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Abstract: The proper development of transportation constitutes the basis for an effectively functioning
economy at the national and global levels. On the other hand, transportation significantly impacts
the environment and climate. Sustainable transportation management should therefore include
both economic, social and environmental aspects. The article aims to comprehensively assess the
economic–energy–environmental efficiency of the 27-road freight transport sector in EU countries
in 2019. The research was conducted using the non-parametric Data Envelopment Analysis (DEA)
method. The Slacks-Based Measure–Data Envelopment Analysis (SBM-DEA) model was used, taking
into account unwanted (undesirable) effects. As non-energy inputs in the DEA model used the
labor in the road freight transport sector, stock of registered goods vehicles, and the length of the
road network. Moreover, the energy consumption by the road freight transport sector was used
as energy inputs in the DEA model. Desirable outputs were taken as road freight transport sector
revenues and freight work performed by the sector. GHG emissions expressed in CO2 equivalent
were treated as undesirable outputs. The research also adopts energy productivity and GHG emission
efficiency indicators. The eco-efficiency of the road freight transport sector in EU countries varies.
Ten countries have efficient road freight transport sectors. The efficient road freight transport group
included Denmark, Germany, Belgium, Lithuania, Luxembourg, the Netherlands, Poland, Portugal,
Slovenia and Bulgaria. They efficiently transformed the inputs into outputs. Five countries were
recognized as eco-efficiency followers, including Italy, Finland, Slovakia, Sweden and Romania, and
12 countries were characterized by an inefficient road freight transport sector. Based on benchmarking
principles for inefficient road freight transport sectors, the changes in input and output levels were
proposed to improve efficiency. The relationship between the economic development of EU countries
and the eco-efficiency of the road freight transport sector was also analyzed, indicating a positive
relationship between the variables but with weak strength. The main contributions of this article
are an extension of previous DEA works that assesses the efficiency of the road freight transport
sector, also considering undesirable variables. Research conclusions are particularly important for
policymakers in the context of management sustainable transportation development in the EU.

Keywords: energy efficiency; environmental efficiency; transport management; road freight transport
sector; EU countries; Slacks-Based Measure–Data Envelopment Analysis

1. Introduction

The transport sector is crucial to global economic development. It has been one of the
critical factors in improving mobility, urbanization and trade. In addition, the transport
sector has enabled connectivity between cities, countries and remote regions worldwide. It
has created millions of jobs and increased the productivity of other sectors of the global
economy [1].

The transport sector in the European Union (EU) has grown rapidly over the past
quarter century (up 36%). In 2020, the total goods transportation activities done by transport
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was 3271 billion tonne-kilometers (Figure 1). A proportion of 54% of the transport work
performed in the EU is by road, 28% by sea and 11.5% by rail. The other modes of
transportation are far less critical. It should also be noted that road transport has led the
way in terms of development. Between 1995 and 2020, road transportation work increased
from 1127.16 billion tkm to 1744.99 billion tkm (i.e., by 55%).
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environmental efficiency, which relies primarily on petroleum products. Energy 
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strategy [4] and its flagship initiatives: Resource-Efficient Europe [5] and Innovation 
Union [6]. Making resource efficiency a guiding principle of EU policy provided the basis 
for developing a shared, coherent and sustainable vision of resource use, increasing the 
competitiveness of individual economies and the EU as a whole, and improving the well-
being of current and future societies [7,8]. Such ambitious challenges require appropriate 
and swift action on many levels, including transportation.  

Increasing transportation activity and its negative environmental impact is 
increasingly of interest to researchers [9–12]. Studies also often look at regulatory policy 
instruments (in the form of certificates, standards, taxes, fees or greenhouse gases (GHG) 
emission allowances) to accelerate the greening of the transport sector. Yan and Eskeland 
[13] focused on the registration tax introduced in Norway, which has a statistically 
significant positive impact on the car market, increasing sales of low-emission vehicles. 
Baranzini et al. [14] and Vehmas et al. [15] conducted analyses of the impact of carbon fuel 
taxes on CO2 reduction. Lin and Li [16] estimated reductions in emission growth rates due 
to carbon taxation in four Scandinavian countries and the Netherlands. Bosquet [17] 
studied the effects of green taxation reform on CO2 emissions in eight countries. 

Policymakers are raising the demand for new concepts and methodologies that will 
enable an integrated and comprehensive assessment of transportation eco-efficiency to 
improve its eco-efficiency by the introduction of appropriate regulatory instruments. 
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Figure 1. EU-28 performance by mode of freight transport in 1995–2020 (billion tkm). Source: Own
elaboration based on Eurostat 2022.

However, the systematic increase in the tasks carried out in road transportation for
both freight and passenger transport is causing an increasing demand for energy [2], leading
to air pollution, climate change and the depletion of fossil fuel reserves [3].

Therefore, it becomes imperative to improve road transportation’s energy and envi-
ronmental efficiency, which relies primarily on petroleum products. Energy efficiency is
one of the main challenges of the European Union’s Europe 2020 development strategy [4]
and its flagship initiatives: Resource-Efficient Europe [5] and Innovation Union [6]. Making
resource efficiency a guiding principle of EU policy provided the basis for developing a
shared, coherent and sustainable vision of resource use, increasing the competitiveness of
individual economies and the EU as a whole, and improving the well-being of current and
future societies [7,8]. Such ambitious challenges require appropriate and swift action on
many levels, including transportation.

Increasing transportation activity and its negative environmental impact is increasingly
of interest to researchers [9–12]. Studies also often look at regulatory policy instruments
(in the form of certificates, standards, taxes, fees or greenhouse gases (GHG) emission
allowances) to accelerate the greening of the transport sector. Yan and Eskeland [13]
focused on the registration tax introduced in Norway, which has a statistically significant
positive impact on the car market, increasing sales of low-emission vehicles. Baranzini
et al. [14] and Vehmas et al. [15] conducted analyses of the impact of carbon fuel taxes
on CO2 reduction. Lin and Li [16] estimated reductions in emission growth rates due to
carbon taxation in four Scandinavian countries and the Netherlands. Bosquet [17] studied
the effects of green taxation reform on CO2 emissions in eight countries.

Policymakers are raising the demand for new concepts and methodologies that will
enable an integrated and comprehensive assessment of transportation eco-efficiency to im-
prove its eco-efficiency by the introduction of appropriate regulatory instruments. Analyses
of transportation eco-efficiency are based on various methods, among others, Stochastic
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Frontier Analysis [18], analysis and model that combines output growth and energy sav-
ings [19], scope-based non-parametric methods [20] and lifecycle methods [21]. However,
the most popular method is Data Envelopment Analysis (DEA).

However, most studies based on the DEA method use single-period data sets for local
transportation systems. There are few analyses internationally that detect disparities between
countries in terms of transportation efficiency. In addition, most studies [22–26] estimate the
efficiency of the transport sector by combining multiple modes (e.g., road, rail and inland
waterway). These assessments ignore internal independent transportation subsectors.

Given that the road freight transport sector is the largest consumer of energy and
emitter of GHGs, the empirical study examined this particular transport subsector in a
cross-section of EU countries. This article’s main objective is to determine the efficiency of
the road freight transport sector in EU countries in a comprehensive and multidimensional
manner, i.e., accounting for economic, energy and environmental aspects, using a non-
parametric Data Envelopment Analysis method that accounts undesirable effects. In
addition, it is assumed that inefficient road freight transport sectors, following the idea
of benchmarking changes in the inputs and outputs level, could improve their efficiency.
The research will also determine the relationship between the eco-efficiency of the road
freight transport sector and countries’ level of economic development as expressed by gross
domestic product (GDP) per capita. Finally, the research will verify the hypothesis that
EU countries with higher levels of economic development have higher economic–energy–
environmental efficiency in the road freight transport sector.

This research fills the research gap in assessing the variation in eco-efficiency of the
road freight transport sector in EU countries and determining the relationship between
its efficiency and the economic development of countries. In addition, the DEA method
considers energy consumption on the input side and GHG emissions on the output side, so
it was deemed that the DEA method comprehensively and multidimensionally evaluates
the economic–energy–environmental efficiency of the road freight transport sector in EU
countries. This approach is part of sustainable transportation management. The efficiency
analyses conducted have further identified sources for improving the eco-efficiency of
individual transport sectors in EU countries. The study’s insights can aid governments and
policymakers in evaluating and enhancing the operational efficiency of road transportation
and its associated industries.

The paper is structured as follows: Section 1 contains the introduction, Section 2
presents the literature review in the field of energy consumption and GHG emission by
transport in the EU. This section also covers the application of the Data Envelopment
Analysis method in the efficiency measurement of transport. In Section 3, the variables
are described and the methodology of the Slacks-Based Measure (SBM) DEA model is
presented. Section 4 provides the results of the empirical analysis and covers the discussion
the main findings. Section 5 presents conclusions.

2. Literature Review
2.1. Energy Consumption and GHG Emissions by the Transport Sector in EU Countries

The structure of energy consumption in the European Union is shown in Figure 2.
One-third of the energy consumed in the Union in 2020 was by transportation, which
consists of road, rail, air and inland waterway transport. In second place, in terms of
energy consumption, were households, which consumed 28% of the EU in 2020. The
third-highest energy consumer is industry, with about 26% of consumption, followed by
trade and services, which consumes 14%, and the agriculture and forestry sector, which
consumes 3% of energy in the EU. It is worth noting that the share of each sector in EU
energy consumption for 30 years is very close to each other (Figures 2 and 3). The sector
with the highest share of energy consumption increases between 1990 and 2020 is the
transport sector. Total energy consumption in transportation increased by 14% between
1990 and 2020, while there was a downward trend in industry and agriculture. Energy
consumption in 2020 in the transport sector in the EU was 252 Mtoe, driven by rapid global
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economic development, as well as increasing levels of motorization. Between 1995 and
2020, the number of passenger vehicles in the EU increased by 56%, from 160,500 to 250,000
and trucks by 75%, from 20,300 to 35,500 (Figure 4).
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Figure 2. (A) Final energy consumption by sector in EU-27 in 1990 (shares of total consumption in
EU). (B) Final energy consumption by sector in EU-27 in 2020 (shares of total consumption in the EU).
Source: Own elaboration based on Eurostat 2022; European Environment Agency 2022.
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Figure 3. Final energy consumption by sector in EU-27 in the years 1990–2020 (Mtoe). Source: Own
elaboration based on Eurostat 2022; European Environment Agency 2022.

