
Energy and Environmental Efficiency
Evaluation of Transportation Systems
in China’s 255 Cities
Liudan Jiao, Fengyan Wu, Fenglian Luo, Yu Zhang* and Xiaosen Huo

School of Economics and Management, Chongqing Jiaotong University, Chongqing, China

China’s transportation sector suffers from excessive energy consumption and serious
pollutant emissions. There is increasing pressure to improve energy and environmental
efficiency (EEE). This paper researches the EEE of transportation systems in 255 Chinese
cities from 2015 to 2019 with the assistance of the super-efficiency SBMmodel. Research
results show that the five-year average EEE of the Chinese transportation system is
0.4420, indicating an overall low performance, with most regions still needing
improvement. There are significant differences in the transportation system EEE
between cities, with Guangzhou, Maoming, and Zhoushan ranking in the top three,
and Heihe, Xining, and Taiyuan in the bottom. Cities with a better economic base,
developed water systems and more relevant policy documents do better in energy use
and environmental protection compared to other cities. Moreover, the development of the
transportation systems is uneven, with noticeable regional differences. The general trend is
that cities located in the eastern have better transportation systems EEE than cities in other
economic zones. The findings should have a far-reaching impact on the sustainable
development of cities. It also provides an essential reference for the research on EEE
efficiency of transportation systems in China and other countries.
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1 INTRODUCTION

Economic globalization promotes the continuous economic growth of all countries in the world
(Patel and Rietveld, 2021). Since the “reform and opening up” policy was launched in 1978, China’s
economy has developed rapidly (Fan et al., 2019; Yang et al., 2019). However, rapid economic growth
has resulted in the cost of high energy consumption and high pollution emissions (Kurniawan et al.,
2021; Xiong and Xu, 2021). Chinese energy use is much higher than developed countries and the
world average (Chen et al., 2018; Koondhar et al., 2021). Among all industries, transportation has the
highest energy consumption and environmental pollution (Chen et al., 2018; Zhao et al., 2022). The
International Energy Agency (IEA) reported that in 2019, 24.46% of the world’s energy consumption
was by the global transportation sector. This sector was the second-worst greenhouse gas emitter
worldwide, accounting for 24.64% of global CO2 emissions (International Energy Agency, 2019).
Similarly, the Chinese transportation industry is also facing colossal energy consumption problems.
According to the “2020 China Energy Statistical Yearbook,” the total energy consumption of the
transportation, warehousing, and postal industries has nearly doubled from 244.6 million tons of
standard coal in 2009 to 439.09 million tons of standard coal in 2019. Massive energy consumption
and pollution emissions have severely restricted China’s economic growth and sustainable social
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development (Zhang et al., 2020). The considerable
transportation demand in the future will stimulate more
infrastructure investment and energy consumption (Zhang
et al., 2020; Zhu et al., 2020). Reducing energy consumption is
of great significance to realising urban sustainable development
goals.

In recent years, China’s energy consumption has continued to rise.
The environmental quality is deteriorating and has become the focus
of government and society. The “14th Five-Year Plan”
Comprehensive Work Plan for Energy Conservation and Emission
Reduction issued by the State Council proposes that by 2025, the
national energy consumption per unit of GDP will be reduced by
13.5% compared with 2020. The emission of various pollutants will be
strictly controlled. Although the Chinese government has
implemented various policies and measures, the problems of
China’s energy consumption and pollutant emissions are still
prominent (Wei et al., 2021). Improving energy efficiency and
reducing environmental pollution has become an urgent issue for
the Chinese government and future economic development. In order
to solve this problem, it is of great significance to investigate and study
the energy and environmental efficiency of China’s transportation
industry to obtain useful information and provide information for
decision-makers seeking to improve the efficiency of the
transportation industry and promote energy conservation and
emission reduction.

