ﬁ CivilEng

Article

A Study of the Efficiency of Mediterranean Container Ports: A
Data Envelopment Analysis Approach

Tatiana P. Moschovou * and Dimitrios Kapetanakis

check for
updates

Citation: Moschovou, T.P,;
Kapetanakis, D. A Study of the
Efficiency of Mediterranean
Container Ports: A Data
Envelopment Analysis Approach.
CivilEng 2023, 4, 726-739. https://
doi.org/10.3390/ civileng4030041

Academic Editors: Angelo Luongo

and Francesco D’ Annibale

Received: 11 May 2023
Revised: 9 June 2023
Accepted: 19 June 2023
Published: 27 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Transportation Planning and Engineering, National Technical University of Athens,
157 73 Athens, Greece; d.kapetanakis@hotmail.com
* Correspondence: tmosch@central.ntua.gr

Abstract: The current paper presents the results of a study that analyzed and evaluated the efficiency
of the largest container ports in the wider area of the Mediterranean Basin. The research question
that this paper seeks to respond to is how the resources (inputs) of a container port reflect its level
of activity and efficiency. In particular, what is the relationship between ports” infrastructures,
equipment and their productivity and the ports” ability to attract economic activities as well as the
extent of their effect on a port’s efficiency? The methodology uses the data envelopment analysis
(DEA) output-oriented model following a cross-sectional approach. The research conducts two
modeling approaches, the CCR and the BCC model. The analysis goes deeper and compares port
efficiency estimates in relation to medium-sized and large ports’ classification and their total market
share. The main findings indicated an average efficiency of 0.88 and 0.89 assuming constant and
variable returns of scale, respectively, implying that the ports can increase their output levels up to
approximately 1.2 times without any change in their inputs.
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1. Introduction

Container ports play a crucial role in the supply chain and in the container transport
and transshipment processes. The pivotal status and role of container ports is apparent as
they support and foster a country’s economic development [1]. A key factor for ports to
productively contribute to the economy is their ability to optimize their performance. Ports
with a good performance increase their productivity, efficiency, reliability and therefore
competitiveness [2].

Port performance is formed by a set of components, among which efficiency and
effectiveness are two major interrelated ones. Efficiency is an important measure “in
indicating any change in overall performance” [3]. It is expressed as a ratio of an output
to an input. By the term port efficiency, the operational performance of a port and the
maximization of its output production are implied while possessing specific resources and
inputs [4]. It is usually measured in terms of throughput, turnaround time, operational costs
and customer satisfaction. High port efficiency provides a competitive advantage to the
port and the associated businesses that rely on it. Nevertheless, except efficiency, another
important criterion for high port performance is effectiveness, understood as the ability of
a port to meet the demand, achieve customers’ satisfaction and the desired services [5].

Container ports located in the wider Mediterranean area act as important maritime
gateways connecting Europe, Asia and North Africa. They are considered as important and
strategic nodes that facilitate intercontinental transport activities. European countries are
the main connections for the Mediterranean with 40-50% of total extra-Mediterranean traf-
fic, while the share of intra-Mediterranean traffic (in total Mediterranean traffic) increased
from 49% to 58% in 2016 [6]. According to recent figures, the total container throughput of
the top 10 Mediterranean ports increased by 133% from 2004 to 2020 [7].

CivilEng 2023, 4, 726-739. https:/ /doi.org/10.3390/ civileng4030041 https://www.mdpi.com/journal/civileng


https://doi.org/10.3390/civileng4030041
https://doi.org/10.3390/civileng4030041
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/civileng
https://www.mdpi.com
https://orcid.org/0009-0006-4617-4067
https://doi.org/10.3390/civileng4030041
https://www.mdpi.com/journal/civileng
https://www.mdpi.com/article/10.3390/civileng4030041?type=check_update&version=1

