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Abstract

Every year, more and more general and other types of cargo are transported by containers,
and many ports, including small and medium-sized ones, are trying to join the container
transportation processes. Port connectivity with container shipping is associated with easier
and faster cargo processing and reduced environmental impact by optimizing ship arrivals
and processing in small and medium-sized ports. Small and medium-sized ports are often
limited by port infrastructure, especially suitable quays; therefore, it is very important to
correctly assess the capabilities of such ports so that ships do not have to wait for entry and
so that quays and other port infrastructure are optimally used. The research is relevant
because small and medium-sized ports are increasingly involved in the activities of logistics
chains and are becoming very important for the development of individual regions. The
wider use of small and medium-sized ports in logistics chains is a new and original research
direction. Optimal assessment of port or terminal and berth utilization is possible using the
principles of probability theory. The article develops and presents a probabilistic method
for assessment of port and terminal and ship mooring at their berths, using possible and
actual time periods, based on the principles of transport process organization and linked
to the capabilities of the port infrastructure and terminal superstructure. The conditional
probability method was used to assess port and terminal capacity, as well as a method
for assessing ship maneuverability under limited conditions. The developed probabilistic
method for assessing port terminals and ship berthing at port quays can be used in any
port or terminal, taking into account local conditions. Combined theoretical research and
experimental results of the optimal use of small and medium-sized ports ensure sufficient
research quality.

Keywords: port operations; shipping management; assessment of ship mooring at quays;
assessment of port terminal capabilities; probabilistic assessment methods

1. Introduction
Large, medium, and small ports are important and most of them handle passengers

and cargo, and each of them aims to be beneficial to countries and regions, to be modern,
to use new technologies, and to create the best possible conditions for people living nearby.
The declared goals of ports force them to look for more optimal and efficient ways of
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transporting cargo through ports [1,2]. Many small and medium-sized ports are located
close to densely populated places, i.e., in or very close to cities; therefore, ports try to
minimize any possible negative impact on residents (minimum environmental pollution,
noise, etc.) and, at the same time, perform their functions and be economically beneficial,
aiming to mechanize and automate ship processing processes as much as possible, which
can help reduce the environmental impact [3–5]. One of the main problems of small and
medium-sized ports is the limited economic and financial development opportunities of
ports; therefore, ports try to adapt to new transport technologies, accept as many large
ships as possible, and have a positive impact on the city and region [5–7].

When assessing the size of ports, it is necessary to indicate the port, and it is important
to classify them according to their importance in passenger service and cargo handling. This
is necessary because ports, especially small and medium-sized ones, may have different
opportunities and resources for the implementation and development of new technologies.

It is noted that the activities of seaports are diverse, taking into account not only the
organization of their activities but also their capacity and productivity. In order to conduct a
comprehensive analysis on the performance of ports, it is proposed to classify ports into small,
medium-sized, and large ports, taking into account the relevant criteria [8]. Depending on the
number of passengers served (in the case of passenger ports or ferry terminals)

- Up to 50,000 passengers per year (small ports);
- From 50,000 to 100,000 passengers per year (medium-sized);
- More than 100,000 passengers per year (large ports).

In the case of cargo ports, depending on the cargo turnover of the ports or terminals

- Small ports (with an annual turnover of up to 1 million tons);
- Medium-sized ports (with an annual turnover of 1 million tons to 10 million tons);
- Large ports (with an annual turnover exceeding 10 million tons).

One of the trends that has been going on for many years is cargo containerization,
since this method of cargo processing in ports, including small and medium-sized ones,
requires less labor, allows for mechanization and automation of loading processes, and
reduces the negative impact on the environment due to dust, noise, and other negative
consequences. At the same time, it is necessary to assess the large investments required in
the port or terminal, processing containers, and adapting small and medium-sized ports to
receive container ships, given the relatively limited number of berths. The above-mentioned
difficulties of small and medium-sized ports force us to look for rational and optimal ways
so that such ports can remain on the market, have minimal impact on the environment, and
be beneficial to the regions.

