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Ports are important transport hubs and facilitate the movement of goods for businesses in local commu-
nities and global markets. Ports on the Adriatic Sea play a special role in European transport due to their
shorter distance to Asian and African markets. The ranking of ports is important not only to assess their
efficiency, but also to create a competitive environment and enable port managers and policy makers
to recognize and take into account their strengths and weaknesses, leading to an improvement in the
performance of ports in general. Data Envelopment Analysis (DEA) is a non-parametric method for
evaluating and ranking entities. Cross-efficiency is one of the ranking methods that is able to evaluate
all decision-making units (DMU), including efficient and inefficient units. This method has been de-
veloped in this article for the presence of uncontrollable inputs and undesirable outputs in an uncertain
environment. Therefore, the article deals with the ranking of Adriatic container ports from an economic
and environmental perspective using the new improved cross-efficiency method.
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1. Introduction.

Ports play a multifaceted role in global trade, transport and
economic development. Their importance goes beyond mar-
itime logistics and influences regional development, supply chain
dynamics and national and international trade policy. Ports are
very important hubs for global trade and facilitate the move-
ment of goods between countries and continents. Therefore,
port rankings provide information about their efficiency, infras-
tructure and competitiveness in the transport of seaborne goods.
Ports that rank higher in terms of efficiency and infrastructure
are more attractive to shippers and companies and increase their
competitiveness on the global market. Port rankings also help
companies and logistics providers to find efficient transport routes.

Ports with better rankings are often associated with bet-
ter infrastructure, streamlined processes and faster turnaround
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times, leading to improved supply chain efficiency. Govern-
ments and port authorities can use port rankings as a benchmark
for prioritizing investment and allocating resources to port de-
velopment projects.

In the presence of environmental factors, ports that priori-
tize environmental sustainability can receive a higher score, re-
flecting their commitment to reducing pollution and promoting
sustainable maritime practices.

Due to their strategic location, modern infrastructure and
the fact that they are the gateway to Europe for goods from Asia,
the Middle East and other regions, Adriatic ports are important
players in the maritime industry, supporting and strengthening
trade flows and economic growth in the Adriatic region [1, 2].
Due to the particular importance of these ports, their ranking
serves as a valuable tool for maritime industry stakeholders,
including investors, policy makers and port authorities. The
port ranking provides insights into the performance, competi-
tiveness and sustainability of ports and improves infrastructure,
operations and regulatory frameworks to support global trade
and economic growth.

Data envelopment analysis is the best method for evalu-
ating the efficiency and ranking of units because it is a non-
parametric method that takes into account most performance
criteria and involves multiple inputs and outputs [3]. This pa-
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per presents the performance evaluation of ports using the DEA
method. The main objective is to evaluate the efficiency and
rank them when there are undesirable outputs. In this research,
we use a cross-efficiency method based on non-classical DEA
model (Slacks-based Model (SBM-UO)) to rank ports. Also, an
improved DEA model is developed in the presence of uncon-
trollable indicators. The proposed cross-efficiency model for
the case of constant returns to scale case is discussed. Based
onthe results of the ranking, ports can make positive changes,
attract more investments and strengthen their position in the
maritime industry.

The paper is organised as follows. Section 2 provides a gen-
eral overview of the literature on previous studies. The pro-
posed DEA methodology is presented in Section 3. Section 4
applies the proposed framework to the ranking of Adriatic ports
in an empirical case. Finally, the discussion and conclusion are
drawn in Section 5.

2. Literature Review.

Studies on port analysis from an economic point of view,
based on the DEA, date back to 1993. Rolle and Hayuth were
the first to use DEA to access the efficiency of ports. They
showed that DEA efficiency assessment can be a useful tool for
port managers and researchers, providing a deeper insight into
port performance [4].

For the first time, the environmental efficiency of ports in
East Asian ports was evaluated [5]. Chin et al. (2010) identi-
fied negative externalities in the production of port services in
East Asia by explicitly considering the environmental impacts
of shipping using CCR, BCC and SBM models [5].