CivilEng 2023, 4

727

The current work presents the results of a study that analyzed and evaluated the
efficiency of the largest container ports in the wider area of the Mediterranean Basin. The
research questions that this paper seeks to answer are (a) how do the resources (inputs)
of container ports, such as their handling capacity, reflect on their level of activity and
efficiency? (b) What is the relationship between a port’s infrastructures and equipment
and its productivity as well as the port’s ability to attract economic activities? (c) What
are the extent and effects of ports’ resources to produce their outcomes (outputs), the
ports’ efficiency and, consequently, their effectiveness and performance? The methodology
uses the data envelopment analysis (DEA) modeling procedure following cross-sectional
data analysis. All data are collected for the year with the most recent available data, i.e.,
2021, and the sample includes the top 14 container ports from 10 Mediterranean countries.
The research conducts two modeling approaches, the CCR model [8] and the BCC data
envelopment analysis model [9]. This work is expected to fill the gap in the research of
container port efficiency by the inclusion of a robust model and by revealing the ways a
port can further invest to improve its performance and productivity. The analysis goes
deeper and compares port efficiency estimates in relation to medium-sized and large ports’
classification and their total market share.

The remainder of this paper evolves as follows: Section 2 provides a presentation
of previous studies and results on port efficiency, followed by Section 3, which presents
the theoretical background of the DEA methodology and the modeling method followed.
Section 4 focuses on the definition of input and output variables and the criteria for
the data collection process for the ports under study. Section 5 summarizes the main
estimates of the efficiency levels, emphasizing the major findings and results of the analysis
implemented. Finally, Section 6 presents the main conclusions, shortcomings and future
research directions.

2. Literature Review

There are a wide range of studies in the literature that have investigated and measured
the efficiency and effectiveness of container ports. Several studies have analyzed and
examined the crucial role of container ports and their significance in the economy of the
countries in which they are located. Other studies investigated the potential impact of
privatization on the efficiency of ports and whether the entry of private entities in their
operation has led to increased performance. Moreover, various research works analyzed
and examined the relationship of ports’ resources with their productivity and efficiency by
use of the data envelopment analysis method. An overview of previous research works is
summarized in the following.

2.1. Ports, Economic Development and Privatization

The significant impacts of container ports on the economy have been analyzed from
a variety of perspectives, either for their direct impact on the national gross domestic
product of the country in which they are located or for being a catalyst for economic
growth and development and facilitating international trade. Bottasso et al. (2014) [10]
reported that for every 10% increase in port productivity, the GDP of the port’s region
increases by 6-20% and by 5-18% in the neighboring regions of the port. Shan et al.
(2014) [11] investigated 41 major ports in China to conclude that for every 1% increase
in transported containers there is an increase of 7.6% in GDP and a positive economic
impact on neighboring economies. Similarly, the exploration of the economic impact of
ports in South Africa showed that a 1% drop in port activity results in a 17% economic
loss [12]. The authors of [13] highlighted the strong correlation of maritime trade with a
country’s GDP and showed that, due to globalization, the importance of ports has been
greatly increased. Therefore, cities which host ports present a competitive advantage over
those that do not, which is obvious due to their rapid development. More recently, Miambo
(2021) [14] examined the impact of African ports on trade and economy, showing the strong
relation of port efficiency, economic growth and trade competitiveness.
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The concept of ports’ privatization and its impact on their efficiency has been studied
by several scholars, including whether the ports” performance was improved due to the
change in their ownership and the involvement of the private sector. The main objective of
port privatization is to improve efficiency by the inclusion of management practices. Cui
and Notteboom [15] examined a number of container ports in China and found that priva-
tization actions have improved ports’ efficiency, operation and reduced vessels’ waiting
time. Similarly, Pagano et al. (2013) [16] assessed the performance and effectiveness of
Panama ports during government and private sector operation and their results showed
that positive effects and savings could be gained. This opinion is also shared by a number
of other studies as well (interested readers can refer to [17,18]). A characteristic example of
the effect of the entry of the private sector on port efficiency is the port of Piraeus in Greece.
The most significant result of this investment is the port’s redevelopment into a compet-
itive one, something that is evident from its high ranking in terms of TEUs (of 5 among
European ports) [19]. Recently, the ownership of the port of Haifa in Israel changed from
state-owned to private, and the process of port privatization is now completed [20]. Ina
non-Mediterranean area, in Brazil, talks for the continuation of the privatization process
for the port of Santos have taken place once more [21]. On the other hand, there are several
studies suggesting that there are cases where privatization does not always lead to more
efficient ports and that the role of the public sector is significant (e.g., [3,15,22,23]).

