to substantially reduce carbon emissions to alleviate the environmental
inefficiency issues. Some other research associated with transportation, such as passenger
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airlines, airports, global airlines, ports and railways (Merkert and Hensher, 2011; Lin and
Hong, 2006; Scheraga, 2004; Liu and Hoon Lim, 2017; Song et al., 2016), were found in the
literature.

Concerning China’s transportation environmental efficiency, the total-factor framework
was one of the most favorable options for researchers. The total-factor DEA considers
multiple input and output factors for a comprehensive evaluation of unit performance
rather than focusing solely on a single input and output. For example, Zhou et al. (2013)
applied output-oriented environmental DEA technology to analyze transportation
environmental efficiency in China. Since the traditional DEA models with radial
assumption adjust input or output variables at the equal ratio while projecting each
DMU to the frontier line (Tone, 2001), a non-radial SBM–DEA model was extended to
provide more comprehensive efficiency measures and the source of inefficiency by
examining slack values (Chang et al., 2013). For instance, Chen et al. (2019) employed non-
radial DEA to evaluate the performance of the truck restriction policy in China, identifying
excessive investment as a primary source of inefficiency from slack decomposition. In
addition, to estimate the economic and environmental performances, many studies treated
CO2 emission as an undesirable output and captured the slack values of input and
undesirable output as well as the shortfalls of desirable output. Zhou et al. (2014) performed
an energy efficiency assessment of the regional transport sectors in China from 2003 to
2009. Not only that, Cui and Li (2014) designed a virtual frontier DEA to eliminate the effects
of non-operational factors and strengthen the effectiveness of the ranking system. Na et al.
(2017) measured China’s container port environmental efficiency with CO2 emissions using
the inseparable input–output SBMmethod, which reflects the inseparable characteristics of
inputs and outputs. Furthermore, Wang et al. (2020) employed a regression model to
identify determinants of environmental efficiency in 18 Chinese ports, using estimated
efficiency scores as dependent variables. However, traditional environmental efficiency
methods in transportation studies did not account for the technology gap and regional
heterogeneity, despite evident disparities in economic development and industrial
structure across different regions (Wang et al., 2013).

In order to address technology heterogeneity, O’Donnell et al. (2008) developed the meta-
frontier concept. Unlike the traditional frontier, which is typically a generic standard
applicable to all organizations or regions, the meta-frontier can accommodate the specific
circumstances of different organizations or regions. In consideration of the energy
consumption of regions, many meta-frontier DEA studies have evaluated energy efficiency
and explored possible causes of inefficiency using technology gaps (Wang et al., 2013; Lin and
Zhao, 2016; Lin and Tian, 2017). Feng and Wang (2017) and Yao et al. (2015) considered
energy efficiency and introduced carbon emission performance and reductions as analysis
factors to provide relatively comprehensive policy implications. Concerning evaluating
carbon emission performance, Wang et al. (2017) estimated China’s provincial energy
efficiencies based on the meta-frontier framework, classifying eight major economic regions.
Li et al. (2020) measured CO2 emission performance for Chinese port firms based on the meta-
frontier model, which can consider the technology heterogeneity among enterprises.
Specifically, they used a meta-frontier approach to divide port enterprises into two groups
according to the firm size.

Given the research reviews above, we can find that the meta-frontier DEA approaches
have been widely employed in environmental efficiency assessment, and the technology
heterogeneity is a non-negligible factor. However, there is a lack of meta-frontier DEA
research to estimate the transport sector’s environmental efficiency in China. In this case, the
difference in efficiency resulting from regional differences and technological gaps was hardly
considered. Furthermore, from the description above, we know that transportation has
become a significant development direction of Chinese cities in recent years, especially in

Measuring
environmental

efficiency

5



YEB and the JingJinJi region. However, Chinese policymakers currently lack information on
the environmental performance of transportation levels, which brings potential risks in
designing and implementing environmental protection policies. Hence, we selected the meta-
frontier model to evaluate environmental efficiency, which targeted and classified specific
regions into similar regional groups. In addition, we investigated the effect of carbon dioxide
emissions on transportation environmental efficiency by setting each region’s CO2 emissions
as undesirable output.