The seriousness of the problem has attracted the attention of
many scholars, and the energy consumption and environmental
pollution problems of the transportation system have been studied
from the national, provincial, and urban levels. At the national level,
Cui and Li (2015) applied a virtual Frontier Data Envelopment
Analysis model to empirically analyse the carbon efficiency of
transportation in 15 countries from 2003 to 2010. Sonmez et al.
(2017) used an artificial bee colony algorithm to estimate
transportation energy demand in Turkey. Pinglin (2020) used an
autoregressive distributed lag (ARDL) model to study the overall
impact of taxes on energy efficiency in OECD countries. The study
found that vehicle traffic taxes significantly improve energy
efficiency in the long term. Wanke et al. (2020) used a robust
Bayesian stochastic Frontier analysis method to study the
sustainability efficiency of the Chinese transportation system. At
the provincial level, some scholars study the efficiency of the
transportation industry from the perspective of a single efficiency,
and some scholars research the energy and environmental efficiency
of the transportation system at the same time. Single efficiency
studies include environmental efficiency, energy efficiency, CO2

emission efficiency, and transportation sustainability. For
instance, Chang et al. (2013) used the non-radial SBM model to
analyse the environmental efficiency of China’s transportation
industry in 2009. Liu and Lin (2018) and Cui and Li (2014)
studied the energy efficiency of China’s transportation industry.
Zhao et al. (2022) used the EBM DEA model with undesirable
outputs and the spatial Durbin model to evaluate China’s
transportation sector carbon dioxide emissions efficiency and its
influencing factors. And Tian et al. (2019), Stefaniec et al. (2020)
evaluated the Chinese transportation system from sustainability.

Many scholars have evaluated the energy and environmental
efficiency of the transportation system at the provincial level.

Among them, Wang et al. (2013b) used the non-parametric
method of range adjustment measure, Bi et al. (2014) and Ren
et al. (2020). Wei et al. (2021) used the data envelopment analysis
method. And Wu et al. (2016) studied the transportation system
as a parallel system consisting of passenger and freight
subsystems. At the city level, Chen et al. (2018) studied the
transportation energy efficiency of 15 cities in the Yangtze
River Delta region from 2009 to 2013. Wei et al. (2013)
compared the transportation system efficiency of 34 cities in
China in 2008. Meng et al. (2017) used an integrated life cycle
approach to examine the energy efficiency of the urban
transportation system in Xiamen, Fujian province, China.

To summarize the existing literature, although there have been
many studies on the transportation system’s energy efficiency or
environmental efficiency, few scholars have studied the
transportation system’s energy and environmental efficiency
(EEE) from the city level. However, China has a large number
of cities. According to the Ministry of Housing and Urban-Rural
Development of the People’s Republic of China, there are
687 cities in China in 2020. Cities with different resource
endowments and socioeconomic conditions have different
levels of infrastructure construction capability (Zhang and Qi,
2021). In China, cities are the basic units for implementing energy
conservation and emission reduction policies (Liu et al., 2021).
Therefore, studying the transportation system’s efficiency from
the city level will help formulate relevant policies and implement
corresponding measures according to the actual situation of
different cities to improve energy efficiency and environmental
efficiency.

This paper collects relevant data from 2015 to 2019 and uses
the super-efficiency SBM model to evaluate and analyse the EEE
of transportation systems in 255 cities in China. It contributes to
the improvement of energy conservation, emission reduction,
and environmental protection effects in each region to achieve
sustainable development. The innovation and contribution of this
paper compared with other references mainly lie in the following
aspect. This is the first study that provides detailed city-by-city
analyses aiming to evaluate energy and environmental efficiency
in the transportation system at the city level. It highlights the
importance of pursuing a balance of energy efficiency and
environmental protection across all cities in the transportation
system. The research findings will provide local governments
with scientific and practical references for investigating policy
implications, which contribute to the national energy-saving and
environmental protection in transportation.

The rest of this article is organised as follows. Section 2 is the
research method and introduces the super-efficiency SBMmodel.
Section 3 illustrates the Research materials, including indicators
and data. The empirical results and discussion are presented in
Section 4. Finally, the conclusions and policy implications are
discussed in Section 5.

2 RESEARCH METHOD

The purpose of this research is to evaluate the EEE of
transportation systems in Chinese different cities, and there
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are four main steps to achieve this goal. Firstly, establish an
evaluation index system and collect data. Secondly, choose an
evaluation method to evaluate the EEE of the transportation
system, and make measurements for 255 cities in China. Thirdly,
the measurement results and analysis. Finally, make conclusions
and policy recommendations. The flowchart of the transportation
systems’ EEE research framework is shown in Figure 1.