2.2. Port Efficiency with DEA Models

Various researchers studied the efficiency of container ports, under the prism of
various DEA methodologies. In the 1990s only a few scholars conducted studies applying
DEA models (for example, [24-26]), while during and after the 2000s, the DEA technique
was gradually expanded to compare ports from all over the world (e.g., [27-35]). For
example, [27] applied DEA-CCR and DEA-Additive models to four Australian ports and
twelve international east/west container ports and showed that efficiency is not necessarily
related to the size and functioning of the port. This conclusion challenged [28] who
supported and demonstrated, when applying the DEA-CCR-Tobit model to ports of North
America, that the size (length of quay, size of terminal, etc.) of the port plays an important
role in efficiency. Additionally, the authors noted the correlation between increased port
productivity and the presence of rail infrastructure and hinterland requirements. The
authors of [29] also applied DEA for ports’ efficiency in the area of Greece and Portugal.
In 2007, ref. [36] explained that efficiency increases when resources (inputs) are limited
and used in an economical way in order to produce the best possible results (outputs).
Applying DEA-CCR and DEA-BCC-Robit, they concluded that DEA provides reliable
results when comparing ports with similar characteristics. Three years later (2010), ref. [32]
used the DEA-Panel data model for the 25 major, in terms of TEUs, east-west container
ports. They concluded that port container throughput (a port’s productivity) does not have
a clear link with efficiency and that more detailed research is needed for the extraction of
certain results.

Recent works regarding port efficiency estimation conducted with the DEA modeling
approach are [37], comparing the efficiency of container ports in the Asian and Middle
East area, [38] that studied Spanish ports in relation to their efficiency levels and [39],
measuring technical inefficiency of European ports. Outside the EU, some indicative
studies are [40,41] that measured the operational efficiency of Vietnamese ports, [42] for
Tunisian commercial ports and [43,44] for Chinese and Tunisian ports. While all the above
applications used (with minimal exceptions) almost the same inputs and outputs, the
author of [45] uses, among others, economic terms as outputs (revenue generated) in an
attempt to find the opportunity cost of environmental regulations (OCER), i.e., the money
which was spent on environmental taxes which could have been used to the benefit of
each port organization. The study was applied to four ports in Taiwan for a period of
7 years. More recently, [46] also considered as output variables the revenue and profit of
14 Vietnamese seaport companies. Recent studies that apply the DEA methodology as a
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tool for port efficiency estimation include other outputs as well, e.g., vessel calls, number
of stops at a port, total container movements, number of ships, index of liner shipping
connectivity, berth productivity [47-50].

Regardless of the wide application of the DEA method to assess container ports’
efficiency, a few studies exist for the ports in the Mediterranean Basin. Among them, [51-55]
have used port throughput in TEUs as the output variable. The current study goes a step
beyond and includes, as well as container traffic (in TEUs), container volume (in tons) and
revenue as outputs for the estimation of the efficiency of the 14 Mediterranean container
ports and furthermore aims at their classification and efficiency estimation, according to
their size and market share.

3. Materials and Methods

The data envelopment analysis (DEA) is a non-parametric method that can be used to
assess the (comparative) efficiency of a decision-making unit (DMU) by comparing it with
other uniformed units. DMUs are homogenous operating units, the “units of assessment”
defined as the entities that are going to be compared on their performance [56]. These DMUs
(a) use the same number of inputs (the resources they use) to produce the same number
of outputs (the outcomes, what each unit achieves), (b) make decisions on the production
process and their efficiency level and (c) have control over the transformation of their inputs
to outputs. Therefore, a fundamental step for applying the DEA method is to define the
decision-making units and to identify the corresponding input and output variables.

Since this method is comparative, the outcome of the method, i.e., the efficiency, is
characterized as relative. The purpose of the method is to find the limit of the production
capability of a unit. More specifically, a frontier (or efficient frontier) is created, which
determines the optimal combination of inputs and outputs, an ideal combination, whereby,
with the least possible inputs, the maximum possible outputs are achieved. The frontier
is the measure of comparison used to evaluate the performance of the unit under study.
The values (inputs/outputs) of the group under study are placed on the same graph
and compared to the frontier. If the values are higher than the frontier, then the unit is
characterized as efficient, while in the opposite case where the values are enclosed by the
frontier, then the unit is characterized as inefficient, relative to the frontier.

