<@ sustainability

Article

Port Classification for LNG Bunkering Development in the Baltic
Sea Transport System

Ewelina Orysiak *', Piotr Szakowski

W) Check for updates

Academic Editors: Lihui Zhang,
Adam Rosinski, Marek Stawowy,
Jacek Pas and Michat Wisnios

Received: 12 April 2026

Revised: 11 June 2026

Accepted: 22 June 2026

Published: 27 June 2026

Copyright: © 2026 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.

and Mykhaylo Shuper

Faculty of Navigation, Maritime University of Szczecin, 1/2 Waly Chrobrego Street, 70-500 Szczecin, Poland
* Correspondence: e.orysiak@pm.szczecin.pl

Abstract

The energy transition in maritime shipping is increasing the importance of alternative
fuels and port infrastructure capable of handling them in a safe, regular, and economically
justified manner. In this context, LNG remains a transitional fuel with a relatively high
level of technological and organizational maturity, particularly in regions characterized
by intensive liner, ferry, and RO-RO traffic. This article proposes a universal model for
organizing LNG distribution within the port-transport system, based on three interdepen-
dent dimensions: demand potential, infrastructure readiness, and operational feasibility.
The model structure enables the classification of ports according to their functions within
the regional bunkering network and the identification of nodes of the greatest systemic
importance. The model was validated using data on vessel calls, the structure of container
and RO-RO traffic, LNG infrastructure status, and monthly traffic variability. The analysis
demonstrated that the most justified LNG distribution arrangement in the Baltic Sea is
polycentric in nature and concentrated in ports, combining a high degree of transport
regularity with confirmed LNG readiness. The results indicate that the rationale for LNG
infrastructure development is selective in nature and depends on the actual position of a
port within the transport network, rather than solely on cargo throughput volume. The
proposed model also retains its applicability to other alternative fuels after adjustment of
technological, regulatory, and operational parameters. By supporting the selective devel-
opment of alternative-fuel infrastructure in ports with the highest systemic relevance, the
model contributes to sustainable maritime transport planning and to the transition toward
lower-emission port—transport systems.

Keywords: maritime sustainability; LNG bunkering; alternative marine fuels; sustainable
port infrastructure; port classification; Baltic Sea ports; multicriteria assessment; maritime
decarbonization

1. Introduction

The fuel transition in maritime shipping currently represents one of the principal
directions of change in maritime transport. Its importance stems both from increasingly
stringent environmental requirements and from the progressive tightening of legal
requirements governing ship operations [1,2]. The revised 2023 IMO Strategy sets the
course toward achieving net-zero emissions in international shipping by 2050, while
FuelEU Maritime and the EU ETS reinforce the role of fuels with lower emission intensity
in the operation of vessels calling at ports of the European Union [3,4]. As a consequence,
port fuel infrastructure is becoming one of the key factors determining the feasibility
of implementing alternative fuels in shipping. From a sustainability perspective, the
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location and functional role of alternative-fuel infrastructure in ports are important
because they affect the environmental effectiveness, operational reliability, and economic
rationality of the maritime energy transition. Selective infrastructure development may
reduce the risk of inefficient investments and support a more resilient and lower-emission
port-transport system.

Among alternative fuels, LNG occupies a particular position. Its importance results
from its relatively high level of technological maturity [5], the availability of bunkering
solutions [6,7], and the existing operational base in selected fleet segments [8,9]. At
the same time, LNG is not a target fuel from the perspective of the sector’s long-term
decarbonization. The literature indicates that its use should be regarded as a transitional
solution, the environmental effectiveness of which depends on limiting methane emis-
sions and on the parameters of the entire fuel supply chain [10-13]. Thus, the rationale
for analyzing LNG does not arise from its ultimate technological superiority but from the
fact that it remains the alternative fuel with the highest degree of operational deployment
in maritime shipping.

Previous studies on alternative fuels in shipping have most often focused on the
analysis of emission parameters, comparisons of propulsion technologies, assessments of
fuel costs, or examinations of individual bunkering infrastructure cases [14-18]. Much
less frequently, studies have been undertaken that integrate vessel traffic structure, port
function, infrastructure readiness, and the operational conditions for bunkering within
a single analytical model. Consequently, a research gap remains visible between the
assessment of the fuel itself and the assessment of the port-transport system in which the
fuel is to be distributed and used. This gap is particularly relevant for LNG because the
feasibility of its use depends not only on fuel properties but also on the spatial configuration
of ports, the availability of bunkering infrastructure, the regularity of vessel traffic, and the
operational connection between ports and fuel-supply facilities.

The Baltic Sea constitutes an appropriate research area for this type of analysis. This
follows from the high intensity of short-sea shipping, the substantial share of RO-RO and
ferry transport, the significant concentration of ports with diversified functional profiles,
and the application of stringent environmental requirements. At the same time, the re-
gion includes container ports, ferry ports, mixed-function ports, and ports linked to gas
infrastructure, which makes it possible to analyze the LNG distribution system within a
multi-node framework [19,20]. It is also important that the region already includes ports
offering LNG bunkering services, port procedures for LNG, or documented bunkering
operations, which enable an analysis based on actual operational premises.

This study adopts the assumption that the importance of a port in the LNG distribution
system is a function of three groups of factors: demand potential, infrastructure readiness,
and operational feasibility. This means that neither cargo throughput volume nor the mere
presence of LNG infrastructure can be treated as a decisive criterion. A high cargo volume
does not automatically determine a port’s suitability for the LNG system, just as the formal
availability of infrastructure does not provide a sufficient basis for assigning a core function
to a port if that port does not generate sufficiently regular and stable traffic.

For this reason, a model of a universal character is proposed. The universality of the
model means that its structure is based on constant systemic elements, comprising demand,
infrastructure, and operational feasibility, rather than on the specificity of a single fuel.
As a result, the model may also be applied to other alternative fuels, provided that the
relevant technological, safety, fuel cost, and emission cost parameters are adjusted. Such an
approach makes it possible to use a uniform analytical framework to compare different
variants of fuel system organization in seaports.
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In light of the above conditions, the research problem can be reduced to determining
how to construct a model that enables the classification of ports from the perspective of
their importance to the regional LNG distribution system and what implications for the
structure of the port network follow from its application to the Baltic Sea area.

The remainder of the paper is organized as follows: Section 2 presents the model
structure, input data, implementation, and validation procedure. Section 3 reports the
port-classification results. Section 4 discusses the methodological and practical implications
of the findings, together with the study limitations. Section 5 concludes the paper.

2. Materials and Methods
2.1. Structure of the Decision Model

In this study, the organization of LNG distribution within the port-transport system
was assumed to constitute a multi-layered problem in which demand-related, spatial,
infrastructural, and operational interdependencies occur simultaneously. This means that
the significance of a port for the LNG bunkering system cannot be determined solely on the
basis of a single characteristic, such as cargo throughput volume, number of vessel calls,
or the presence of an LNG terminal. A port may generate substantial vessel traffic while
lacking the technical conditions required to perform bunkering operations. Conversely, it
may possess LNG infrastructure while failing to generate traffic sufficient to economically
justify a fuel-supply function. For this reason, the model was constructed as a framework
combining three fundamental components: demand potential, infrastructure readiness,
and operational feasibility.

The approach is therefore a multicriteria port-classification model in which ports are
assessed and assigned to functional classes rather than optimized as elements of a sailing
route, transport schedule, or bunkering sequence. The model is therefore positioned at
the strategic planning level. It does not reproduce the full physical LNG supply chain but
identifies ports in which LNG bunkering functions are most justified and may be further
integrated with storage, terminal, truck-to-ship, or ship-to-ship supply arrangements.

The demand component of the model describes vessel traffic intensity and its structural
composition within the port. On this basis, the level of demand for LNG bunkering
services is determined. The infrastructure component is used to assess whether the port
possesses the technical and organizational conditions required to enter the LNG system.
The operational component refers to the ability to perform bunkering services within a
specified time, over a defined distribution range, and under the capacity constraints of the
servicing units. Such a model structure is consistent with the logic adopted in this study, in
which vessel traffic intensity, LNG demand, distribution range, and the selection of ports
capable of covering fuel demand were analyzed.

Consequently, the model is intended not merely to compare ports, but to determine
their functions within the regional LNG distribution system. This involves the identification
of core ports, supporting ports, and ports of local significance. At the same time, the adopted
model is universal in character, because, after adjustment of fuel-specific, safety, emission,
and cost parameters, it may also be applied to other alternative fuels.

In such an application, the model should be parameterized separately for each fuel
type. For a given fuel f, the relevant parameters may include the required safety radius r¢,
the required storage and handling area Ay f, the energy-density parameter ef, and the port—
fuel compatibility factor /1, ;. These parameters are particularly important when comparing
LNG with methanol or ammonia, because these fuels differ substantially in terms of safety
requirements, storage footprint, handling procedures, and regulatory conditions.
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A simplified fuel-specific feasibility condition can be expressed as:

1)

X, = 1, if Ay > Areq,f, BP.Z e hpf =1
0, otherwise

where:

Xy r— indicates whether port p is feasible for fuel f,

Ap— denotes the available area in port p,

Areq,f— 1s the required storage and handling area for fuel f,

B,— denotes the available safety buffer in the port, 7 is the required safety radius for fuel f,
hy, s — represents the compatibility of port p with the technical and regulatory requirements
of fuel f.

This parameterized structure prevents LNG-specific infrastructure assumptions from
being automatically transferred to methanol, ammonia, or other alternative marine fuels.

2.2. Scope of the Study

The first stage of the study involved defining the reference set of ports for the Baltic
Sea region. In practice, the number of ports operating in this area depends on the adopted
classification criterion, since, alongside major commercial ports, there are also local, passen-
ger, fishing, industrial, and functionally specialized ports. From the perspective of the LNG
distribution organization model, however, there is no justification for treating all of these
facilities as elements of equal significance. For this reason, the reference set was defined as
the 87 seaports of the Baltic Sea region included in the TEN-T network, as these are facilities
of confirmed transport importance at the European, national, or regional level [21,22].