The existing literature for evaluating the efficiency of the
transportation industry includes the Bayesian stochastic Frontier
analysis method (Wanke et al., 2020), an energy-efficient model that
combines output growth and energy-saving (Liu and Lin, 2018),
scope-based Non-parametric methods to adjust measures (Wang
et al., 2013b) and integrated lifecycle methods (Meng et al., 2017).
However, the most frequently used method is data envelopment
analysis (DEA), such as Zhao et al. (2022), Ren et al. (2020), Wei
et al. (2021) and other scholars.

DEA is a non-parametric method with a multiple inputs and
outputs analysis method for efficiency evaluation. This method
does not need to assume the form of the production function and
the setting of the weight of the indicators and the dimensionless
processing of the data, so it can exclude the influence of many
subjective factors and has strong objectivity (Chen et al., 2021).
The traditional DEA models mainly include CCR and BCC
(Cova-Alonso et al., 2020). These traditional DEA models
cannot evaluate decision-making units with undesired outputs
and only consider undesired outputs. Moreover, when the
efficiency values of the decision-making units on the
production front are all 1, the relative efficiency values cannot
be ranked (Tone 2001). The processing methods for undesired
output in the efficiency evaluation mainly include the directional
distance function method, the input-output transposition
method, and the forward attribute transformation method (Xu
et al., 2020). However, these methods do not consider the

influence of slack variables, and the evaluation results are
often biased. Tone (2002) proposed a super-efficiency SBM
model. It not only incorporates slack variables directly into the
objective function to solve the input-output slack problem but
also provides a framework for ranking efficient units. The SBM
model considering undesired output solves the problem of
efficiency evaluation with undesired output (Tone 2004).

This paper aims to calculate the EEE of the transportation
system in Chinese cities, and undesirable outputs related to
environmental pollutants need to be considered. Therefore, in
order to more accurately measure the EEE of transportation
systems, this paper introduces a super-efficiency SBM model
that considers undesired outputs, including the following
processes:

(1) First, define the input-output matrix. Suppose there are n
cities, that is n decision-making units (DMUs). Each DMU
has m inputs, q1 desirable outputs and q2 undesired outputs,
which are respectively represented by vectors as
x ∈ Rm, yg ∈ Rq1 , yb ∈ Rq2 . x, yg, yb represent input,
desirable output, and undesired output, respectively, and
the matrices X,Yg, Yb can be defined as follows:

X � [x1,/, xn] ∈ Rm×n > 0,
Yg � [yg

1 ,/, yg
n] ∈ Rq1×n > 0,

Yb � [yb
1,/, yb

n] ∈ Rq2×n > 0.
(1)

(2) Second, define the production possibility set. According to
the input-output matrix, the production possibility set (P)
can be defined as:

P � {(x, yg, yb)∣∣∣∣∣x≥Xλ, yg ≤Ygλ, yb ≥Ybλ, λ≥ 0} (2)

FIGURE 1 | The flowchart of the transportation systems’ EEE research framework.
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The λ in the model is a non-negative intensity vector, which
means that the above definition is under the condition of constant
returns to scale (CRS).

(3) Finally, obtain the model for evaluating the
transportation system EEE. According to the super-
efficiency, SBM model considering undesired output
proposed by Tone, the Fractional Programming Form
of the Super-SBM model considering undesired outputs
for evaluating the transportation system EEE of the kth
city (DMUk) is:

min ρ �
1 + 1

m
∑m

i�1s
−
i /xik

1 − 1
q1 + q2

(∑q1
r�1

s+r /yg
rk +∑q2

t�1
sb−t /yb

tk)

Subject.to

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑n
j�1

j ≠ k

λjxij − s−i ≤xik(i � 1, 2,/, m),

∑n
j�1

j ≠ k

λjy
g
rj + s+r ≥y

g
rk(r � 1, 2,/, q1),

∑n
j�1

j ≠ k

λjy
b
tj − sb−t ≤yb

tk(t � 1, 2,/, q2),

1 − 1
q1 + q2

(∑q1
r�1

s+r /yg
rk +∑q2

t�1
sb−t /yb

tk)> 0,

λj, s
−
i , s

+
r , s

b−
t ≥ 0,

j � 1, 2,/, n(j ≠ k).