Efficiency is based on the assumption that production exhibits constant returns to scale,
meaning that the conversion of inputs to outputs is characterized by constant returns to
scale. If a constant variation is applied to an input, then an equal variation is applied to the
output. This case is termed a DEA-CCR model [8]. In contrast to constant returns to scale,
there is the option of variable returns to scale. In this case, a constant increase in an input
implies a smaller increase in the output (decreasing return to scale) or a constant increase in
an input implies a greater increase in the output (increasing return to scale). The DEA model
then is named a DEA-BCC model [9]. These models can be distinguished whether they are
input or output oriented. Based on a certain level of output, input-oriented DEA models
study how to minimize inputs, while keeping the given outputs levels. Whereas, based on
the given values of inputs, output-oriented DEA models attempt to maximize outputs.

This work is based on the output-oriented efficiency model that attempts to maximize
the outputs by using certain amounts of inputs.

3.1. CCR—Constant Return to Scale Model

The CCR models assume constant returns to scale and provide a measure of technical
efficiency. Therefore, the frontier of this model forms a straight line and the units that
are on this line depict the efficient ones. Let us suppose m inputs and denote the inputs
for a DMU as xi = (x3j, X2j, - .- , Xp) and xx € RY,, which produce n outputs written as
Yk = (Y1j, Y2js - - - » Yur) and yx € R The input and output data form data matrixes X and
Y, respectively, where X is an (mXy) matrix and Y an (nXy) matrix. Let p = (1, 2, ... , Hg)
be a non-negative vector forming the linear combination of the K units.
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The DEA-CCR model assumes that each DMU will use a set of weights in the most
efficient (for that unit) way in comparison to the other units. Subsequently, according
to [57], if % is the optimal objective value:

1

max M
Subject to:

Xk — Xy >0 (2)

myr—Yu <0 3)

=0 4)

The task is to find the appropriate weighting coefficients so that the efficiency of a unit
can be maximized. More specifically, the CCR model computes the variables u (a weight
assigned to an output) and v (a weight assigned to an input). For each DMU the optimal
set of weights is determined with values that vary from one DMU to the other.

3.2. DEA-BCC—Variable Return to Scale Model

The BCC models assume variable returns to scale. In this way, the frontier creates a
convex hull and so the inefficient units span below it. If we assume the same inputs (1)
and the same outputs (1) as in the CCR model, the BCC model introduces an additional

restriction. More specifically, let A = (A1, Ay, ..., Ak) be a non-negative vector forming the
linear combination of the K firms and let e be a row vector in which all elements are equal
to 1:
5
ma 5)
Subject to:
Xp — XA >0 (6)
nye —YA<0 @)
A>0 8)
eA=1 9)

There is another type of DEA model that includes an additional constraint in relation
to the DEA-CCR model. With the addition of the above restriction (9) it is possible to take
into consideration (constant or variable) scale payoffs and, consequently, create the convex
hull mentioned above.

Then, the technical efficiency is measured as:

=1y (10)

3.3. Scale Efficiency

The technical efficiency estimates that are derived from both DEA-CCR and DEA-BCC
models are utilized together to obtain a measure of scale efficiency for each of the K DMUs.
The authors of [47] provide the following equation:

Scale Efficiency (SE) = 0ccr¥pcc (11

where ccr is the technical efficiency based on the CCR and 0p¢c is the technical efficiency
by applying the BCC model. If the sum of every eA = 1, then the outputs are increasing in
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the same proportion as the inputs and constant returns to scale occur. When this sum is less
than 1, decreasing returns to scale apply and the outputs’ increase is less than proportional
to the respective increase in inputs. The case when the sum is more than 1 defines the
increasing returns to scale.

