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ABSTRACT

The energy policy of the European Union stresses the need for sustainable energy consumption, improvements
in energy efficiency and lower fossil fuel dependence in a decoupling strategy from unstable democracies.
Transportation still represents a sector largely dependent on fossil fuels, which come with several negative
impacts. Measuring and assessing the sustainability of the transport sector becomes necessary. This study aims
to assess the sustainability performance of the transport sector across 28 European countries over a four-year
period, aligned with the policy agenda outlined in strategic documents. The methodological approach involves
applying Benefit-of-the-Doubt (BoD) models, comparing a version that uses transformation methods for anti-
isotonic sub-indicators with a variant that directly incorporates these sub-indicators as reverse indicators. In
general, the European countries have improved the sustainability performance of their transport sector during
the time span analyzed according to the results of both models. For the inefficient units, two improvement
strategies are presented based on the profiles identified on the benchmarks from both models, which can be

alternative stages to achieve the robust best practices of the benchmarks.

1. Introduction

The increased awareness of the impact of human activities on the
environment, with economic, social, and environmental costs, empha-
sizes the growing interest in sustainable development. In the frame-
work of the Sustainable Development Goals established by the United
Nations General Assembly in 2015 (United Nations, 2022) and Eu-
rope’s current strategic actions and challenges, transport is one of
the sectors with major potential to contribute to a low-carbon econ-
omy and an energy-efficient framework. In fact, transportation is the
only sector where greenhouse gas (GHG) emissions have been steadily
increasing (European Environment Agency, 2021). In 2019, the trans-
port sector accounted for 30.2% of total energy-related GHG emis-
sions (European Commission, 2021b). Between 2010 and 2050, pas-
senger transport in the European Union (EU) is projected to increase by
42%, while freight transport is estimated to increase by 60% (European
Commission, 2019b). Reducing socioeconomic and environmental pres-
sures in the transport sector is, therefore, crucial to achieving long-term
sustainability (European Environment Agency, 2021).

The EU follows several transport-related European strategic doc-
uments, namely the 2011 White Paper on transport - Roadmap to a

Single European Transport Area (European Commission, 2011), which
identified the main challenges for the development of the EU transport
sector and proposed strategies for deep changes in the sector aiming at
a more sustainable and efficient system: the proposals will dramatically
reduce Europe’s dependence on imported oil and cut carbon emissions
in transport by 60% by 2050. The European Commission continues to
develop and implement new strategies and initiatives to address emerg-
ing challenges and priorities in the transport sector, as for example,
the Sustainable and Smart Mobility Strategy (European Commission,
2020), the Fit for 55 package with new targets for emissions reduction
in the transport sector (European Commission, 2021a), and horizon
scanning methodologies as proposed by Tsakalidis et al. (2021) to
identify future trends and challenges in transport research and inno-
vation governance within the European context. These efforts aim to
build upon the foundations laid by the 2011 White Paper, ensuring
that Europe’s transport policies remain effective and moving forward.
With regard to the Sustainable Development Goals from the United
Nations (UN), the ones related to the transport sector were highlighted
in Gudmundsson and Regmi (2017). These strategic documents depict
that the sustainable development of the transport sector has been put
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on the agenda of European countries, highlighting the necessity of
measuring and assessing the current sustainable transport performance
in order to achieve these targets. They also emphasize the importance
of analyzing sustainable transport planning, since transport policy and
planning decisions can have diverse and long-term impacts on sustain-
able development (United Nations Department of Economic and Social
Affairs, 2011).

The sustainability assessment of the transport sector becomes more
relevant as a key input for decision-making and monitoring the progress
towards the existing targets. Sub-indicators can be valuable tools to
create a process to assist in identifying the best practices in European
countries for transport-related stakeholders, as they are generally un-
derstood to be able to measure the performance of decision-making
units (DMU) in a specific area. However, a single sub-indicator cannot
completely describe multi-faceted subjects like environment, economy,
society and/or technological development. Besides, the analysis of
several sub-indicators is complex for decision-makers, as a joint in-
terpretation can be difficult (Joumard and Gudmundsson, 2010). The
best approach is to aggregate the individual sub-indicators into a single
index, the composite indicator (CI), to measure and assess the perfor-
mance that individual sub-indicators cannot completely capture (Reisi
et al., 2014).

Different models can be used to aggregate the various sub-indicators
into the CI score. The traditional CI has some limitations, such as
normalization challenges as different techniques may affect the results,
and the requirement for pre-defined weights, which introduces subjec-
tivity, among others. Additionally, comparing each CI calculation with
the mean score helps facilitate the interpretation of multiple scores.
The CI derived from Data Envelopment Analysis (DEA) models over-
comes these drawbacks since they endogenously defines the weights,
providing a more objective and data-driven approach.

Currently, one of the widely employed DEA based models for con-
structing composite indicators is the Benefit-of-the-Doubt (BoD) model.
The weighting procedure based on the “benefit of doubt” principle was
originally proposed by Melyn and Moesen (1991) in the context of
macroeconomic performance evaluation. This model can only derive
the CI by aggregating isotonic sub-indicators (Dyson et al., 2001),
capturing the positive aspects of performance, ie., their increased
values increase the performance. However, performance assessment
using CI frequently has to handle anti-isotonic sub-indicators, where
their increased values deteriorate the performance, incorporating, in
this way, the performance’s negative aspects. Many useful and impor-
tant sub-indicators, for instance, air pollution and traffic accidents,
belong to this category. One approach to managing anti-isotonic sub-
indicators is to use data transformation methods (Dyson et al., 2001;
Scheel, 2001), by which they can be transformed into isotonic sub-
indicators and incorporated into the BoD model. Another alternative
is to use the directional distance function (DDF) model, which allows
the simultaneous radial reduction of anti-isotonic sub-indicators and
increase of isotonic sub-indicators in order to reach the best practice
frontier (Zanella et al., 2015a,b; Charles et al., 2016; Elisa Fusco, 2015;
Vidoli et al., 2015). Recently, Fare et al. (2019) proposed a model
that can directly aggregate the anti-isotonic sub-indicators into the CI
without the need for any further transformation by treating them as
reverse rather than undesirable sub-indicators. This study provides two
significant contributions. It focuses on evaluating the performance of
the transport sector at the European level, identifying the best practices
countries over a time frame in which the short to medium-term actions
outlined in the 2011 White Paper are already envisioned and able to
add value in guiding the development of EU transport policy to achieve
long-term objectives.

The performance assessment of the transport sector towards sus-
tainable mobility in the European Union (EU) is performed over a
time span of four years, prior to the Covid-19 pandemic, to avoid data
biases introduced by the decreased activity. The sub-indicators to assess
the performance of the transport sector in EU countries were chosen
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considering the targets for sustainable mobility set in the 2011 White
Paper on transport from the European Commission (2011) and the
Sustainable Development Goals adopted by the United Nations (United
Nations, 2022), as discussed in Gruetzmacher (2021) and Gruetzmacher
et al. (2021a). Additionally, this study makes a theoretical contribution
by comparing the Benefit-of-the-Doubt model using transformation
methods for the anti-isotonic sub-indicators and the variant of the BoD
model proposed by Fére et al. (2019). In order to fulfill this objective,
an illustrative example, prior to the case study application, is used to
explore the differences in the performance assessment derived from
several approaches.

This paper is structured as follows: the second section presents an
overview of recent works on sustainability analysis at the European
level and a comprehensive literature review on the methodological
approaches for sustainability measurement in the transport sector;
Section 3 describes the methodological approach, presenting the two
alternative Benefit-of-the-Doubt (BoD) models to derive the composite
indicators and presents a small example able to explore their per-
formance and main differences; Section 4 details the case study and
describes the sub-indicators selected to compute the CI as well as their
descriptive analysis. Section 5 presents and discusses the results from
the CI obtained. Finally, the conclusions from this work are rounded
up in Section 6.