When assessing the possibility of a ship to use small and medium-sized ports, it
is very important to take into account several main factors and their possible use with
the conditional probabilities method [9]. With the help of this method, it is possible to
assess the probability of individual factors and their possible mutual influence, i.e., the
navigation factor, which means the possibilities of ships entering and the probability of
minimal downtime; the possible areas of the port or terminal and their possibilities, and
the probability of using them for cargo processing; the available or possible parameters of
the port or terminal’s loading equipment for ship processing and the probability of using
them; the preparation of port or terminal specialists and employees and their attitude to
work and the probability of good quality work; and the possibilities of coastal transport
connections (railways, roads, inland waterways, etc.) and the probability of their effective
use [10,11].

When assessing the investment opportunities of small and medium-sized ports, as
well as the necessary development of the territories near the port quays, it is very important
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to accurately balance the port infrastructure (entrance and internal channels, ship turning
basins, and common railways and roads), possible opportunities for territory development,
and acquisition of port superstructure [12]. One important element of the port infrastructure
is the port quays and the possibility to attract as many ships as possible and process them.

Most of the research conducted focuses on the activities of large ports, their opti-
mization, autonomy and other aspects of port operations. At the same time, small and
medium-sized ports, which have their own specifics due to their limited technical, financial,
and organizational capabilities, are little studied, although the importance of small and
medium-sized ports for individual countries and regions is very high; therefore, research
into such ports is very important.

The article develops and presents a probabilistic method for assessing the mooring of
ships at the port or terminal quays, the existing and/or potential areas of the port or terminal
for cargo processing, the port or terminal’s available or potential equipment for ship
loading, the sufficiency and qualification of existing or potential specialists, shore transport
connections linked to the port or terminal’s infrastructure and superstructure capabilities,
and the principles of transport process organization. The developed methodology allows
for probabilistic assessments of individual factors or their groups, which can be used to
determine the optimal parameters of ships that can moor at the quay(s), the available
parameters of the territory near the quays, the capabilities of the terminal superstructure,
and the organizational features of the terminal.

The novelty and innovation of the article is based on the possibility, using probabilistic
methods [9], to assess the capabilities of a port, especially small and medium-sized ports,
to receive the optimal number of ships, taking into account the limited number of quays, to
harmonize the development possibilities (restrictions) of the port territory, to make optimal
use of the terminal superstructure and to assess the optimal cargo processing in the port
or terminal, and other important, especially in small and medium-sized ports or termi-
nals, probabilistic parameters that are very important in optimizing the activities of ports
or terminals.

The article uses the usual structure for scientific articles, which includes a review of
the activities of small and medium-sized ports, existing problems and the literature, a
presentation of the developed research methodology, a case study, i.e., presentation and
evaluation of the research results, as well as a discussion and conclusions sections.

2. Small and Medium-Sized Ports and Literature Review
There are thousands of small and medium-sized ports in the world, for example, in

Sweden there are more than 60 registered small and medium-sized ports; in some other
countries of the world, there are even more of them, and they are very important for local
regions, as they attract cargo and passenger flows and develop local economies [3,13,14].
Small and medium-sized ports are of even greater importance in island countries such as
the Philippines, Indonesia, and other countries [4,15]. The transformation of ports for new
cargo flows, especially focused on container handling, first requires an accurate assessment
or adaptation of quays to accommodate container ships and then other elements of the port
superstructure can be adapted for cargo handling, especially containers [16,17].