4. Selection of Variables, DMUs Used and Data Collection
4.1. Input and Output Variables

The selection of the input and output variables is based on the objectives of the ports [3].
The main objective of the ports in this research is to maximize the outputs while using no
more than the required quantity of the inputs. Outputs are a port’s product or services,
the outcomes. Inputs are a port’s resources and can be selected based on the fact that its
efficiency depends on the effective use of land, equipment and human resources [32,45].
Therefore, the following indicators were selected to be incorporated into the model as
output and input variables:

Outputs

y1: Container throughput in TEUs. The total container traffic measured in 20-foot equiva-
lent units.

y2: Container volume in tons. Total weight of goods handled by the port within a period
of one year.

y3: Revenue in millions of euros. It plays an important role, since it provides information
related to the economic efficiency of the port.

Inputs

xq:  Length of berth (in m).

xp: Terminal area (in hectares, ha). The area of the quay and land yard.

x3:  Number of quay cranes (quay cranes, ship to shore cranes, mobile cranes).
x4:  Number of gantry cranes in the stacking area (RTGs, RMGs).

During the research, additional input variables were also considered, such as the
number of straddle carriers, berth occupancy time, crane operating hours, different han-
dling speeds of yard and ship-to-shore cranes, equipment age and maintenance, the capital
invested in a terminal and associated equipment, average number of containers handled
per ship and the quayside water depth. However, due to a lack of reliable data and the un-
availability of data, it was decided not to consider them in the model. During the selection
of inputs and outputs, the approach of not including a great number of inputs and outputs,
as this will lead to less accurate results from the analysis, was also followed [58,59]. Table 1
shows the descriptive statistics of the finally selected variables.

Table 1. Summary statistics.

Inputs Outputs
Berth Terminal Quay-Side Yard Gantry
Length Area Cranes Cranes Throughput Volume Revenue
(m) (ha) (Number) (Number) (TEUs) (Tons) (Million
Euros)
Mean 2873 120 23 51 3,176,871 47,825,000 687
Standard 1291 72 10 39 1,806,000 28,231,000 824
Deviation

Minimum 695 27 11 0 1,000,000 1,906,000 123
Maximum 4812 231 43 113 7,173,000 101,055,000 2766

4.2. DMUs Used and Data Collection

The next step is the identification of the size of the DMUs to be compared. In the
literature, there are some restrictions regarding the minimum number of DMUs, that
should be:
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The product of the number of input variables times the number of output variables [60].
At least twice the sum of the input and output variables [61,62].

At least three units for each input and output variable [63].

At least twice the product of the number of input variables and number of output
variables [64].

The methodology applied in this research follows the restriction of [61]. There is a
consideration that agrees with using a large number of units to increase the possibility
of determining the efficient frontier. Nevertheless, there is another group that points out
that a large number of units could also include units performing under different market
conditions, meaning that the term of “homogeneity” is then lowered and therefore causes
exogenous impacts on the data. Since there are four inputs and three output variables, the
number of DMUSs examined in this research comes from the result of Equation (12):

DMUs > (m +n)-2 = 14 (12)

where:
m = the number of input variables and
n = the number of output variables.

4.3. Data Collection

The following criteria were applied for the selection of the container ports (the DMUs)
to be examined:

e To handle sufficiently large volumes of containers. A measure of the container traffic of
each port was the total incoming/outgoing containers in TEUs (20-foot equivalent units)

e To handle a minimum of 1 million TEUs in the year 2021 (year of the most recent
available data).

e  Tobelocated in the wider Mediterranean area.

The collection of the data was a time-consuming process, as some of the ports examined
had no officially published data regarding their infrastructure, equipment or productivity.
Figure 1 compares their throughput for the years 2011 and 2021. The first thing to notice
is the remarkable increase in productivity for all ports. A second observation is that the
largest increases appear to occur for Tanger Med, Piraeus and Sines ports, more than 200%.
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Figure 1. Comparison of ports” throughput between 2011 and 2021 (source: combination of Eurostat
databases MAR_GO_QM).
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Based on the World Bank-defined ranges [2] and with a modification due to the ports
under investigation in this study, two main port group sizes are used, namely medium-
sized and large ports, depending on their levels of container throughput (interested readers
can also check [36,65,66]):

e Large ports: more than 4 million TEUs.
e  Medium-sized ports: between 1 and 4 million TEUs.