2. Literature review
2.1. Sustainability performance in the European transport sector

The analysis of the sustainability performance of the transport sector
in European countries yields several important policy implications and
strategies to achieve sustainability targets under the priorities and
goals established at the European and United Nations General Assem-
bly levels. A systematic literature review on road freight transporta-
tion (Nkesah, 2023) highlighted the importance of policy and regula-
tion, efficient logistics and innovative technology-based measures in its
sustainability. Substantial research has been conducted on sustainable
performance assessments focused on specific transportation subsectors
or particular geographic regions, for instance (Georgiadis et al., 2020;
Fulzele and Shankar, 2023; Liu and Yuan, 2023; Chatziioannou et al.,
2023; Zhang et al., 2023; Alper et al., 2015; Kutty et al., 2022), to name
a few. In contrast, the evaluation of the performance of the transport
sector at the European level is a topic that has been relatively underex-
plored in the literature. An overview of recent works on sustainability
analysis at the European level is presented hereinafter.

A study by lo Storto and Evangelista (2023) analyzed the per-
formance of land logistics in the EU, from 2010 to 2017, focusing
on three main aspects: infrastructure efficiency, logistics quality, and
environmental impact. The specific objectives include introducing a
comprehensive benchmarking framework by using DEA, measuring the
performance of EU countries in those areas. The study highlights that
many countries struggle to improve both operational performance and
environmental performance simultaneously.

Babaei et al. (2023) analyzed the sustainability performance of
urban transportation systems across twelve European countries in a
timeframe from 2001 to 2015, by using a decision support framework
based on two DEA models, one evaluating countries annually and
the second one assessing performance across all years simultaneously,
and a multi-objective programming model to treat the models under
uncertain conditions and also uncertainty in data. The efficiency scores
are measured based on data related with factors including the levels of
freight and passenger transportation, greenhouse gas emissions, energy
consumption, and road accidents. Results showed that the best ranks
varied based on uncertainties conditions.

Nikolaou and Dimitriou (2018) evaluated the road safety perfor-
mance of 23 EU countries over a decade (2005-2014) by considering
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socio-economic and demographic factors that influence road traffic fa-
talities and serious injuries by using DEA and the DEA-Cross Efficiency
Model (DEA-CEM). The study established both short-term and long-
term road safety targets based on risk exposure indicators, providing
a framework for policy improvements and strategic planning aimed at
enhancing road safety across the EU. Also in this subject, a previous
work by Shen et al. (2013) evaluated the road safety performance
over a decade using the DEA and the Malmquist productivity index.
The results of the work revealed that road safety progress in Europe
was attained through the adoption of productivity-enhancing new tech-
nologies rather than through the relatively underperforming countries
catching up with those best-performing ones.

A DEA-based framework was applied to assess the social sustainabil-
ity for the regional EU road transport in 2004-2017 (Stefaniec et al.,
2021) by using factors as mobility, accessibility, safety, employment,
health, and equity. Authors demonstrated that under the social assess-
ment perspective, new EU members perform better that the older ones,
preventing bias due to inclusion of economic factors.

An overview of the EU member states and the United Kingdom
transport sector was recently developed (Dolge et al., 2023) through a
composite transport sustainability index, for cross-country comparison.
Countries were compared using fifteen transport indicators grouped
into four dimensions: mobility, sustainability, innovation, and environ-
ment. Additionally, a Logistic Mean Division Index (LMDI) decomposi-
tion analysis was also conducted to assess the changes in GHG emissions
from the transport sector over a ten-year period. From the analysis
outlining the good practice policies from the best performing countries
and the combined results of the composite sustainability index and
decomposition analysis, authors identified significant disparities be-
tween Nordic, Western, and Eastern European countries, emphasizing
the need for tailored approaches to develop effective sustainability
policies for the transport sector.

2.2. Sustainability measurement approaches

The sustainability performance can be measured through differ-
ent approaches, which can encompass the traditional analysis of the
multiple indicators, the structural analysis, the composite indicator
calculation, the use of multi-criteria methods, and the use of DEA
models.

The traditional analysis of the multiple indicators has been used
by Liu and Yuan (2023), Eisenkopf and Burgdorf (2022). In the study
described in Liu and Yuan (2023), eleven transport indicators were
selected and constructed for the sustainable development goals (SDGs)
under the United Nations indicator framework. The scores of each indi-
cator were calculated, normalized and converted to scores of 0-100 and
spatio-temporal patterns and interactions were analyzed. In Eisenkopf
and Burgdorf (2022), various frequently discussed transport policy
measures were examined with regard to their effects on the total trans-
port performance of long-distance passenger transport within Germany
and the transport performance of individual means of transport (modal
split shares) in 2030. It used a simulation model based on system dy-
namics in which the transport performance for each simulated scenario
is evaluated through multiple measures.

The method based on structural analysis (MICMAC) was used by
Chatziioannou et al. (2023) to rank the key sustainable urban mobility
indicators, enabling the identification of the most important indica-
tors. Structural analysis is a tool used to identify and study system
correlations to prioritize the pivotal variables or indicators for the
functionality and evolution of the system. In other words, it enables the
identification and systematic organization of all the key indicators via
a matrix that presents their interrelations and clearly showcases their
unique significance for the system.

A composite indicator (CI) is an increasingly prevalent method to
synthesize masses of data for policy recommendation, evaluation and
communication in a broad range of fields. The CI enables gathering
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complex and multi-faceted phenomena and, consequently, the compar-
ison of the performance of several DMU (Cherchye et al., 2007). The
CI is also an easy tool for communication purposes as it provides a
big picture of a subject and, therefore, an easier interpretation. A well-
known composite indicator is the Human Development Index (HDI),
which ranks countries based on life expectancy, education and per
capita income sub-indicators (Zhou et al., 2007).

The CI comprises several individual sub-indicators that measure
different aspects of a phenomenon, which usually have no unit of mea-
surement in common, summarizing them into a single index (Hoffmann
and Giovannini, 2008). Eq. (1) shows the CI formulation in a general
level, considering m sub-indicators i for each unit j, denoted by y;;(i =
1,...,m). When aggregating the sub-indicators i in a composite indica-
tor, it is necessary to assign weights w; to each of them according to
the underlying theoretical framework, which enables the evaluation of
the performance of unit j with respect to all m sub-indicators, through
Cl,.

CIj=Zw,-y,~j @
i=1

The subjective judgement about the relative value of each sub-
indicator is modeled through the weights w; assigned to it Cherchye
et al. (2007). Their values usually greatly impact the aggregation
results from which the weighting method needs to be explicit and
transparent (Joumard and Gudmundsson, 2010).

The easiest and most typical approach to attribute weights to the
sub-indicators is the use of equal weights. This implies that all sub-
indicators for all units have the same importance in the CI. However,
this assumption is restrictive and typically not true. The assessment
of the sustainability performance of the transport sector requires the
comparison of multi-dimensional features of the transport sector in EU
members. Thus, taking into account the uniqueness of each country, the
adoption of a fixed set of weights is not considered a fair judgement,
which is also remarked by Atkinson et al. (2002), as follows “in the
context of the EU, there are evident difficulties in reaching agreement
on such weights, given that each member state has its own national
specificity”.

Another practice to attribute weights is by incorporating experts or
public opinions. Many methods can be used to compile and derive the
weights from expert or public judgement, where a common approach
is the use of multi-criteria methods, such as the Analytic Hierarchy
Process (AHP) (Saaty, 1980). The AHP involves conducting pairwise
comparisons between sub-indicators, during which experts are asked
to assess pairs of sub-indicators and indicate which of the two is more
important in their opinion, thus quantifying their relative importance.
This approach, therefore, depends on the consistency of experts’ opin-
ions in the comparison matrix (Cherchye et al., 2007). By incorporating
experts opinions, Fulzele and Shankar (2023) developed a performance
index for a sustainable freight transportation system by innovatively
integrating the Consensus Model (CM) with the Fuzzy Evidential Rea-
soning Algorithm (FERA). A CM was used to determine the degree of
importance of each Key Performance Indicator identified across three
dimensions of sustainability, owning the capability to appropriately
manage the non-cooperative behaviors and minority opinions of the ex-
perts. FERA has been used to aggregate subjective judgements provided
by experts with crisp quantitative values. This approach has a unique
capability to handle various uncertainties related to impreciseness in
decision-making.