Transportation is the leading consumer of domestic energy in most EU countries. For
example, in Luxembourg, the share of transportation in national energy consumption is 51%,
Malta—41%, Cyprus and Lithuania—40%, Spain, Slovenia and Greece—36%, Bulgaria—
34%, Portugal—33%, Lithuania—39.4%, Greece—39.2%, Portugal—36.6%, Ireland—32%
and Austria, Croatia and Poland—31% (Figure 5).
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Figure 4. Dynamics of changes in the number of goods vehicles and passenger cars in the EU-27 in
the years 1995–2000 (1995 = 100%). Source: Own elaboration based on Eurostat 2022.
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Figure 5. Structure of energy consumption in EU countries by sectors (shares of total consumption in
the country, 2020). Source: Own elaboration based on Eurostat 2022.

In turn, considering the various modes of transport, road transport is the largest
consumer of transport energy in the EU (Figure 6). The share of road transport in the total
energy consumption attributable to this sector of the economy in the EU between 1990 and
2020 increased slightly to 95% in 2020. The second place in the structure of transport energy
consumption in 2020 went to rail transport (2%).

Important to an economy’s efficiency is the amount of energy consumed by the various
sectors and from which sources this used energy comes. The most significant energy source
consumed in the European Union is petroleum products, mainly crude oil; its share in total
consumption was 37.2% in 2019 for the whole EU. Coal (solid fossil fuels) is only 2% of the
energy consumed in the EU. Directly used renewable energy sources account for about 10%
of the energy consumed in the EU.
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Figure 6. Total energy consumption by transport mode in the EU-27 in the years 1990–2020 (Mtoe).
Source: Own elaboration based on Eurostat 2022; European Environment Agency 2022.

Gas oil, diesel oil and motor gasoline were the primary energy sources used in road
transportation from 2010 to 2020. In 2020, these sources accounted for 69% and 24% of
energy, respectively (Figure 7). Other sources of energy consumed in transportation were
relatively marginal. However, it can be noted that the last decade has seen an increase in
the use of renewable energy sources in road transportation in EU countries. This is related
to the adopted transportation policy of reducing greenhouse gas emissions and promoting
clean transportation. Compared to 2010, the use of renewable energy in road transportation
nearly doubled in 2020, reaching 17 million tons of oil equivalent. When considering only
renewable sources, the most commonly used fuels in road transport in the EU are blended
biogasoline and blended biodiesels.

Energies 2023, 16, 461 6 of 28 
 

 

transportation nearly doubled in 2020, reaching 17 million tons of oil equivalent. When 
considering only renewable sources, the most commonly used fuels in road transport in 
the EU are blended biogasoline and blended biodiesels. 

 
Figure 6. Total energy consumption by transport mode in the EU-27 in the years 1990–2020 (Mtoe). 
Source: Own elaboration based on Eurostat 2022; European Environment Agency 2022. 

 
Figure 7. Final energy consumption in road transport by type of fuel in EU-27 (Mtoe). Source: 
Own elaboration based on Eurostat 2022. 

The EU has set a common target of 10% renewable energy (including liquid biofuels, 
hydrogen, biomethane, “green” energy, etc.) in the total energy consumption by the 
transport sector by 2020. Sweden and Finland have already reached the required aim and 
those countries are definite leaders in shares of fuels from renewable sources used in road 
transport. A relatively high share of fuels coming from renewable sources is also observed 
in France, Romania and the Netherlands. In turn, the lowest share of renewable energy 
sources used in road transport is recorded in Croatia and Cyprus, where it is below 3% 
(Figure 8). 

From an environmental point of view, the vast consumption of fossil fuels causes 
significant carbon dioxide emissions (CO2), which consequently generates the greenhouse 
effect and causes natural hazards. In 2020, the transport sector, on par with energy 
industries, was the first largest source of CO2 emissions in the EU. It was responsible for 
777.2 million tons of CO2 emissions, which accounted for almost a quarter of European 
GHG emissions (Figure 9). From 1990 to 2019, in the transport sector alone, GHG 
emissions increased by 33% (Figure 10). GHG emissions from transportation increased 

0

50

100

150

200

250

300

350

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

M
to

e

Rail Road Domestic aviation Domestic navigation Pipeline transport, etc.

0

100,000

200,000

300,000

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Gas oil and diesel oil (excluding biofuel portion) Motor gasoline (excluding biofuel portion)
Blended biodiesels Liquefied petroleum gases
Blended biogasoline Natural gas
Pure biodiesels Biogases

Figure 7. Final energy consumption in road transport by type of fuel in EU-27 (Mtoe). Source: Own
elaboration based on Eurostat 2022.

The EU has set a common target of 10% renewable energy (including liquid biofuels,
hydrogen, biomethane, “green” energy, etc.) in the total energy consumption by the
transport sector by 2020. Sweden and Finland have already reached the required aim and
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those countries are definite leaders in shares of fuels from renewable sources used in road
transport. A relatively high share of fuels coming from renewable sources is also observed
in France, Romania and the Netherlands. In turn, the lowest share of renewable energy
sources used in road transport is recorded in Croatia and Cyprus, where it is below 3%
(Figure 8).
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From an environmental point of view, the vast consumption of fossil fuels causes
significant carbon dioxide emissions (CO2), which consequently generates the greenhouse
effect and causes natural hazards. In 2020, the transport sector, on par with energy in-
dustries, was the first largest source of CO2 emissions in the EU. It was responsible for
777.2 million tons of CO2 emissions, which accounted for almost a quarter of European
GHG emissions (Figure 9). From 1990 to 2019, in the transport sector alone, GHG emissions
increased by 33% (Figure 10). GHG emissions from transportation increased from 2014 to
2019, falling only in 2020 due to the COVID-19 pandemic and the restrictions imposed on
various modes of transportation (from 967.6 in 2019 to 777.2 million tons of CO2 in 2020,
that is, about 20%). Road freight transport in 2020 was responsible for 689.8 million tons of
CO2 equivalent, accounting for 76.7% of total EU transport GHG emissions.
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Figure 10. Greenhouse Gas Emissions by sector in the EU (1990 = 1). Source: Own elaboration based
on European Environment Agency, 2022.

The energy and greenhouse gas efficiency indicators of the road freight transport sector
in each EU country in 2010 and 2019 are shown in Table 1. The average energy consumption
of the road freight transport sector in the EU in 2019 was 0.20 kg oe/tkm. The countries
with the most efficient energy use in transportation are Lithuania, Poland, Latvia, Slovakia
and Slovenia. It was noted that countries with high energy efficiency rates in the transport
sector were also characterized by high GHG emission efficiency. Correlation analysis
confirmed that there is a statistically significant correlation between energy productivity
and emission efficiency of the road transport sector (Pearson correlation coefficient = 0.998).
The average GHG emission of the road transport sector was 574 g of CO2 per tkm in 2019.
Ireland, Austria, Luxembourg and Denmark fared much more poorly in this regard, with
scores almost eight times higher than the leaders.

In contrast, the worst performer in terms of energy consumption as well as GHG emis-
sions was Cyprus, where energy productivity, as well as GHG emissions, were more than
20 times higher than the ranking leaders. Thirteen countries (Lithuania, Romania, Slovenia,
Latvia, Poland, Sweden, Croatia, Spain, Greece, United Kingdom, Ireland, Slovakia and
Denmark) saw energy productivity improvements of between 1 and 46% between 2010
and 2019, and this translated into GHG emission reductions of between 3 and 46% in these
countries. In addition, countries where the road freight sector has improved GHG emission
efficiency can include Finland and Netherlands.

Since the transport sector, mainly freight, is a significant source of fossil fuel consump-
tion and CO2 emitter in the EU and worldwide, this is becoming a focus of interest for
researchers and policymakers. For the transport sector, renewable energy use, greenhouse
gas emissions and energy efficiency targets are set for 2020, 2030 and 2050 [27].
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Table 1. Efficiency of energy consumption and efficiency of greenhouse gas emissions from road
freight transport in the EU in the years 2010–2019.

Country

Energy Consumption
[kg Oil Equivalent/tkm]

Change of Energy
Consumption [%]

GHG Emission
[g CO2 Equivalent /tkm]

Change of GHG
Emissions [%]

2010 2019 2019/2020 2010 2019 2019/2010

AT 0.26 0.31 118 764 897 117
BE 0.24 0.24 100 671 718 107
BG 0.13 0.16 126 386 476 123
CY 0.70 0.80 114 2116 2502 118
CZ 0.11 0.17 154 328 479 146
DE 0.16 0.17 106 469 512 109
DK 0.27 0.26 99 812 816 100
EE 0.12 0.17 138 374 487 130
EL 0.22 0.18 84 644 539 84
ES 0.14 0.12 82 399 339 85
FI 0.13 0.13 101 406 366 90
FR 0.23 0.24 107 688 716 104
HR 0.21 0.17 80 615 509 83
HU 0.12 0.13 113 344 389 113
IE 0.34 0.32 93 1015 934 92
IT 0.20 0.24 118 626 708 113
LT 0.07 0.04 54 211 114 54
LU 0.25 0.29 116 725 834 115
LV 0.10 0.07 74 283 211 75
NL 0.14 0.15 105 445 434 97
PL 0.08 0.06 77 233 186 80
PT 0.17 0.18 105 517 546 106
RO 0.17 0.10 59 545 297 55
SE 0.19 0.15 79 527 352 67
SI 0.11 0.08 72 326 234 72
SK 0.08 0.07 95 236 223 95
UK 0.26 0.24 93 761 687 90

Max 0.7 0.8 154 2116 2502 146
Mean 0.19 0.2 99 573 574 97
Min 0.07 0.04 54 211 114 54

Source: Own elaboration based on European Environment Agency (https://www.eea.europa.eu/data-and-maps,
accessed on 9 September 2022) and Eurostat (https://ec.europa.eu/eurostat/en/web/main/data/database,
accessed on 9 September 2022).

2.2. Application of the DEA Method to Measure Transport Efficiency

Transportation efficiency is defined in various ways in the literature [28–32]. In this
article, the efficiency of the transport sector will be defined as the efficiency of converting
the inputs held by the transport sector into outputs [28]. Efficient transport sectors are
those that generate a certain amount or more outputs while spending a given amount of
inputs or using the same amount or fewer inputs to produce a given amount of outputs, as
compared with other sectors in the test group [33].