5. Results

Table 2 reports the results of the efficiency scores emerging for CCR and BCC models,
an estimate for the scale efficiency and subsequently the returns to scale of each container
port. An initial observation from Table 2 is that the average efficiency obtained from
conducting the CCR model is lower than that with the BCC method. This observation
is explained by the fact that the BCC model determines only technical efficiency, while
the CCR identifies technical efficiency and scale efficiency. This explains the different
numbers of ports characterized as fully efficient (efficient value = 1.000) when applying the
two models. From the application of the CCR model, six ports were identified as efficient
and nine ports when the BCC model was applied.

Table 2. Port container efficiency under DEA-CCR and DEA-BCC modeling analysis.

Container Container Scale Returns
Port Throughput Volume Revenue DEA-CCR  DEA-BCC Efficiency to Scale
(TEUs) (Thousand Tons) (Thousand Euros) (CRS) (VRS) (CRS/VRS)

Tanger Med 7,173,870 101,055 2,175,460 1.000 1.000 1.000 con
Valencia 5,588,000 69,131 1,346,890 0.764 0.791 0.966 drs
Algeciras 4,797,497 83,051 309,500 1.000 1.000 1.000 con

Piraeus 4,731,000 46,951 391,830 1.000 1.000 1.000 con
Barcelona 3,531,324 53,642 151,400 0.776 0.793 0.979 drs
Gioia Tauro 3,140,000 25,721 123,100 0.898 1.000 0.898 drs
Marsaxlokk 2,970,000 1906 500,800 0.977 1.000 0.977 drs
Genoa 2,781,112 48,212 409,000 0.650 0.650 1.000 con
Mersin 2,097,000 38,579 316,480 0.729 0.750 0.973 irs

Alexandria 1,967,000 64,500 2,766,000 1.000 1.000 1.000 con

Marseilles 1,500,000 71,590 162,000 1.000 1.000 1.000 con
Sines 1,823,767 32,904 575,040 1.000 1.000 1.000 con
La Spezia 1,375,626 11,486 161,900 0.580 0.589 0.985 irs
Koper 1,000,000 20,821 228,400 0.946 1.000 0.946 irs
Average 3,176,871 47,825 686,985 0.880 0.898 0.980

Note 1: efficient port = 1. Note 2: drs = decreasing return to scale, irs = increasing return to scale, con = constant
return to scale. Note 3: CRS = constant returns to scale, VRS = variant returns to scale.

Table 2 also indicates the returns to scale classifications. From the 14 ports, 7 exhibit
constant returns to scale, 4 show decreasing returns to scale and 3 increasing returns to
scale. According to the results, the large ports, as indicated in the previous section (i.e., with
container throughput of more than 4 million TEUs), have achieved perfect efficiency (i.e.,
unity), except for the port of Valencia, which exhibits decreasing returns to scale. On the
other hand, from the medium-sized ports (container throughput between 1 and 4 million
TEUs) three ports (Barcelona, Gioia Tauro and Marsaxlokk) exhibit decreasing returns to
scale and three increasing returns to scale (Marsin, La Spezia and Koper).

More specifically, six ports (Tanger Med, Algeciras, Piraeus, Alexandria, Marseilles
and Sines) are fully efficient, achieving an overall (CRS) and technical (VRS) efficiency of 1.
Hence, their return to scale is constant, noting that their performance is optimized. Ports
of Gioia Tauro, Marsaxlokk and Koper attained a full operating efficiency, with their VRS
value being of unity and their CRS value slightly behind full efficiency (0.898, 0.977, 0.946,
respectively), and can be characterized as “marginally efficient”. However, ports of Gioia
Tauro and Marsaxlokk exhibit decreasing returns to scale, meaning an increase in their
inputs corresponds to a lower increase in their outputs. The port of Koper, though, exhibits
an increasing return to scale, implying that an increase in its inputs used for its production
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activities results in an unexpected increase in its outputs. The other five ports (Valencia,
Barcelona, Genoa, Mersin and La Spezia) have quite a low efficiency (<0.8). For example,
the CCR efficiency value of 0.776 of the port of Barcelona implies that the port needs
to improve its productivity in order to achieve an increase of 22.4% to become efficient.
Correspondingly, the port of Genoa (efficiency of 0.650) needs a 33.5% rise to become
efficient, exhibiting constant returns to scale. Based on the ports’ revenue, two large ports
(Tanger Med and Valencia) and one medium-sized port (Alexandria) reported a revenue of
more than EUR 1 million but a range of efficiency levels.