(3)

Where ρ is the transportation system EEE value, the subscript k in
the model represents the decision-making unit. And s−, s+r , sb−t are
the slack variables of input, desired output, and undesired output,
representing the redundancy of input, the deficiency of desired
output and the redundancy of undesired output.

The validity judgment theorem of the model is: if and only if
ρ≥ 1 the DMU is regarded as DEA efficient; conversely, If ρ< 1
the DMU is regarded as DEA inefficient. And the larger the ρ, the
higher the efficiency.

3 RESEARCH MATERIALS

3.1 Selection of Inputs and Outputs
Indicators
Selecting appropriate indicators is an essential step in evaluating
the transportation system EEE. The factors that affect the

transportation system are complex and involve many aspects.
This article summarises the existing EEE papers and lays a
theoretical foundation for constructing a reasonable and
objective EEE evaluation index system for the transportation
system. The inputs and outputs of previous studies are shown in
Table 1.

From Table 1, it can be seen that capital, Labor and energy are
defined as the inputs in most papers measuring EEE. For outputs,
many papers contain value-added and transportation capacity. In
addition, indicators related to the environment are also included.
Figure 2 proposes a framework for the input and output
dimensions to evaluate the transportation system EEE.

In this paper, according to the common aspects of EEE in the
transportation system and other fields, the inputs of the
transportation system EEE are chosen from the dimensions of
labour input, capital input, and energy input.

(1) Capital input: From the perspective of construction capacity,
fixed asset investment can directly reflect the city’s
investment and construction capacity in that year. As no
official capital stock data exists for transportation sectors in
China, this study uses fixed assets investment in urban service
facilities as a representative indicator of capital stock (Chang
et al., 2013; Li et al., 2016).

(2) Labor input: According to China’s Statistical Yearbooks, the
transportation sector in China is defined to consist of
transport, storage, and post. Wang and He (2017) also
considered the transportation sector to consist of the
transport, storage, and postal services industries. This
paper considers traffic, transport, storage, and post
persons employed as labor inputs.

(3) Energy input: The total energy consumption includes many
types of energy, such as coal, oil, natural gas, and electricity
(Bi et al., 2014). This paper collects three energy data: annual
electricity consumption, total gas supply (coal gas, natural
gas), and liquefied petroleum gas supply. Then, according to
the reference coefficient of standard coal conversion for
various energies given in the China Urban Statistical
Yearbook, these energies are converted into the tonne coal
equivalent (tce).

The output consists of two aspects: desirable outputs and
undesired outputs. The desirable outputs include transportation
capacity and value-added dimensions, and the undesired output
is environmental pollutants.

(4) Transportation capacity: The main task of the urban
transportation system is the transit of passengers and
freight. The indicators passenger traffic and freight traffic
are used to assess transportation capacity, reflecting the
transportation services provided by the transportation
system to society (Wei et al., 2013; Wei et al., 2021).

(5) Value-added: As Watanabe and Tanaka (2007), Chang et al.
(2013) and Wei et al. (2021) suggested, this paper considers
the transportation sector value-added to be the Gross
Domestic Product of the sector. Since there is no data on
the transportation sector value-added in the statistical unit at
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present, this study uses the GDP of each city multiplied by the
ratio of the transportation sector in the current year to
replace the value-added.

(6) Environmental pollutants: The primary source of urban air
pollutants in China is automobile exhaust (Ministry of
Environmental Protection of People’ s Republic of China,
2010). This paper uses the annual average concentrations of
PM2.5, SO2, and NO2 to represent environmental indicators
(Wei et al., 2013; Song et al., 2016; Wang et al., 2013a).

The main characteristics of the input-output indicators for
evaluating the transportation system EEE are shown in Table 2.

3.2 Research Data
There are 338 cities at the prefecture-level and above in China.
Since some cities cannot provide complete relevant data, only
255 cities were selected as sample cities. The research object of this
study is the transportation system of 255 cities in China, the
research content is the transportation system EEE, and the
research time is from 2015 to 2019. The capital input data
comes from the Urban Construction Statistical Yearbook. Labor,
energy, passenger, freight, and value-added data come from China
Urban Statistical Yearbook. And environmental indicators come
from statistics from various air quality networks. The number of
the data is too large to include in the paper. Referring to the

TABLE 1 | The inputs and outputs of energy and environmental efficiency.