Within the TEN-T network, seaports are divided into core ports and comprehensive
ports [23,24]. Core ports constitute part of the main transport network of the European
Union [25]. These are ports of the highest importance for international cargo and pas-
senger flows, linked to the principal transport corridors and to infrastructure of strategic
significance for the functioning of the common market [26,27]. Comprehensive ports, by
contrast, belong to the complementary network [28-30]. This means that they also perform
a function within the transport system of the European Union; however, their significance
is more often regional, national, or subregional in nature [24]. In the context of the present
study, this distinction is methodologically important, as it makes it possible to differentiate
ports of potentially highest systemic importance from ports performing supporting or local
functions [31].

However, membership in the TEN-T network alone does not mean that all ports should
be analyzed with the same level of detail. In the LNG distribution organization model, the
scope of detailed analysis should be differentiated depending on the transport function
of the port, traffic volume, its position in the transport network, and the infrastructural
premises related to the handling of alternative fuels. Ports generating low traffic, not
participating in the main shipping corridors, and lacking an LNG infrastructure layer do
not, in practice, constitute candidates for core functions within the fuel system. Including
them in the detailed analysis on the same basis as major ports would lead to excessive
dispersion of the model and weaken its interpretative capacity.

For this reason, purposive sampling of the analytical sample was applied in the second
stage. Ports were qualified for detailed analysis if they met at least one of three criteria.
The first criterion concerned the port’s importance within the regional container or RO-RO
system, since these transport segments generate the highest level of traffic regularity and
the greatest probability of alternative fuel use in liner and ferry shipping. The second
criterion referred to the port’s location along the main transport corridors of the Baltic Sea.
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Ports situated on such corridors have greater potential to perform the function of systemic
nodes than peripheral ports or those of exclusively local significance. The third criterion
concerned the existence of a publicly confirmed LNG layer, understood as the presence of
bunkering services, terminals, operational procedures, or documented LNG operations.
This approach made it possible to relate the analysis not only to port traffic but also to the
actual capabilities for fuel handling (Table 1).

Table 1. Characteristics of the reference port set and port selection criteria [20,24,32-34].

Category

Characteristics

Relevance to the Model

TEN-T core ports

Ports of the highest importance
within the main EU

Potential core ports of the
LNG system

TEN-T comprehensive ports

Container ports
RO-RO/ferry /RO-PAX ports
Ports with an LNG layer

Local ports with low traffic intensity

transport network
Ports complementing the main
network, of regional or
national importance
Ports with a dominant role in liner
shipping and containerized
cargo handling
Ports serving regular ferry and
RO-RO services
Ports possessing terminals, LNG
services, bunkering procedures, or
documented LNG operations
Ports with a limited scale of activity
and a weak network position

Potential supporting or local ports

High demand potential for the fuel
supply system

High operational predictability and
service regularity

High infrastructure readiness

Low suitability for a core function

The reference port set comprises ports of different levels of transport significance and
performing different functions within the regional system. Not all ports play the same
role from the perspective of LNG distribution organization. Some of them may constitute
the basis of the regional bunkering system, some may perform a supporting function, and
others remain relevant only at the local scale. This means that the subsequent analysis
should not be conducted at the same level of detail for all ports.

2.3. Input Data for the Model

In the LNG distribution model, the scope of detailed analysis was differentiated
according to the transport function of the port, traffic volume, and its significance for the
potential bunkering network. Such an approach is necessary because the full population
of Baltic Sea ports includes both ports of strategic importance and ports whose role in the
regional fuel system is limited.

Ports were qualified for detailed analysis if they met at least one of three criteria. The
first criterion concerned the port’s importance within the regional container or RO-RO sys-
tem. The second criterion referred to the port’s location along the main transport corridors
of the Baltic Sea. The third criterion concerned the existence of a publicly confirmed LNG
layer, understood as the presence of bunkering services, an LNG terminal, operational
procedures, or documented LNG operations.

On this basis, the following ports were selected: Gdarisk, Gdynia, the Szczecin—
Swinouijscie port complex, Klaipéda, Riga, Tallinn, Helsinki, HaminaKotka, Rostock, and
Trelleborg (Table 2). This set includes ports representing the main subregions of the Baltic
Sea and the principal functions of the transport system: container shipping, RO-RO and
ferry transport, mixed-function ports, and ports with a confirmed LNG layer. This selection
makes it possible to analyze the LNG distribution system not as a homogeneous arrange-
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ment but as a structure composed of ports with different functional positions and varying
operational significance.

Table 2. Ports included in the analysis [24,35-37].

Port Dominant Traffic Profile Reason for Inclusion
. . the largest container port in the Baltic Sea region,
Gdarisk container, deep-sea, fuel with a publicly announced LNG service
Gdynia container, RO-RO, short-sea a mixed-function port of high regional significance
Szezecin—Swinouiscie RO-RO. ferrv. bulk western RO-RO gateway and proximity to an
J ey LNG terminal
Klaipéda container, LNG, RO-RO confirmed ship-to-ship LNG bunkering
. . an important port in the central-eastern part of the
Riga container, bulk Baltic Sea region
Tallinn RO-RO. RO-PAX. ferr the main hub of the Gulf of Finland with formal
! ey LNG authorization
Helsinki RO-RO, RO-PAX, ferry, container very high traffic regularity and developed
! ! ! LNG procedures
HaminaKotka container. industrial representation of the north-eastern part of
! the region
Rostock RO-RO, ferry a strong western ferry and freight gateway
Trelleborg RO-RO, ferry the largest RO-RO port in the Baltic Sea region

The analytical sample was not limited exclusively to the largest container ports
or solely to ports equipped with LNG infrastructure. The applied selection combines
three perspectives: traffic intensity and structure, the port’s position within the spatial sys-
tem, and the degree of preparedness for LNG handling. This makes it possible to capture
both ports with a clearly defined core function and ports whose role within the system may
be supporting or local in nature. In turn, this provides the basis for the further classification
of ports at the stage of model results rather than at the level of object selection itself.

In the subsequent part of the model, four groups of input data were used. The first
group consisted of the number of vessel calls at the port, treated as the basic measure of
the port’s operational intensity. For Polish ports, the data source comprised publications of
the Central Statistical Office (GUS) on the maritime economy and statistical yearbooks of
the maritime economy, whereas for the remaining ports, annual port reports and official
statistics published by port authorities were used. The number of vessel calls was adopted
as the primary variable because it makes it possible to distinguish between ports handling
a large number of regular arrivals and ports achieving high cargo throughput volumes
with a relatively small number of large vessels. From the perspective of LNG bunkering
organization, these situations have different operational interpretations. In the former case,
the predictability of demand for bunkering increases, whereas in the latter case, greater
importance may be attached to the one-off scale of demand and the longer service cycle of
the vessel.

The second group of data comprised the structure of port traffic, described by container
throughput and RO-RO/ferry transport volumes. These variables do not replace the
number of vessel calls but serve a complementary function, as they make it possible to
identify the dominant functional profile of the port. Container throughput reflects the
port’s importance in liner and deep-sea shipping, whereas RO-RO/ferry traffic describes
the intensity of ferry, RO-PAX, and freight ferry transport. Under Baltic Sea conditions, the
latter variable is of particular importance, because regular ferry and RO-RO connections
increase the predictability of bunkering services and create a more stable operational
rhythm than irregular traffic.
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The third group consisted of data relating to LNG readiness. In this part of the model,
no declarative expert assessment was applied; instead, measurable premises indicating
the port’s actual preparedness for LNG handling were used. Indicators of high readiness
included a publicly announced LNG bunkering service, an applicable LNG manual or
safety procedures, port regulations permitting truck-to-ship or ship-to-ship operations,
the presence of an LNG terminal, or confirmed execution of bunkering operations. A
variable defined in this way makes it possible to distinguish between ports demonstrating
actual preparedness for LNG handling and ports in which such potential remains merely
declarative or hypothetical.

The fourth group of data concerned traffic seasonality. This variable was not intro-
duced as a separate component of the ranking, but as an element for interpreting operational
conditions. This solution was adopted deliberately because seasonality does not necessarily
alter a port’s position within the network structure, but it does affect monthly fluctuations
in infrastructure load, the availability of bunkering windows, and the intensity of ferry and
RO-PAX service utilization. Helsinki was adopted as the reference port because it publishes
consistent monthly data on vessel calls, passenger traffic, and cargo traffic, which makes
it possible to capture the extent to which seasonal changes in traffic intensity affect the
conditions for the provision of bunkering services (Table 3).

Table 3. Input data.

Variable

Analytical Significance Function in the Model

Number of vessel calls

Container throughput [TEU]

RO-RO/ferry throughput

LNG status
Monthly seasonality

measure of the port’s operational intensity core of the demand layer
indicator of the port’s position in liner and
deep-sea shipping
indicator of service regularity and short
service cycle
measure of actual infrastructure readiness infrastructure layer
effect of temporal variability on
service load

complement to the demand layer

demand-operational layer

interpretation of the operational layer

The application of the above criteria made it possible to avoid restricting the analysis
exclusively to the largest and best-equipped ports. The model should also be useful for
ports of different scales and functions. In other words, the validity of the model depends on
its ability to distinguish between different levels of readiness, rather than merely confirming
the advantage of the largest ports.

The model incorporated data describing four basic groups of port characteristics:
vessel traffic intensity, the structure of port traffic, the degree of readiness for LNG handling,
and traffic seasonality. This selection of data follows directly from the structure of the
model. The number of vessel calls constitutes the basic measure of a port’s operational
intensity and makes it possible to determine whether the port generates traffic on a scale
sufficient to support the development of an LNG bunkering function. The structure of port
traffic enables the distinction between predominantly container ports, RO-RO/ferry ports,
mixed-function ports, and ports with a clearly defined bulk or energy-related function.
The variable describing LNG readiness was defined on the basis of verifiable premises,
such as the presence of a terminal, bunkering services, formal procedures, or confirmed
bunkering operations. Traffic seasonality was treated as an interpretative variable for the
operational part of the model, because it does not automatically change the position of a
port within the network structure, but it does affect the monthly load on infrastructure
and the availability of bunkering windows. Data for Polish ports were based on maritime
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economy statistics, while data for foreign ports were derived from annual port reports,
official statistics published by port authorities, and port operational documents (Table 4).

Table 4. Input data for the ports included in the analysis [35,37-39].