When applying the CCR model, the ports of Marsaxlokk, Koper and Gioia Tauro
had an efficiency level greater than or almost equal to 0.90, which is very close to unity.
Based on the above, they were then expected to be fully efficient when applying the BCC
model. The next observation, when comparing the results from the CCR and BCC models,
is that the efficiency values for some ports are close (almost equal). This is explained by the
limitation imposed when applying the DEA-BCC model. As mentioned, the BCC model
takes into account variable returns to scale. This is achieved by using the variable A for
each port. Having introduced into the modeling procedure of the DEA-BCC model the
constraint (9) eA =1, it was assumed that for a change in the value of an input by a value,
then the value of the corresponding output changes equally, that is, each port operates
with fixed scale returns. As mentioned above, the DEA-CCR model operates under the
assumption of constant returns to scale. Therefore, the efficiency values obtained by the
two methods cannot deviate much. Consequently, having considered the above limitation,
it is obvious that the two methods should converge and verify each other, as they do, based
on the above results.

As was stated in Section 4.3, ports were classified into two main groups. Ports were
ranked following the work of [65] and their market share according to the container
throughput they handle (Table 3). It is interesting to see that the four ports belonging to
the large group (Tanger Med, Valencia, Piraeus and Algeciras) have almost half of the total
market share (50.76%) of the 14 ports studied, while the remaining 10 medium-sized ports
have the remaining 50% (49.24%) of the total market share.

Table 3. Market share (%) of container ports according to their throughput and size.

Container Volume Container o Total
Port (Thousand Tons) Throughput (TEU) Market Share % Percentage
Tanger Med 101,055 7,173,000 15.92%

Valencia 69,131 5,588,000 12.40% 50.76%

Piraeus 46,951 4,731,000 11.79% R
Algeciras 83,051 4,797 497 10.65%

77777 Barcelona 53642 3531324  784%
Gioia Tauro 25,721 3,140,000 6.97%
Marsaxlokk 1906 2,970,000 6.59%

Genoa 48,212 2,781,112 6.17%

Mersin 38,579 2,097,000 4.65% 9
Alexandria 64,500 1,967,000 4.37% 49.24%
Marseilles 71,590 1,500,000 4.05%

Sines 32,904 1,823,767 3.33%
La Spezia 11,486 1,376,626 3.05%

Koper 20,821 1,000,000 2.22%

777777777777 Total ~  4447619%  100.00% 100.00%

For comparison reasons, Figure 2 presents the total throughput as a function of
ports’ container volume. In this figure, ports are classified according to the two groups
previously mentioned (medium-sized and large ports). Figure 3 shows the efficiency
calculated by both models in relation to the port throughput in order to make conclusions
about the relationship between productivity and port efficiency. Based on the two figures
(Figures 2 and 3) the efficiency of a port is not only related to the classification group it
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belongs to. The input variables examined also play an important role. A characteristic
example is the port of Valencia, which handles a large number of containers compared to
other ports (Figure 3) and is classified as a large port (Figure 2). However, considering
the number of infrastructures it possesses (large terminal area, number of yard and quay
cranes) its efficiency is characterized as low (Figure 3). This, in practice, means that based
on a port’s input variables, its productivity (e.g., container throughput) would have to be
sufficiently higher to be considered as efficient.
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Figure 2. Port category according to their container volume and throughput (black triangles denote
the container ports examined).
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Figure 3. Throughput vs. efficiency under DEA-CCR and DEA-BCC models.