Since port activities are related to many factors, they can be conditionally divided as
follows: maximum parameters of ships that can enter the port; cargo handling equipment
that allows for servicing possible ships and cargo; available cargo handling areas; land
transport system connections between the port and the hinterland; and specialists who
could provide qualified service to ships [18–20]. Many small and medium-sized ports
have limited opportunities to receive larger ships; therefore, in order to optimally use the
available port or terminal capacities, the probability of receiving larger ships is important.
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Since small and medium-sized ports are usually located in cities; cargo handling capabilities
are also limited due to environmental impact [21]. Cargo handling equipment is quite
expensive, and small and medium-sized ports have limited opportunities to purchase very
expensive cargo handling equipment. Many small and medium-sized ports have land
connections, such as roads and railways that connect the ports with the country’s transport
system, but their capacities are also often limited. Small and medium-sized ports often face
a shortage of specialists who can service ships, load equipment, and perform other logistics
functions [22,23].

The infrastructure of small and medium-sized ports capable of receiving larger ships
is often limited, although currently, many ports are trying to receive as many large ships as
possible, sometimes creating unreasonably high risks or, by accepting very large stocks,
not using the optimal capabilities of the port infrastructure [16]. For the development of
ports, especially small and medium-sized ones, it is very important to optimally use the
capabilities of the port infrastructure, having accurately assessed in advance the probability
of safe entry and the mooring of ships of the appropriate parameters into the port.

Ports, especially small and medium-sized ones, are often located in cities or near other
residential and industrial regions and therefore usually have limited territorial areas and
opportunities for expansion [24]. Therefore, it is very important to conduct a probabilistic
assessment of the areas allocated for cargo handling in order to balance the possibilities of
port infrastructure and superstructure with the existing areas of port territories.

Port handling equipment for ship handling is expensive and sometimes difficult to
access for small and medium-sized ports [25–27]; therefore, when planning port develop-
ment, it is very important to perform a probabilistic assessment of the optimal amount of
such equipment and its parameters (Figures 1 and 2).

Figure 1. Two STS cranes used for container loading.

Specialists are one of the most difficult factors to implement, especially for small
and medium-sized ports [28], as the recruitment and training of specialists requires
significant investment and often a lot of time. Therefore, an optimal probabilistic as-
sessment of the available and necessary specialists, depending on the forecasted port
activity, is very important.

Land transport connections are very important, especially for small and medium-sized
ports, since, in many cases and in many regions (where there are no large ports or large
industrial facilities), they have been and are mainly passenger-oriented [29]. Therefore,
when developing small and medium-sized ports, it is very important to assess as accurately
as possible the probable capacity and feasibility of these connections and to balance them
with the forecasted port activity.
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Figure 2. Container loading using one STS crane and one or two mobile cranes.

The literature analysis shows that existing methods, mostly focused on large ports, do
not address the specifics of small and medium-sized ports due to the limitations of their
infrastructure and superstructure; therefore, this article focuses on the specifics of assessing
small and medium-sized ports. The main difference in the proposed probabilistic method,
compared to deterministic or simulation-based models, such as the queuing theory, discrete
event modeling, and others used in port capacity planning, is the ability to relatively easily
assess and identify the “weak” points of factors in small and medium-sized ports and,
based on the obtained probabilistic factors, purposefully correct and develop them.

The totality of the factors above affects the capacity of small and medium-sized
ports’ ship throughput and cargo processing volume in the port; therefore, for the optimal
development of small and medium-sized ports, it is very important to create a sufficiently
accurate and practically acceptable methodology based on the optimal operations of such
ports and the assessment of ship moorings at port quays, based on the principles of the
probability theory.

3. Methodology for Assessing the Possibilities of Small and Medium-
Sized Ports and Ship Mooring at Quays Using the Principles of
Probability Theory

The assessment of the activities of small and medium-sized ports and the possibilities
of mooring ships at the quays, based on the principles of the probability theory [9,29,30],
minimizing ship time losses while waiting to enter the port, and processing ships at the
port terminal are important and are related to the coordination of the main port factors.

The entry of ships into the port and mooring and the necessary assistance of tugs are
directly related to hydrometeorological and hydrological conditions, ship maneuverability
and available ship auxiliary control devices (thrusters), depth in port channels, ship turning
basins, and approaches to quays [31].