3. Methodology
The SBM approach introduced by Tone (2001) is a non-radial DEAmodel that directly shows
the degree of the input excess and output shortage of decision-making units (DMUs) by
utilizing slack variables (Wang et al., 2017). Contrary to the radial DEA model that handles
proportional changes of inputs/outputs, the SBM DEA model changes inputs or outputs
using slacks (Tone, 2001). Additionally, the SBM DEA model is a non-oriented model,
meaning that it does not need input- or output-oriented. However, the SBM DEA approach
assumes that the production technology is the same among DMUs, which causes a biased
evaluation of efficiency (Wang et al., 2013; Zhang et al., 2015a, b). Since unbalanced policy and
development gaps among different regions in China have led to provincial differences in the
production structure (Wang et al., 2012), the meta-frontier approach has been widely
employed in the literature. Similarly, this study adopted the method to construct frontiers for
evaluating transportation efficiency and to identify technological gaps between different
regions.

3.1 Production possibility set
We assumed there were N DMUs in the YEB and the JingJinJi region. In this research, all
DMUs can be divided into H groups; and for each DMUM inputs were utilized to produce R
desirable outputs and J undesirable outputs during the T production period.

Let x∈Rm
þ, y∈RR

þ and b∈RJ
þ, representing the input, desirable output and undesirable

output of the transportation sector, respectively, and defines the matrices X ¼
½x1; � � � ; xN �∈RM 3N , Y ¼ ½y1; � � � ; yN �∈RR3N and B ¼ ½b1; � � � ; bN �∈RJ 3N , respectively.

Let X > 0, yg > 0; yb > 0, and group h contains Nh DMUs. From the total factor theory, the

production possibility set Th under the group frontier of Group h is:

Th ¼ fðx; y; bÞ : x can produce ðy; bÞg8>>>>>>>>>><
>>>>>>>>>>:

XN
n¼1

λnxmn ≤ xm; m ¼ 1; � � � ;M
XN
n¼1

λnyrn ≥ yr; r ¼ 1; � � � ;R
XN
n¼1

λnbjn ≤ bj; j ¼ 1; � � � ; J
λn ≥ 0; n ¼ 1; � � � ;N

(1)

The production possibility set under themeta-frontier can be employed as the envelope line of

the production possibility set under the group frontier Tmeta ¼ fT1 ∪T2 ∪ � � � ∪THg,
expressed as: Tmeta ¼ fðx; y; bÞ : x can produce ðy; bÞg
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8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

XH
h¼1

XNh

n¼1

λhhxmn ≤ xm; m ¼ 1; � � � ;M

XH
h¼1

XNh

n¼1

λhhyrn ≥ yr; r ¼ 1; � � � ;R

XH
h¼1

XNh

n¼1

λhhbjn ≤ bj; j ¼ 1; � � � ; J

λhh ≥ 0; n ¼ 1; � � � ;Nh; h ¼ 1; � � � ;H

(2)

3.2 Meta-frontier SBM
In this research, the SBM with undesirable outputs was used to construct the efficiency
measurement models under the meta-frontier and group frontiers, respectively. Meta-frontier
DEA divides the DMUs into h(>1) groups and makes sub-production possibilities of groups,
which can consider different production opportunities of DMUs in different industries,
regions and/or countries. Based on Formulas (1) and (2), the group frontier SBM of Group h
can be expressed as follows:

ρ* ¼ min

1� 1
M

PM
m¼1

sx
m0

xm0

1þ 1
RþJ

 PR
r¼1

s
y

r0

yr0
þPJ

j¼1

sb
j0

bj0

!

S:T:

XNh

n¼1

λnxmn þ sxm0 ¼ xm0

XNh

n¼1

λnyrn � syr0 ¼ yr0 (3)

XNh

n¼1

λnbjn þ sbj0 ¼ bj0

sxm0; s
y
r0; s

b
j0; λn ≥ 0

The meta-frontier SBM of Group h can be expressed as follows:

ρmeta ¼ min

1� 1
M

PM
m¼1

sx
m0

xm0

1þ 1
RþJ

 PR
r¼1

s
y

r0

yr0
þPJ

j¼1

sb
j0

bj0

!