There are numerous studies evaluating the effectiveness and efficiency of transporta-
tion. An essential element in assessing the efficiency of the transport sector is the selection
of the right indicators. The problem of indicator measurement of efficiency and sustainabil-
ity of transportation is challenging. Based on an analysis of the definition of sustainable
transport development and the objectives and priorities of the European Union’s transport
policy, it is possible to identify the key measuring features in a system of three spheres:
social, economic and environmental. Given the above, one-dimensional indicators cannot
comprehensively assess transportation efficiency [34,35]. For example, the energy efficiency
indicators analyzed above, and the efficiency of GHG emissions in transportation analyze
efficiency in one dimension. Both indicators should be combined and supplemented with
social and economic indicators for a comprehensive analysis of the transport sector. How-

https://www.eea.europa.eu/data-and-maps
https://ec.europa.eu/eurostat/en/web/main/data/database
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ever, using multiple indicators can yield divergent conclusions and make it difficult to
clearly assess the efficiency of the transport sector. Data Envelopment Analysis (DEA) is
commonly used in the literature for multivariate analysis of transportation efficiency.

The literature review identified the application of the DEA method in transportation in
categories such as (1) rail transport (2) air transportation (3) ports and maritime transporta-
tion (4) road transportation— especially highways (5) public transportation (6) transport
sector analysis (7) eco-efficiency, sustainability and green issues in transportation (Table 2).

Table 2. Application of the DEA method in transport—a list of selected studies.

Authors, Year

Subject of Study DEA Model

Road Rail Air Sea Public
Transportation

Transportation
System/Sector

Energy and/or
Environmental

Efficiency of
Transportation

CCR BCC SBM Other

Cook et al. (1991) [36] x x x
Rouse et al. (1997) [37] x x x
Cook et al. (2001) [38] x x
Hilmola (2007) [39] x x
Rassafi, Vaziri (2007) [40] x x x x x
Barros, Dieke (2008) [41] x x x
Sampaio et al. (2008) [42] x x
Michaelides et al. (2009) [43] x x
Rouse, Chiu (2009) [44] x x
Savolainen, Hilmola (2009) [45] x x x
Söderberg (2009) [46] x x
Wang, Tsai (2009) [47] x x x
Cruijssen et al. (2010) [48] x x x
Jitsuzumi, Nakamura (2010) [49] x x
Sun et al. (2010) [50] x x
Hilmola (2011) [51] x x
Chen, Han (2012) [52] x x
Lee et al. (2012) [53] x x x
Leal et al. (2012) [54] x x x
Chang et al. (2013) [22] x x x
Chang et al. (2014) [55] x x
Çipil (2014) [56] x
Chen (2014) [57] x x x
Vaidya (2014) [58] x x
Baran, Górecka (2015) [59] x x x
Song et al. (2015) [23] x x
Zhang, Wei (2015) [60] x x
Azadeh et al. (2016) [61] x x
Azadeh et al. (2016) [62] x x x
Chu et al. (2016) [63] x x
Kleinová (2016) [64] x x
Li et al. (2016) [65] x x
Min, Joo (2016) [66] x x
Song et al. (2016) [67] x x x
Wanke, Barros (2016) [68] x x x
Wu et al. (2016) [69] x x x
Wu et al. (2016) [70] x x
Liu et al. (2017) [25] x x x
Wang, He (2017) [71] x x
Chang et al. (2018) [72] x x
Baran, Górecka (2019) [33] x x x x
Domagała (2019) [73] x x
Yang et al. (2019) [74] x x
Tang et al. (2019) [75] x x
Yang et al. (2021) [76] x x
Romero-Ania et al. (2022) [77] x x

Source: Own elaboration.

Analyses in the field of rail transportation include such issues as the analysis of the
efficiency of rail transportation companies, evaluation of the efficiency of rail transportation
systems in terms of environmental factors, and the study of the impact of private sector
participation, investment and management on the efficiency of rail transportation [25,33,
39,45,49,51,57,61,64]. Air transportation research focuses on analyzing the efficiency of
airports and airlines, the efficiency of airways, and the efficiency of passenger and cargo
service [40,41,43,45,55,66].

Seaport and shipping efficiency publications based on the DEA method focus on the
efficiency of container terminals and international seaports, the impact of private sector
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participation, management structure, new investments and port infrastructure on their
efficiency [40,59,68,73].

In the DEA analysis of road transportation, the efficiency of highway operations, or
the problem of road traffic accident management, is most often studied [25,33,36–38,40,44,
47,48,53,54,62,65,67,69]. Analyses of environmental and energy consumption in highway
transportation are also emerging. Safety in road transportation systems is another issue that
is increasingly emerging in research from Vaziri [78], Egilmez and McAvoy [79] and Alper
et al. [80]. The efficiency of road transport sectors, mainly in China and OECD countries,
was also analyzed. Such analyses are lacking in a cross-section of EU countries.

In the field of public transportation, the DEA method has been used to evaluate the
efficiency of urban transportation systems, particularly bus transportation and to compare
the efficiency of different urban transportation systems [42,46,50,52,58,68,74,78].

Energy efficiency, environmental efficiency and transportation sustainability were also
analyzed using DEA models. The research based on the DEA method and taking into
account eco-efficiency have appeared in the last decade, when the issues of environmental
effectiveness have become more important. The researchers primarily focused on analyzing
the environmental performance of transportation systems in China, studied the problems of
repairing and maintaining transportation systems with environmental factors in mind, ana-
lyzed transportation energy efficiency and identified weaknesses and identified potential
solutions to improve eco-efficiency [22,23,56,60,63,67,69–72].

DEA analyses conducted for the transport sector can be divided into two types: anal-
ysis with or without considering undesirable outputs. The first type refers to estimating
transportation efficiency without considering undesirable outcomes, an approach used
in research by Boame [81], Barros and Peypoch [82], Chiu et al. [83], Kerstens [84], Kar-
laftis [85] and Yu and Lin [86]. The second type of analysis evaluates the efficiency of
the transportation system by considering undesirable outputs. Undesirable results re-
flect negative environmental impacts, e.g., exhaust emissions such as CO2 and nitrogen
oxide (NOx).

McMullen and Noh [87] analyzed the performance of 43 US bus transportation agen-
cies by accounting for hazardous emissions. Wei et al. [88] used a super-efficient DEA
method to measure the performance of urban transportation systems in 34 cities in China,
taking NO2 levels and noise levels as environmental indicators. Çipil [56] used the DEA
method to compare transportation systems in Turkey to transportation systems in EU
countries in terms of GHG emissions. He confirmed that using renewable energies could
increase the efficiency of transportation systems in Turkey. Chang et al. [72] studied the
efficiency of ports operating in the European Union and North America. Their study
examines whether Emission Control Areas regulations impact the eco-efficiency of ports.
Baran and Górecka [33] analyzed the efficiency of inland transportation in old and new
European Union countries and compared DEA results with CO2 emissions from road and
rail transport.

Chang et al. [22] and Song et al. [67] used DEA models to evaluate the efficiency of
the transport sector in Chinese provinces. As part of the variables, they included CO2
emissions linked to energy consumption by transport sectors. The results confirmed that
highway transportation systems in China are inefficient in terms of energy consumption
and other environmental considerations.

Lin [89] applied the DEA method to analyze the energy efficiency of rail, road, air
and water transportation. The author also used a DEA model to forecast future energy
consumption in China’s transport sector. Li et al. [24] used a super-SBM DEA model to
evaluate the efficiency of regional transportation in China with CO2 emissions from 1995
to 2012. Wu [69] used DEA to assess regional highway China’s transportation networks’
energy and environmental performance systems. Song, Hao and Zhu [23] studied the
environmental efficiency of the transportation sector in 30 Chinese provinces between
2003 and 2012. They used an undesirable-output-oriented SBM-DEA model to indicate the
potential for decreasing CO2 emissions and energy saving. Moreover, Wu et al. [70] applied
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the DEA method to measure the energy and environmental efficiency of transportation
sector in 30 China’s regions with the goal of sustainable development. They compared
passenger transportation and freight transport subsystems. According to the authors’ study,
the eco-efficiency of passenger and freight transport subsystems are different. China’s
regional transportation sectors were also analyzed by Wang and He [71]. The authors
investigated productivity, economic efficiency, environmental efficiency and marginal
abatement cost. The changes in total factor carbon emissions performance within the
transportation sector in China were also studied by Zhang et al. [60].

Stefaniec et al. [90], based on the DEA method, analyzed inland transportation in
China, taking into account the social, economic and environmental elements of sustainabil-
ity. Castelo Gouveia and Clímaco [91] analyzed fuel taxation policies to overcome GHG
emissions problems in on-road highway transportation systems. Rogers and Weber [92]
estimated the CO2 emissions and fatalities in road transportation systems in 50 US states.
Subsequently, Leal et al. [54] expanded on their work by considering various environ-
mental factors as inputs and outputs for prioritization in different bioethanol highway
transportation modes. The results support the Brazilian government in improving the
highway transportation system.

Most of the studies we analyzed used the DEA method for the efficiency analysis of
local transportation systems, especially in China. There is a research gap in terms of inter-
national analyses that detect disparities between countries in transportation eco-efficiency.
According to Table 2, CCR (Charles, Cooper & Rhodes), BCC (Banker, Charles & Cooper)
and SBM (Slacks-Based Measure) are the most popular models used in the literature.

3. Materials and Methods

Eco-efficiency is a complex economic issue. Thus, to evaluate the eco-efficiency of
transportation, it is worth using an integrated approach based on various methods that
complement each other and make it possible to formulate reliable conclusions. In this
article, both simple, one-dimensional indicators (energy and environmental indicators),
as well as a non-parametric, multidimensional Data Envelopment Analysis method, were
used to study the eco-efficiency of the road freight transport sector in the EU.

3.1. Data Collection

The source material for the empirical research was data published in the databases
of Eurostat, the European Environment Agency and Statistical Pocketbook (2021) [93] on
the road freight transport sector in individual EU member states. The time scope of the
study was dictated by the availability of data—the most current and complete data for all
EU countries covered 2019. The subjects for the study were selected in a purposive manner.
The research sample comprised 27 road freight transport sectors from each European Union
country. Malta was not included within the analyzed countries, as data on the transport
sector for that country was incomplete. It is worth noting that the share of road transport
work in Malta in the total EU transport work is 0.016%, so it is a country of negligible
importance for EU transport.

The authors of the article applied acronyms for individual countries: Austria (AT),
Belgium (BE), Bulgaria (BG), Croatia (HR), Cyprus (CY), the Czech Republic (CZ), Denmark
(DK), Estonia (EE), Finland (FI), France (FR), Germany (DE), Greece (EL), Hungary (HU),
Ireland (IE), Italy (IT), Latvia (LV), Lithuania (LT), Luxemburg (LU), the Netherlands (NL),
Poland (PL), Portugal (PT), Romania (RO), Slovakia (SK), Slovenia (SI), Spain (ES), Sweden
(SE) and the United Kingdom (UK).