Several articles have addressed the issue of port ranking.
Lee et al (2005) applied a new DEA based method called RDEA
(Recursive DEA) to produce a ranking of selected container
ports in the Asia-Pacific region. The article compared the DEA
and RDEA rankings of the ports and analysed the result to iden-
tify tactical measures to improve efficiency [6]. Cullinane et al
(2005) evaluated the efficiency of the world’s largest container
ports and terminals using two alternative techniques, DEA and
the FDH model. The results provide an insight into the cur-
rent efficiency ranking of the world’s largest container ports and
terminals. In turn, they presented the advantages and disad-
vantages of port privatization and provided an empirical inves-
tigation of the relationship between privatization and relative
efficiency in the container port industry [7]. Wu et al (2010)
showed that DEA is used as an effective tool to evaluate the
relative efficiency for measuring the performance and bench-
marking of the 77 global container ports in 2007. The results
for the efficiency scores are analysed and a clear ranking of the
ports based on the average cross-efficiency is established [8].
Pjevčević et al. (2011) used the DEA method to evaluate the
efficiency of the proposed alternatives and show their ranking
based on simulation results [9]. Niavis et al (2012) investigated
the benchmarking, measurement and identification of the key
determinants of technical efficiency of container ports in the
South East Europe region, including Italian ports [10]. Munim

(2020) applied the DEA and Free Disposal Hull (FDH) meth-
ods to evaluate and rank the efficiency of 38 container termi-
nals from 17 different ports in 12 Asian countries [11]. Iyer
and Nanyam (2021) analysed the efficiency of Indian container
terminals and classified them into high and low performing ter-
minals. Their findings recommend port managers to improve
the efficiency of existing terminals and increase the scale of op-
erations [12]. To summaries, there are a few performance eval-
uation methods, with DEA being the most preferred method
by evaluators due to its effectiveness in performance evaluation
[13]. Current methods ignore some limitations of DEA mod-
els in evaluation. For this reason, the efficiency scores are not
accurate enough to be used for port performance improvement
and they are generally not useful for port users. There is also
no study in the literature on the ranking of ports in the Adriatic
region.

3. Research Methodology.

In order to rank the Adriatic ports, this study proposes an
improved DEA approach. After defining the purpose of the
study, the input and output variables are determined. Then,
the improved cross-efficiency based on the SBM-UO method
is used to rank the Adriatic ports. Finally, the research results
for the Adriatic ports are analysed and discussed.

3.1. SBM model and cross-efficiency.
We assume that there are n DMUs to be evaluated with m in-

puts and s outputs. xi j , (i = 1, ...,m)and yr j , (r = 1, ..., s)denote
the input and output values of DMU j which are all known and
non-negative.

SBM efficiency is proposed to evaluate efficiency with slack
values. Following the concept of the efficient production fron-
tier, the SBM model is defined as follows [14]:

ρ= Min
1−1/m

∑m
i=1

s−i /xio

1+1/s
∑s

r=1
s+r /yro

s.t
∑n

j=1 λjxij + s−i = xio, i = 1, ...,m ,∑n
j=1 λjyrj − s+r = yro , r = 1, ..., s ,
λj ≥ 0 , j = 1, ..., n , s−i ≥ 0 , i = 1, ...,m,
s+r ≥ 0, r = 1, ..., s.

(1)

In model (1), ρis the SBM efficiency of DMUo.s−i , i =
1, ...,m and s+r , r = 1, ..., s are called slacks. Ifxio = 0, then
the term s−i

/
xio

is eliminated. Ifyro = 0 , then it is replaced by

a very small number so that the term s+r
/
yro

has a compensatory
effect.

The SBM model is a non-radial performance evaluation mo-
del. In non-radial models, the efficiency value of the decision
units is determined in addition to the efficiency measurement.
The difference between the SBM model and other DEA models
is that the model is based on slacks variables; for this reason, it
shows more accurate results. It proves that efficiency evaluation
with the SBM model can avoid the angular and radial defects
of the traditional DEA model and improve the accuracy and
reliability of efficiency evaluation.
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In DEA, each DMU selects the most favourable multipliers
to measure efficiency, and different DMUs often use different
multipliers. This makes the efficiency scores of the DMUs in-
comparable. To make them comparable and rank them, it is
essential to calculate the cross-efficiencies. The idea is to use
the multipliers chosen by each DMU to calculate the efficiency
of all other DMUs.