Finally, an alternative method to determine weights of sub-
indicators is to derive them endogenously through the Data Envel-
opment Analysis models (Zhou et al., 2007) in order to avoid the
subjectivity related to weight choice, being possible to reflect the na-
tional specificity of EU members. The DEA is a non-parametric method,
proposed by Charnes et al. (1978), that evaluates the relative efficiency
of several decision-making units (DMU) based on linear programming.
It measures the efficiency of each DMU, given observations on inputs
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and outputs in a set of homogeneous entities, without knowledge of the
production or cost function (Cherchye et al., 2007).

The DEA promotes measuring the DMU efficiency in terms of the
Pareto-Koopmans concept. Thus, a unit is efficient when any increase
in any output cannot be obtained without decreasing, at least, an-
other output or increasing, at least, another input. Alternatively, a
unit is efficient when a decrease in any input cannot be obtained
without increasing at least another input or decreasing at least another
output (Fried et al., 1993).

By comparison with the best practices frontier, the DEA model
promotes the weights’ selection that is the most advantageous for DMU
under assessment (Reisi et al., 2014). This means that the weights
are derived from the data itself, avoiding a priori assumptions and
computations involved in fixed weight choices (Cooper et al., 2007).
Accordingly, DEA is a popular method in the CI literature as it can solve
the problem of subjectivity in the weighting procedure.

Another well-known property of the DEA model is its unit invari-
ance. This property constitutes an advantage for the construction of the
CI as its final value is independent of the measurement units of the sub-
indicators, which in turn makes the normalization stage redundant and
unnecessary (Cherchye et al., 2008).

As a by-product of DEA, each DMU is classified as efficient or
inefficient. The linear combination of the efficient DMUs creates the
best practices frontier used as a reference to calculate the efficiency
of each unit based on its distance to the frontier. The efficient DMUs
on the frontier have an efficiency score equal to 1 (or 100%), while the
DMUs outside the frontier, the inefficient ones, have an efficiency score
less than 1. The envelopment part of the DEA comes from this property
since the frontier is said to envelop the observed DMUs (Cooper et al.,
2007).

In the DEA approach, the models require the definition of the
multiple inputs and outputs for a set of homogeneous units to evaluate
their efficiency. In the context of sustainability performance, some
examples are Georgiadis et al. (2020), Kutty et al. (2022), Zhang et al.
(2023) and Gruetzmacher et al. (2021b).

Georgiadis et al. (2020) evaluates the performance of 34 multi-
modal public transport networks involving the bus and metro systems.
A model with constant returns to scale is defined for each system,
which involves the definition of inputs and outputs and output ori-
entation. Kutty et al. (2022) proposes a Slack Based Measure DEA
model to handle undesirable factors both in the inputs and outputs
in the technology set. This model evaluates the integrated relative
sustainability performance assessment to determine the most efficient
smart city under the six dimensions of sustainable development. Zhang
et al. (2023) develops two sets of methods that consider only the
energy factor and multiple other factors, including energy, to evaluate
and analyze the carbon reduction performance of China’s provincial
transportation sector. This paper exploits the DDF model by including a
set of input and output indicators to evaluate the transportation carbon
efficiency in various regions.

Gruetzmacher et al. (2021b) evaluates the environmental perfor-
mance of the transport sector in 28 European Union countries from
2015 to 2018 through the BoD model proposed by Fire et al. (2019),
in which a composite indicator is calculated by aggregating several
sub-indicators, without the need to identify them as inputs and outputs.

3. Methodology

This section describes two alternative Benefit-of-the-Doubt (BoD)
models used to derive composite indicators by aggregating a set of
isotonic and anti-isotonic sub-indicators (Dyson et al., 2001), capturing
positive and negative aspects of performance, respectively.

The initial DEA model to compute the CI is referred to as the BoD
model, which was proposed by Cherchye et al. (2007). This model
handles only a set of isotonic sub-indicators, requiring the transfor-
mation of anti-isotonic sub-indicators to capture overall aspects of
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the performance. Alternatively, the model proposed by Fare et al.
(2019) enables to handle directly both isotonic and anti-isotonic sub-
indicators. Hereafter, this model is shortened by the initials of the
authors’ names, Fire, Karagiannis, Hasannasab and Margaritis, as the
FKHM model.

These two models are applied to compute the composite indicator
(CD and examine their differences in performance assessment through
a small illustrative example. Additionally, the example explores various
strategies for transforming anti-isotonic data into isotonic form.

3.1. Benefit-of-the-doubt model

The BoD model (Cherchye et al., 2007) is equivalent to the orig-
inal DEA input-oriented model, with all sub-indicators considered as
outputs and a single dummy input equal to one for all units. The
dummy input can be understood intuitively by regarding the model as
a tool for aggregating several sub-indicators of performance, without
referencing the inputs that are used to obtain this performance (Chung,
2017). Since the BoD model only includes outputs, it measures the DMU
performance rather than its efficiency.

3.1.1. Formulation

Given a cross-section of m isotonic sub-indicators and s DMUs, with
y;; being the value of sub-indicator i for the DMU j, and w; the weight
attributed to the ith sub-indicator. These weights are endogenously
calculated using the BoD model (2) for each DMU under evaluation
Jo» enabling to compute its composite indicator (CI j”) to evaluate its
performance through the weighted average of m sub-indicators, as
follows:

m
CIj0 = max Z w;¥ij,
i=1
m
()]
s.t. Zw[yusl Vi=1,...,s
i=1

w; >0 Vi=1,...,m

For each DMU j,, the model chooses the non-negative w; for each
sub-indicator y;; that maximizes its CI; score by comparison with the
best practices frontier. The core idea supports that if a sub-indicator has
a good (poor) relative performance for a specified unit, this dimension
should be emphasized (curtailed) and the model (2) tends to assign
a higher (lower) weight to it. Therefore, a DMU cannot claim that a
defective relative performance is due to a harmful or unfair weighting
scheme, since the model (2) maximizes the CI for each DMU under
assessment by comparison with best practices frontier, allowing the
weights w; to be endogenously estimated (Cherchye et al., 2007).

In some situations, however, a DMU may obtain a higher relative
performance by assigning zero weights to sub-indicators with lower
scores. In this way, the sub-indicators associated with the zero weights
would not influence global performance, and the CI scores might end
up being based on a small subset of all the sub-indicators (Dyson et al.,
2001). To prevent sub-indicators from being under-emphasized, the
model should incorporate additional restrictions for the sub-indicator
weights. Then, virtual proportional weight restrictions (Wong and
Beasley, 1990) (i.e. sub-indicator share restrictions) given by (3) are
imposed in the model (2) to assess the sustainability performance of the
transport sector, following Fire et al. (2019), in which a lower bound
to the sub-indicator share is defined while keeping the upper bound
free.

Wi Yijy
ZI'":I WiYij,
Thus, each sub-indicator is required to have a minimum contribution
percentage « in the assessed composite indicator for the country under
evaluation.

>aVi=1,....,m 3)

3.1.2. Transformation methods
As previously mentioned, the BoD model (2) derives the composite
indicator for each DMU under assessment by aggregating isotonic sub-
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indicators. However, it is frequent that the performance assessment has
to handle anti-isotonic sub-indicators, which need to be transformed
before being incorporated in the BoD model and handled as the isotonic
sub-indicators (Fire et al., 2019).

Some of the most common data transformation methods include
the inverse of the value of the anti-isotonic sub-indicator (inversion
method) (Lovell et al., 1995), the subtraction of the anti-isotonic sub-
indicator from a sufficiently positive constant, K (constant method)
and the rescaling normalization of the anti-isotonic sub-indicator using
the maximum-minimum (MM) method. These methods are presented
and compared in Dyson et al. (2001) and Scheel (2001), and further
discussed in the context of the BoD model (2), in the Section 3.3.