The advantage of the DEA method is the assumption that the variables adopted for the
models need not be expressed in the same units. Four factors were selected as the inputs
and three factors as the outputs (Table 3). The basic principles of economics suggest land,
labor and capital as the three main inputs. The number of employees in the road freight
transport sector was used as a labor factor. Each country’s road freight transport sector
energy consumption was taken as the land equivalent. Since capital data was unavailable
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then, based on the literature, the following were additionally included as inputs: registered
trucks and the length of the road network in each country. The variables taken as effects
were divided into desirable and undesirable. Desirable outputs were taken as sector
revenues and freight work performed in tonne-kilometer. In contrast, GHG emissions
expressed in CO2 equivalents were treated as undesirable outputs.

Table 3. Statistical description of selected output and input variables.

Inputs and
Outputs Variable Unit Max Min Mean Std. Dev.

Non-energy input
x1–labor Thousands of persons 481 2 133 144

x2–stock of registered vehicles Number of vehicles 7013 47 1494 1884
x3–length of road network Km 1,104,087 2914 181,015 233,710

Energy input x4–energy consumption Thousand tonnes of oil
equivalent (thousand toe) 53,207 690 11,422 14,301

Desirable output

y1–turnover Million Euro 52,739 195 14,448 16,167
y2–haulage by vehicles

registered in the
reporting country

Million tonne-kilometer
(million tkm) 348,952 858 73,359 93,236

Undesirable output y3–GHG emission Million tonnes
CO2 equivalent 160 2 33 42

Source: Own elaboration.

3.2. Data Envelopment Analysis (DEA)

The Data Envelopment Analysis (DEA) method was used to measure transportation
eco-efficiency. The DEA method is a non-parametric efficiency analysis that can be used to
assess the relative efficiency of entities. The objects of analysis are termed Decision Making
Units (DMUs). In this research, the DMUs will be the road freight transport sectors in EU
countries. The DEA models may be categorized based on two criteria: model orientation
and type of returns to scale. Depending on the model orientation, a calculation of efficiency
is focused on the input minimization (input-oriented model) or the output maximization
(output-oriented model) [94]. However, taking into account the type of returns to scale,
the following models are highlighted: the CCR model (proposed by Charnes, Cooper and
Rhodes [95]) provides for constant returns to scale, and the BCC model provides for a
variable return to scale (the name also derives from the authors of the model: Banker,
Charnes and Cooper [96]).

Charnes, Cooper and Rhodes [95] introduced a measure of efficiency for each DMU
that is obtained as the maximum ratio of weighted outputs (s) to weighted inputs (m).

The DEA model can be calculated in the following manner [97]:

max
∑s

r=1 uryrj

∑m
i=1 νixij

(1)

∑s
r=1 uryrj

∑m
i=1 νixij

≤ 1, ur, vi ≥ 0 (2)

where s represents the number of outputs, m represents the quantity of inputs, ur represents
the weights denoting the significance of respective outputs, νi represents the weights
denoting the significance of respective outputs, yrj represents the amount of output of r-th
type (r = 1, . . . , R) in j-th object, xij represents the number of inputs of i-th type (n = 1, . . . ,
N) in j-th object, (j = 1, . . . ,J).

In the DEA model m of the inputs and s of the diverse outputs come down to single
figures of “synthetic” input and “synthetic” output, which are subsequently used for
calculating the object efficiency index. The quotient of synthetic output and synthetic input
is an objective function, which is solved in linear programming. DMUs are efficient if their
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efficiency index equals 1, which means that in the model focused on input minimization,
there is not any other more favorable combination of inputs allowing objects to achieve
the same outputs [94,98]. However, if they are inefficient, their efficiency index is below 1.
The efficiency of the object is measured against other objects from the focus group and is
assigned values from the range (0, 1). Efficient DMUs are members of the reference set and
they are the benchmark for inefficient DMUs. The reference set is the set of efficient road
freight transport sectors to which the inefficient sector has been most directly compared
when calculating its efficiency rating.

The use of the DEA method has many advantages, such as its ability to accommodate
a multiplicity of inputs and outputs, it does not require an assumption that a function
relates inputs to outputs; inputs and outputs can have very different units. However, DEA
also has some limitations: it is a deterministic rather than statistical technique and produces
results that are particularly sensitive to measurement error. It only measures efficiency
relative to best practices within a particular sample, so comparisons of scores between
different studies are not meaningful. Being nonparametric, it is difficult to apply it to test
statistical hypotheses, which is the focus of ongoing research

3.3. Slacks-Based Measure (SBM) DEA Model

A traditional DEA model does not consider undesirable outputs such as air pollution.
The undesirable output model was proposed by Cooper et al. [97]. This model deals with
the same problem by applying a slacks-based measure of efficiency (SBM) in Tone [99].
The SBM DEA is non-radial and non-oriented model that uses input and output slacks to
measure efficiency directly. The undesirable outputs SBM DEA model has two variants,
including the Bad-Output and Non-Separable models. This research used the Bad-Output
model. The Bad-Output model deals with good (desirable) and bad (undesirable) outputs
independently. There is no connection between undesirable and desirable outputs.

There are n Decision-Making Units (DMUs) in the SBM DEA model and each has three
factors: inputs, good (desirable) outputs, and bad (undesirable) outputs. The three factors
are represented by the three vectors X ∈ Rm, Yg ∈ Rs1, Yb ∈ Rs2, respectively. We define
the matrices X, Yg and Yb as follows. X = [x1, . . . , xn ] ∈ Rm × n, Yg =

[
yg

1 , . . . , yg
n

]
∈

Rs1 × n, and Yb =
[
yb

1, . . . , yb
n

]
∈ Rs2 × n. We assume X > 0, Yg > 0 and Yb > 0.

A DMU can be represented as
(

x0, yg
0 , yb

0

)
and evaluated by two kinds of output

(desirable and undesirable), where yg
0 denotes the desirable output and yb

0 denotes the
undesirable output. The production possibility set (P) is defined by [98]:

P =
{
(x, yg , yb

)∣∣∣x ≥ Xλ, yg ≤ Yg λ, yb ≥ Ybλ, L ≤ eλ ≤ U, λ ≥ 0
∣∣∣} (3)

where λ is the intensity vector and L and U are the lower and upper bounds of the intensity
vector, respectively. The efficiency DMU in this frame is defined as follows. A DMU0(

x0, yg
0 , yb

0

)
is efficient if there is no vector

(
x0, yg

0 , yb
0

)
∈ P such that x0 ≥ x, yg

0 ≤ yg, yb
0 ≤

yb with at least one strict inequality. According to the SBM proposed by Tone [100,101] the
objective of the model was modified as follows.

[SBM−Undesirable]ρ∗ = min
1− 1

m ∑m
i=1

s−i0
xi0

1 + 1
s

(
∑s1

r=1
sg

r
yg

r0
+ ∑s2

r=1
sb

r
yb

r0

) (4)

subject to x0 = Xλ+ S−; yg
0 = Yλ− Sg; yb

0 = Yλ+ Sb; L ≤ eλ ≤ U; S−, Sg, Sb, λ ≥ 0.
The vectors S− and Sb correspond to excesses in inputs and undesirable outputs, and

Sg represents the shortage in good outputs. The DMU0 is efficient with consideration of
undesirable output if and only if ρ∗ = 1, i.e., S−∗ = 0, Sb∗ = 0 and Sg∗ = 0. If the DMU0 is
inefficient, i.e., ρ∗ < 1, it can be improved and become efficient by deleting the excesses in



Energies 2023, 16, 461 15 of 28

inputs and bad outputs and augmenting the shortfalls in good outputs by the following
projection [97]:

ˆx0 ← x0 − S−∗
ˆyg
0 ← yg

0 + Sg∗

ŷb
0 ← yb

0 − Sb∗

At the same time, because the model is a nonlinear programming model, it can be
transformed into a linear programming model according to the Charnes–Cooper conversion
method. For calculating the DEA method, DEA ProSolver 14 was used.

3.4. Energy and Environmental Indicators

Indicators were used to evaluate energy productivity and GHG emission in the road
freight transport sector. Energy consumption was calculated as:

Energy consumption = E/TKM (5)

where: E–energy consumption in road freight transport sector (kg oil equivalent). TKM–
freight work in road transport sector (tkm).

The GHG emission efficiency of road freight transport was calculated based on GHG
emissions (in CO2 equivalent grams) per tonne-kilometers of freight transport.

GHG emission = GHG/TKM (6)

where: GHG–greenhouse gas emissions by road freight transport sector (g CO2 equivalent).
TKM–freight work in the road transport sector (tkm).

4. Results and Discussion
4.1. Efficiency of Road Freight Transport Sector in EU Counties

The results of eco-efficiency for the road freight transport sector, calculated using
both the DEA-CCR model and the undesirable outputs SBM-DEA model, are shown in
Figure 11. The average value of eco-efficiency generated by the DEA-CCR model for the
27 EU countries was 0.98, while the average value from the SBM-DEA model was only 0.66.
The results show that GHG emissions have led to a greater loss of efficiency, which implies
that any transportation efficiency evaluation is meaningless if environmental factors are
not considered. The undesirable outputs SBM-DEA model can avoid the angular and
radial defects of the traditional DEA. The SBM-DEA model results can be more accurate.
Therefore, the undesirable outputs SBM-DEA model was chosen for further analysis.

The results obtained according to the assumptions of this model will identify efficient
road freight transport sectors in the EU and analyze and diagnose inefficient sectors,
indicating how much they need to increase or decrease their effects and inputs to become
economically, energetically and environmentally efficient. The ranking of road freight
sectors according to the SBM-DEA model is shown in Figure 12. The efficiency of the road
freight transport sectors studied ranged from 0.15 to 1. The average efficiency of the sample
was 0.66 and the median was 0.63. The results show that the road freight sectors in 10 EU
countries were considered efficient: Denmark, Germany, Belgium, Lithuania, Luxembourg,
the Netherlands, Poland, Portugal, Slovenia and Bulgaria. Their performance indicators
reached values equal to 1. Thus, more than a third of EU countries have efficient road
freight sectors that efficiently utilize their inputs (employees, road network, energy, trucks)
and convert them into appropriate results.
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Figure 11. Efficiency of road freight transport sectors according to the DEA-CCR and SBM-DEA
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Figure 12. Efficiency of road freight transport sectors in EU countries in 2019 according to the
SBM-DEA model. Source: Own elaboration.
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Road freight sectors for which efficiency indicators were less than 1 were considered
inefficient. The transport sectors from Cyprus, Ireland, Hungary and Greece had the lowest
efficiency. It should be noted that these are some of the smaller EU countries in terms of
area and population, which means that the needs for freight transport are also more minor
and thus, the generated effects of revenue and freight work are also at a lower level.