Let ρokbe the efficiency of DMUk calculated from the mul-
tipliers selected by DMUo through the input model. Then the
efficiency of DMUk using the multipliers selected by DMUo is
given by [15]:

ρok=
1 − 1/m

∑m
i=1

s−∗i
/
xik

1 + 1/s
∑s

r=1
s+∗r
/
yrk

, k = 1, ..., n (2)

where “*” denotes optimal values solved from model (2).
This process is repeated by using the multipliers that each DMUo

has chosen when calculating its efficiency to calculate the ef-
ficiencies of all DMUs. The final efficiency of DMUk is the
average of ρok , o = 1, ..., n:

ρk =
1
n

n∑
o=1

ρok (3)

To solve Model (1), it can be converted into the following
linear programming model [14]:

ρ= Min τ = t − 1/m
∑m

i=1
s−i
/
xio

s.t
∑n

j=1 µjxij + s−i = txio , i = 1, ...,m ,∑n
j=1 µjyrj − s+r = tyro , r = 1, ..., s ,

1 = t + 1/s
∑s

r=1
s+r
/
yro
,

µj ≥ 0 , j = 1, ..., n , s−i ≥ 0 , i = 1, ...,m,
s+r ≥ 0, r = 1, ..., s , t > 0 .

(4)

3.2. Improved SBM-UO model and cross-efficiency.

In this section, model (4) is developed despite the unde-
sirable outputs and uncontrollable inputs. Assume that the in-
put variables can be divided into two subsets, namely control-
lable (D) and uncontrollable (ND). The outputs are divided into
desirableyg

ro( r = 1, ..., s1) and undesirableyb
ro( r = 1, ..., s2). Ac-

cording to this distinction, the ND-SBM-UO model is shown in
Eq.(5).

τ∗= Min t − 1
m
∑D

i∈
s−i
xio

s.t t + 1
s1+s2

(
∑s1

r=1
sg

r
yg

ro
+
∑s2

r=1
sb

r
yb

ro
) = 1,∑n

j=1 Λjxij + s−iD = txio , i ∈ D,∑n
j=1 Λjzij + s−iND = tzio , i ∈ ND,∑n
j=1 Λjyrj − sg

r = tyg
ro
, r = 1, ..., s1 ,∑n

j=1 Λjyrj+sb
r = tyb

ro
, r = 1, ..., s2 ,

Λj ≥ 0 , s−iD ≥ 0 , s−iND ≥ 0, i = 1, ...,m, j = 1, ..., n,
sg

r ≥ 0 , sb
r ≥ 0, r = 1, ..., s , t > 0 .

(5)

with
xij =ith input of jth DMU,

zij =ith uncontrollable input of jth DMU,
sg

r = slack variable of desirable output and
sb

r = slack variable of undesirable output.
A DMU is ND-SBM-UO efficient if and only if τ = 1. If τ is

the optimal solution of the model (5), then the efficiency of the
DMUk using the multipliers selected by DMUo is as follows:

τok=
1 − 1/m

∑
i∈D

s−∗iD
/
xik

1 + 1/s1

∑s1
r=1

sg∗
r
/
yrk
+ 1/s2

∑s2
r=1

sb∗
r
/
yrk

, k = 1, ..., n (6)

The final cross-efficiency of DMUk is the average of τok , o =
1, ..., n,

τk =
1
n

n∑
o=1

τok (7)

4. Empirical Study.

In this section, we have ranked Adriatic container ports us-
ing the proposed cross-efficiency method. The data is taken
from the ports’ websites [16]. The analysis of these ports can
reflect the development status of the ports.

4.1. Inputs and outputs selection.

This study measures the performance efficiency of 8 con-
tainer ports, including 4 Italian ports (Trieste, Venice, Ravenna
and Ancona), two port in Croatia (Rijeka and Ploce), one Slove-
nian port (Koper) and one port in Montenegro (Bar) in 2021.
The inputs and outputs were determined on the basis of the re-
sults of the literature research and availability. The inputs and
outputs are described below.