The probabilistic assessment of ship entry into the port, their mooring at the quays,
and the performance of loading operations is related to navigational restrictions, such as
the maximum permissible wind and current speeds, the tide situation, and other possible
restrictions [6,9,16,20,31].

The theoretical assessment of the activities of small and medium-sized ports can
be carried out in a complex manner or by assessing each factor separately and further
searching for optimal compatibility between them. Therefore, it is very important to assess
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all the main factors, their possible limits of variation, and possibilities of regulation. The
developed mathematical model allows us to assess the possible factors and their probable
limits of variation in order to comprehensively assess the possibilities of small and medium-
sized ports and mooring ships at the quays, in order to optimize the entry of ships into the
port and their processing at terminals, using the principles of the probability theory [29].

3.1. Steps of Research Methodology

The following stages of the research methodology were used to conduct the study:
an analysis of small and medium-sized ports and the literature was performed; data on
such ports and ship moorings in them were collected, and their analysis was performed
under various conditions. The mathematical model was created using the principles of
probability theory; calculations were performed using the created mathematical model and
using the collected experimental data, and the mathematical model was adjusted based on
the results obtained; and directions for discussions were formulated and conclusions were
prepared (Figure 3).

Figure 3. The algorithm for the research methodology.

Based on the presented basic methodology (Figure 3), a theoretical model for assessing
the activities of small and medium-sized ports and ship mooring at quays was developed,
taking into account various factors.

In order to improve and verify the developed model, experiments were carried out in
real small and medium-sized ports and terminals with real ships, under various conditions
(ship sizes, different parameters of loading equipment, etc.) and based on the experimental
results obtained, a theoretical model for assessing the activities of small and medium-
sized ports and ship mooring opportunities was improved. During the research, possible
conditions for the activities of small and medium-sized ports and their expected limits of
variation were determined. The experiment’s results were processed using the Kalman
filter [30] and the maximal distribution method [32].

The probabilistic assessment of the technical and organizational capabilities and
berthing capabilities of small and medium-sized ports is important because such ports
often have limited cargo handling and tugboat and other auxiliary equipment capacities.
When assessing limited capabilities, it is very important to balance the available real
capabilities to receive ships into the port and process them.

In order to confirm the theoretical results, it is very important to conduct experiments
with real objects such as small and medium-sized ports and the ships entering such ports,
especially under boundary conditions. Based on the experimental results obtained, it is
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possible to adjust the created mathematical models so that they can be applied to forecasting
the future activities of small and medium-sized ports and the ship servicing within them.

3.2. Mathematical Assessment of Small and Medium-Sized Port Activities and Ship Mooring
Opportunities at Quays, Applying the Principles of Probability Theory

When evaluating the main factors, using the principles of probability theory, the
probabilistic parameters of the factors can be evaluated separately, in separate groups, or
all together. In most cases, when evaluating the main factors together, the total probability
can be written as follows [29]:

∑ P =
1ɳ       P

(
PN PSPEqPSl Pot . . .

)
, (1)

Here, ɳ       P—the correlation coefficient is meaningful when there are similarities between
the factors, for example, if the ship cannot enter the port due to high wind speed and, at
the same time, the terminal cranes cannot work due to high wind speed. In the studied
situation, the correlation coefficient can be taken as about 0.95–0.99. If there is only one
factor or if there is no relationship between the factors, the correlation coefficient will be
equal to one; PN—the safe mooring of ships in the port probability factor, which means the
possibility of the largest possible ship entering (depends on the existing parameters of the
berths intended for such ships); PS—the probability factor of the available terminal area for
cargo processing, which means the possibility of maximum use of the area located near the
berth for cargo processing; PEq—the probability factor of the use of the loading equipment in
the terminal, which means the maximum use of the loading equipment; PSl—the probability
factor of the capacity of the terminal connections with the shores (railways, roads, inland
waterways, and pipelines), which means the maximum possibilities of cargo delivery and
removal to and from the terminal; and Pot—other possible probabilistic factors, such as
the sufficiency of specialists and their training, additional administrative restrictions, and
the like.