The analyses indicate that the economic–energy–environmental efficiency of road
freight transport in EU countries varies. Varying levels of road transport freight transport
eco-efficiency suggested that it may be linked to economic development in EU countries.
The road freight transport sectors studied were classified into three groups (Figure 13):

• Eco-efficiency leaders—A group of countries in which the road freight sector was
considered efficient (the efficiency index was equal to 1)—Slovenia, Belgium, Bulgaria,
Portugal, Denmark, Germany, Poland, Netherlands, Luxembourg and Lithuania. This
group includes both countries with a higher than the median level of GDP per capita
and a lower level of economic development.

• Eco-efficiency followers—Countries distinguished by higher than the EU median
eco-efficiency of road freight transport (Italy, Finland, Sweden, Slovakia and Romania).
In the case of Romania and Slovakia, the lower eco-efficiency of transport may be due
to slower economic development.

• Eco-efficiency slackers—a group of countries with less than the EU median value
of economic–energy–environmental efficiency of road freight transport (Spain, Aus-
tria, Latvia, Czechia, France, Estonia, Croatia, United Kingdom, Hungary, Greece,
Ireland and Cyprus). Moreover, countries such as Ireland, Austria, the United King-
dom and France, despite their advanced economic development, do not consider the
environmental efficiency of road transport.
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The next stage of the study determined how inefficient sectors (eco-efficiency followers
and eco-efficiency slackers) should increase their effects (revenues and/or freight work) or
reduce input consumption and GHG emissions to be considered economically, energetically
and environmentally efficient. For this purpose, efficiency benchmarks were identified
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following the idea of benchmarking for countries characterized by an inefficient transport
sector (Table 4). Then, based on benchmarks for inefficient countries, corresponding
changes in inputs and outputs were proposed (Tables 5 and 6). It is worth noting that
the benchmarks (reference set) were transport sectors from Lithuania, Luxembourg, the
Netherlands, Portugal and Slovenia. For example, for the road transport sector in Austria,
the benchmark was the transport sector from the Netherlands (Table 4).

Table 4. The reference set (lambda) for inefficient road freight transport sectors.

Countries with an Inefficient Road
Freight Transport Sector

Efficient Road Freight Transport
Sectors (Benchmarks)

LT LU NL SI PT

AT 0.39
CY 0.01 0.02
CZ 1.38 0.01
EE 0.15 0.02
EL 0.09 0.97
ES 1.22 0.19 7.15
FI 0.06 0.17 0.60
FR 0.83 1.88
HR 0.22 0.02
HU 0.57 0.09
IE 0.12 0.08
IT 7.58 1.49 0.25
LV 0.28
RO 0.82 0.71 0.18
SE 0.37 0.36
SK 0.39 0.56
UK 2.34 0.53

Source: Own elaboration.

Table 5. Summary of average excess in inputs.

Road Freight Transport
Sector in
a Country

Labour Stock of Registered Vehicles Length of Road Network Energy Consumption

Projection [Thous.
of Persons]

Change
[%]

Projection
[Number of Vehicles]

Change
[%]

Projection
[km]

Change
[%]

Projection
[Thous. Toe]

Change
[%]

AT 52 −18 425 −17 55,062 −57 4087 −50
CY 1 −42 8 −93 1529 −88 93 −87
CZ 131 0 203 −72 101,838 −22 2987 −54
EE 17 0 41 −69 13,690 −77 507 −38
EL 37 0 125 −91 44,145 −63 2029 −61
ES 349 0 1198 −77 391,154 −41 18,044 −38
FI 45 0 258 −60 50,622 −35 2992 −23
FR 326 −16 2156 −69 324,962 −71 21,356 −4
HR 22 −14 46 −76 17,730 −34 600 −72
HU 66 −21 181 −70 54,840 −75 2168 −55
IE 23 −8 109 −70 20,925 −79 1141 −71
IT 275 −22 2346 −46 235,090 0 33,140 0
LV 26 −1 38 −58 20,429 −70 580 −4
RO 106 −35 336 −69 86,391 0 5052 −19
SE 82 0 442 −34 77,737 −61 4530 −30
SK 53 0 117 −64 49,603 −14 1857 −2
UK 289 −1 893 −81 244,113 −42 10,343 −73

Source: Own elaboration.



Energies 2023, 16, 461 19 of 28

Table 6. Recommendations for increasing or decreasing the output for the road freight transport
sectors by EU countries to improve efficiency.

Undesirable Output Desirable Output

Road Freight Transport
Sector in a Country

GHG Emission Turnover Haulage by Vehicles Registered
in the Reporting Country

Current Projection Change Current Projection Change Current Projection Change

[Million Tonnes
CO2 Equivalent] [%] [Million Euro] [%] [Million tkm] [%]

AT 23.7 11.7 −51 9801 9801 0 26,444 27,022 2
BE 25.0 25.0 0 12,616 12,616 0 34,829 34,829 0
BG 9.8 9.8 0 4430 4430 0 20,551 20,551 0
CY 2.1 0.3 −87 195 195 0 858 858 0
CZ 18.7 8.8 −53 9687 9687 0 39,059 74,098 90
DE 159.7 159.7 0 47,437 47,437 0 311,875 311,875 0
DK 12.2 12.2 0 6413 6413 0 14,991 14,991 0
EE 2.3 1.5 −37 1496 1496 0 4794 9407 96
EL 15.2 6.0 −61 2658 3780 42 28,197 28,197 0
ES 84.5 53.1 −37 36,213 36,213 0 249,559 249,559 0
FI 10.5 8.7 −18 6496 6496 0 28,848 28,848 0
FR 124.6 61.4 −51 52,739 52,739 0 174,061 174,061 0
HR 6.4 1.8 −72 1835 1835 0 12,477 12,477 0
HU 14.4 6.3 −56 6249 6249 0 36,951 36,951 0
IE 11.6 3.3 −72 2963 2963 0 12,444 12,444 0
IT 97.7 95.4 −2 50,282 50,282 0 137,986 166,376 21
LT 6.1 6.1 0 6772 6772 0 53,117 53,117 0
LU 6.2 6.2 0 1509 1509 0 7381 7381 0
LV 3.2 1.7 −46 1556 1908 23 14,965 14,965 0
NL 29.9 29.9 0 24,999 24,999 0 68,923 68,923 0
PL 64.8 64.8 0 38,251 38,251 0 348,952 348,952 0
PT 16.9 16.9 0 6325 6325 0 31,014 31,014 0
RO 18.2 14.6 −19 11,044 11,044 0 61,041 61,041 0
SE 15.0 13.0 −13 11,547 11,547 0 42,604 44,694 5
SI 5.6 5.6 0 3252 3252 0 24,011 24,011 0
SK 7.6 5.5 −28 4228 4434 5 33,941 33,941 0
UK 110.4 30.0 −73 29,095 29,095 0 160,831 160,831 0

Source: Own elaboration.

4.2. Potential Energy Saving in the Road Freight Transportation Sector in the EU

Energy consumption by road freight transport is distributed according to the Pareto
principle. 6 countries consume 70% of all energy consumed by road freight transport in the
EU. Among these countries, we can include Germany, France, the United Kingdom, Italy,
Spain and Poland.

According to the DEA method, inefficient DMUs can become efficient and achieve
the required level of eco-efficiency if they reduce their inputs. Figures 14 and 15 show
the potential energy savings that should be made in the road transport sectors in various
EU countries. In four countries (Cyprus, the United Kingdom, Croatia and Ireland), the
potential savings in energy consumption should be more than 70%. Romania had the lowest
energy-saving potential of all inefficient countries. It is worth noting that the countries
that should make the most significant changes in energy consumption are not the energy
consumption leaders. This is the essence of efficiency; according to DEA, it is about using
inputs (including energy) as efficiently as possible to produce specific results. In the study
group of 27 countries, a 27% reduction in energy consumption from 308,395 Mtoe to 224,666
Mtoe should occur.
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Figure 14. Final consumption of energy by road freight transport sector in the EU (2019, Mtoe).
Source: Own elaboration.
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4.3. Analysis of the Potential for Decreasing CO2 Emissions in Road Freight Transportation Sector
in the EU

The results of the study show quite a wide variation in the eco-efficiency of the road
freight sector across EU countries. Table 5 indicates the potential changes in terms of
generated results that should occur in each country for the transport sectors to improve
their eco-efficiency. The ten road freight transport sectors deemed efficient do not need
to change their performance levels. The countries with the lowest efficiency in the road
freight sector are Cyprus, Ireland, Hungary and Greece. According to calculations, GHG
emissions from the transport sectors in these countries are expected to decrease the most by
61 to 87%. In contrast, minor changes of 2% in GHG emissions are proposed for Italy. The
entire group of 27 countries studied should see a 27% reduction in GHG emissions from
902.5 to 659.2 million tons of CO2 equivalent.

In addition, for inefficient transport sectors to be considered fully efficient compared
to other countries, they should also increase the revenue generated and freight work
performed (Table 6). The most significant changes in revenue are expected to be in the
transport sectors from Greece, Latvia and Slovakia. In contrast, more freight work should
be done in the Czech Republic, Estonia, Italy, Sweden and Austria.

Some potential proposals for change may be difficult to apply in practice. Nonetheless,
the results of the study indicate that there is quite a variation in the efficiency of the road
freight sector across EU countries and a lot of room for reducing GHG emissions from the
road freight sector. The results justify the EU’s policy push towards more environmentally
friendly transportation measures. The results of the study, deepened by additional analysis,
may be of interest to policymakers shaping EU transport policy to indicate which sectors
require exceptional support for sustainable and green development.