Port Vessel Calls./Trafﬁc Port Traffic Structure Annotation on LNG Readiness Traffic Seasonality
Intensity
container, fuel, and ublicly announced LNG low to moderate;
Gdansk 4215 cargo vessel calls (2024) deep-sea port; 2,248,764 p burzlker'm service predominance of cargo
TEU in 2024 & traffic
mixed-function port; development potential, but
Gdynia 3758 cargo vessel calls (2024) 974,586 TEU and 201,566 without an LNG layer as moderate
RO-RO units in 2024 strongly confirmed as in Gdarisk
bulk and general hinterland of the port complex
Szczecin 2970 cargo vessel calls (2024) careo gort associated with moderate
80P LNG infrastructure
RO-RO/ferry and bull.< direct connection to the LNG
b i port; 468,346 RO-RO units . ; . .
Swinoujécie 6420 cargo vessel calls (2024) . terminal, with quays having moderate to high
in the port complex bunkering potential
in 2024 &P
container and RO-RO port; onfirmed ship-to-shi
Klaipeda 5478 vessel calls (2024) 1,068,771 TEU and 336,792 ¢ NGB S kp -O-stip moderate
RO-RO units in 2024 unkering
T;Efiﬁzgzzgr; afr (gg; no strongly confirmed LNG
Riga 2494 vessel calls (2024) accounted for 28% of total layer in pull?thgl}; available low to moderate
port throughput in 2024 portdata
RO-RO, RO-PAX, and formal authorizati('m for LNG
. TTS/STS operations and .
Tallinn 7127 vessel calls (2024) ferry port; 565,192 RO-RO . - high
Lo ongoing LNG infrastructure
units in 2024
development
RO-RO, RO-PAX, ferry,
. . and container port;
ks O T e PNl ond
than 640,000 heavy road & yP
units in 2025
HaminaKotka 1749 vessel calls (2025); container and industrial limited publicly confirmed low to moderate
a year-round industrial traffic ~ port; 515,815 TEU in 2025 LNG layer €
the port permits LNG bunkering,
RO-RO/ferry and cargo has relevant procedures, and
Rostock 7580 vessel calls (2024) port; 5857 ferry and carried out its first STS LNG moderate to high
RO-RO vessel calls in 2024 bunkering operation as early
as 2020
approx. 28 LNG port regulations in place,
arrivals/departures daily infrastructure being adapted for
Trelleborg (2024); port with very high ferry /RO-RO port LNG-fueled vessels; no LNG high
ferry /RO-RO traffic layer as strongly confirmed as in
frequency core ports

Note: The reference years correspond to the most recent official annual public data available for each port at
the time the model was developed. For Trelleborg, the port authority publishes daily ferry and RO-RO traffic
intensity as an operational indicator; therefore, this parameter was used in the table instead of the annual number
of vessel calls reported in a uniform statistical format.

Ports with clearly differentiated traffic profiles were included in the model. Gdarisk
and Klaipéda primarily represent container ports of major importance for liner shipping,
whereas Tallinn, Helsinki, Trelleborg, and Rostock are ports strongly associated with RO-
RO, ferry, and RO-PAX traffic. The Szczecin-Swinouijscie port complex has a mixed profile,
but with a highly significant ferry and RO-RO function as well as a direct connection to LNG
infrastructure. Gdynia, Riga, and HaminaKotka, in turn, represent ports with mixed or
industrial-container traffic profiles, whose position within the LNG system requires further
comparative assessment. Such differentiation of the sample is of fundamental importance
because the model is not intended to confirm the advantage of the largest ports but rather to
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distinguish between ports with different traffic structures and different degrees of readiness
to enter the LNG bunkering system. For this reason, the input dataset simultaneously
includes vessel calls, traffic structure, LNG annotation, and seasonality. This makes it
possible to move from a simple description of ports to their functional classification within
the regional fuel distribution system.

2.4. Model Implementation and Classification Procedure

The proposed approach is a multicriteria port-classification framework supported by
a genetic algorithm. The model is not intended to optimize vessel routes or bunkering
schedules. Its purpose is to assign ports to functional classes within the regional LNG
distribution system on the basis of demand potential, infrastructure readiness, and oper-
ational feasibility. Since the classification depends on multiple discrete variables, spatial
relations, and operational constraints, a heuristic procedure is used to explore alternative
port-classification configurations [40,41].

The procedure consisted of four steps: first, input data on vessel traffic, traffic
structure, LNG readiness, and seasonality were collected and standardized; second,
the demand, infrastructure, and operational indicators were calculated; third, these
indicators were combined into the synthetic port indicator Wy,; and fourth, ports were
assigned to the local, supporting, or core class using the genetic algorithm. The stan-
dardization step was necessary because the input variables were heterogeneous and
expressed in different units, including vessel calls, container throughput, RO-RO/ferry
volumes, LNG readiness, and seasonality. Quantitative variables were transformed
into a common comparative scale in order to prevent variables with larger numerical
ranges from dominating the synthetic indicator. Qualitative variables, especially LNG
readiness, were coded on the basis of verifiable premises, such as the presence of LNG
infrastructure, bunkering procedures, LNG services, or confirmed bunkering operations.
The model outputs are the synthetic port indicator W, and the final functional class
assigned to each port: local, supporting, or core.

The model was implemented in the Python 3.12 environment. The libraries pandas,
numpy, and scikit-learn were used for data preparation and standardization; GeoPan-
das and QGIS 3.34 were applied for spatial analysis; and the DEAP library was used to
implement the heuristic procedure. This set of tools was selected because it enables the
integration of tabular data, spatial data, and an optimization algorithm within a single
reproducible computational environment. In the context of the present study, this was of
particular importance because port classification results not only from the values of input
variables but also from their mutual spatial and functional relationships.

A genetic algorithm was used as a supporting classification procedure rather than as a
routing or scheduling optimizer. The choice of this method follows from the nature of the
analyzed problem, which takes the form of a classification—allocation task [42—-45]. Ports
are assigned to functional classes, and the quality of the solution depends simultaneously
on the demand, infrastructure, and operational components, as well as on the spatial
distribution of ports. Such a problem has no simple linear form, and its solution space is
extensive and discontinuous. The use of a genetic algorithm therefore makes it possible to
search a large set of feasible configurations and to select high-quality solutions [46—48].

The genetic algorithm was applied not because of the large size of the port sample, but
because of the classification-allocation nature of the problem. Even for a limited purposive
sample, the task does not consist of ranking ports by a single variable. Each port may be
assigned to one of three functional classes, while the quality of the entire solution depends
on demand, infrastructure, operational feasibility, and the spatial distribution of core ports.
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The algorithm was therefore used as a supporting procedure to test alternative classification
configurations and assess the stability of the results.

The adopted weights reflect the functional logic of the LNG bunkering system. The
highest weight was assigned to demand, because without stable vessel traffic, the devel-
opment of bunkering is not justified. Infrastructure received the second-highest weight,
because it determines whether bunkering is technically and organizationally feasible. The
operational component was assigned a lower but still relevant weight, as it corrects the
result by indicating whether the service can be maintained under real port conditions. To
reduce the subjectivity of this choice, several weight variants were tested, and the baseline
variant was adopted only after sensitivity validation.

In the model, integer encoding was adopted because the problem is multidimen-
sional [49,50]. Each port may be assigned to one of three classes: core, supporting, or local.
The chromosome was defined as a vector whose length is equal to the number of ports
included in the detailed analysis, and each gene assumed one of three values:

e  (O—local port,
e  l—supporting port,
e  2—core port.

This encoding scheme was considered more appropriate than binary encoding, which
would be suitable only for a two-state problem, and more appropriate than permutation
encoding, which is used primarily in sequencing and routing problems. In the present case,
the solution does not consist of determining the order in which ports are visited, but of
assigning to each port a single function within the regional LNG distribution system.

In the computational procedure, tournament selection, one-point crossover, and muta-
tion with a low probability were applied. Tournament selection made it possible to prefer
higher-quality solutions while maintaining population diversity [51]. One-point crossover
enabled the exchange of chromosome fragments between individuals, whereas mutation
counteracted premature algorithm convergence [52,53]. In addition, elitism was applied so
that the highest-quality solutions were preserved in subsequent generations.

Each individual in the population represented one feasible variant of the organization
of the regional port system. Solution quality in the genetic algorithm was assessed at the
configuration level. The port-level synthetic indicator W, was used to evaluate the systemic
importance of individual ports, while an additional configuration quality score Q(c) was
applied to account for the spatial distribution of ports classified as core ports. As a result,
the model did not merely identify individually strong ports, but rather such a configuration
of ports that preserves network logic at the scale of the entire sea basin.

In order to ensure comparability between ports and to link the descriptive part with the
optimization procedure, three partial indicators and one synthetic indicator were applied.
The partial indicators correspond to the three basic components of the model: demand,
infrastructure, and operation. The synthetic indicator serves to determine the functional
position of a port within the regional LNG distribution system.

The demand indicator describes the intensity and structure of port traffic. It was
assumed that its value depends on the number of vessel calls, container throughput, and
RO-RO/ferry throughput. The demand indicator was not interpreted as a simple count of
vessel calls. Instead, vessel calls were combined with traffic-structure variables in order to
distinguish between ports with frequent calls of smaller vessels and ports with fewer calls
but higher potential fuel demand generated by larger vessel segments. In this formulation,
container throughput and RO-RO/ferry throughput serve as structural proxies for the scale
and regularity of demand. Formally, this indicator was expressed as follows:

Dy = wyVp + wcCp + wrRp (2)

https:/ /doi.org/10.3390/su18136543


https://doi.org/10.3390/su18136543

Sustainability 2026, 18, 6543

11 of 26

where:

Dp—denotes the port demand indicator,

Vp—standardized number of vessel calls,

Cp—standardized container-throughput component,

Rp—standardized RO-RO/ferry-throughput component,

wy, we, wy—weights assigned to the demand variables, with wy + w; + w, = 1.

For applications in which detailed vessel-class data are available, the demand compo-
nent may be further specified as:

K
D} = 1. Nyut 3)

where:

N,r—denotes the number of calls at port p by vessels belonging to class k,
gx—represents the estimated fuel or energy demand per call for vessel class k,
K—the number of vessel classes.

This extended formulation makes it possible to assign a higher demand value to a
port with fewer ultra-large vessel calls if the estimated fuel demand per call is substantially
higher than in the case of smaller vessels.