The inversion method, however, annihilates the ratio or interval
scale of the data (Dyson et al., 2001), while the constant method is
sensitive to the choice of the constant K, as a large value can dominate
the data and change the best practices frontier (Dyson et al., 2001).
Then, a smaller value K is more adequate as it reduces the effect of
the translation on the results (Dyson et al., 2001). In the maximum—
minimum (MM) method, the anti-isotonic sub-indicator is normalized
through the ratio between the difference of each anti-isotonic sub-
indicator from its sample maximum score over the range value observed
on the sample.

Since the BoD model is derived from an input-oriented DEA model
with constant returns to scale, it is not translation invariant for the sub-
indicators values. This implies that the use of translated or rescaled data
can identify different best practice frontiers, affecting the CI results and,
consequently, the ranking of the DMUs (Fare et al., 2019), which can
imply misleading interpretations concerning their true performance.

3.2. FKHM model

Fare et al. (2019) modified the original BoD model to directly in-
corporate the anti-isotonic sub-indicators, obtaining the FKHM model,
avoiding any data transformation. This model treats the anti-isotonic
sub-indicators as reverse rather than as undesirable. This means that
the model assumes that the reverse sub-indicators values can vary
independently from the values of isotonic sub-indicators considered
forward sub-indicators. As argued by Fare et al. (2019), the presence
of forward indicators does not imply nor is implied by the presence
of reverse indicators. Given a cross-section of M sub-indicators and s
units, y;; is the value of sub-indicator i for the unit j, and w; is the
weight attributed to the sub-indicator i. The formulation for the FKHM
model is presented in (4), where Vij (j = 1,...,m) are the forward
sub-indicators (i.e., capturing positive aspects in performance) and y;;
(j = m+1,..., M) are the reverse sub-indicators (i.e., capturing negative
aspects in performance).

m M
CLj, = max Z Wilij, = 2 WiYij,
i=1

i=m+1
m M
s.t. Zwiyij— Z wy; <1 Vji=1,...s (€]
i=1 i=m+1
w; 20 vVi=1,....M
y,-I-ZO Vi=1,...,.M, Vj=1,...,s

The main difference between the BoD model (2) and the FKHM
model (4) is that the first one maximizes the weighted average of
forward (isotonic) sub-indicators, while the second maximizes the dif-
ference between the weighted average of forward sub-indicators and
the weighted average of reverse sub-indicators of the DMU under
assessment. Additionally, the presence of forward sub-indicators does
not imply the presence of reverse ones. Thus, when there are no anti-
isotonic indicators, the FKHM model can be reduced to the formulation
of the BoD model (Fire et al., 2019).

Additionally, it is necessary to prevent sub-indicators from be-
ing under-emphasized in the evaluation of the sustainability perfor-
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Table 1
Dataset of the example.
Unit Y1 Y2
A 14.4 (6th) 102.7 (8th)
B 33.7 (1st) 103.1 (9th)
C 14 (7th) 67 (6th)
D 32.9 (2nd) 71.4 (7th)
E 29.03 (4th) 63 (4th)
F 15 (5th) 40 (3rd)
G 4.61 (8th) 10 (2nd)
H 33.7 (1st) 110 (10th)
I 31 (3rd) 65 (5th)
J 4.61 (8th) 5 (1st)
Table 2
FKHM and BoD results of the example.
Model
BoD-inversion BoD-MM BoD-constant FKHM
A 0.452 (8th) 0.435 (6th) 0.435 (6th) 0.427 (4th)
B 1 (1st) 1 (1st) 1 (1st) 1 (1st)
C 0.463 (7th) 0.679 (5th) 0.679 (5th) 0.415 (5th)
D 0.996 (2nd) 1 (1st) 1 (1st) 1 (1st)
E 0.894 (4th) 0.980 (2nd) 0.980 (2nd) 0.882 (2nd)
F 0.535 (6th) 0.910 (4th) 0.910 (4th) 0.450 (3rd)
G 0.566 (5th) 0.960 (3rd) 0.960 (3rd) 0.140 (6th)
H 1 (1st) 1 (1st) 1 (1st) 1 (1st)
I 0.948 (3rd) 1 (1st) 1 (1st) 1 (1st)
J 1 (1st) 1 (1st) 1 (1st) 1 (1st)
Mean 0.785 0.896 0.896 0.732

mance of the transport sector in European countries by incorporat-
ing the virtual proportional weight restrictions (5), in the model (4)
following (Fére et al., 2019).

W;Yij,

>a, Vi=1,...,.M 5)
> w + M w
i=1 WiYij i=m+1 WiYij,

3.3. Ilustrative example

A comparison analysis of the different transformation techniques to
deal with anti-isotonic, considered as reverse sub-indicator is addressed
by using a simplified, hypothetical, example comprising 10 DMUs (A
to J) with a single forward sub-indicator (y,) and a single reverse sub-
indicator (y,). Table 1 presents the data used in the example, and the
ranking for each unit concerning each sub-indicator is indicated in
brackets.

The CI was calculated using the BoD model (2) after transforming
the anti-isotonic sub-indicator y, using the inversion, constant and MM
methods. In this example, to avoid the transformation of any sub-
indicator to obtain a zero value in the BoD-MM method, the maximum
score of that sub-indicator was replaced by a constant, K, 10% higher
than the sample maximum. Since this score is suitable in the BoD-
constant method, it is chosen to transform the y, into an isotonic
sub-indicator.

Table 2 shows the CI results obtained for each unit (A to J) when
applying the BoD model with different transformation methods, ie.,
BoD-inversion, BoD-MM and BoD-constant, and the FKHM model. Ad-
ditionally, the ranking for each unit is included in brackets concerning
its performance for each model.

The results obtained with the different transformation methods are
graphically presented. Fig. 1(a) shows the BoD model results with the
inversion of the sub-indicator y,. Fig. 1(b) shows the BoD model results
with the subtraction of sub-indicator y, from constant K, which value
was set as K = 121. Fig. 1(c) shows the CI results using the maximum-
minimum (MM) method, setting the maximum value as K = 121.
Finally, Fig. 1(d) presents the results of the FKHM model that includes
¥, as a reverse sub-indicator.
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(b) Results of BoD-constant model
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Fig. 1. Results of BoD-inversion (a), BoD-constant (b), BoD-MM (c) and FKHM (d) models.

In this example, the BoD-MM and the BoD-constant methods allow
to obtain the same CI values, since they employ equivalent approaches
in the transformation of the anti-isotonic sub-indicator, by subtracting
it from a constant, because the K used in the BoD-constant method
is equal to the y,,. considered in the BoD-MM method. In fact, the
normalization step, seen in the BoD-MM method, is redundant in DEA
models and does not change the CI results (Cherchye et al., 2008).
Hereinafter, the results achieved on BoD constant, BoD inversion and
FKHM models are analyzed.

These approaches to deal with the anti-isotonic sub-indicator gener-
ate different CI results, although the Kruskal-Wallis test indicates that
there are no significant differences between them (p,,;,, = 0.5711).

Units B, D, I and J are Pareto-Koopmans efficient in BoD-constant
and FKHM models, except for units D and I in the BoD-inversion
model, which have CI = 0.996 and CI = 0.948, respectively. In fact,
it is observed that BoD constant and FKHM models have the same
benchmarks which define the best practice frontier, while the BoD
inversion model identifies only B and J as benchmarks, although D
and I are assessed with high-efficiency scores. This result confirms
that inversion transformation destroys the ratio or interval scale of the
data (Dyson et al., 2001) and it should be avoided.

It is observed that unit B has the best ranking in the y,, and it is the
9th ranking in y,, being efficient in all models. This occurs since unit
B has the best ranking regarding y,, the forward sub-indicator, and, by
default, it is compared with itself since it has the lowest score of the
anti-isotonic sub-indicator for this level of the forward sub-indicator.
The same occurs for the efficient unit J, which has the lowest reverse

sub-indicator for the observed level of the forward sub-indicator, being
compared with itself. It should be noted that unit H is inefficient in all
models, as it is compared with B, owning a slack associated with the
anti-isotonic sub-indicator.