4.4. Discussion

Most of the existing studies in the literature focus on analyzing the efficiency of
different transportation modes but mainly at the level of a single country. Many researchers
analyze the eco-efficiency of transportation systems in China, but there are few analyzes
in the field of transport in Europe. The study conducted in this article compared the eco-
efficiency of the road freight transport sector in 27 EU countries and filled a research gap.
The average efficiency level of the road freight transport sector in the EU countries based
on the SBM-DEA model was 0.66. Still, the efficiency varies quite a bit between countries.
The study found that 10 countries (Denmark, Germany, Belgium, Lithuania, Luxembourg,
the Netherlands, Poland, Portugal, Slovenia and Bulgaria) are on the efficiency frontier and
should therefore serve as benchmarks (models for improving eco-efficiency in the transport
sector) for other countries. Furthermore, specific measures to improve transportation
eco-efficiency should be comprehended in the 12 countries (Spain, Austria, Latvia, Czechia,
France, Estonia, Croatia, United Kingdom, Hungary, Greece, Ireland and Cyprus) that have
been recognized as eco-efficiency slackers.

It is difficult to reliably compare the results of studies by other authors because they
relate to a different period, a different research sample and concern the entire road transport
sector. The obtained results were similar to the studies by Djordjević and Krmac [101]. Au-
thors using the DEA method evaluated the transport energy and environmental efficiency
in EU countries in the years 2006–2012. The best value of efficiency was for Lithuania,
Luxemburg, Slovakia and Slovenia. The transport sector from Cyprus had the lowest
efficiency. Wang et al. [102] focused on measuring the environmental efficiency of land
transportation in OECD countries in the period of 2015–2019. In this research, Switzer-
land, France, Spain, Italy, Lithuania, Poland, Sweden, The Netherlands, Australia, Japan,
Korea and the USA were the countries with the best efficiency score. On the other hand,
Shen, Bao and Hermans [103] studied road transport sustainability in the 28 EU countries.
Among these analyzed countries, Sweden was the best-performing country. In contrast,
countries like Cyprus and Croatia perform relatively poorly from both the desirable and
undesirable perspectives.
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Studies have confirmed the correlation between the economic development of EU
countries as measured by GDP per capita and higher energy consumption and GHG emis-
sions from the road freight transport sector (Table 7). Pearson’s correlation coefficient was
respectively: 0.31 and 0.28. The study also confirmed the positive relationship between the
economic development of EU countries and the level of eco-efficiency of the road freight
transport sector. The correlation was positive but at a reasonably low level (r = 0.27).

Table 7. Pearson’s correlation (r) between eco-efficiency of road freight transport and GDP per capita
in EU countries.

Variable GDP per capita Energy Consumption GHG Emission Eco-Efficiency Measured
by SBM-DEA

GDP per capita 1.00
Energy consumption 0.31 1.00

GHG emission 0.28 1.00 1.00
Eco-efficiency measured by

SBM-DEA 0.27 −0.37 −0.36 1.00

Source: Own elaboration.

The link between the eco-efficiency of the road freight transport sector and the coun-
try’s economic development has also been confirmed in studies by other authors. However,
these studies usually focused on a single country or countries outside the EU, such as OECD
countries. Secondly, these studies relied on one-dimensional indicators, i.e., they analyzed
the relationship between economic growth, freight transport and energy consumption
Nasreen et al. [104] analyzed the relationship between economic growth, freight transport
and energy consumption. The authors divided 63 developing countries into three groups
(1) lower-middle, (2) upper-middle and (3) high-income countries. The results indicated
the relationship between economic growth and freight transport for all groups. Also, the
results confirmed the relationship between energy consumption and economic growth
in high- and upper-middle-income countries. Ibrahiem [105] studied the relationships
between energy consumption by road transportation, economic growth, urbanization and
population growth in Egypt. The results showed the existence of a long-run and short-run
relationship between the variables. Liddle and Lung [106] used the Granger-causality
analyzed direction and sign of long-run causality between transport energy consump-
tion per capita and real GDP per capita. Relationships between transportation rail and
road infrastructure, energy consumption and CO2 emissions in transport in Tunisia were
analyzed by Achour and Belloumi [107]. This study’s findings showed unidirectional
short-run causality running from road transport-related energy consumption to transport
CO2 emissions. On the other hand, Gherghina et al. [108] confirmed that CO2 emissions
from all modes of transport, alongside other specific air pollutants, negatively influence
gross domestic product per capita.

Compared to other sectors, transportation is the leading domestic energy consumer
in most EU countries and is also the only sector where greenhouse gas emissions have
increased by 33% over the past three decades. In 2020, road transport accounted for about
one-fifth of the EU’s GHG emissions. The EU’s policy aims to reverse the growing energy
consumption of Europe’s transport sector and thus increase environmental protection. The
research identified potential (recommended) reductions in energy consumption and GHG
emissions in individual EU countries’ road freight transport sector. Moreover, the study
identified potential reductions in energy consumption and GHG emissions for the road
freight transport sector in all EU. The entire group of 27 countries studied should achieve
a 27% reduction in energy consumption and GHG emissions from road freight transport
sector. The potential savings in energy consumption and reducing GHG emissions should
be the largest in four countries: Cyprus, the United Kingdom, Croatia and Ireland.

The research can help decision-makers decide where to promote energy conserva-
tion and emission reduction policies more intensively, where to introduce technological
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innovations in transportation and possibly raise emission standards. To improve the envi-
ronmental performance of the transport sector, policymakers may also consider measures
such as expanding infrastructure and reducing regional disparities in the country’s trans-
port sector. Other EU actions for reducing GHG emissions from transportation are as
follows:

• CO2 emissions trading system reform,
• Increasing the share of renewable fuels in transportation,
• Removal of tax breaks for fossil fuels,
• Amending regulations on alternative fuel infrastructure to increase its capacity.

As part of the measures to reduce CO2 emissions and achieve climate neutrality by
2050, greenhouse gas emissions should be reduced by 90%, compared to 1990 levels. To
reduce emissions from heavy-duty vehicles, improvements in vehicle fuel efficiency must
also continue, but other efforts are needed. Shift freight transport from road to rail and
passenger transport from cars to buses and coaches.

In July 2021, the European Commission proposed lowering the emissions limit for
cars and vans by another 15% from 2025, followed by a 55% reduction for cars and 50% for
vans by 2030, reaching zero emissions by 2035.

Two ways to reduce CO2 emissions from cars are to increase vehicle efficiency or
change the fuel used. In 2020, most European road transportation used diesel fuel, followed
by gasoline. However, electric cars are gaining in popularity and in 2020, they accounted
for 11% of all newly registered passenger vehicles. Sales of electric vehicles (battery electric
vehicles and plug-in hybrid electric vehicles) have risen sharply since 2017 and tripled in
2020 when current CO2 emission targets take effect. In 2020, electric vans accounted for
2.3% of the market share of newly registered vans.

When evaluating the amount of CO2 a vehicle produces, it is essential to consider
the amount of CO2 emitted during use and the emissions caused by its production and
permanent storage. The production and permanent storage of electric cars are less environ-
mentally friendly than cars with internal combustion engines and emissions from electric
vehicles vary depending on how the electricity is generated. However, given the average
energy mix in Europe, electric cars are already proving to be cleaner environmentally than
gasoline-powered vehicles. As the share of renewable electricity grows, electric cars should
become even less harmful to the environment, especially given the EU’s plans to make
batteries greener.

In addition to setting targets for car emissions, policymakers are looking at other
maritime and air transport measures: including maritime transport in the emissions trading
system, revising the system for aviation and designing more sustainable fuels for aviation
and ships. Although emissions from aviation and shipping account for only about 8% of
the EU’s total emissions, they are steadily increasing.

5. Conclusions

Transportation is an economic sector that is crucial to maintaining and enhancing Eu-
ropean competitiveness. Transportation systems ensure a high level of mobility in Europe
and the continued growth of urbanization and trade. Based on the analysis concerning
the development of road freight transport in the past decade, it can be concluded that the
activities of this sector experienced significant growth, which has not been accompanied by
corresponding progress in reducing energy consumption and reducing GHG emissions.
The road transport sector primarily depends on fossil fuels, with negative consequences
for energy supply security and climate change. Increasing demand for non-renewable
energy sources, the depletion of cheaper-to-exploit sources of energy extraction and the
deteriorating state of the environment are forcing the search for low-carbon transportation
system solutions.

To make the right decisions and apply suitable instruments to transportation, decision-
makers need new concepts and methodologies to enable an integrated and comprehensive
assessment of transportation eco-efficiency. Thus, new approaches are needed to address
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the inputs’ efficiency in relation to the economic results obtained in the various transport
modes. Resource efficiency (including energy) and greenhouse gas efficiency are crucial
elements in this paradigm. Analyzing the relationship between the environment and
economic performance makes it possible to formulate scientifically sound directives for
development policies and transportation organizations.

A comprehensive and multidimensional assessment of the economic–energy–environmental
efficiency of the road freight transport sector is included in the research conducted in the
article based on the non-parametric DEA method.

The results obtained within the framework of the conducted research allowed us to
formulate the following conclusions:

• Transportation is the EU’s primary energy consumer (consuming about 30% of energy,
95% of which consume by road transport) and is responsible for about 25% of the EU’s
total CO2 emissions, 88% of which came from road transport.

• The evaluation of transport eco-efficiency using the SBM-DEA model with the in-
clusion of undesired output effects avoided the angular and radial defects of the
traditional DEA model. Due to this, the eco-efficiency evaluation gained accuracy
and reliability.

• The average eco-efficiency level of the road freight transport sector in the EU in 2019,
estimated using the SBM-DEA model was 0.66.

• The economic–energy–environmental efficiency of the road freight transport sectors
in EU countries varies. The study identifies countries with the highest (Slovenia,
Belgium, Bulgaria, Portugal, Denmark, Germany, Poland, Netherlands, Luxembourg
and Lithuania) and the lowest eco-efficiency of the road freight transport sector (Spain,
Austria, Latvia, Czechia, France, Estonia, Croatia, United Kingdom, Hungary, Greece,
Ireland and Cyprus).

• The study identified potential reductions in energy consumption and GHG emissions
that would improve the eco-efficiency of the road freight transport sector in each EU
country. The entire group of 27 countries should achieve a 27% reduction in energy
consumption and GHG emissions from the road freight transport sector. Reducing
energy consumption in the road transport sector can be ensured with better integration
of different modes of transport, a more significant share of energy from renewable
sources and the use of alternative fuels, improving the energy efficiency of vehicles,
developing road transport infrastructure and environmentally friendly tax policies.

• The study filled a research gap in comparative analyses of the eco-efficiency of the road
freight transport sector in EU countries. Moreover, the study filled a research gap in
the link between the eco-efficiency of the road freight transport sector in EU countries
and their economic development. The research hypothesis was confirmed that as the
economic development of EU countries increases, the level of eco-efficiency of the
road freight transport sector increases. However, the correlation of this relationship
was found to be weak.