Papers Inputs Outputs

Wang et al.
(2013)

Capital stock, Labor, Energy GDP, CO2, SO2

Yang and Wang
(2013)

Capital, Labor, Energy GDP, CO2

Wang et al.
(3013)

energy consumption, Capital stock, Labor GDP, CO2

Bi et al. (2014) Capital, Labor, Energy Value-added, CO2

Song et al. (2016) Highway mileage, Employed population, Gasoline consumption, and
Diesel consumption

Passenger capacity, Passenger turnover, Freight volume, Freight turnover,
Nitrogen oxides emission, PM emission, and Quivalent sound level

Wu et al. (2016) Passenger seats, Energy, Capital, Highway mileage, and Cargo
tonnage

Passenger turnover volume, Freight turnover volume, and CO2

Chen et al. (2017) Water, Steam, Feed, Fuel, and Electricity Ethylene production, CO2

Wu et al. (2018) Capital, Labor, Coal, Oil, and Gas Gross Industrial Output Value, Volatile Hydroxy-benzene, Cyanide, Chemical
Oxygen Demand, Petroleum, and Ammonia-nitrogen

Mavi and Mavi
(2019)

Labour force, Energy use GDP, Renewable energy, Greenhouse gas emissions, and Municipal waste

Lei et al. (2019) Passenger seats, Cargo tonnage, Energy consumption, Fixed Assets
Investment, and Highway mileage

Passenger turnover volume, Freight turnover volume, and CO2

Wei et al. (2021) Labor, Fixed asset investment, and Energy Passenger turnover, Freight turnover, Transportation value-added, and CO2

FIGURE 2 | The input and output dimensions of the transportation system EEE.
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research of Bian et al. (2020) and Wu et al. (2019), in order to
display the input-output indicators, one each of the input, desired
output and undesired output indicators during the study period
was selected, the annual average data was calculated by logarithm,
and uses the scatter plots and box charts to show in Figure 3.

Since some cities have the same English name, we add the
abbreviation of the province name of the province where they are
located after the city name with the same English name to
distinguish them. For example, Suzhou City in Jiangsu
Province and Suzhou City in Anhui Province are named
Suzhou (JS) and Suzhou (AH), respectively. Considering the
impact of inflation, the economic indicators (fixed assets
investment in urban service facilities, transportation sector
value-added) are all converted from the GDP index at
constant prices to the data for the base period of 2015.

4 RESULTS AND DISCUSSION

By applying the Super-SBM model described in Section 2 and
the variables data described in Section 3, EEEs for
transportation systems can be calculated with the computer
program Max DEA 8. The EEE results of transportation
systems in Chinese 255 cities from 2015 to 2019 are shown
in Supplementary Appendix. Based on the annual average
value of each city, the 255 cities are ranked in Supplementary
Appendix. First, this section analyses the overall performance
of the urban transportation system EEE. Then, the top three
and bottom three cities in the EEE value of urban
transportation system were analysed. Finally, it illustrates
the regional differences in the urban transportation
system EEE.

TABLE 2 | EEE evaluation indicators of the transportation system.

Dimension Indicator Unit

Inputs Capital input Fixed assets investment in urban service facilities 10,000 RMB
Labour input Traffic, transport, storage, and post persons employed Person
Energy input Total energy consumption 10,000 tce

Outputs Desirable outputs Transportation capacity Passenger traffic 10,000 person
Freight traffic 10,000 tons

Value-added Transportation sector value-added Billion RMB
Undesirable outputs Environmental pollutants The annual average concentration of PM2.5 μg/m3

The annual average concentration of SO2 μg/m3

The annual average concentration of NO2 μg/m3

FIGURE 3 | Scatter plots and box charts of the logarithms of the total energy consumption, Passenger traffic and PM2.5 concentration from 2015 to 2019 in the
255 Chinese cities.
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4.1 The Overall Performance on EEE
As shown in Figure 4, the EEE data in the Supplementary
Appendix are plotted as a scatter distribution by year. The
traffic system EEE values of 255 cities are divided into six
groups, distinguished by different colours.