In the example under analysis, the highest difference between the
results of the models presented in Table 2 relates to unit G. Comparing
with unit J, that unit has worse performance in the sub-indicator y,,
having the same y,, denoting that it should be evaluated as inefficient.
This result is reflected in the FKHM model by assessing G with the
lowest efficiency (0.140), while the BoD-constant model evaluates it
with higher efficiency (0.96), and the BoD-inversion model assesses it
with lower efficiency than the average (0.566). Although it is straight-
forward to understand the efficiency scores obtained in the BoD models,
projecting G against the frontier to achieve the efficient target (plotted
by red x in each figure), it is interesting to detail the behavior of the
FKHM model.

For each unit (y,, y,) evaluated in the production possibility set, the
FKHM model finds the units that show the highest slope y, /y, to define
the best-practice frontier. In this example, these units are J, [, D and B,
which define the linear segments of the best practice frontier. There-
fore, each inefficient unit’s observed slope y,/y, is projected against
the frontier. In the example, the unit G of Fig. 5 is projected on the red
x point given by (71.31, 32.87), being compared with the benchmarks
I and D, obtaining the CI = % = 0.140. Thus, the efficient target
indicates an increased level of both sub-indicators for the efficient
levels observed on the frontier. To achieve the observed slope on the
inefficient unit, the distance from it to achieve the frontier tends to be
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higher when using FKHM model than when using BoD-inversion and
BoD-constant approaches. This explains why the lowest CI is observed
for unit G in the FKHM model. This effect tends to increase the average
distance against the frontier observed on inefficient units in the FKHM
model.

Although there are slight differences observed in the CI results,
it also is verified that the best practice frontier is defined by the
same efficient units in the FKHM and the BoD-constant models in this
example. This increases the robustness of these models to the decision
makers’ point of view in using them to assess the performance when
multiple forward and reverse sub-indicators are taken into account. In
the multiple forward and reverse scenario, it is possible to infer that the
FKHM model assesses with high efficiency scores the units which have
higher levels of forward indicators and, at the same time, lower levels
of reverse sub-indicators. Additionally, inefficient units that have lower
levels of forward and reverse sub-indicators such as G unit, tend to
have a lower score of efficiency since the efficient units of the frontier
dominate them. Supported by these comparison analysis results, the
methodological approach decision is made by considering the FKHM
and the BoD-constant models to assess the sustainability performance
of the transport sector in EU members. The BoD-Constant approach was
hereafter named as BoD(K).

4. Case study

The performance assessment of the transport sector in EU countries
using the CI, derived through the FKHM and BoD(K) models, is con-
ducted for the period between 2015 and 2018. This time span precedes
the disruptive impacts of the Covid-19 pandemic, ensuring unbiased
data. The selection of the sub-indicators plays a critical role in com-
puting the overall performance of the transport sector in EU countries.
This procedure was driven to provide a global analysis of the transport
sector, i.e., non-segmented nor non-modal analysis, while encompassing
the key dimensions of the problem, and ensuring data availability
for all units under analysis. Previous research (Gruetzmacher, 2021;
Gruetzmacher et al., 2021a) grounded in similar conceptual frame-
works, i.e., the transport sustainability goals outlined in the 2011 White
Paper (European Commission, 2011) and the SDGs from the United
Nations (United Nations, 2022), assisted in defining the sub-indicators,
as outlined below.

4.1. Data and variables

The proposed CI aims to achieve a balance between what is neces-
sary to support a sustainable transport assessment and the available
data for EU countries. Besides, each selected sub-indicator must be
easy to interpret and should measure a specific dimension of the
performance, ensuring a minimal number of sub-indicators while guar-
anteeing they convey the most important dimensions of the prob-
lem. All the data used in this work were gathered from the Eurostat
database (Eurostat, 2021).

The CI for assessing the transport sustainable performance of Eu-
ropean countries, belonging to the EU, was constructed based on three
forward sub-indicators (i.e., capturing positive aspects) and four reverse
sub-indicators (i.e., capturing negative aspects).

The forward sub-indicators are the share of buses and trains in
total passengers’ transport (public transport), the share of energy from
renewable sources in transport (renewable fuels) and the share of rail
and inland waterways in total freight transport (freight transport). The
reverse sub-indicators include the people dead in road accidents (road
deaths), the GHG emissions by fuel combustion in transport (GHG emis-
sions), the average carbon dioxide (CO,) emissions per kilometre from
new passengers cars (new car emissions) and the energy dependency on
oil and petroleum products (energy dependency). These sub-indicators
are described hereinafter.
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Public transport measures the share of passenger’s transport made
by buses (including coaches and trolleybuses) and trains in the total
inland transport (buses, trains and passenger cars), being expressed
in percentage. Trams and metros are not included due to the lack of
harmonized data. This sub-indicator relates to the necessity of improv-
ing transport quality, accessibility and reliability, as discussed in the
White Paper on Transport: Roadmap to a Single European Transport
Area (European Commission, 2011) and the Sustainable Development
Goals (United Nations, 2022). Higher shares of public transport relate
with building resilient and sustainable infrastructure and renewing and
planning cities to provide access to basic services for all.

Renewable fuels are expressed as the percentage of renewable fuels
in the total transport fuels. Energy by renewable sources consumed
in transport is given by the sum of sustainable biofuels, renewable
electricity, hydrogen and synthetic fuels of renewable origin, and other
reported forms of renewable energy (European Commission, 2018b).
The White Paper on Transport (European Commission, 2011) suggests
a regular phase-out of conventionally-fueled vehicles from urban en-
vironments by halving their number in 2030 and phasing them out
of the cities by 2050, and the Renewable Energy Directive promotes
an increase to 32% of renewable energy in the transport sector for
2030 (European Commission, 2018a). The renewable fuels sub-indicator
shows how expansive is the use of renewable energy in the transport
sector and, therefore, aids in assessing the performance of the countries
towards these targets.

Freight transport is expressed in percentage and measures the share
of freight on the national territory of these modes in the total inland
transport (road, rail and inland waterways). Sea and air freight trans-
port are included. The freight transport sub-indicator was not applicable
to Cyprus and Malta since these countries did not present values for
railways or inland waterways. As an effort to have a complete database
without excluding these countries from the evaluation in this work, the
lowest values observed on the dataset were used for Cyprus and Malta
in the years under analysis. This approach prevents those countries
from becoming unintended benchmarks, and it has also been used
by Morais and Camanho (2011). This sub-indicator is closely related to
the Roadmap target of shifting 30% of the road freight to other modes,
such as rail and waterways, by 2030 and more than 50% by 2050.

Road deaths measures the number of fatalities in road accidents per
hundred thousand inhabitants. This sub-indicator includes passengers,
drivers of motorized vehicles, pedal cycles, and pedestrians, who have
died up to 30 days after the accident. This sub-indicator is aligned with
the Sustainable Development Goals aim of safer and healthier cities,
with well-being status. The Roadmap also highlights the EU’s aim to
reduce road fatalities close to zero by 2050.

GHG emissions measures the transport’s fuel combustion contribu-
tion in the total greenhouse gas emissions inventory. The values, in
thousand tonnes, were normalized using the countries’ population on
1st January of each year, to take into consideration their dimension.
Since the 2011 White Paper on transport (European Commission, 2011)
sets out a target of 60% reduction in GHG emissions by 2050 compared
to 1990 levels, it is important to be able to assess the countries’
performance towards this target.

New car emissions is defined as the average weight, in grams, of
CO, per kilometre in a given year for new passenger cars. This is
a target for the average of the manufacturer’s overall fleet, meaning
that cars above the limit are allowed in the market as long as the
production of lighter cars offsets them. The Regulation (EU) 2019/631
sets a mandatory target for emission reduction for new cars of 95 g of
CO,/km by 2021 (European Commission, 2019a).

Energy dependency monitors to which extent the countries’
economies rely on oil and petroleum products imports to meet their
energy needs. It is calculated by dividing the net imports by the gross
available energy. It is used on a percentage basis, from which an
energy dependency value may be higher than 100%, for countries
creating a stock in a given year, or negative, for oil exporter countries.
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Fig. 2. Correlation of the sub-indicators in 2018 (Significance level: " 10%, “*’ 5%, “**’ 1%).