The research conducted has some limitations. Firstly, these limitations are due to the
shortcomings of the DEA method. Since the DEA method is a deterministic technique, noise
such as measurement error can cause significant problems. Moreover, the DEA method
estimates the relative efficiency of a DMU to best practices within a particular sample and
so comparisons of scores between different studies is not correct nor reliable.

Efficiency is a complex economic issue and the methods used to analyze it have
their advantages and disadvantages, so according to the authors, when evaluating the
efficiency of transportation at the micro-, meso- or macro-level, it is worth using an inte-
grated approach—based on various methods that complement each other and thus make it
possible to formulate reliable conclusions. In addition, the DEA method does not forecast
future performance. As a result, future research should integrate DEA with, for example,
Gray’s GM prediction model, DEA resampling prediction techniques or machine learning
prediction techniques [109] to provide more detailed information to decision-makers.
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In further studies, other negative externalities of road transportation should be con-
sidered, such as noise and accidents. To evaluate transport in terms of sustainability, one
would also need to analyze social factors related to transportation.

In addition to the road subsector, transportation includes rail, sea, air and inland
waterways. In this study, only the eco-efficiency of road freight transport was calculated.
However, calculating and comparing economic–energy–environmental efficiencies for other
modes of transportation would also be of great value.
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27. Daroń, M.; Wilk, M. Management of Energy Sources and the Development Potential in the Energy Production Sector—A
Comparison of EU Countries. Energies 2021, 14, 685. [CrossRef]

28. Costa, Á.; Markellos, R.N. Evaluating public transport efficiency with neural network models. Transp. Res. Part C Emerg. Technol.
1997, 5, 301–312. [CrossRef]

29. Viton, P.A. Changes in multi-mode bus transit efficiency, 1988–1992. Transportation 1998, 25, 1–21. [CrossRef]
30. Yu, M.M. Assessing the technical efficiency, service effectiveness, and technical effectiveness of the world’s railways through

NDEA analysis. Transp. Res. Part A Policy Pract. 2008, 42, 1283–1294. [CrossRef]
31. Karlaftis, M.G.; Tsamboulas, D. Efficiency measurement in public transport: Are findings specification sensitive? Transp. Res. Part

A Policy Pract. 2012, 46, 392–402. [CrossRef]
32. Tamaki, T.; Nakamura, H.; Fujii, H.; Managi, S. Efficiency and emissions from urban transport: Application to world city-level

public transportation. Econ. Anal. Policy 2019, 61, 55–63. [CrossRef]
33. Baran, J.; Górecka, A.K. Economic and environmental aspects of inland transport in EU countries. Econ. Res. Ekon. Istraživanja

2019, 32, 1037–1059. [CrossRef]
34. Benjamin, J.; Obeng, K. The effect of policy and background variables on total factor productivity for public transit. Transp. Res.

Part B Methodol. 1990, 24, 1–14. [CrossRef]
35. Holden, R.; Xu, B.; Greening, P.; Piecyk, M.; Dadhich, P. Towards a common measure of greenhouse gas related logistics activity

using data envelopment analysis. Transp. Res. Part A Policy Pract. 2016, 91, 105–119. [CrossRef]
36. Cook, W.D.; Kazakov, A.; Roll, Y.; Seiford, L.M. A data envelopment approach to measuring efficiency: Case analysis of highway

maintenance patrols. J. SocioEconomics 1991, 20, 83–103. [CrossRef]
37. Rouse, P.; Putterill, M.; Ryan, D. Towards a general managerial framework for performance measurement: A comprehensive

highway maintenance application. J. Product. Anal. 1997, 8, 127–149. [CrossRef]
38. Cook, W.D.; Kazakov, A.; Persaud, B.N. Prioritising highway accident sites: A data envelopment analysis model. J. Oper. Res. Soc.

2001, 52, 303–309. [CrossRef]
39. Hilmola, O.-P. European railway freight transportation and adaptation to demand decline: Efficiency and partial productivity

analysis from period of 1980-2003. Int. J. Product. Perform. Manag. 2007, 56, 205–225. [CrossRef]
40. Rassafi, A.A.; Vaziri, M. Assessment of modal transportation sustainability: Application of data envelopment and concordance

analyses. Iran. J. Sci. Technol. Trans. B Eng. 2007, 31, 179–193.
41. Barros, C.P.; Dieke, P.U. Measuring the economic efficiency of airports: A Simar–Wilson methodology analysis. Transp. Res. Part E

Logist. Transp. Rev. 2008, 44, 1039–1051. [CrossRef]
42. Sampaio, B.R.; Neto, O.L.; Sampaio, Y. Efficiency analysis of public transport systems: Lessons for institutional planning. Transp.

Res. Part A Policy Pract. 2008, 42, 445–454. [CrossRef]
43. Michaelides, P.G.; Belegri-Roboli, A.; Karlaftis, M.; Marinos, T. International air transportation carriers: Evidence from SFA and

DEA technical efficiency results (1991-2000). Eur. J. Transp. Infrastruct. Res. 2009, 9, 347–362.
44. Rouse, P.; Chiu, T. Towards optimal life cycle management in a road maintenance setting using DEA. Eur. J. Oper. Res. 2009, 196,

672–681. [CrossRef]
45. Savolainen, V.; Hilmola, O. The relative technical efficiency of European transportation systems concerning air transport and

railways. Int. J. Bus. Perform. Manag. 2009, 11, 19–42. [CrossRef]
46. Söderberg, M. A broad performance benchmark based on citizens’ preferences: The case of Swedish public transportation. Ann.

Public Coop. Econ. 2009, 80, 579–603. [CrossRef]
47. Wang, L.-C.; Tsai, H.-Y. Evaluation of Highway Maintenance Performance Using Data Envelopment Analysis (DEA) in Taiwan. J.

Mar. Sci. Technol. 2009, 17, 145155. [CrossRef]
48. Cruijssen, F.; Dullaert, W.; Joro, T. Freight transportation efficiency through horizontal cooperation in Flanders. Int. J. Logist. Res.

Appl. 2010, 13, 161–178. [CrossRef]
49. Jitsuzumi, T.; Nakamura, A. Causes of inefficiency in Japanese railways: Application of DEA for managers and policymakers.

Socio-Econ. Plan. Sci. 2010, 44, 161–173. [CrossRef]
50. Sun, L.; Rong, J.; Yao, L. Measuring transfer efficiency of urban public transportation terminals by data envelopment analysis. J.

Urban Plan. Dev. 2010, 136, 314319. [CrossRef]
51. Hilmola, O.-P. Role of location in railway sector efficiency. Int. J. Logist. Syst. Manag. 2011, 10, 478–494. [CrossRef]

http://doi.org/10.1016/j.enpol.2013.03.011
http://doi.org/10.3390/su7079187
http://doi.org/10.1016/j.tranpol.2015.09.005
http://doi.org/10.1016/j.jclepro.2016.09.048
http://doi.org/10.1016/j.energy.2012.11.045
http://doi.org/10.3390/en14030685
http://doi.org/10.1016/S0968-090X(97)00017-X
http://doi.org/10.1023/A:1004906024774
http://doi.org/10.1016/j.tra.2008.03.014
http://doi.org/10.1016/j.tra.2011.10.005
http://doi.org/10.1016/j.eap.2016.09.001
http://doi.org/10.1080/1331677X.2019.1578680
http://doi.org/10.1016/0191-2615(90)90028-W
http://doi.org/10.1016/j.tra.2016.06.001
http://doi.org/10.1016/1053-5357(91)90019-P
http://doi.org/10.1023/A:1007743606303
http://doi.org/10.1057/palgrave.jors.2601078
http://doi.org/10.1108/17410400710731428
http://doi.org/10.1016/j.tre.2008.01.001
http://doi.org/10.1016/j.tra.2008.01.006
http://doi.org/10.1016/j.ejor.2008.02.041
http://doi.org/10.1504/IJBPM.2009.023799
http://doi.org/10.1111/j.1467-8292.2009.00399.x
http://doi.org/10.51400/2709-6998.1969
http://doi.org/10.1080/13675560903224962
http://doi.org/10.1016/j.seps.2009.12.002
http://doi.org/10.1061/(ASCE)UP.1943-5444.0000028
http://doi.org/10.1504/IJLSM.2011.043106


Energies 2023, 16, 461 27 of 28

52. Chen, Y.; Han, B. Regional public transportation scheduling model based on welfare economics and DEA. Int. J. Model. Identif.
Control. 2012, 16, 272–276. [CrossRef]

53. Lee, G.; Yu, M.-M.; Wang, L.-C. DEA-based integrated relationship of returns to scale–an application to road maintenance in
Taiwan. J. Civ. Eng. Manag. 2012, 18, 709–723. [CrossRef]

54. Leal, I.C.; de Almada Garcia, P.A.; de Almeida, D.A.M. A data envelopment analysis approach to choose transport modes based
on eco-efficiency. Environ. Dev. Sustain. 2012, 14, 767–781. [CrossRef]

55. Chang, Y.-T.; Park, H.-S.; Jeong, J.-B.; Lee, J.-W. Evaluating economic and environmental efficiency of global airlines: A SBM-DEA
approach. Transp. Res. Part D Transp. Environ. 2014, 27, 46–50. [CrossRef]

56. Çipil, F. Performance Analysis of Turkey’s Transport Sector Greenhouse Gas Emissions. Energy Environ. 2014, 25, 357–367.
[CrossRef]

57. Chen, C.C. The operation of new transportation infrastructure and regional economic efficiency: A case study of Taiwan high
speed rail on regions in western Taiwan. Reg. Sect. Econ. Stud. 2014, 14, 179–194.

58. Vaidya, O.S. Evaluating the Performance of Public Urban Transportation Systems in India. J. Public Transp. 2014, 17, 11. [CrossRef]
59. Baran, J.; Górecka, A. Seaport efficiency and productivity based on Data Envelopment Analysis and Malmquist Productivity

Index. Logist. Sustain. Transp. 2015, 6, 25–33. [CrossRef]
60. Zhang, N.; Wei, X. Dynamic total factor carbon emissions performance changes in the Chinese transportation industry. Appl.