S:T:
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XH
h¼1

XNh

n¼1

λhnxmn þ sxm0 ¼ xm0

XH
h¼1

XNh

n¼1

λhnyrn � syr0 ¼ yr0 (4)

XH
h¼1

XNh

n¼1

λhnbjn þ sbj0 ¼ bj0

sxm0; s
y
r0; s

b
j0; λn ≥ 0

In equation (3) and (4), sxm0; s
y
r0 and s

b
j0, respectively, represent the slack variables of input, “good”

output and “bad”output. Ifρ ¼ 1and sxm0 ¼ syr0 ¼ sbj0 ¼ 0, theDMUisSBM-efficient (Tone, 2003).

3.3 Technical gap ratio
To evaluate the gap between the group frontier and the meta-frontier, the technology gap

ratio (TGRh
n) of environmental efficiency for DMUn was constructed as shown in Eq. (5)

(O’Donnell et al., 2008).

TGR
h
n ¼

MEEh
n

GEE
h
n

(5)

In addition, the average technology gap ratio of the kth group is calculated by Eq. (6).

TGR
k ¼

PNk

n¼1

TGR
h
n

Nk

(6)

TGR can measure how close the technology within a certain group-frontier is to the meta-
frontier technology level. As the meta-frontier is enveloped in the K group frontiers,
MEE ≤GEE always holds. Thus, the value of TGR is between 0 and 1. The closer the TGR is
to 1, the smaller the technology heterogeneity of the production system, whichmeans that the
environmental efficiency of the group frontier is closer to that of the meta-frontier. On the
other hand, if TGR is closer to 0, the technology heterogeneity is more significant, meaning a
bigger gap between the environmental efficiency of the group frontier and meta-frontier.

4. Empirical analysis
In this section, we adopted the meta-frontier SBM approach to estimate the environmental
efficiency of the JingJinJi region and the YEB from 2004 to 2017. First, we collected inputs,
desirable and undesirable outputs data described in our framework, which consisted of 14
provinces and cities in theYEBand 3 in the JingJinJi region.The provinces and cities in theYEB
were then divided into upper, mid and downstream parts. The upstream of the YEB comprises
Sichuan, Chongqing, Yunnan and Guizhou Province. The midstream consists of Hubei, Hunan
and Jiangxi Provinces, while the downstream comprises Shanghai, Zhejiang, Jiangsu and
Anhui Provinces. The JingJinJi region comprises Beijing, Tianjin and Hebei provinces.

4.1 Data
We assumed that the production model involved four kinds of input, three kinds of desirable
output and one undesirable output. The inputs considered net fixed assets and a total number of
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vehicles as the capital factors, total labor as the labor factor and energy consumption as the
energy factor. Passenger and freight turnover volume, value-added of transport, storage andpost
stood for desirable outputs, and CO2 emission represented the undesirable output. The labor, net
fixed asset value and total number of vehicles were collected from the Chinese Logistics
Statistical Yearbook and National Transportation Statistical Yearbook (2004–2018). Passenger
and freight turnover volume and value-added transport, storage and postal data were collected
from the National Statistical Yearbook, Chinese Logistics Statistical Yearbook and National
Transportation Statistical Yearbook (2004–2018). The energy consumption data were sourced
from the National Environment Statistical Yearbook (2004–2018).

According to the “China Energy Statistics Yearbook,” the types of energy consumption in
the transportation sector mainly include raw coal, clean coal, briquette, coke oven gas,
kerosene, diesel, fuel oil, liquefied petroleum gas, natural gas, heat, electricity and other
energy sources. This paper converted the energy consumption of the YEB and the JingJinJi
region into standard coal based on the energy conversion coefficient in the “China Energy
Statistical Yearbook.” The specific calculation formula is as follows:

E ¼
X

Ci * ei (7)

Ci is the energy conversion coefficient of the i-th energy, and ei is the consumption of the i-th
energy.