A negative value occurred only once in the dataset for an exporter
country (—4.701%). To maintain the relative position of all units
regarding the other countries, a constant K of 5.701% was added to
each energy dependency sub-indicator score. Thus, the best score of 1%
is assigned to the exporter country, keeping the same relative position
of the units. As oil becomes scarcer each year, implementing resource-
efficient policies without reducing the transport system efficiency, is
fundamental and one of the objectives mentioned in the Roadmap.

These seven sub-indicators are used to assess the transport perfor-
mance of EU countries, as presented in the next section.

4.2. Descriptive analysis of the variables

The performance of the transport sector was assessed for the 28 EU
countries, from 2015 to 2018. This assessment was conducted, taking
into account data from all 112 DMUs. The study considers the United
Kingdom data since it still integrated the European Union in the time
span of the assessment. Table 3 shows the mean of the sub-indicators,
the dispersion coefficient (DC) and the mean variation between 2015
and 2018 in percentage.

Analyzing the forward sub-indicators in Table 3, it can be seen
that the average of the Public transport and the Renewable fuels sub-
indicators have increased between 2015 and 2018. The highest im-
provement was observed on the Renewable fuels sub-indicator, in-
creasing more than 17%. The Freight transport sub-indicator was the
only forward sub-indicator that had a decrease in the time span
under study, being —3.257% on average. Regarding the reverse sub-
indicators, the Road deaths, New car emissions, and the Energy depen-
dency sub-indicators had a decrease in their average in 2018 when
compared to 2015. However, the average of GHG emissions has in-
creased and, by 2018, was almost 4% higher than 2015 levels. The

Table 3

Mean, DC and variation of the sub-indicators values.
Sub-indicator Mean DC Variation
Public transport 17.910 0.242 +2.126%
Renewable fuels 6.844 0.726 +17.238%
Freight transport 27.230 0.727 -3.257%
Road deaths 5.537 0.348 —-7.376%
GHG emissions 213.239 0.724 +3.820%
New car emissions 119.832 0.069 —0.405%
Energy dependency 96.475 0.230 —3.028%

sub-indicators Renewable fuels, Freight transport and GHG emissions
presented the highest values of DC, or data dispersion relative to
the mean. The high DC in the Renewable fuels sub-indicator can be
attributed to the difference among countries in exploring the available
renewable energy. The high DC in Freight transport can be related to
some countries’ advantageous geographical locations and environmen-
tal conditions that facilitate the utilization of rail and inland waterways.
Additionally, the high DC for the GHG emissions sub-indicator might
reflect the different policies adopted by the EU countries for reducing
emissions. The lowest DC was observed for the New car emissions
sub-indicator, which could capture the higher homogeneity for man-
ufacturers operating in the EU market to accomplish the mandatory
target for emission reduction.

Fig. 2 presents the correlation scores for each pair of sub-indicators in
2018. The absolute values of the correlations exhibit low magnitudes,
ranging from 0.003 to 0.464, with only three statistically significant
scores. These include Road deaths and Renewable fuels (0.344, p.value =
0.073), Road deaths and Freight transport (—0.437, p.value = 0.020), and
New car emissions and Freight transport (—0.464, p.value = 0.013). A



S.B. Gruetzmacher et al.

Transportation Research Interdisciplinary Perspectives 29 (2025) 101326

0.773

0.731

0.613

0.583/

0.8
0.75 0.717 0.720
o 07
0o
o
Q 065
@©
) 0.589
06 — 0.571
0.55
0.5
2015 2016
== FKHM BoD(K)

2017 2018

Year

Fig. 3. Evolution of the average of the EU countries’ CI scores from 2015 to 2018.

similar pattern of correlations is observed in previous years. Despite the
low magnitudes of the correlations, all sub-indicators were retained in
the model since they do not significantly correlate.

5. Performance assessment of the transport sector in EU
5.1. Results

The CI to assess the transport sector performance for each country
and year was calculated using the data from the time span of four years,
which results from the comparison with the best practices observed
during this complete time period. Thus, a country evaluated in a
given year is considered as a different DMU, implying that each model
includes 112 DMUs corresponding to the 28 countries multiplied by
the number of years. Given that each model includes 112 DMUs, seven
indicators (outputs), and a single input (equal to 1), it adheres to the
rule of thumb proposed by Dyson et al. (2001), which states that the
number of DMUs should be at least twice the total number of inputs
and outputs.

It was defined that the sub-indicator share restrictions (3) are
imposed in BoD(K) model (2). Similarly, the sub-indicator share re-
strictions (5) are imposed in the FKHM model (4). These sub-indicator
share restrictions should have a contribution of at least 5%, a = 0.05.
This value was chosen to prevent the attribution of zero weights at
any sub-indicator, guaranteeing all sub-indicators contribution in the
final CI. Moreover, a higher weight, such as a« = 0.10, was tested;
however, it was not employed as this value tends to penalize countries
underperforming in a single sub-indicator.

The averages of the CI for both models, BoD and FKHM, in the time
span under analysis, are shown in Fig. 3.

When using the BoD(K) model, ten units were considered efficient:
Denmark (2015 and 2017), Latvia (2018), Hungary (2015, 2016 and
2017), Netherlands (2015 and 2018) and Sweden (2017 and 2018). The
average of the CI scores in the four years when using this model was
0.735. The CI varied slightly during these four years, settling in 2018
at 0.773, 7.80% above 2015 levels. The CIs obtained with the BoD(K)
model for each country and year are presented in Fig. 4.

With the FKHM model, twelve units were efficient: Denmark (2017),
Latvia (2015 and 2018), Hungary (2015, 2016 and 2017), Netherlands
(2015, 2017 and 2018), Romania (2015) and Sweden (2017 and 2018).
The average of the CI results in the four years analyzed was around
0.589. Through the FKHM model, the average had decreased by almost
3% in 2016 when compared to 2015 but began to increase in 2017. By
2018, the average of the CI was 4.09% above 2015 levels. Fig. 5 shows
the CI results obtained with the FKHM model for each country and year
analyzed.

Table 4 summarizes the benchmarks and the number of inefficient
units that should emulate their best practices, categorized by sub-
indicator, for both models. Based on the results of the BoD(K) model,
Sweden (2017 and 2018) and Denmark (2017) emerge as benchmarks
of 32, 60 and 38 inefficient units, respectively. Sweden (2018) had the
highest level of Renewable fuels and a low level of Road deaths. Sweden
(2017) achieved the minimum Road deaths, the second highest level of
Renewable fuels, and ranked in the best percentile (BP) for Energy de-
pendency. Considering the results of the FKHM model, Hungary (2015),
Latvia (2015) and Sweden (2018) are the benchmarks of 67, 55 and
84 inefficient units, respectively. Sweden (2018) stands out for its high
level of Renewable fuels and a low level of Road deaths. Hungary (2015)
achieved the maximum performance in Public Transport while main-
taining low GHG emissions (BP). Similarly, Latvia (2015) demonstrated
strong performance in Freight transport (BP) alongside low level of GHG
emissions (BP).

Comparing the average of CIs derived from both models over time,
their patterns are similar. However, the CI average derived from the
FKHM model is almost 20% lower than the average CI obtained with
the BoD(K) model. Nine units can be considered robust benchmarks
since they are efficient in both models: Denmark (2017), Latvia (2018),
Hungary (2015, 2016 and 2017), Netherlands (2015 and 2018) and
Sweden (2017 and 2018).

The most noticeable differences between the BoD(K) and the FKHM
results were in the CI results for Portugal and the United Kingdom, in
which the FKHM results were more than 50% lower than the BoD(K)
results. There were also eleven other countries in which the CI scores
were more than 30% lower in the FKHM model when compared to
the BoD(K) model: Belgium, Germany, Estonia, Ireland, Greece, Spain,
France, Croatia, Italy, Cyprus and Malta. All these countries had better
performances on reverse sub-indicators and not so remarkable values
on the forward sub-indicators. In fact, those countries have at least
one forward sub-indicator that is lower than its average. These results
corroborate the previous idea that the FKHM model tends to decrease
the CI score of the inefficient units that have lower scores of forward
and reverse sub-indicators.