Figure 4 shows that the number of cities among the six groups
during the study period is significantly different. EEE values for
transportation systems in most cities are 0–0.6. Judging from the
average EEE value of the transportation system in the sample
cities, the average value in 2015 is the highest. The average
efficiency value in 2019 is the lowest, showing a trend of first
rising and then falling. Combining with the Supplementary
Appendix, it can be seen that the overall EEE value of the
transportation system in Chinese cities is 0.4420, indicating
that the overall EEE performance of the Chinese
transportation system is low. There is still much room for
improvement from the Frontier of production. It has a
significant potential for energy conservation and emission
reduction. Moreover, there are only ten cities with an EEE
value greater than 1 during the entire survey period, which
indicates that the transportation system EEE in most areas of
China is low. This finding is consistent with that obtained in the
studies by Ren et al. (2020) and Wu et al. (2016).

In 2019, the number of cities with a transportation system EEE
value more excellent than one was smaller than in other years,
indicating an overall decline in the national transportation system
EEE performance during the survey period. However, this does
not mean that the EEE of the transportation system in the city
itself has not been improved. The eastern region has a more
developed economy and a higher level of technology. Energy
utilization and environmental protection have improved, and
efficiency has improved faster. The economic level of the central,
western and northeastern regions is lower than that of the eastern
region, and the growth rate of efficiency is slow. Therefore, the

gap between cities is getting broader. Most cities have lower
efficiency values, so the average efficiency value in 2019 is lower
than in other years. From the Supplementary Appendix, we can
see that the top ten cities in terms of average have a five-year
efficiency value greater than 1, indicating that these cities have
always been in a leading position in terms of energy utilization
and environmental protection in transportation systems. As we
all know, Beijing, Shanghai, Guangzhou, and Shenzhen are the
four cities with the most substantial economic strength in
mainland China (Deng et al., 2020). There is no doubt that
these cities have strong financial support and government
attention in terms of infrastructure construction,
transportation capacity and environmental protection. This
also confirms the reason mentioned above.

4.2 The Best and Worst EEEs
According to the EEE values in the Supplementary Appendix,
Figure 5 shows the top three and bottom three cities in
2015–2019. Supplementary Appendix Table S1 shows that
among the 255 cities, Guangzhou, Maoming, and Zhoushan
are the top three in the transportation system EEE,
respectively. These cities’ transportation system EEE values
were all greater than one during the study period. These three
cities were considered pioneer cities in energy utilization and
environmental protection, setting an example for improving the
EEE of transportation systems in other cities in China. In general,
these three cities have some common characteristics.

(1) Economic advantages: Guangzhou, Maoming, and Zhoushan
are all open cities along the eastern coast of China with
relatively developed economies. They attach great
importance to the development of the transportation
industry and new energy. Guangzhou is the capital of
Guangdong Province, one of the four major first-tier cities

FIGURE 4 | Scatter plot on the EEE values between 255 Chinese cities from 2015 to 2019.
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in China. It has the characteristics of a developed economy,
advanced technology and convenient transportation (Yi
et al., 2021). Yu et al. (2019) showed that the local
emission control in Guangzhou contributed more to
reducing SO2, NO2, PM2.5, and PM10 concentrations than
the surrounding area emission control. Maoming is located
on the coast of the South China Sea, in the Southwest of
Guangdong Province, with rapid economic development
(Lin and Kim, 2021). Zhoushan is a prefecture-level city
under the jurisdiction of Zhejiang Province and one of the
27 cities in the central area of the Yangtze River Delta. It has
always been known as the “back garden” of the Yangtze River
Delta (Ma et al., 2020).

(2) Geographical advantages: The river systems in these three
cities are developed, and the water area is vast, creating
favourable conditions for the development of the water
transportation industry. According to Zhoushan Daily,
Zhoushan City is China’s first prefecture-level island city
and strives to build the Zhoushan Islands into a commodity
storage, transit, processing trade centre, and transportation
service hub (Zhoushan Daily, 2018). Zhang and Grydehøj
(2020) have pointed out that Zhoushan is the largest port
service provider in the world and is becoming a major
regional shipping route and hub.

(3) Policy documents: Many policy documents and regulations
related to transportation and environmental protection have
been promulgated. The good EEE performance of
transportation systems is inseparable from the protection
policies and measures implemented by the local
governments. For example, the “Guangzhou New Energy
Vehicle Development Work Plan (2017–2020)” encourages
individuals and public institutions to use new energy vehicles.
And the “Guangdong Provincial Air Pollution Prevention
and Control Action Plan” proposes to control regional
pollution. The target clarifies the annual average
concentration of SO2 and NO.