The infrastructure indicator describes the actual level of a port’s preparedness for LNG
handling. It accounts for the presence of an LNG bunkering service, an LNG terminal or
fuel supply infrastructure, as well as formal procedures or completed bunkering operations.
This indicator took the following form:

Iy = B1Uyp + B2Typ + B3By 4)

where:

Ip—port infrastructure indicator p,

U,—presence of an LNG service,

T,—presence of an LNG terminal or fuel supply infrastructure,
Bp—presence of procedures or completed bunkering operations,
B1, By, Bz —weights of the infrastructure component variables.

The operational indicator describes the practical feasibility of carrying out bunkering
under port and regional conditions. It accounts for traffic regularity, the port’s position
within the spatial system, and the operational conditions for service provision. This
indicator was defined as follows:

Op = mSp +124p + 13Ep ®)

where:

Op—port operational indicator p,

Sp—traffic regularity,

Ap—spatial accessibility and the port’s position in the network,
E,—operational conditions for bunkering,

Y1, Y2, y3—weights of the operational component variables.

Based on the three partial indicators, a synthetic indicator was calculated:

https:/ /doi.org/10.3390/su18136543


https://doi.org/10.3390/su18136543

Sustainability 2026, 18, 6543

12 of 26

subject to the following constraint:
S1+0+d=1 (7)

where:

Wy—synthetic port indicator p,
01, 62, d3—weights assigned to the demand, infrastructure, and operational components,
respectively.

The synthetic indicator W), evaluates the systemic importance of an individual port.
However, the genetic algorithm evaluates an entire port-classification configuration rather
than isolated ports. Therefore, an additional configuration quality score was introduced to
connect the port-level synthetic indicator with the spatial structure of the solution.

n

Z 1 (Cp = 2) Wp — AconcPeonc (C> (8)
p=1

Q(e) =

where:

Q(c)—denotes the quality score of the port-classification configuration,

c=(cy, ¢, ..., cy)—chromosome representing the assignment of ports to functional classes
¢p = 0—denotes a local port,

¢p = I—denotes a supporting port,

¢p = 2—denotes a core port.

W,—synthetic indicator of port p,

m =Y, 1 1(cp = 2)—number of ports classified as core ports,

Aconc—is the weight assigned to this penalty,

Peonc(c)—concentration penalty.

The first term rewards configurations in which ports classified as core ports have high
synthetic indicator values, whereas the second term reduces the score when core ports are
excessively concentrated in space.

2
m(m—1) 1 Lo—pr11(cp =2)1(cq = 2)max(0,

form > 2If m < 2,then Peonc(c) =0

o dmin - dpq
Peone (C) = 7) (9)

dmin

In this expression, dp; denotes the distance between ports p and g, while d,,;jn denotes
the minimum desired distance between core ports. The penalty is equal to zero when the
distance between a pair of core ports is greater than or equal to dpin, and it increases when
the ports are located closer than the adopted minimum threshold.

The following sets were analyzed:

e (0.45,0.35,0.20),
e (0.40,0.40,0.20),
e (0.50,0.30,0.20),
e (0.40,0.30,0.30).

The selection of these variants resulted from the need to examine how port classifi-
cation changes when the relative importance of the demand component, infrastructure,
and operational feasibility is shifted. The baseline variant assumed the highest weight
for the demand component, the second-highest weight for the infrastructure component,
and the third-highest weight for the operational component. The remaining variants were
tested in order to determine whether the solution was not excessively dependent on the
dominance of a single component of the model. In the second stage, 100 independent runs
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of the genetic algorithm were performed for each weight variant. The number of 100 was
adopted as a compromise between estimation stability and computational cost. In the case
of stochastic methods, a single run cannot be regarded as a sufficient basis for inference,
because the result depends on the initial conditions and the course of random sampling.
Multiple runs are commonly recommended in studies using evolutionary algorithms, as
they make it possible to identify stable solutions and distinguish them from random ones.
In the present study, it was assumed that 100 runs constituted a sufficient number to assess
classification repeatability and to identify the stable core of the solution.

For each weight variant, the following were calculated: the frequency with which a
port was assigned to a given class, the number of ports retaining the same class across all
runs, the maximum change in the value of the synthetic indicator, and the consistency of
core ports with the actual LNG layer (Table 5). The reference variant was defined as the
weight configuration that combined the highest classification stability with the highest
practical consistency.

Table 5. Results of weight calibration.

Weight Variant  Number of Stable Consistency with Maximum Variant Assessment
(41, 82, 63) Core Ports the LNG Layer Change W,
0.45/0.35/0.20 5 5/5 0.07 adopted
0.40/0.40/0.20 5 5/5 0.08 high consistency
0.50,/0.30/0.20 4 4/5 011 excessive dominance of the
demand component
0.40/0.30/0.30 5 4/5 0.09 greater operational sensitivity

Accordingly, the following was adopted as the baseline variant on the basis of the
calibration procedure:

5, = 0.45 (10)
5, = 0.35
53 = 0.20

The 0.45/0.35/0.20 variant provided the best balance between classification stability
and consistency with the actual port structure. For this reason, it was adopted as the
baseline variant. This means that the greatest importance in the model was assigned to the
demand component, the second greatest to the infrastructure component, and the third
to the operational component. This result is consistent with the systemic interpretation:
without sufficient demand, the development of a bunkering function is not justified; without
infrastructure, it is not feasible; and without appropriate operational conditions, it cannot
be maintained in a stable manner.

2.5. Model Validation and Robustness Assessment

Model validation was carried out to assess the model’s computational stability, ro-
bustness to parameter changes, and consistency of the results with the actual structure
of the Baltic Sea port system [54]. In models based on genetic algorithms, the validation
procedure is of fundamental importance, because the final result is not the outcome of
a single deterministic computation, but rather the result of multiple runs of a stochastic
procedure [55-59].

Three levels of validation were applied in the study: internal validation, sensitivity vali-
dation, and external validation [60-64]. Internal validation was used to assess the stability of
port classification across successive runs of the algorithm. Sensitivity validation was intended
to determine whether the final classification depended excessively on the adopted weights.
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External validation was used to verify whether ports classified as core ports corresponded to
ports with a genuinely confirmed LNG layer and high traffic significance.

The frequency with which a port was assigned to a given class and the share of the
dominant class were evaluated. A port was considered stable if its assignment to a given
class was repeated in the vast majority of runs.

Sensitivity validation consisted of analyzing the results for the four weight variants
described in the calibration procedure. Its purpose was to determine whether a moderate
change in the relative importance of the demand, infrastructure, and operational compo-
nents led to a substantial change in the configuration of core ports. External validation,
in turn, consisted of comparing the model results with the actual characteristics of ports,
particularly looking at traffic intensity and the publicly confirmed LNG layer.

In addition, seasonality validation was carried out. Its purpose was to determine
whether monthly traffic variability affected the interpretation of a port’s operational feasi-
bility. For this purpose, a reference port was used for which consistent monthly data on
vessel calls, passenger traffic, and cargo traffic were available (Table 6). This validation
played a supporting role and was intended to assess whether the annual classification
remained valid when seasonal changes in port workload were also taken into account.

Table 6. Scope of model validation.

Type of Validation Scope of Assessment Measure Unit
Internal validation repeatability of port classification number of algorithm runs n
Sensitivity validation robustness of results to changes in weights  number of weight variants n
External validation consistency of results with the actual port classification consistency n/n
structure and LNG layer

Seasonality validation

impact of monthly variability on the

. . o
interpretation of operational feasibility change in traffic load o

Validation was not limited to a single consistency test. Each validation level refers to
a different aspect of model quality. Internal validation examines computational stability;
sensitivity validation tests robustness to parameter changes; external validation assesses
practical validity; and seasonality validation verifies the correctness of adopting an
annual perspective under conditions of monthly variability (Table 7). Such a frame-
work strengthens the credibility of the model and reduces the risk of overinterpreting
individual results.

Table 7. Distribution of results for 100 algorithm runs in the baseline variant.

Port Core Class Sulzg:;;mg Local Class ~ Dominant Class Don?il;laal:t(gltal;: (%]

Helsinki 96 4 0 core 96
Gdansk 94 6 0 core 94
Szczecin-Swinoujscie 91 9 0 core 91
Tallinn 89 11 0 core 89
Klaipéda 87 13 0 core 87
Trelleborg 13 84 3 supporting 84
Rostock 18 79 3 supporting 79
Gdynia 12 82 6 supporting 82

Riga 0 12 88 local 88

HaminaKotka 0 10 90 local 90

The port classification exhibits a clear, stable core. The five highest-ranked ports retain
the core class in the vast majority of runs, whereas Riga and HaminaKotka consistently
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remain in the local class. Supporting ports show greater dispersion of results, which is an
expected phenomenon, as they constitute an intermediate group between ports that are
clearly core and those that are clearly local. From a methodological perspective, this means
that the model distinguishes well between extreme cases, while the greatest uncertainty
concerns intermediate ports, which is characteristic of multicriteria classification.

The validation conducted in this manner confirms that the final solution is not the
result of a single algorithm run or a random weight configuration. Only such a classification
variant was regarded as the final configuration that was simultaneously computationally
stable, robust to moderate parameter changes, and consistent with the actual structure of
Baltic Sea ports.

The validation covered both computational repeatability and the model’s robustness
to changes in the weight structure. The inclusion of several weight variants was necessary
because port classification cannot be considered valid if it changes substantially under
a minor modification of model parameters. For this reason, the validation procedure
was not limited to testing a single baseline variant but also included an assessment of
solution stability under changes in the relationship between the demand, infrastructure,
and operational components.

Internal validation was carried out 100 times for the baseline variant. A total of 100
runs were performed, which ensured the stability of the results. Multiple independent
runs are widely recommended in the methodological literature as a means of identifying
stable solutions. In the present study, it was assumed that 100 runs constituted a sufficient
number to determine the frequency with which ports appeared in particular classes and to
distinguish stable solutions from random ones. Further increasing the number of runs no
longer led to a substantial change in the structure of the results, while it did increase the
computational cost.

In internal validation, three basic measures were evaluated: the frequency with which
a port was assigned to a given class, the port’s dominant class, and the dispersion of the
synthetic indicator values. In sensitivity validation, the number of ports retaining the same
class across all weight variants and the maximum change in the synthetic indicator value
after changing the weight set were assessed. In external validation, the consistency of ports
classified as core with ports possessing actual LNG infrastructure-related premises and
high traffic intensity was examined (Table 8).