The analysis of the areas in which the inefficient units were out-
performed by the efficient ones (benchmarks) is performed through
a radar analysis, from which it is possible to reveal possible areas of
improvement for the first ones. Therefore, the radar analysis facilitates
the comparison of the average for each sub-indicator between bench-
marks and inefficient units, incorporating data from all four years under
consideration.

Fig. 6 compares the performance of the benchmarks obtained using
the BoD(K) model. The forward sub-indicators are highlighted in green,
while the anti-isotonic sub-indicators are highlighted in red.
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Fig. 4. CI scores from 2015 to 2018 obtained with the BoD(K) model.

Table 4

Benchmarks and inefficient units in BoD(K) and FKHM models.
Benchmarks BoD(K) FKHM Public Freight Renewable GHG Energy Road New car

transport transport fuels emissions Dependency deaths emissions

HUN15 1 67 1st high BP
HUN16 14 2nd high BP BP
HUN17 15 1 3rd high BP BP BP BP
LAT15 - 55 High BP
LAT18 27 7 3rd high
ROM15 - 3 BP BP 1st low BP
DEN15 4 - BP BP BP
DEN17 38 4 1st low 2nd low BP
SWE17 32 3 2nd high BP 1st low
SWE18 60 84 1st high low level
NET15 6 0 BP BP BP
NET17 - 1 BP BP BP BP
NET18 18 0 BP BP BP BP

BP: best percentile.

0.8
0.6

]

0.4
0.2

\ x> A
<b Q;\B (:\3/0@0%@

2015

< R A
CFEILIRF I FTIFESTS

iR

N
Qoq\o EVIRN Q\e\$ O

Country

2016 m2017 m2018

Fig. 5. CI scores from 2015 to 2018 obtained with the FKHM model.

Analyzing the results in Fig. 6 the inefficient units were outper-
formed by the benchmarks in all sub-indicators except for the new car
emissions, in which they present similar levels. For the forward sub-
indicators, the inefficient units have less than 60% of the share of
renewable energy achieved by the benchmarks, only about 70% of the
share of freight transport and 84% of the share of public transport. For
the anti-isotonic sub-indicators, in red, the inefficient units had values
25% higher in road deaths, 27% in GHG emissions and 22% in energy
dependency than the benchmarks units.

Fig. 7 confers a similar analysis by comparing the benchmarks and
the inefficient units obtained from the FKHM model.

It is possible to conclude that the inefficient units also outperformed
in all sub-indicators except for the New car emissions, which present
similar levels. However, the gap between the performance of the bench-
marks and the inefficient units in Freight transport and GHG emissions
was much more significant. In the Freight transport sub-indicator, the
inefficient units had a 45% lower share than the one observed in the
benchmarks, and in the GHG emissions sub-indicator, the inefficient
units had on average a value almost 40% higher than the benchmarks.
The gap on Energy dependency, Road deaths and Public transport sub-
indicators were smaller in this approach, with the inefficient units
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having an average 10% higher in Energy dependency, 3% higher in Road
deaths and almost 13% lower in Public transport than the average of the
benchmarks. The results for the Renewable fuels share were similar to
those obtained with the BoD(K) benchmarks, in which the inefficient
units average was only about 60% of the benchmarks’ average.

From the above, both models provide similar indications for the
inefficient units. It is possible to infer that the majority of the inefficient
units’ work to improve their sustainability in the transport sector should
be focused on reducing the GHG emissions from fossil fuel, improving
infrastructure and promoting policies to increase the share of Freight
transport that uses rail and inland waterways and also on increasing
the share of Renewable fuels in transport. There is also still margin
for improvement on the share of Public transport, which can benefit
from improvements in its accessibility and quality to allow a larger
share of passengers to benefit from it, and on Energy dependency on
oil and petroleum imports, through changes in the transport energy
consumption.

To further analyze the difference between the benchmark units of
the BoD(K) and the FKHM models, Fig. 8 shows the radar analysis
comparing the performance of both groups.
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Fig. 7. Sub-indicators comparison between efficient units (benchmarks) and inefficient units from the FKHM model.

The average between both groups on the Public transport and New
car emissions sub-indicators were very similar. Analyzing the forward
sub-indicators, the benchmarks from the BoD(K) model have an average
11% higher on Renewable fuels than the benchmarks of the FKHM
model, but 20% less in the Freight transport sub-indicator. In the anti-
isotonic sub-indicators, the benchmarks from the BoD(K) model had
16% less Road deaths, 8% more GHG emissions and 9% less Energy
dependency than the benchmarks from the FKHM model.

Both profiles of the benchmarks achieved in BoD(K) and FKHM
models can be interpreted by the decision-makers and stakeholders as
alternative stages to achieve the robust best practices of the bench-
marks, which are similar in terms of levels of Public transport and New
car emissions.

Sweden (2018), Latvia (2018) and the Netherlands (2018) are effi-
cient in both models. Table 5 shows the contribution percentage of each
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benchmark to guide each inefficient country against the best practice
frontier. These contributions are determined by the dual of the BoD(K)
and FKHM models. According to the model BoD(K), Germany has a
CI = 0.83 and should emulate the best practices observed in Sweden
(2018). Following the FKHM model, Germany has a CI = 0.55 and
should follow the best practices mainly in Hungary (2015) (47%), but
also the ones observed in Latvia (2015) (24%) and Sweden (2018)
(29%). Germany is closer to the best practices observed in BoD(K) that
promote the increase of Renewable fuels for transport and the mitigation
of Road deaths. For the remaining inefficient countries in 2018, the
interpretation is straightforward.

Globally, 8 units achieve a higher CI by using the FKHM model
than with the BoD(K) model. Among these, Latvia (2015), Romania
(2015), and the Netherlands (2017) become efficient units while the
inefficient units include Sweden (2015), Latvia (2016), Romania (2016,
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Table 5
Benchmarks of BoD(K) and FKHM models in 2018.
BoD(K) FKHM
NET15 HUN16 DEN17 HUN17 SWE17 LAT18 NET18 SWE18 LAT15 HUN15 ROM15 DEN17 HUN17 LAT18 NET18 SWE18

BEL 0.00 0.00 0.39 0.12 0.18 0.00 0.00 0.31 0.16 0.69 0.00 0.00 0.00 0.00 0.00 0.15
BUL 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.62 0.11 0.00 0.00 0.00 0.00 0.00 0.28
CZE 0.00 0.79 0.04 0.00 0.00 0.00 0.00 0.17 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.02
DEN 0.05 0.00 0.76 0.00 0.02 0.00 0.00 0.16 0.00 0.28 0.00 0.67 0.00 0.00 0.00 0.06
GER 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.24 0.47 0.00 0.00 0.00 0.00 0.00 0.29
EST 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.82 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.79
IRE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GRE 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00 0.00 0.00 0.01
ESP 0.00 0.00 0.00 0.00 0.19 0.00 0.61 0.20 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.25
FRA 0.00 0.00 0.33 0.00 0.22 0.00 0.38 0.07 0.00 0.67 0.00 0.00 0.00 0.00 0.00 0.33
CRO 0.19 0.00 0.13 0.00 0.00 0.00 0.00 0.69 0.29 0.67 0.00 0.00 0.00 0.00 0.00 0.04
ITA 0.00 0.00 0.00 0.16 0.23 0.00 0.48 0.13 0.00 0.78 0.00 0.00 0.00 0.00 0.00 0.22
CYP 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LAT 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00
LIT 0.00 0.00 0.00 0.00 0.00 0.73 0.00 0.27 0.26 0.00 0.00 0.00 0.00 0.73 0.00 0.01
LUX 0.00 0.45 0.00 0.00 0.55 0.00 0.00 0.00 0.00 0.82 0.00 0.00 0.00 0.00 0.00 0.18
HUN 0.00 0.91 0.05 0.00 0.00 0.00 0.00 0.04 0.00 0.96 0.00 0.00 0.00 0.00 0.00 0.04
MAL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NET 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
AUS 0.04 0.00 0.02 0.50 0.43 0.00 0.00 0.00 0.04 0.66 0.00 0.00 0.00 0.09 0.00 0.21
POL 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.69 0.09 0.85 0.00 0.00 0.00 0.00 0.00 0.06
POR 0.00 0.00 0.90 0.00 0.02 0.00 0.00 0.08 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.52
ROM 0.00 0.00 0.24 0.00 0.24 0.52 0.00 0.00 0.18 0.12 0.65 0.00 0.00 0.00 0.00 0.06
SLN 0.00 0.00 0.00 0.00 0.08 0.06 0.34 0.52 0.54 0.29 0.00 0.00 0.00 0.00 0.00 0.17
SLK 0.00 0.07 0.00 0.57 0.36 0.00 0.00 0.00 0.00 0.65 0.00 0.00 0.00 0.06 0.00 0.29
FIN 0.00 0.00 0.36 0.00 0.20 0.00 0.11 0.33 0.15 0.26 0.00 0.00 0.00 0.00 0.00 0.59
SWE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00
UK 0.00 0.00 0.61 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.65 0.00 0.00 0.21