The estimation approach of carbon dioxide is different from energy consumption since
emission data is not disclosed in the yearbook. Thus, fossil energy consumption is employed
to estimate carbon emissions in this paper. The calculation formula is shown as follows:

C ¼
Xn
i¼1

Ci ¼
Xn
i¼1

Ei *NCVi *CEFi *COFi (8)

In the formula above,Ei is the consumption of the i-th type of energy,NCVi is the average low
calorific value of the i-th type of energy, CEFi is the carbon emission coefficient of the ith type
of energy provided by IPCC, and COFi is the carbon oxidation factor is 44/12, and the unit is
10,000 tons. The average low calorific value and carbon emission coefficient of each energy
source are from the 2006 IPCC National Greenhouse Gas Inventory Guidelines.

Table 1 shows the descriptive statistics of input and desirable and undesirable output
data. Table 2 shows the correlation matrices for inputs and outputs. All the correlation
coefficients between the inputs and outputs are significantly positive except for Freight
Turnover Volume and Passenger Turnover Volume. Correspondingly, as inputs were added,
the output values also tended to increase, representing the “isotonicity” of the inputs and
outputs in the DEA model (Mostafa, 2009). Therefore, employing the meta-frontier SBM
approach for measuring environmental efficiency is feasible.

4.2 Results and analysis
We measured the transportation environmental efficiency of 14 provinces of YEB and
JingJinJi region from 2004 to 2017. First, we estimated meta-frontier environmental efficiency
using Formula (3) of all DMU without considering regional and technical heterogeneities.
Second, we evaluated the group frontiers by considering regional and technological
heterogeneities in the upper, mid and downstream YEB and the JingJinJi regions through
Formula (4). Then, the TGR (technological gap ratio) was calculated through Formula (5).
Lastly, we analyzed the causes of environmental inefficiency in each region through slack
analysis and discussed ways to increase the environmental efficiency of transportation in
YEB and JingJinJi region through CO2 reduction analysis. The estimated results demonstrate
some consistency with previous research concerning regional rankings in assessing
environmental efficiency in the transportation sector (Jiang, 2022; Zhimin, 2019).
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Table 1.
Descriptive statistics of
input and output
variables, 2004–2017
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4.2.1 Meta-frontier results. The environmental efficiency analysis based on the meta-frontier
SBM approach showed that the average overall environmental efficiency in 14 regions was
0.5875. The average environmental efficiency in the YEB and the JingJinJi region was 0.5619 and
0.6394, respectively, indicating that the JingJinJi regionwas higher than theYEB. Themidstream
of YEB and JingJinJi region showed a similar efficiency level. In contrast, the upstream of YEB
showed the lowest efficiency, and the efficiency gap with other regions was also relatively large.

The province-level analysis of the SBM frontier revealed that Tianjin exhibited the highest
environmental efficiency among the regions from 2004 to 2011. This achievement might be
ascribed to its reliance on waterway transportation. Conversely, from 2011 to 2017, Hebei
emerged as the most efficient province. Notably, in 2011, Hebei initiated the adoption of new
energy vehicles to replace diesel vehicles and actively promoted the growth of waterway
transportation. In contrast, Yunnan, situated upstream of the YEB, obtained the lowest
ranking among the 14 regions. This outcome could be attributed to various factors, including
a heavy dependence on outdated transportation modes and inadequate attention to
transitioning towards lower energy consumption. The results of transportation
environmental efficiency for both the YEB and JingJinJi regions are presented in Table 3.

Figure 2 illustrates the four regions’ average SBM frontier efficiency trend from 2004 to
2017. It seems the four regions’ environmental efficiency has shown significant growth in 2010
since China announced its commitment to energy conservation and emissions reduction at the
2009 Copenhagen Climate Change Conference. The downstream of the YEB demonstrated the
best performance from 2008. This could be related to well-executed transportation planning
and environmental protection measures in the area. For example, Jiangsu Province took the
lead in launching the construction of a green, circular and low-carbon transportation
demonstration province, creating a number of green transportation cities, roads and ports. This
played a positive role in promoting environmental efficiency to some extent.