However, Supplementary Appendix indicates that many
cities have poor transportation system EEE performance. As
shown in Figure 6, the three cities with the lowest
transportation system EEE values are Heihe, Xining, and
Taiyuan. Their poor performance can be due to a variety of
reasons. Mikhailova and Wu (2016) pointed out that Heihe City

in Heilongjiang Province is part of several backward regions in
Northeast China with an underdeveloped economy. Economic
backwardness has led to insufficient investment in constructing
transportation infrastructure in Heihe. China’s economic
development model is extensive, resulting in ecological and
environmental problems such as PM2.5 pollution in many
cities (Zhang et al., 2019; Bian et al., 2020). Hu et al. (2020)
showed that Xining City, located in the northeastern Qinghai-
Tibet Plateau, was heavily polluted. With the rapid development
of the social economy, Xining has become the most populous city
on the Qinghai-Tibet Plateau (Gao et al., 2019). However,
according to Xining City’s “13th Five-Year Plan” for the
Development of Highway Transportation, Xining City’s
current comprehensive transportation capacity and
management level are not high, and the service depth is
insufficient. The development of the industry is extensive, the
green construction of informatisation is lagging, and the level of
sharing and development and utilization of transportation
information resources is low. Xining City’s “13th Five-Year
Plan for Comprehensive Transportation Development”
proposes to promote the integrated development of civil
aviation, railways, highways, and municipal transportation to
create a national comprehensive transportation hub city (http://
plandb.cn/plan/1416). Taiyuan is significant energy, chemical,
and heavy industry base in China. It has suffered severe air
pollution over the past 20 years due to the excessive use of coal.
The situation is not optimistic (Yan et al., 2017; Qi et al., 2021).

4.3 A Regional Perspective on the EEE
The EEE of China’s transportation system is generally low, and
there are noticeable regional differences. In order to facilitate
analysis and comparison, as shown in Figure 7, under the
guidance of China’s National Bureau of Statistics (2020), the
provinces where the cities are located are divided into four
economic zones: eastern, central, western and northeastern
(Wei et al., 2021).

In order to better reflect the spatial distribution and
geographical location characteristics of the transportation
system EEEs of 255 cities, Figure 8 shows the spatial
distribution of transportation system EEEs from 2015 to 2019.
Cities are divided into five categories based on the distribution of
transportation system EEE values. The five-year average EEE
values of the transportation systems in the eastern, central,

FIGURE 5 | The top three cities in the EEEs from 2015 to 2019.
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western and northeastern regions were 0.4963, 0.4380, 0.4175,
and 0.3631, respectively, showing a distinct ladder-like
distribution, with the east having the highest, followed by the
central, western, and then the northeast. Wu et al. (2016) and Lei
et al. (2019) also have similar findings.

As shown in subfigure of Figure 8A, among the groups with the
EEE value of the transportation system more significant than 1 in
2015, the number of cities in the central and western regions is
relatively large. These cities may benefit from China’s “Western
Development” policy implemented in 2000, which uses the

remaining economic development capacity of the eastern coastal
areas to improve the western region’s economic and social
development level. However, with the development over time, the
number of cities with EEE values greater than 1 in the central and
western regions gradually decreases. It is commonly appreciated that
these cities have underdeveloped economies, low levels of
transportation infrastructure and limited investment in addressing
pollution (Yuan and Zhang, 2015; Zhao et al., 2018). From subfigure
in Figure 8B, the purple area in 2019 is also the cities with EEE
efficiency values greater than 1, basically distributed along the

FIGURE 6 | The bottom three cities in the EEEs from 2015 to 2019.

FIGURE 7 | The division of economic zones in mainland China.
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eastern coast. This shows that the regional differences are becoming
more andmore serious, showing a trend that the east is getting better
and the other regions are getting worse.

In general, cities with a transportation system EEE value
greater than 1 are mainly concentrated in the eastern region,
such as Guangzhou, Beijing, and Shanghai. As shown from the
Supplementary Appendix and the five-year average in
Figure 8C, nine of the top ten cities in the five-year average
transportation system EEE are located in the eastern economic
zone. These cities have better economic foundations, advanced
technology, and better management skills. Therefore, they can
adopt policies and measures for pollution control and energy-
saving, contributing to the transportation industry’s better and
greener development. However, not all eastern coastal cities
achieve high EEE values. Taking Binzhou as an example, the
five-year average EEE of its transportation system is only 0.1060.
In addition, there are also Shaoxing, Sanya, Binzhou, and other
eastern coastal cities with low EEE values.