6. Discussion and Conclusions

Both DEA-CCR and DEA-BCC models implemented in this research were output
oriented. This means that by keeping the inputs at a constant level, changing only the
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outputs, it is possible for a DMU to become fully efficient. Thus, generalizing the above
example of the port of Valencia, the solution proposed to transform unproductive ports
into efficient ones is to increase their outputs (container throughput/volume and revenue).
As can be seen from Figure 2, port productivity does not directly depend on container
volume, which is an output variable for ports (for example, the ports of Piraeus or Valencia
that, although presenting a high throughput, have a container volume that is at a moderate
level). Therefore, the increases not only in productivity but also in the volume of general
cargo are factors that will also contribute to the increase in economic results (i.e., increase in
revenue), with the consequent maximization of outputs and, subsequently, their efficiency.
Of course, the changes mentioned here are not so simple to implement. Considering
that port authorities, in an attempt to increase their competition, design strategies to
increase port demand, this increased competition can lead to a further investment in its
infrastructure and, as a result, to an increase in the port’s efficiency. However, this in turn
could drive some ports to exceed their capacity levels. As a consequence, their efficiency
values may remain stable. From the present study, a solution could be the redistribution
of the already existing resources so that, with their new distribution and new mode of
operation, they can achieve an increase in their productivity.

The main scope of this study was to measure and assess the performance of 14 of the
largest container ports in the wider Mediterranean region. The methodology applied was
data envelopment analysis (DEA). DEA allows the comparison of a port’s performance
with other ports that share the same homogeneous parameters. The performance of a port
is assessed by the calculation of its efficiency as a relationship between a port’s inputs
(e.g., berth length, area, number of quay cranes, number of yard cranes) and its outputs
(productivity, i.e., total handled containers and total volume of handled containers and
revenue). The analysis of this study applied the DEA-CCR and the DEA-BCC models
with an output orientation. A first conclusion can be extracted from the average efficiency
levels (Table 2). More specifically, an average efficiency of 0.880 and 0.898 for the CCR and
BCC models, respectively, indicates that the ports can increase their output levels up to
approximately 1.2 times without any change in their inputs.

Consequently, for a port’s existing facilities, equipment and infrastructure and the
existing levels of operation, the use of such methodology could reveal possible limitations
to its expansion. The levels of investment that a port could require to further increase its
capacity could discourage the port from a decision to expand further. Nevertheless, there
are constraints (e.g., constraints regarding land availability) that can restrict any further
port development. Mainly for large ports, they have achieved operation at a certain level
(and regularly beyond their throughput capacity levels) by investing in advanced and
expensive equipment [36]. Medium-sized ports operate at lower throughput levels and are
encouraged to increase their operation scale.

The CCR method resulted in six ports out of fourteen (Tanger Med, Algeciras, Piraeus,
Alexandria, Marseilles and Sines) having an optimal efficiency and the BCC model char-
acterized nine (the same as the CCR method plus Marsaxlokk, Koper and Gioia Tauro)
as fully efficient. The ports of Barcelona, Valencia and Mersin in both methods exhibited
lower efficiency levels (<0.80). This means that, since the DEA models applied are output
oriented, they will have to optimize the distribution of the resources so that, keeping them
constant, they can enhance their productivity levels. Finally, the ports of Genoa and La
Spezia exhibited the lowest efficiency values of all the examined ports (<0.65). Ports with
low efficiency (i.e., low productivity in relation to available means) could positively reform
in order to offer value-added services with a higher quality and, in this way, the costs
that appear to exist due to this low productivity may be balanced with the profit of these
services. Therefore, the evaluation of a port is not based only on its efficiency. Results also
indicated that the ports under study exhibit constant decreasing and increasing returns to
scale. Such information reflects the proportional change in output with regard to the input
variables used for the production. Therefore, they reveal the efficiency of a port and can be
useful for policy formation allowing for the maximum capacity of production.
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As mentioned in Section 4.1, due to a lack of sufficient data, some additional input
variables were not taken into account. This was decided in order to ensure the reliability
and correctness of the results and, therefore, to avoid reaching incorrect conclusions.
Therefore, future research can emphasize the collection of data for more years in order to
conduct a panel DEA model, to indicate possible fluctuations of the efficiency levels over
the years. Furthermore, future examination of other (indirect) causes of each port being
efficient or less efficient (e.g., [67]) as well as of the impact of environmental regulations
on the efficiency of ports (e.g., [68,69]) could develop deeper insight into the subject and
provide understanding on the relationship between ports” development on the one hand
and minimization of negative environmental impact on the other.
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