4.2.2 Group frontier results.Table 4 demonstrates the results of group frontier analysis for
four regions. The analysis results showed that the average efficiency of 14 regions from 2004
to 2017 was 0.8047. The upstream of the YEB had an average group frontiers efficiency of
0.7950 from 2004 to 2017, with Guizhou province demonstrating the highest efficiency at
0.9902 due to its lower transportation inputs. Meanwhile, Hunan province in themidstream of
the YEB exhibited the highest transportation environmental efficiency level, averaging
0.9678, which can be attributed to its effective input conversion capabilities. The downstream
region of the YEB had an average efficiency of 0.8570, with Shanghai having the highest

Labor NFAV TNV
Energy

consumption
Passenger

-km
Freight
ton-KM

Value
added

CO2

emissions

Labor 1.0000
NFAV 0.5606* 1.0000
TNV 0.3301* 0.6200* 1.0000
Energy
consumption

0.7038* 0.5750* 0.3271* 1.0000

Passenger-
KM

0.2501* 0.4413* 0.6424* 0.2731* 1.0000

Freight ton-
KM

0.3069* 0.2219* 0.3428* 0.6184* 0.1111 1.0000

Value added 0.6117* 0.6842* 0.7165* 0.6113* 0.5753* 0.4963* 1.0000
CO2

emissions
0.6904* 0.5553* 0.3147* 0.9990* 0.2626* 0.6271* 0.5981* 1.0000

Note(s): * Correlation is significant at the 1% level (2-tailed)
Source(s): Authors’ own work

Table 2.
Correlation matrix for
inputs and outputs,

2004–2017
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efficiency of 0.9355. Shanghai’s remarkable efficiency can be attributed to its steadfast
commitment to expanding the scale of its high-speed rail and road network. Additionally, in
2015, it took the lead in implementing higher emission standards for motor vehicles, resulting
in a significant reduction in the growth rate of energy consumption in the transportation
industry. However, Beijing, China’s capital, had very low environmental efficiency, with an
average of 0.1621 over the 14-year period. This inefficiency can be attributed, in part, to its
relatively lower scale efficiency in the initial stages.

4.2.3 Technological gap ratio. Investigating the gap between the efficiency values of group
frontiers and meta-frontier and comparing the environmental technology gap ratio between
different regions, the TGRs of the transportation environment in the YEB and the JingJinJi
region were calculated and displayed in Table 5. It was found that the JingJinJi region and
downstream of the YEB achieved the potential optimal production technology in
transportation. It is evident that the JingJinJi region and downstream of YEB had the most
advanced production technology and were China’s most economically developed regions.

In Figure 3, the JingJinJi region had the highest TGR during the period of 2004–2009 and
2014–2016, while downstream of YEB had the highest TGR from 2010 to 2013 and 2017. This
was consistent with the fact that the JingJinJi and downstream of YEB had been playing the
leading character in the economy, technology and environmental governance. As an example,
Jiangsu province has demonstrated a strong commitment to advancing multi-modal
transportation, particularly in developing rail-water transportation since the 11th Five-Plan
in 2011. In parallel, the region has implemented policies aimed at energy conservation and
environmental sustainability, such as promoting swap trailer transport and the adoption of
natural gas vehicles. The YEB region showed an increasing TGR trend since 2015, while the
JingJinJi region showed a decreasing trend. Judging from this trend, the technological gap in
these regions was reduced due to the effects of eco-friendly and low-carbon transportation-
related policies implemented in the YEB regions since 2015.

4.2.4 Environmental efficiency increase and CO2 reduction potential. In this section, we
calculated the degree and excessive input, shortfall output and excessive undesirable level in
the transportation environment efficiency of the YEB and the JingJinJi region. The slack
value showed excessive input and output and a shortfall compared to the optimal efficiency
for each input and output. Based on the results of the group frontier in the four regions, the
slack analysis of inputs and outputs explored which parts should be adjusted to move to the
efficient frontiers. Table 6 shows the input and output slacks of four regions.

The JingJinJi region ranked third in the transportation environmental efficiency among
the four regions. The input of labor factor was highest and urgent to adjust. In the case of
output factors, it was found that passenger and freight turnover in the JingJinJi region was

Source(s): Authors’ own work
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insufficient. The additional 4667.43 (unit) ton-km, which was more than 2.6 times higher than
the downstream of the YEB, could move to the efficiency frontier. Due to these causes, the
JingJinJi region received low environmental efficiency than other regions.