Table 8. Selected model validation values.

Validation Element

Internal validation
Sensitivity validation
Sensitivity validation
Sensitivity validation

External validation

Seasonality
validation

Seasonality
validation

Measure Value Unit Interpretation
number of algorithm runs 100 n sufﬁggnt number for
stability assessment
number of analyzed 4 n assessment of
weight variants parametric robustness
number of ports retaining the core 5 0 high stability of the
class across all weight variants solution core
maximum change in the value of . . limited parametric
. . 0.07 dimensionless e
W, after changing weights sensitivity
consistency of core ports with the . .
publicly confirmed LNG layer 5/5 n/n full practical consistency
maximum increase in passenger hi .
. . o igh seasonality of
traffic at the reference port relative 184 Yo RO-PAX traffic
to January
change in the class of the reference .
: no change in
port after accounting for 0 n

seasonality

classification
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The model preserves both computational and interpretative stability. The limited
change in the value of the synthetic indicator after modification of the weights means that
the result does not depend excessively on a single set of parameters. At the same time, the
full consistency of core ports with the publicly confirmed LNG layer confirms the model’s
practical validity. These results indicate that port classification is not the outcome of a
random algorithm configuration, but rather reflects a stable solution structure.

The results of the 100 algorithm runs for the baseline variant were then presented
in the form of a class distribution for individual ports. This manner of presentation is
more useful than showing 100 individual runs because it makes it possible to assess
classification stability directly and to determine how often a given port was assigned to the
core, supporting, or local class.

3. Results
3.1. Port Classification

The application of the model to Baltic Sea ports led to the identification of three
functional classes: core ports, supporting ports, and local ports (Table 9). This classification
is not a simple ranking of ports by size but results from the simultaneous consideration
of traffic intensity, transport structure, LNG readiness, and operational conditions. The
final class configuration constitutes the result of multiple runs of the algorithm and the
aggregation of results for the baseline variant.

Table 9. Results of the functional classification of Baltic Sea ports.

Port Demand Infrastructure Operational Synthetic Final Class
Indicator (Dp)  Indicator (I;)  Indicator (Op)  Indicator (W)
Helsinki 0.476 0.800 1.000 0.694 core
Gdanisk 0.613 0.800 0.700 0.676 core
Szczecin-Swinoujscie 0.231 1.000 1.000 0.654 core
Tallinn 0.343 0.800 1.000 0.634 core
Klajpeda 0.301 1.000 0.800 0.625 core
Trelleborg 0.400 0.300 1.000 0.500 supporting
Rostock 0.276 0.300 0.900 0.469 supporting
Gdynia 0.407 0.400 0.600 0.460 supporting
Riga 0.134 0.300 0.400 0.241 local
HaminaKotka 0.162 0.300 0.400 0.233 local

Core ports are not identified solely by the highest value of a single variable. Their
position results from a relatively favorable combination of all three components of the
model. Helsinki achieved the highest synthetic score not because of container dominance,
but because it combines high traffic regularity, a strong RO-RO/RO-PAX layer, and con-
firmed LNG readiness. Gdansk attained a very high position due to its strong demand
component and developed LNG layer. Szczecin-Swinoujscie and Tallinn obtained high
scores primarily because of their operational feasibility and importance in regular ferry
and RO-RO systems. Klaipéda, in turn, combines a strong cargo component with actual
LNG infrastructure.

This distribution of results indicates that the LNG distribution system in the Baltic Sea
should not be interpreted as an arrangement dependent on a single dominant port. On the
contrary, the results point to a polycentric node system in which different ports perform
core functions for different reasons: container-related, ferry-related, RO-RO-related, or
infrastructure-related. From a practical perspective, this means that the development of the
LNG network should be selective and hierarchical rather than uniform.
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3.2. Significance of the Demand Component

The demand component of the model is used to determine whether a port generates
demand sufficient to justify the development of an LNG bunkering function. In the model,
demand was not equated solely with the number of vessel calls or solely with cargo
throughput volume. Instead, a combination of the number of vessel calls, container traffic,
and RO-RO/ferry traffic was applied, because only such a configuration makes it possible
to distinguish a port with a high one-off volume from a port with a high degree of traffic
regularity (Table 10).

Table 10. Results of the demand component of the model.

Number of Vessel . . . Assessment of the
Port Calls/Traffic Intensity Dominant Traffic Profile Demand Component
Gdansk high container, deep-sea very high
Gdynia high container, RO-RO, short-sea high
N R very high in the ferry and . .
Szczecin-Swinoujécie RO-RO system ferry, RO-RO, bulk moderate to high
Klaipéda high container, RO-RO high
Riga moderate container, bulk low to moderate
Tallinn very high RO-RO, RO-PAX, ferry high
Helsinki very high RO-RO, RO_.P AX, ferry, high
container
HaminaKotka moderate container, industrial low to moderate
Rostock very high RO-RO, ferry moderate
Trelleborg very high RO-RO, ferry high

A high value of the demand component may result from different configurations of
port traffic. Gdarisk achieves a very high assessment due to its dominant role in container
shipping. Helsinki and Tallinn build their position primarily on the very high regularity
of ferry and RO-PAX traffic. Trelleborg and Rostock attain high values due to intensive
RO-RO traffic, but their final position in the model already depends on the remaining
two components, especially the LNG layer.

This result shows that demand alone cannot be regarded as a sufficient criterion. A
port may have very strong RO-RO or container traffic, but if it is not infrastructurally
prepared or if its spatial role in the network is secondary, it will not be classified as
a core port. On the other hand, without a strong demand component, there is no
justification for developing an LNG bunkering function, even when the port possesses
certain infrastructure elements.

3.3. Assessment of Port Infrastructure Readiness

The infrastructure component of the model was based on measurable premises in-
dicating a port’s actual preparedness for LNG handling. High values were assigned to
ports possessing a bunkering service, an LNG terminal, formal operational procedures, or
confirmed bunkering operations (Table 11). In this way, the infrastructure component is
not declarative in nature, but refers to the port’s actual capabilities.

The differences between ports result not only from traffic, but also from the level
of preparedness for LNG handling. It is precisely this component of the model that
distinguishes Gdarisk from Gdynia, and Klaipéda from Riga. In practical terms, this means
that the development of the LNG system cannot be assessed solely through the prism
of port traffic. Even a very strong traffic port does not become a fuel port without an
appropriate organizational and technical layer.
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Table 11. LNG infrastructure readiness scores for the analyzed ports.

Port Main Infrastructure Premise Assessment (I,)
Gdarnsk LNG bunkering service 0.8
Gdynia limited, indirect readiness 0.4
Szczecin-Swinouijécie direct connection to LNG infrastructure 1.0
Klaipéda confirmed LNG STS bunkering 1.0
Riga no strongly confirmed LNG layer 0.3
Tallinn formal authorization for LNG TTS/STS 0.8
Helsinki LNG manual and procedures 0.8
HaminaKotka limited public LNG layer 0.3
Rostock no LNG layer as strongly confirmed as in the leading ports 0.3
Trelleborg regulatory solutions and adaptation to LNG 0.3
The results of this component of the model indicate that core ports in the Baltic Sea
are not merely “large ports” but ports in which LNG is already genuinely embedded in
port practice. This is an important conclusion, because it suggests that investments in
LNG yield the highest utility where at least a partially developed infrastructure layer
already exists.
3.4. Significance of Operational Conditions
The operational component of the model describes whether a port is capable of
maintaining bunkering as a regular and organizationally justified service (Table 12). It
takes into account traffic regularity, the port’s position within the regional system, spatial
accessibility, and the operational conditions associated with vessel handling.
Table 12. Results of the operational component.
Port Traffic Regularity Position in the Regional System Assessment (Op)
Helsinki very high main hub of the Gulf of Finland 1.0
Gdansk high southern container hub 0.7
Szczecin-Swinoujscie very high western gateway of the system 1.0
Tallinn very high north-eastern RO-PAX hub 1.0
Klaipéda high eastern system port 0.8
Trelleborg very high western RO-RO port 1.0
Rostock high western RO-RO/ferry port 0.9
Gdynia moderate supporting port of the southern system 0.6
Riga moderate port with a weaker network function 0.4
HaminaKotka moderate north-eastern regional port 0.4

High operational feasibility is not equivalent to a high final position in the model.
Trelleborg and Rostock achieve high operational values due to the regularity of RO-RO
and ferry traffic, but they do not advance to the core class because of a weaker LNG
infrastructure layer. This means that the operational component performs a corrective and
confirmatory function. It does not replace demand or infrastructure, but strengthens the
result where a port has a real capacity to maintain bunkering in a repeatable manner.

From the perspective of organizing the LNG distribution system, this means that
ports with high operational feasibility may perform a very important role even when
they are not the main container ports. This component of the model is particularly
important for ferry and RO-RO ports, which in the Baltic Sea create stable traffic patterns
conducive to bunkering.

https:/ /doi.org/10.3390/su18136543


https://doi.org/10.3390/su18136543

Sustainability 2026, 18, 6543

19 of 26

3.5. Validation Results and Their Significance

Model validation demonstrated a high degree of stability in port classification. Core
ports were consistently assigned to the same class in the vast majority of algorithm runs.
Supporting ports exhibited slightly greater variability, which is an expected phenomenon,
as they constitute an intermediate group between ports that are clearly core and those that
are clearly local (Table 13).

Table 13. Results of port-classification validation.

Port Share of the Dominant Class Dominant Class
Helsinki 96% core
Gdansk 94% core

Szczecin-Swinoujscie 91% core
Tallinn 89% core
Klaipéda 87% core
Trelleborg 84% supporting
Gdynia 82% supporting
Rostock 79% supporting
HaminaKotka 90% local
Riga 88% local

The model distinguishes very well between extreme cases, that is, ports that are
unequivocally core and those that are unequivocally local. The greatest uncertainty con-
cerns supporting ports. Ports in this class are located in a transitional zone: they possess
significant traffic-related or operational characteristics but have not yet achieved full infras-
tructural or network-related superiority.

This means that the model may be used not only to describe the current state of the
system but also to identify ports with promotion potential. In practical terms, supporting
ports are the most interesting from the perspective of investment policy, because they are
the ports most likely to improve their position if the LNG layer is strengthened.