Energy 2015, 146, 409–420. [CrossRef]
61. Azadeh, A.; Salehi, V.; Kianpour, M. Performance evaluation of rail transportation systems by considering resilience engineering

factors: Tehran railway electrification system. Transp. Lett. 2016, 1–14. [CrossRef]
62. Azadeh, A.; Zarrin, M.; Hamid, M. A novel framework for improvement of road accidents considering decision-making styles of

drivers in a large metropolitan area. Accid. Anal. Prev. 2016, 87, 17–33. [CrossRef]
63. Chu, J.-F.; Wu, J.; Song, M.-L. An SBM-DEA model with parallel computing design for environmental efficiency evaluation in the

big data context: A transportation system application. Ann. Oper. Res. 2016, 1–20. [CrossRef]
64. Kleinová, E. Does liberalization of the railway industry lead to higher technical effectiveness? J. Rail Transp. Plan. Manag. 2016, 6,

67–76. [CrossRef]
65. Li, Z.; Zhao, L.; Yuan, Z. Highway Transportation Efficiency Evaluation for Beijing Tianjin-Hebei Region Based on Advanced

DEA Model. Int. Rev. Spat. Plan. Sustain. Dev. 2016, 4, 36–44. [CrossRef] [PubMed]
66. Min, H.; Joo, S.-J. A comparative performance analysis of airline strategic alliances using data envelopment analysis. J. Air Transp.

Manag. 2016, 52, 99–110. [CrossRef]
67. Song, M.; Zheng, W.; Wang, Z. Environmental efficiency and energy consumption of highway transportation systems in China.

Int. J. Prod. Econ. 2016, 181, 441–449. [CrossRef]
68. Wanke, P.; Barros, C.P. New evidence on the determinants of efficiency at Brazilian ports: A bootstrapped DEA analysis. Int. J.

Shipp. Transp. Logist. 2016, 8, 250272. [CrossRef]
69. Wu, J.; Chu, J.; An, Q.; Sun, J.; Yin, P. Resource reallocation and target setting for improving environmental performance of DMUs:

An application to regional highway transportation systems in China. Transp. Res. Part D Transp. Environ. 2018, 61, 204–216.
[CrossRef]

70. Wu, J.; Zhu, Q.; Chu, J.; Liu, H.; Liang, L. Measuring energy and environmental efficiency of transportation systems in China
based on a parallel DEA approach. Transp. Res. Part D Transp. Environ. 2016, 48, 460–472. [CrossRef]

71. Wang, Z.; He, W. CO2 emissions efficiency and marginal abatement costs of the regional transportation sectors in China. Transp.
Res. Part D Transp. Environ. 2017, 50, 83–97. [CrossRef]

72. Chang, Y.-T.; Park, H.K.; Lee, S.; Kim, E. Have Emission Control Areas (ECAs) harmed port efficiency in Europe? Transp. Res. Part
D Transp. Environ. 2018, 58, 39–53. [CrossRef]

73. Domagała, J. Efficiency of Polish seaports against the background of the largest ports in Europe. Zesz. Nauk. Ekon. I Organ.
Logistyki 2019, 4, 77–85. [CrossRef]

74. Yang, T.; Guan, X.; Qian, Y.; Xing, W.; Wu, H. Efficiency Evaluation of Urban Road Transport and Land Use in Hunan Province of
China Based on Hybrid Data Envelopment Analysis (DEA) Models. Sustainability 2019, 11, 3826. [CrossRef]

75. Tang, T.; You, J.; Sun, H.; Zhang, H. Transportation Efficiency Evaluation Considering the Environmental Impact for China’s
Freight Sector: A Parallel Data Envelopment Analysis. Sustainability 2019, 11, 5108. [CrossRef]

76. Yanga, F.; Choib, Y.; Leec, H. Life-cycle data envelopment analysis to measure efficiency and cost-effectiveness of environmental
regulation in China’s transport sector. Ecol. Indic. 2021, 126, 107717. [CrossRef]

77. Romero-Ania, A.; De Vicente Oliva, M.A.; Rivero Gutiérrez, L. Economic Evaluation of the Urban Road Public Transport System
Efficiency Based on Data Envelopment Analysis. Appl. Sci. 2022, 12, 57. [CrossRef]

78. Vaziri, M. A comparative appraisal of roadway accident for Asia-Pacific countries. Int. J. Eng. Trans. A Basics 2010, 23, 111–126.
79. Egilmez, G.; McAvoy, D. Benchmarking road safety of US states: A DEA-based Malmquist productivity index approach. Accid.

Anal. Prev. 2013, 53, 55–64. [CrossRef] [PubMed]
80. Alper, D.; Sinuany-Stern, Z.; Shinar, D. Evaluating the efficiency of local municipalities in providing traffic safety using the Data

Envelopment Analysis. Accid. Anal. Prev. 2015, 78, 39–50. [CrossRef] [PubMed]
81. Boame, A.K. The technical efficiency of Canadian urban transit systems. Transp. Res. Part E Logist. Transp. Rev. 2004, 40, 401–416.

[CrossRef]

http://doi.org/10.1504/IJMIC.2012.047738
http://doi.org/10.3846/13923730.2012.723394
http://doi.org/10.1007/s10668-012-9352-x
http://doi.org/10.1016/j.trd.2013.12.013
http://doi.org/10.1260/0958-305X.25.2.357
http://doi.org/10.5038/2375-0901.17.4.10
http://doi.org/10.1515/jlst-2015-0008
http://doi.org/10.1016/j.apenergy.2015.01.072
http://doi.org/10.1080/19427867.2016.1207928
http://doi.org/10.1016/j.aap.2015.11.007
http://doi.org/10.1007/s10479-016-2264-7
http://doi.org/10.1016/j.jrtpm.2016.04.002
http://doi.org/10.14246/irspsd.4.3_36
http://www.ncbi.nlm.nih.gov/pubmed/36593276
http://doi.org/10.1016/j.jairtraman.2015.12.003
http://doi.org/10.1016/j.ijpe.2015.09.030
http://doi.org/10.1504/IJSTL.2016.076240
http://doi.org/10.1016/j.trd.2016.09.002
http://doi.org/10.1016/j.trd.2015.08.001
http://doi.org/10.1016/j.trd.2016.10.004
http://doi.org/10.1016/j.trd.2017.10.018
http://doi.org/10.22630/EIOL.2019.4.3.25
http://doi.org/10.3390/su11143826
http://doi.org/10.3390/su11185108
http://doi.org/10.1016/j.ecolind.2021.107717
http://doi.org/10.3390/app12010057
http://doi.org/10.1016/j.aap.2012.12.038
http://www.ncbi.nlm.nih.gov/pubmed/23376545
http://doi.org/10.1016/j.aap.2015.02.014
http://www.ncbi.nlm.nih.gov/pubmed/25744172
http://doi.org/10.1016/j.tre.2003.09.002


Energies 2023, 16, 461 28 of 28

82. Barros, C.P.; Peypoch, N. An evaluation of European airlines’ operational performance. Int. J. Prod. Econ. 2009, 122, 525–533.
[CrossRef]

83. Chiu, Y.H.; Huang, C.W.; Ma, C.M. Assessment of China transit and economic efficiencies in a modified value-chains DEA model.
Eur. J. Oper. Res. 2011, 209, 95–103. [CrossRef]

84. Kerstens, K. Technical efficiency measurement and explanation of French urban transit companies. Transp. Res. Part A Policy Pract.
1996, 30, 431–452. [CrossRef]

85. Karlaftis, M.G. A DEA approach for evaluating the efficiency and effectiveness of urban transit systems. Eur. J. Oper. Res. 2004,
152, 354–364. [CrossRef]

86. Yu, M.M.; Lin, E.T. Efficiency and effectiveness in railway performance using a multi-activity network DEA model. Omega Int. J.
Manag. Sci. 2008, 36, 1005–1017. [CrossRef]

87. McMullen, B.S.; Noh, D.W. Accounting for emissions in the measurement of transit agency efficiency: A directional distance
function approach. Transp. Res. Part D Transp. Environ. 2007, 12, 1–9. [CrossRef]

88. Wei, J.; Xia, W.; Guo, X.; Marinova, D. Urban transportation in Chinese cities: An efficiency assessment. Transp. Res. Part D Transp.
Environ. 2013, 23, 20–24. [CrossRef]

89. Lin, W.; Chen, B.; Xie, L.; Pan, H. Estimating energy consumption of transport modes in China using DEA. Sustainability 2015, 7,
4225–4239. [CrossRef]

90. Stefaniec, A.; Hosseini, K.; Xie, J.; Li, Y. Sustainability assessment of inland transportation in China: A triple bottom line-based
network DEA approach. Transp. Res. Part D Transp. Environ. 2020, 80, 102258. [CrossRef]

91. do Castelo Gouveia, M.; Clímaco, I. Assessment of Fuel Tax Policies to Tackle Carbon Emissions from Road Transport—An Application of
the Value-Based DEA Method Including Robustness Analysis, Energy Management—Collective and Computational Intelligence with Theory
and Applications; Springer: Berlin/Heidelberg, Germany, 2018; pp. 167–191.

92. Rogers, M.M.; Weber, W.L. Evaluating CO2 emissions and fatalities tradeoffs in truck transport. Int. J. Phys. Distrib. Logist. Manag.
2011, 41, 750–767. [CrossRef]

93. Statistical Pocketbook. EU Transport in Figures, Mobility and Transport; Publications Office of the European Union: Brussels,
Belgium, 2021.

94. Domagała, J. Economic and environmental aspects of agricultural in EU countries. Energies. 2021, 14, 7826. [CrossRef]
95. Charnes, A.; Cooper, W.W.; Rhodes, A. Measuring the Efficiency of Decision Making Units. Eur. J. Oper. Res. 1978, 2, 429–444.
96. Banker, R.D.; Charnes, A.; Cooper, W.W. Some models for estimating technical and scale inefficiencies in data envelopment

analysis. Manag. Sci. 1984, 1930, 1078–1092.
97. Cooper, W.W.; Seiford, L.M.; Tone, K. Data Envelopment Analysis, A Comprehensive Text with Models, Applications, References

and DEA-Solver Software. Kluwer Academic Publishers: New York, NY, USA, 2007.
98. Coelli, T.J.; Prasada Rao, D.S.; O’Donnell, C.J.; Battese, G.E. An Introduction to Efficiency and Productivity Analysis; Springer:

Berlin/Heidelberg, Germany, 2005.
99. Tone, K. A slack-based measure of e_ciency in data envelopment analysis. Eur. J. Oper. Res. 2001, 130, 498–509. [CrossRef]
100. Tone, K. Toronto: Presentation at NAPW III. In Dealing with Undesirable Outputs in DEA: A Slacks-Based Measure (SBM) Approach;

National Graduate Institute for Policy Studies: Tokyo, Japan, 2004.
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