The three regions of the YEB showed different input and output slacks by region. In the
midstream of the YEB region with the second highest efficiency, the excessive input level of
factors was relatively small among the four. Although the excess emission of CO2 showed the
lowest level among the four regions, the freight turnover volume is relatively insufficient
compared to the downstream of YEB.

The downstream of the YEB demonstrates the highest efficiency score among the four
regions, indicating superior transportation environmental efficiency. It exhibits a notable
advantage over other regions regarding freight turnover volume. However, despite this
achievement, substantial opportunities for enhancing energy efficiency and curtailing CO2

emissions remain unexplored. Conversely, upstream of the YEB records the lowest efficiency
score, with considerable inputs failing to yield proportional outputs. This discrepancymay be
ascribed to its geographical configuration, insufficient infrastructure and relatively lower
technological advancement.

5. Conclusions and policy implications
Under the YEB Development Strategy and the Beijing–Tianjin–Hebei (JingJinJi) Region
Coordinated Development Strategy, the YEB and the JingJinJi region are under pressure to
reduce carbon dioxide in the transportation sector and introduce various environmental
policies. This paper investigated the environmental efficiency of the transportation sector in the
YEB and the JingJinJi region with CO2 emissions from four perspectives. Based on the analysis
results, we proposed policy suggestions to increase transportation environmental efficiency.

First, in light of low environmental efficiency and excessive CO2 emissions in the analysis,
the upstream of the YEB needs to tailor a low-carbon transportation development strategy
based on their specific economic development levels. Specifically, measures such as reducing
the massive use of low-quality fuel, addressing overloaded transportation and non-optimal
route planning are urgently needed to be implemented. Integral to this strategy is the
introduction of a government-driven clean fuel subsidy program. This policy could provide
economic incentives, reduce operational costs, offset additional expenses associatedwith low-
carbon fuels, stimulate market demand (Dahle et al., 2021), integrate environmental
responsibility and foster technological innovation (Hepburn et al., 2018). In addition, as the
mountainous terrain is a prominent feature of the upper Yangtze River region, the relatively
longer transportation distances and the complexity of the terrain may result in the instability
of fuel demand. Thus, the layout and transportation route optimization of green energy sites
should be given priority consideration.

Second, the midstream of YEB, as a transportation hub in central China, should focus on
implementing low-carbon transportation policies since energy consumption and excessive
CO2 emissions were found to be the highest in the midstream of the YEB. For example, the
region could effectively promote the multi-modal transportation of water-rail and rail-road to
reduce CO2 emissions caused by the transportation sector (Heinold and Meisel, 2018). The
establishment of cooperative alliances, taking into account the eco-label preferences of
logistics service providers, can facilitate the advancement of intermodal transport (Zhang
et al., 2022). This cooperative approach fosters synergistic initiatives aimed at enhancing the
sustainability and efficiency of transportation in the midstream YEB, aligning with the
imperative to reduce the ecological footprint.

Third, the JingJinJi region should engage proactively in the coordinated development
strategy. Specifically, Beijing needs to specialize in its functions to eliminate inefficiencies
and transfer transportation-related functions to Hebei province and Tianjin because it had
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low environmental efficiency, with an average of 0.1621 over the 14-year period. In this
regard, it is crucial for the JingJinJi region to establish cross-regional logistics centers
and comprehensive transportation hubs. This would maintain stable volumes of passenger
and freight through inter-regional links while simultaneously promoting economic and
environmental efficiency of the transportation sector through the application of cutting-edge
technologies related to the Fourth Industrial Revolution (Zhao and Xie, 2022).

The contributions of this study are twofold. First, this study employs the meta-frontier
model to assess environmental efficiency in the transportation sector, considering the
technology gap and heterogeneity of the regions. It contributes positively to the comparative
analysis of transportation efficiency across multiple regions. Second, the study provides the
advantage of observing the disparities in transportation efficiency performed by the Yangtze
River Economic Belt and the Beijing–Tianjin–Hebei regions.

In conclusion, this research underscores the importance of sustainable and low-carbon
transportation in the YEB and the JingJinJi region. By leveraging the insights gained from the
analysis and adopting the policy suggestions proposed, both regions can pave the way for a
more environmentally friendly and efficient transportation sector, contributing to the overall
goal of achieving sustainable development and reducing carbon emissions in China.
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