The seasonality analysis was carried out for the reference port and was intended
to determine whether monthly variability affects the interpretation of the operational
feasibility of the LNG system (Table 14). The results showed that seasonality in the Baltic
Sea primarily concerns the intensity of use of ferry and RO-PAX services rather than the
number of vessel calls itself.

Table 14. Significance of seasonality for model interpretation.

Element of Analysis Result Significance for the Model
Max1mqm fmcrease i passenger +184% high seasonality of the RO-PAX segment
traffic relative to January
Change in the number of vessel calls limited stability of the port’s position within the network
seasonality affects operational feasibility,
Impact on port class no change e
not classification

Seasonality does not alter a port’s basic position in the model, but it does affect
the interpretation of its operational load. This is an important finding because it means
that annual classification may be regarded as stable, whereas the operational planning of
bunkering should take into account monthly traffic peaks.

This indicates that the annual model is well-suited to identifying systemic nodes,
but its practical application should be supplemented by seasonal analysis in ports where
RO-PAX and ferry transport predominates.
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Overall, the results indicate that the regional LNG distribution system in the Baltic Sea
should have a hierarchical and polycentric structure. Core ports form the actual backbone
of the network. Supporting ports constitute a second ring that may assume part of the
system’s functions, whereas local ports remain significant only at the subregional scale.

The results show that LNG development should not be pursued uniformly across all
ports. The greatest utility is achieved by investments concentrated in ports that combine
three features simultaneously: strong demand, a developed LNG layer, and favorable
operational conditions. The applied model therefore makes it possible not only to describe
the structure of ports but also to indicate where the development of the LNG bunkering
function is most justified from the perspective of the regional system.

4. Discussion

The obtained results indicate that the organization of LNG distribution in the Baltic
Sea should be interpreted as a network problem rather than as the sum of independent
infrastructure decisions made by individual ports. The applied model demonstrated that
a port’s position within the system is not determined by a single attribute, but by the
coexistence of three groups of conditions: sufficiently strong demand, actual infrastructure
readiness, and favorable operational conditions. This means that even a port of very high
cargo-handling significance does not automatically perform a core function in the LNG
system if it lacks a sufficient infrastructure layer or if its role within the spatial system
remains secondary.

The model results clearly indicate a polycentric LNG distribution structure. This is
one of the most important findings of the study. The ports classified as core do not form
a single spatial cluster or a functional group. Helsinki and Tallinn build their position
primarily on the high regularity of RO-PAX and ferry traffic, Gdarisk on its dominant
role in container transport and its LNG layer, Szczecin-Swinoujscie on its function as
the western gateway of the system and its direct connection to LNG infrastructure, and
Klaipéda on the combination of cargo significance and actually confirmed bunkering
capability. This means that the LNG distribution system in the Baltic Sea should not be
designed as a structure subordinated to a single dominant port, but rather as a network
of several complementary nodes. In practical terms, the proposed classification may
be used as a screening layer within the existing LNG supply chain. Core ports indicate
locations where bunkering services can be most directly linked with existing or planned
LNG terminals, storage facilities, truck-to-ship operations, or ship-to-ship bunkering
services. Supporting ports may act as secondary nodes connected to the nearest core
port, whereas local ports should not be prioritized for full-scale LNG infrastructure
unless demand or readiness conditions change.

This result has important methodological and practical implications. From a method-
ological perspective, it confirms that the adopted model structure was justified. If the
classification had been based solely on container throughput, the highest positions would
have been occupied primarily by deep-sea and liner ports. If the classification had been
based exclusively on RO-RO and ferry traffic, the model would have favored ferry ports
while overlooking the importance of major cargo ports. Only the combination of data on
vessel calls, traffic structure, LNG readiness, and operational conditions made it possible to
capture the actual function of a port in the regional fuel distribution network. This means
that the model does not favor one type of port but differentiates ports according to their
ability to perform a specific systemic function.

The results also indicate that LNG has selective rather than universal justification. The
data show that the development of an LNG bunkering function is most justified in ports
that simultaneously generate stable traffic, possess a confirmed LNG layer, and are located
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within a spatial arrangement that enables effective interaction with the regional hinterland.
In this sense, LNG proves to be a conditionally viable fuel. It cannot be assumed that its
development should proceed uniformly across all ports in the region. On the contrary, the
results indicate that the greatest systemic utility is achieved by investments concentrated
in core ports, whereas in supporting ports, it may be more rational to develop phased
solutions or solutions linked to the nearest core node.

This conclusion is supported primarily by the differences in results between sup-
porting and core ports. Trelleborg and Rostock achieve very high operational parameters
due to regular RO-RO and ferry traffic, but they did not attain core status because of a
weaker LNG layer. Gdynia is characterized by a strong position in container and RO-RO
traffic, yet its final score remains lower than that of Gdansk due to its smaller infrastructure
advantage and weaker network function. This means that supporting ports are not weak
ports, but rather ports whose role in the system depends on strengthening one of the model
components. From a practical point of view, these are the ports with the greatest potential
for functional transformation.

An important finding of the study is also that seasonality does not change the class
of a port, but it does change the interpretation of its operational load. The analysis of
the reference port showed that monthly traffic variability, particularly in the RO-PAX
segment, leads to clear fluctuations in service intensity. However, it does not affect the
basic position of the port within the network structure. This means that the annual model
is appropriate for the functional classification of ports, whereas the operational planning
of bunkering should take seasonal variability into account where ferry and passenger
transport predominates. In practical terms, this supports the separation of two management
levels: the strategic level, at which core and supporting ports are identified, and the
operational level, at which bunkering schedules are adjusted to monthly and seasonal
changes in traffic intensity.

The validation carried out strengthens the credibility of the obtained results. The
stability of classification across multiple runs of the algorithm means that the identified
core of the system is not the result of a single random configuration. Robustness to changes
in weights, in turn, indicates that the solution does not depend excessively on an arbitrarily
assumed relationship between the demand, infrastructure, and operational components.
Consistency of the results with the actual LNG layer in Baltic ports confirms the model’s
practical validity. As a result, it can be concluded that the classification of ports into core,
supporting, and local categories is not merely a formal construct but reflects the actual
structure of the regional port system.

At the same time, the model has certain limitations. First, it is based on data aggre-
gated at the port level rather than on a full record of individual vessel trajectories and
actual bunkering operations. Second, the model does not incorporate actual port-to-port
sailing distances or operational maritime routes between the selected ports. Therefore,
the spatial-accessibility component should be interpreted as a strategic approximation
of inter-port relationships rather than as a complete maritime-routing or connectivity
model. In future applications, this component should be reformulated using actual
sailing—distance matrices, AIS-based vessel trajectories, or established maritime corri-
dors. Such an extension would make it possible to assess not only whether the selected
ports are geographically distributed, but also whether they are functionally connected
within existing maritime transport networks. Third, seasonality was introduced as an
interpretative variable rather than as a direct component of the classification function.
Fourth, the model does not include fuel-price dynamics, total bunkering costs, lifecycle
emissions, or emission-related regulatory costs. This is an important limitation because
maritime fuel adoption and bunkering—infrastructure deployment are highly sensitive to
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operational costs and environmental regulations. Therefore, the synthetic indicator W),
should be interpreted as a strategic indicator of location and network potential rather
than as a complete techno-economic feasibility measure. Consequently, the model should
be treated as a preliminary screening tool rather than as a ready-to-use decision-making
tool for investment planning or operational LNG bunkering management. Its results indi-
cate where further techno-economic, environmental, and route-based analyses are most
justified, but they do not confirm simplified costs, emissions, methane impacts, or real
shipping-route feasibility. Future research should extend the model by adding fuel-cost
scenarios, lifecycle-emission accounting, methane-emission assessment, carbon-pricing
mechanisms, operational expenditure parameters, and real shipping-route analyses.
These limitations do not, however, undermine the cognitive value of the model but
rather define directions for its further development. In particular, future research may
extend the model by adding a detailed cost module, a full emissions analysis, and a
direct comparison of LNG with methanol, ammonia, and other alternative fuels while
maintaining the same decision structure.

Against the background of previous analyses, the results of the study contribute two
important elements. First, they confirm that the role of a port in the fuel system should be
analyzed through the prism of multiple interdependent characteristics rather than a single
dominant indicator. Second, they show that a model developed for LNG may serve as a
universal analytical tool which, after modification of input parameters, can also be applied
to other alternative fuels. This second aspect is of particular practical importance because it
makes it possible to use one model structure to compare different variants of fuel transition
in seaports.

5. Conclusions

The study demonstrated that the organization of LNG distribution in the Baltic Sea
region should be analyzed as a port-transport system rather than as a set of independent
infrastructure decisions made by individual ports. This follows from the fact that a port’s
significance within the bunkering network is a function of demand potential, infrastructure
readiness, and the operational conditions for bunkering.

The applied model made it possible to distinguish three functional classes of ports:
core, supporting, and local. The results indicated that the core of the regional LNG distribu-
tion system is formed by Helsinki, Gdansk, Szczecin-Swinoujscie, Tallinn, and Klaipeda.
These ports are not functionally homogeneous, but they are linked by a favorable combina-
tion of demand, infrastructure, and operational feasibility. Trelleborg, Rostock, and Gdynia
were classified as supporting ports, which means that they possess significant systemic
potential but do not yet achieve superiority across all components of the model. Riga and
HaminaKotka remained in the local class, indicating their limited significance within the
regional LNG distribution system.

The results of the study show that the LNG distribution system in the Baltic Sea is
polycentric in character. This means that the most justified configuration is not based on
a single dominant port but on several complementary nodes located in different parts
of the sea basin. Such a structure is better aligned with the spatial pattern of transport
flows, reduces the risk of excessive concentration of fuel supply functions, and increases
the resilience of the system to operational disruptions.

From a systemic perspective, LNG remains a transitional fuel with a high level of
implementation maturity, which justifies the analysis of infrastructure and bunkering
organization regardless of the long-term decarbonization scenario. The development of
LNG infrastructure is most rational in ports with high traffic intensity and regularity
and with a genuinely confirmed LNG layer. The results do not support the rationale for
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uniformly developing full LNG infrastructure in all ports of the region. Therefore, the
classification should be interpreted as an initial screening result indicating ports for further
detailed assessment, not as a final investment or operational recommendation. From a
practical perspective, this implies the need to prioritize investments and to concentrate
efforts in ports of the highest systemic importance.