5 CONCLUSION

China has become the world’s largest energy consumer and
polluter. The transportation industry is high energy
consumption and high pollutant emissions industry in China,
and measuring its EEE is of great significance to the sustainable
development of China and the world. This study takes the
transportation system of 255 prefecture-level cities in
mainland China as the research object and studies the EEE of
the transportation system from 2015 to 2019 with the help of the
undesired output Super-SBM model. The main conclusions of
this paper are summarised as follows:

(1) During the study period, the average EEE of the
transportation system in Chinese cities was 0.4420,
indicating that the overall EEE performance of the
Chinese transportation system was low. Only ten cities
with an EEE value greater than 1 during the entire survey
period, indicating that the transportation system EEE inmost
parts of China is low.

(2) The empirical results show significant differences in the EEE
of transportation systems between cities, with Guangzhou,
Maoming, and Zhoushan ranking in the top three and Heihe,
Xining, and Taiyuan at the bottom.

(3) There are noticeable regional differences in the EEE values of
transportation systems in Chinese cities. The mean value of
EEE of the transportation system in the four economic zones
has an evident ladder-like distribution. The east has the
highest, followed by the central, western, and northeast.

According to the above empirical results and conclusions,
improving the EEE of the transportation system in mainland
Chinese cities can start from the following aspects:

(1) The low EEE value of the Chinese transportation system
indicates that the Chinese government should pay more
attention to the energy consumption of the transportation
industry and the construction of green transportation.
Transportation system EEE efficiency can be improved
through targeted policies and measures. For example,

FIGURE 8 | Regional differences of the EEE from 2015-2019 (Subgraph
a is the 2015 transportation system EEE value, subgraph b is the 2019
transportation system EEE value, and subgraph c is the five-year average
transportation system EEE value).
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increase investment in the research and development of low-
carbon and energy-saving technologies in the transportation
industry, encourage new energy vehicles, develop public
transportation and other measures, and implement policies
such as corresponding financial subsidies and tax incentives.
Strive for more urban transportation systems to achieve energy
saving and environmental protection.

(2) Through the analysis, we can conclude that the traffic
structure and management measures significantly impact
the EEE of transportation. Thus, the focus of the
development of the transportation industry should be
designated according to the characteristics of the city. For
example, coastal cities such as Guangzhou, Zhoushan, and
Shanghai should fully use low cost and low energy
consumption to develop waterway transportation
vigorously. For the inland areas of the central and western
regions, the traffic management departments should
promote light vehicles with low energy consumption
auxiliary equipment, eliminate the old transportation
system with high energy consumption and high emission,
and improve the operation level and efficiency of the
transportation system. Thereby narrowing the EEE gap in
the transportation system between cities.

(3) Due to the significant differences in the EEE of the
transportation system among the four economic regions,
local governments need to formulate differentiated energy
and environmental strategies. First of all, the eastern region,
with rapid economic and technological development, should
pay more attention to improving the management efficiency
of the transportation industry while developing
transportation. Other regions with relatively backward
development, such as the central and western regions, can
improve the technical level and strengthen transportation
practitioners’ technical training. Technological progress has
always been the fundamental measure to achieving energy
conservation and emission reduction (Liu and Lin, 2018).
Second, the central government should encourage local
governments to carry out technology transfer and
experience sharing and strengthen inter-regional
cooperation and exchanges in the transportation industry.
So that the regions with low EEE can learn the experience of

transportation management and pollution prevention
technology from the regions with high efficiencies, such as
the eastern region, and finally realise the balanced
development of the national transportation industry.

Finally, this study has some limitations: 1) Due to the lack of
data, and some cities cannot be included in the scope of the study.
2) Input-output indicators can be further improved. For example,
it will be better for research if it can include CO2 in environmental
indicators. 3) This study only compares the EEE of transportation
systems in Chinese cities. If the data includes other countries, it
may provide more information on the level of the transport
sector.
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