Input indicators
Water depth: Water depth refers to the depth of water, in

metres, into which a vessel will be submerged when fully loaded.
Berth length: This factor refers to the total size of the berth

at the terminal under study, expressed in metres.
Total terminal area: This is the total usable area of the ter-

minal, including the storage area, measured in square metres.
Level of equipment: The equipment provided includes gantry

cranes, mobile cranes, RMGs, RTGs, reach stackers, forklifts,
terminal trucks with trailers, railway sidings, tugs, other mover
and lifters, storage capacity and refrigerated connections. Ex-
perts familiar with the characteristics, importance and differ-
ences of this equipment assigned numerical values to the quali-
tative characteristics based on their importance and impact.

Output indicators:
Throughput: Throughput is the total volume of containers

handled annually, measured in tonnes.
Emissions: The maritime industry, including ports, con-

tributes significantly to greenhouse gas emissions. Emissions
from container ports refer to the release of various pollutants as
a result of the operations and activities carried out at container
terminals.
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The descriptive statistics of the input and output variables
were selected for the assessment and the ranking is shown in
Table 1.

Table 1: Descriptive statistics of the input and output variables.

Source: Authors.

4.2. Container ports ranking by proposed method.
One of the inputs (Water depth) is uncontrollable, as water

depth is a factor that is not directly under the control of the
DMUs being assessed. The second output, Emissions, is an
undesirable output.

Table 2: Ports efficiency and cross-efficiency scores.

Source: Authors.

Table 2 shows the efficiency and cross-efficiency scores es-
timated for the ports using model (5) and (6). An efficiency
score of 1 indicates efficient ports and scores below 1 indicate
inefficient ports. The remaining terminals are inefficient, with
scores below 1. The results of the ranking of regional ports
using cross-efficiency scores are shown in the last column of
Table 2. Fig. 2 shows the efficiency scores of 8 ports.

5. Discussion and Conclusion.

The analysis shows that only the port of Koper is efficient.
The other terminals are inefficient. The average efficiency score

of the ports in is 0.59989.
Also in terms of cross-efficiency, only the port of Koper is

efficient and the other ports are inefficient. Figure 1 shows the
differences in the efficiency and cross-efficiency scores.

In general, the cross-efficiency values based on the new pro-
posed model are not high. This shows that there is still much to
improve in the development of ports.

One of the reasons is ports geographical advantages. It is
worth noting that the port of Rijeka is not very large, while
its efficiency is relatively high. In contrast, the length of the
terminal in the port of Venice and the cargo capacity are larger
and have a lower score. Although the dimensions of the cargo
capacity are closely related to efficiency and sustainability, they
are not proportional.

Figure 1: Cross-efficiency and efficiency scores.

Source: Authors.

The results also show that the port of Koper received the
best efficiency score, followed by the port of Trieste and port
of Rijeka. The ports of Venice and Ancona are also in the next
ranks. The port of Ploce has a worse result among the ports
assessed.

Compared to other larger ports in the region, the port of
Ploce has limited infrastructure and facilities, which may limit
its ability to handle increasing cargo volumes and accommodate
larger vessels. Pollution levels in this port are higher than in
other ports under study. Therefore, more investment is needed
to improve infrastructure and expand capacity.

Considering that cross-efficiency expands the concept of ef-
ficiency by looking at the performance of each DMU relative to
others in the dataset, rather than comparing it to its own perfor-
mance. It also looks at the relative performance of all DMUs
simultaneously, rather than evaluating each DMU individually.
Therefore, cross-efficiency scores provide a more comprehen-
sive assessment of each DMU’s performance by considering its
relative performance compared to other DMUs in the dataset.

Cross-efficiency measures the performance of a DMU com-
pared to all other DMUs in the dataset. It can therefore be said
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that by considering the relative efficiency of each DMU in dif-
ferent dimensions, cross-efficiency provides a broader perspec-
tive on performance and becomes a useful tool for ranking and
identifying the best performers.

This study has limitations in terms of input and output in-
dicators. Other variables such as labour should be included in
this study to understand their impact. The impact of financial
factors can also be investigated. The future scope can include
analyses that can impact operational and financial efficiency.
Therefore, in the future, this study can be extended to under-
stand the profitability and sustainability of container terminals
when the required financial data is available.
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