The validation carried out confirmed the stability of the model. The repeatability
of results across successive algorithm runs, the robustness of classification to moderate
changes in weights, and the consistency of the results with the actual structure of ports
indicate that the model maintains both computational consistency and practical validity.
This means that it may be applied as a tool supporting the assessment of port configurations
within the regional LNG bunkering system.

An important feature of the developed model is its universality. The scientific con-
tribution of the study lies in linking port traffic structure, infrastructure readiness, and
operational feasibility within one classification framework for alternative-fuel network
planning. The practical contribution is the identification of ports where LNG bunkering
development should be prioritized, delayed, or treated as supporting rather than core
infrastructure. The model structure is not linked exclusively to LNG but to the organization
of an alternative fuel within the port-transport system. After adjustment of technologi-
cal, cost-related, emission-related, and operational parameters, it may also be applied to
methanol, ammonia, bio-LNG, or synthetic fuels. For this reason, the model may provide a
basis for further comparative research on the structure of regional alternative fuel networks
in maritime shipping. In this way, the model supports more selective and sustainability-
oriented infrastructure planning by indicating where alternative-fuel investments may
generate the highest systemic value.

Author Contributions: Conceptualization, E.O.; methodology, E.O. and M.S.; investigation, E.O., P.S.
and M.S.; resources, E.O., P.S. and M.S.; data curation, E.O., P.S. and M.S.; writing—original draft
preparation, E.O., P.S. and M.S.; writing—review and editing, E.O., P.S. and M.S.; visualization, E.O.,
PS. and M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Directive 2012/33/EU of the European Parliament and of the Council of November 21 Amending Council Directive 1999/32/ as
Regards the Sulfur Content of Marine Fuels. Available online: https://eur-lex.europa.eu/eli/dir/2012/33/0j/eng (accessed on
12 January 2026).

Directive (EU) 2018/2001 on the Promotion of the Use of Energy from Renewable Sources. Renewable Energy Directive II
Available online: https://eur-lex.europa.eu/eli/dir/2018/2001/0j (accessed on 12 January 2026).

IMO Strategy on Reduction of GHG Emissions from Ships. Available online: https://www.imo.org/en/ourwork/environment
/pages/2023-imo-strategy-on-reduction-of-ghg-emissions-from-ships.aspx (accessed on 15 January 2026).

European Parliament; Council of the European Union. Regulation (EU) 2023/1805 of the European Parliament and of the
Council of 13 September 2023 on the Use of Renewable and Low-Carbon Fuels in Maritime Transport, and Amending Directive
2009/16/EC. Off. ]. Eur. Union 2023, L234, 48-100. Available online: https://eur-lex.europa.eu/eli/reg/2023/1805/0j (accessed
on 21 June 2026).

https://doi.org/10.3390/su18136543


https://eur-lex.europa.eu/eli/dir/2012/33/oj/eng
https://eur-lex.europa.eu/eli/dir/2018/2001/oj
https://www.imo.org/en/ourwork/environment/pages/2023-imo-strategy-on-reduction-of-ghg-emissions-from-ships.aspx
https://www.imo.org/en/ourwork/environment/pages/2023-imo-strategy-on-reduction-of-ghg-emissions-from-ships.aspx
https://eur-lex.europa.eu/eli/reg/2023/1805/oj
https://doi.org/10.3390/su18136543

Sustainability 2026, 18, 6543 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

European Parliament; Council of the European Union. Directive (EU) 2023/959 of the European Parliament and of the Council
of 10 May 2023 Amending Directive 2003/87/EC Establishing a System for Greenhouse Gas Emission Allowance Trading
within the Union and Decision (EU) 2015/1814 Concerning the Establishment and Operation of a Market Stability Reserve for
the Union Greenhouse Gas Emission Trading System. Off. |. Eur. Union 2023, L130, 134-202. Available online: https://eur-
lex.europa.eu/eli/dir/2023/959/0j (accessed on 21 June 2026).

Ayorinde, O.B.; Daudu, C.D.; Okoli, C.E.; Adefemi, A.; Adekoya, O.O.; Ibeh, C.V. Reviewing the impact of LNG technology
advancements on global energy markets. Eng. Sci. Technol. |. 2024, 5, 402-411. [CrossRef]

Aymelek, M.; Boulougouris, E.K.; Turan, O.; Konovessis, D. Challenges and opportunities for LNG as a ship fuel source and an
application to bunkering network optimisation. In Maritime Technology and Engineering; CRC Press: Boca Raton, FL, USA, 2014;
pp. 767-776.

Duong, P.A.; Ryu, B.R; Jung, J.; Kang, H. A comprehensive review of the establishment of safety zones and quantitative risk
analysis during ship-to-ship LNG bunkering. Energies 2024, 17, 512. [CrossRef]

Stanivuk, T., Mahi¢, J.; Stazi¢, L.; Perdi¢-Lukacevi¢, H. LNG Market and Fleet Analysis. 2021. Available online:
https:/ /www.researchgate.net/publication/357333634_LNG_MARKET_AND_FLEET_ANALYSIS (accessed on 16 January
2026).

Zhao, Z.; Wang, X.; Wang, H.; Cheng, S.; Liu, W. Fleet deployment optimization for LNG shipping vessels considering the
influence of mixed factors. J. Mar. Sci. Eng. 2022, 10, 2034. [CrossRef]

Balcombe, P.; Anderson, K.; Speirs, J.; Brandon, N.; Hawkes, A. The natural gas supply chain: The importance of methane and
carbon dioxide emissions. ACS Sustain. Chem. Eng. 2017, 5, 3-20.

Balcombe, P; Staffell, I.; Kerdan, 1.G.; Speirs, ].E; Brandon, N.P.; Hawkes, A.D. How can LNG-fuelled ships meet decarbonisation
targets? An environmental and economic analysis. Energy 2021, 227, 120462. [CrossRef]

DNV GL. Decarbonization of Maritime Transport: The Role of LNG and Hydrogen. In Energy Policy; DNV GL: Beerum, Norway,
2020.

DNV GL. Rising LNG demand: Overcoming bunkering challenges. In Energy Policy; DNV GL: Baerum, Norway, 2025.
ITovtikéxg, . LNG as a Basic or Transitional Fuel in Shipping. Master’s Thesis, University of Piraeus, Piraeus, Greece, 2024.
Klopott, M.; Popek, M.; Urbanyi-Popiolek, I. Seaports’ role in ensuring the availability of alternative marine fuels—A multi-faceted
analysis. Energies 2023, 16, 3055. [CrossRef]

Park, C.; Hwang, I.; Jang, H.; Jeong, B.; Ha, S.; Kim, J.; Jee, ]. Comparative analysis of marine alternative fuels for offshore supply
vessels. Appl. Sci. 2024, 14, 11196. [CrossRef]

Nasir, H; Tian, T. A Comparative Study on Alternative Marine Fuels: Economic, Technology, Environmental and Safety Issues.
Doctoral Dissertation, Chalmers University of Technology, Gothenburg, Sweden, 2024.

Kesieme, U.; Pazouki, K.; Murphy, A.; Chrysanthou, A. Biofuel as an alternative shipping fuel: Technological, environmental and
economic assessment. Sustain. Energy Fuels 2019, 3, 899-909. [CrossRef]

Liebuvieng, J.; Cizitiniene, K. Comparative Analysis of Ports on the Eastern Baltic Sea Coast. Logistics 2021, 6, 1. [CrossRef]
Bartosiewicz, A.; Kucharski, A. Indicators of port sustainability: The example of Baltic Sea container ports. Sustain. Dev. 2024, 32,
2371-2384.

Baltic Ports Organization. Comprehensive Ports in the Baltic Sea—An Important Role for Short Sea Shipping, People Mobility, Industries
and Blue Economy; Baltic Ports Organization: Tallinn, Estonia, 2021.

Baltic Ports Organization. Baltic Ports in TEN-T Policy. CEF Instrument 2014-2020—Evaluation and Recommendations for CEF II;
Baltic Ports Organization: Tallinn, Estonia, 2018.

Gerlitz, L.; Meyer, C. Small and medium-sized ports in the ten-t network and nexus of Europe’s twin transition: The way towards
sustainable and digital port service ecosystems. Sustainability 2021, 13, 4386. [CrossRef]

Scipioni, S. European Ports: Potential Gateways To International Trade. 2020. Available online: https://hdl.handle.net/20.500.14
247 /16940 (accessed on 6 January 2026).

Czech, M. Pan-European transport corridors in the policy of the European Union. Sci. J. Sil. Univ. Technol. Ser. Transp. 2021, 112,
51-62. [CrossRef]

Balbaa, M.E. International Transport Corridors; Tashkent State University of Economics: Tashkent, Uzbekistan, 2022.

Acciaro, M.; McKinnon, A. Efficient Hinterland Transport Infrastructure and Services for Large Container Ports; OECD: Paris, France,
2013.

Tovar, B.; Herndndez, R.; Rodriguez-Déniz, H. Container port competitiveness and connectivity: The Canary Islands main ports
case. Transp. Policy 2015, 38, 40-51. [CrossRef]

Hintjens, J. Cooperation in the bundling of hinterland flows of adjacent seaports, an application to the European TEN-T core
ports. Marit. Policy Manag. 2021, 48, 754-775. [CrossRef]

Lépez-Bermtdez, B.; Freire-Seoane, M.].; Lesta-Casal, E. Core and comprehensive ports: The new challenge for the development
of the Spanish port system. Transp. Res. Interdiscip. Perspect. 2020, 8, 100243. [CrossRef]

https://doi.org/10.3390/su18136543


https://eur-lex.europa.eu/eli/dir/2023/959/oj
https://eur-lex.europa.eu/eli/dir/2023/959/oj
https://doi.org/10.47738/jads.v5i4.202
https://doi.org/10.3390/en17020512
https://www.researchgate.net/publication/357333634_LNG_MARKET_AND_FLEET_ANALYSIS
https://doi.org/10.3390/jmse10122034
https://doi.org/10.1016/j.energy.2021.120462
https://doi.org/10.3390/en16073055
https://doi.org/10.3390/app142311196
https://doi.org/10.1039/c8se00466h
https://doi.org/10.3390/logistics6010001
https://doi.org/10.3390/su13084386
https://hdl.handle.net/20.500.14247/16940
https://hdl.handle.net/20.500.14247/16940
https://doi.org/10.20858/sjsutst.2021.112.4
https://doi.org/10.1016/j.tranpol.2014.11.001
https://doi.org/10.1080/03088839.2020.1861355
https://doi.org/10.1016/j.trip.2020.100243
https://doi.org/10.3390/su18136543

Sustainability 2026, 18, 6543 25 of 26

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bocheriski, T. Assessment of the potential of the main seaports of the Baltic Sea region. Eur. Res. Stud. ]. 2023, 26, 472-48]1.
[CrossRef]

Connect2SmallPorts. Digital Auditing in Small Ports. Available online: https://connect2smallports.eu/digital-auditing/
(accessed on 6 January 2026).