2017 and 2018). According to the BoD(K) model, Romania (2018) has performance.

a CI =0.9209 and should primarily emulate the best practices of Latvia
(2018) (52%), with additional contributions from Denmark (2017)
and Sweden (2017) (24%). Under the FKHM model, Romania (2018)
achieves a slightly higher CI = 0.9215 and should focus on emulating
the best practices mainly from Romania (2015) (65%), but also the ones
observed in Latvia (2015) (18%), Hungary (2015) (12%), and Sweden
(2018) (6%). In this case, Romania (2018) is closer to the best practices
frontier identified by the FKHM model and, consequently, prioritizing
the adoption of the best practices observed in the benchmarks from
this model could provide a more effective pathway for improving
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5.2. Discussion

BoD(K) and FKHM models enable to identify nine benchmarks
since they are efficient in both models: Denmark (in 2017), Latvia (in
2018), Hungary (in 2015, 2016 and 2017), Netherlands (in 2015 and
2018) and Sweden (in 2017 and 2018). Although, in the FKHM model,
Hungary in 2016 and the Netherlands in 2015 and 2018 are only
compared with themselves without being benchmarks of inefficient
units. From this point of view, BoD(K) has more flexibility in identifying
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benchmarks.

Specifically, for the inefficient units in both models, if their per-
formance achieved in BoD(K) is higher than the one achieved in the
FHKM, it would probably be easier first to pursue the strategy indicated
by the BoD(K) since they are closer to their best practices frontier as
explained with Germany. The opposite should occur for the five units
that have higher performance in the FHKM model than in the BoD(K)
model. For the three units that become efficient in the FHKM model
and are inefficient in the BoD(K) model, the benchmarks of the BoD(K)
should guide them to improve their policies.

Beyond interpreting the composite indicator derived from both
models, this paper aims to propose alternative strategies to enhance
the sustainability of the global transport sector, regardless of mode
(road, rail, waterways, etc.) or segment (freight and passenger). For
inefficient units seeking to prioritize improvements in Renewable fuels,
Road deaths and Energy dependency, adopting the policies of benchmarks
identified by the BoD(K) model is recommended. Alternatively, for
those aiming to enhance Freight transport and reduce levels of GHG
emissions, the benchmarks identified by the FKHM model offer more
targeted guidance.

It is worth mentioning that the results revealed differences in the
average sustainable performance achieved among Eastern, Western,
and Nordic European countries, consistent with the findings of Dolge
et al. (2023). Despite some variations in the sub-indicators used in both
studies, the Nordic European countries present the best performance
(an average of CI = 095 and CI = 0.82 on the BoD and FKHM
models, respectively) (Dolge et al., 2023), followed by the Eastern
European countries (an average of CI = 0.77 and CI = 0.66 on the BoD
and FKHM models, respectively) and the Western European countries,
which recorded the lowest averages of CI =0.73 and CI = 0.51 on the
BoD and FKHM models, respectively.

6. Conclusions

This study aimed to assess the sustainability performance of the
transport sector across 28 European countries over a four-year period,
aligned with the policy agenda outlined in strategic documents. To
assess the sustainability performance, two DEA models have been
explored to calculate CI and identify best practices frontiers and their
benchmarks.

The methodological approach utilized in this work promoted a
comparative analysis of the BoD model proposed by Fére et al. (2019)
and the BoD model (Cherchye et al., 2007), using three transforma-
tion methods (inversion, constant and MM) for the anti-isotonic sub-
indicators. A small, hypothetical, illustrative example was exploited to
evaluate these methods. The results of this example revealed slight dif-
ferences in the CI outcomes across the FKHM and BoD models with the
three transformation methods. The best practice frontier was defined
by the same efficient units in the FKHM and the BoD-constant models,
increasing the robustness of these models from the decision-makers’
point of view. Additionally, it is observed that the FKHM model assesses
with high efficiency scores the units that have higher levels of forward
indicators and, at the same time, have lower levels of reverse sub-
indicators. In the case of inefficient units with lower levels of forward
and reverse sub-indicators, the FKHM model tends to assess them with
lower scores of efficiency. This occurs in this model since the distance
from the inefficient unit to the frontier is measured on the observed
slope. Thus, the distance between inefficient units and the frontier tends
to be higher in the FKHM model than when using BoD-inversion and
BoD-constant approaches. These results reinforce the confidence in the
robustness and appropriateness of the BoD model with translated anti-
isotonic sub-indicators and the FKHM model methods to evaluate the
sustainability performance of the transport sector of the 28 countries
of the European Union.

Accordingly, the CI for each country and each year was determined
by aggregating three forward sub-indicators and four anti-isotonic sub-
indicators, chosen to consider the targets for sustainable mobility set
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in the 2011 White Paper on transport from the European Commis-
sion (2011) and the Sustainable Development Goals adopted by the
UN (United Nations, 2022).

Comparing the average of CI derived from both models over time,
their patterns are similar, although the CI average derived from the
FKHM model is almost 20% lower than the one obtained with the
BoD(K) model. Nine units were considered robust benchmarks since
they are efficient in both models. In this multiple forward and reverse
scenario, it is possible to verify that the FKHM model assesses with high
efficiency scores the units having higher levels of forward indicators
and, at the same time, lower levels of reverse sub-indicators. Similarly,
the results achieved in the case study show that the FKHM model tends
to decrease the CI score of the inefficient units that have lower scores
of forward and reverse sub-indicators.

Based on the results achieved with both models, it is possible to con-
clude that, in general, the performance of the transport sector in the EU
countries has been improving. This result points out that EU countries
are making efforts in the right direction, and are strengthening their
ability towards sustainability. Additionally, both models give similar
indications for the inefficient units to improve their sustainability in the
transport sector. Most of the work to improve transport sustainability
should be done by reducing GHG emissions from fossil fuel combustion,
increasing the share of freight transport that uses rail and inland
waterways and also the share of transport energy from renewable
sources.

The profiles identified in the benchmarks achieved in both BoD(K)
and FKHM models can be interpreted by the decision-makers as alter-
native stages to achieve the robust best practices of the benchmarks,
which are similar in terms of levels of public transport and new car
emissions.

Specifically, for the inefficient units in both models, if the perfor-
mance achieved in BoD(K) exceeds that in FHKM, it would be more
effective to first pursue the strategy outlined by the targets proposed by
BoD(K), as they are closer to the best practices frontier. This strategy
of the transport sector focuses primarily on improving of Renewable
fuels and levels of Road deaths and Energy dependency. Conversely, for
the fewer units that exhibit higher performance in the FKHM model
than in BoD(K), it would likely be more beneficial to follow the strat-
egy suggested by the targets in FKHM. This strategy emphasizes the
improvement of Freight transport and the reduction of GHG emissions.
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