Bilczak, M. The economic role of Baltic Sea region seaports in changing geopolitical conditions. Acta Sci. Pol. Adm. Locorum 2024,
23,361-375. [CrossRef]

Statistics Poland. The Maritime Economy in Poland 2014-2024; Statistics Poland: Warsaw, Poland, 2025.

Rozmarynowska, M.; Oldakowski, B. Development perspectives for small and medium Baltic Sea ports. In The TransBaltic and
Baltic Ports Organization’s Seminar; Baltic Ports Organization: Tallinn, Estonia, 2013.

Central Statistical Office in Poland—Statistical Office in Szczecin, Statistical Yearbook of Maritime Economy. Warszawa, Szczecin
2021, 2022, 2023, 2024, 2025. Available online: https://stat.gov.pl/obszary-tematyczne/roczniki-statystyczne/ (accessed on 10
February 2026).

European Maritime Safety Agency (EMSA). THETIS-MRYV: Information System Supporting Regulation (EU) 2015/757. Available
online: https://www.emsa.europa.eu/thetis-mrv.html (accessed on 26 January 2026).

Eurostat: Maritime Transport. Available online: https://ec.europa.eu/eurostat/web/transport/information-data/maritime-
transport (accessed on 1 March 2026).

Peres, F.; Castelli, M. Combinatorial optimization problems and metaheuristics: Review, challenges, design, and development.
Appl. Sci. 2021, 11, 6449. [CrossRef]

Baghel, M.; Agrawal, S.; Silakari, S. Survey of metaheuristic algorithms for combinatorial optimization. Int. |. Comput. Appl. 2012,
58,21-31. [CrossRef]

Wang, ].Y.; Yin, PY. Efficient Swarm Algorithms to Constrained Resource Allocation. 2011. Available online: https://personal
es.upv.es/thinkmind /dl/conferences/futurecomputing/future_computing_2011/future_computing 2011_1_10_30013.pdf
(accessed on 21 June 2026).

Khorshidi, H.A.; Gunawan, I.; Ibrahim, M.Y. Investigation on system reliability optimization based on classification of criteria. In
2013 IEEE International Conference on Industrial Technology (ICIT); IEEE: Piscataway, NJ, USA, 2013; pp. 1706-1711.

Gupta, H.; Amir, M.; Zaheeruddin; Ahmad, F,; Alblushi, . G.M.; Khalid, H.M. Smart transportation solutions for faster emergency
medical services response using an enhanced whale optimization algorithm. IET Intell. Transp. Syst. 2024, 18, 2775-2792.
[CrossRef]

Cui, H. Learning Based Multi-Agent Conceptual Ship Design Decision Support System. In Proceedings of the 13th International
Congress of the International Maritime Association of the Mediterranean (IMAM 2009), Istanbul, Turkey, 12-15 October 2009.
Gen, M.,; Cheng, R. Genetic Algorithms and Engineering Optimization; John Wiley & Sons: Hoboken, NJ, USA, 1999.

Reed, P,; Minsker, B.; Goldberg, D.E. Designing a competent simple genetic algorithm for search and optimization. Water Resour.
Res. 2000, 36, 3757-3761. [CrossRef]

Glover, E; Kelly, ].P.; Laguna, M. Genetic algorithms and tabu search: Hybrids for optimization. Comput. Oper. Res. 1995, 22,
111-134. [CrossRef]

Taboada, H.A.; Espiritu, J.E; Coit, D.W. MOMS-GA: A multi-objective multi-state genetic algorithm for system reliability
optimization design problems. IEEE Trans. Reliab. 2008, 57, 182-191. [CrossRef]

Ashraf, M.M.; Malik, T.N. A novel optimization framework for the least cost generation expansion planning in the presence of
renewable energy sources considering regional connectivity. Arab. |. Sci. Eng. 2020, 45, 6423-6451. [CrossRef]

Xie, H.; Zhang, M. Impacts of sampling strategies in tournament selection for genetic programming. Soft Comput. 2012, 16,
615-633. [CrossRef]

Zainuddin, FA.; Abd Samad, M.F; Tunggal, D. A review of crossover methods and problem representation of genetic algorithm
in recent engineering applications. Int. |. Adv. Sci. Technol. 2020, 29, 759-769.

Garcia-Martinez, C.; Rodriguez, EJ.; Lozano, M. Genetic algorithms. In Handbook of Heuristics; Springer Nature Switzerland:
Cham, Switzerland, 2025; pp. 627-662.

Zhang, Y.J.; Stanev, E.V.; Grashorn, S. Unstructured-grid model for the North Sea and Baltic Sea: Validation against observations.
Ocean. Model. 2016, 97, 91-108. [CrossRef]

Sen, M.K,; Datta-Gupta, A.; Stoffa, P.L.; Lake, L.W.; Pope, G.A. Stochastic reservoir modeling using simulated annealing and
genetic algorithms. SPE Form. Eval. 1995, 10, 49-55. [CrossRef]

Wu, J.; Zheng, C.; Chien, C.C.; Zheng, L. A comparative study of Monte Carlo simple genetic algorithm and noisy genetic
algorithm for cost-effective sampling network design under uncertainty. Adv. Water Resour. 2006, 29, 899-911. [CrossRef]
Ansotegui, C.; Malitsky, Y.; Samulowitz, H.; Sellmann, M.; Tierney, K. Model-Based Genetic Algorithms for Algorithm Configu-
ration. In Proceedings of the Twenty-Fourth International Joint Conference on Artificial Intelligence, Buenos Aires, Argentina,
25-31 July 2015; pp. 733-739.

https://doi.org/10.3390/su18136543


https://doi.org/10.35808/ersj/3298
https://connect2smallports.eu/digital-auditing/
https://doi.org/10.31648/aspal.10033
https://stat.gov.pl/obszary-tematyczne/roczniki-statystyczne/
https://www.emsa.europa.eu/thetis-mrv.html
https://ec.europa.eu/eurostat/web/transport/information-data/maritime-transport
https://ec.europa.eu/eurostat/web/transport/information-data/maritime-transport
https://doi.org/10.3390/app11146449
https://doi.org/10.5120/9391-3813
https://personales.upv.es/thinkmind/dl/conferences/futurecomputing/future_computing_2011/future_computing_2011_1_10_30013.pdf
https://personales.upv.es/thinkmind/dl/conferences/futurecomputing/future_computing_2011/future_computing_2011_1_10_30013.pdf
https://doi.org/10.1049/itr2.12555
https://doi.org/10.1029/2000wr900231
https://doi.org/10.1016/0305-0548(93)e0023-m
https://doi.org/10.1109/tr.2008.916874
https://doi.org/10.1007/s13369-020-04489-4
https://doi.org/10.1109/icsess.2012.6269542
https://doi.org/10.1016/j.ocemod.2015.11.009
https://doi.org/10.2118/24754-pa
https://doi.org/10.1016/j.advwatres.2005.08.005
https://doi.org/10.3390/su18136543

Sustainability 2026, 18, 6543 26 of 26

58.

59.
60.

61.

62.

63.

64.

Seibert, J. Multi-criteria calibration of a conceptual runoff model using a genetic algorithm. Hydrol. Earth Syst. Sci. 2000, 4,
215-224. [CrossRef]

McCall, J. Genetic algorithms for modelling and optimisation. J. Comput. Appl. Math. 2005, 184, 205-222. [CrossRef]

Pieroni, L.; Di Benedetto, S.; Freddi, F.; Latour, M. Genetic Algorithm for the optimal placement of Self-Centering Damage-Free
joints in steel MRFs. J. Constr. Steel Res. 2022, 197, 107489. [CrossRef]

Vuolio, T.; Visuri, V.V.; Sorsa, A.; Ollila, S.; Fabritius, T. Application of a genetic algorithm based model selection algorithm for
identification of carbide-based hot metal desulfurization. Appl. Soft Comput. 2020, 92, 106330. [CrossRef]

Di Gesu, V.; Giancarlo, R.; Lo Bosco, G.; Raimondi, A.; Scaturro, D. GenClust: A genetic algorithm for clustering gene expression
data. BMC Bioinform. 2005, 6, 289. [CrossRef]

Asif, U.; Javed, M.E,; Abuhussain, M.; Ali, M.; Khan, W.A.; Mohamed, A. Predicting the mechanical properties of plastic concrete:
An optimization method by using genetic programming and ensemble learners. Case Stud. Constr. Mater. 2024, 20, e03135.
[CrossRef]

Khan, A.; Khan, M.; Khan, W.A.; Afridi, M.A.; Naseem, K.A.; Noreen, A. Predicting pile bearing capacity using gene expression
programming with SHapley Additive exPlanation interpretation. Discov. Civ. Eng. 2025, 2, 58. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su18136543


https://doi.org/10.5194/hess-4-215-2000
https://doi.org/10.1016/j.cam.2004.07.034
https://doi.org/10.1016/j.jcsr.2022.107489
https://doi.org/10.1016/j.asoc.2020.106330
https://doi.org/10.1186/1471-2105-6-289
https://doi.org/10.1016/j.cscm.2024.e03135
https://doi.org/10.1007/s44290-025-00215-x
https://doi.org/10.3390/su18136543

	Introduction 
	Materials and Methods 
	Structure of the Decision Model 
	Scope of the Study 
	Input Data for the Model 
	Model Implementation and Classification Procedure 
	Model Validation and Robustness Assessment 

	Results 
	Port Classification 
	Significance of the Demand Component 
	Assessment of Port Infrastructure Readiness 
	Significance of Operational Conditions 
	Validation Results and Their Significance 

	Discussion 
	Conclusions 
	References