The overall probability of a ship entering the port and being processed at the terminal
is important in that it allows for a comprehensive assessment of the conditions of a ship’s
presence in the port and the adjustment of individual factors to optimize the functionality
of small and medium-sized ports.

The safe mooring of ships in the port probability factor, which represents the possibility
of entry for the largest possible vessel and depends on the existing parameters of the berths
intended for such vessels, can be calculated as follows:

PN = 1 −
Lq − (LSns + ∆L)

Lq
(2)

where LS—length of the vessel moored at the quay; ns—number of vessels moored at
the quay; Lq—total length of the quay(s) to which the largest vessels can be moored; and
∆L—spacing between moored ships (recommended up to 20% of the length of the largest
vessel to be moored).

In the event that the length of the berth occupied by a ship or ships becomes greater
than the length of the berth itself (sometimes ships are moored in such a way that part of
the ship “exits” beyond the length of the berth), the probability is assumed to be about
0.9999. . ., and this probability factor shows the efficiency of berth usage.

The probability factor of the available terminal area for cargo handling, which means
the possibility of maximum use of the area located near the quay for cargo handling,
depends on the size of the area itself, the area utilization factor, depending on the type
of cargo and the technology used, as well as on the time of cargo storage at the terminal.
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In this way, the probability factor of cargo handling for the available terminal area can be
calculated as follows:

PS = 1 − (ST−SF kTF)tTF
STkTtT

, (3)

Here, ST—total terminal area; SF—actual usable terminal area for loading cargo;
kTF—actual terminal area utilization factor; tTF—actual average cargo storage time at the
terminal (in days); kT—theoretical terminal area utilization factor (estimates cargo arrival
and departure routes, as well as necessary additional technological areas, for example, work
areas for loading technicians near cargo storage areas); and tT—maximum permissible
cargo storage time at the terminal (in days).

Terminal area utilization is one of the most important indicators of small and medium-
sized ports; therefore, assessing and increasing this probabilistic indicator by using new
loading and cargo storage technologies is very important for increasing terminal efficiency.

The probability coefficient of terminal loading equipment utilization, which indicates
the maximum utilization of loading equipment such as STS or mobile cranes for cargo
transshipment from or to ships, can be calculated as follows:

PEq = 1 − nTEFqTEFkTEF
nTEqTEkTE

, (4)

Here, nTEF—the number of terminal handling equipment for ships actually used at
the terminal; qTEF—the actual average throughput of the terminal equipment, for example,
containers per hour; kTEF—the actual utilization factor of the terminal equipment over
time; nTE—the total number of handling equipment for ships; qTE—the possible maximum
throughput of the terminal equipment, for example, about 35 movements per hour are
assumed for an STS crane; and kTE—the possible maximum utilization factor of the terminal
handling equipment on ships.

When assessing the performance of terminal handling equipment, especially in small
and medium-sized ports, possible additional constraints must be taken into account, such
as possible equipment limitations due to the possible arrangement of equipment in relation
to the ship, the ability to reach the most distant cargo, such as containers, so as not to
have to additionally re-moor (turn around) the ship, and other possible technological and
organizational constraints.

Small and medium-sized ports are often limited in their financial capabilities to
purchase the latest equipment and technology; therefore, the factor of probabilistic termi-
nal equipment utilization is important in finding more efficient solutions for increasing
terminal capacity.

Connections to land transport systems (rail, road, inland waterways, and pipelines) are
very important for a port or terminal to bring cargo to and from the terminal. The capacity
probability coefficient of connections to land transport systems of small and medium-sized
ports, which represents the maximum possibilities for bringing cargo to and from the
terminal, can be calculated as follows:

PSl = 1 − (QRkR + QROkRO + · · ·)ηΣ − (QRFkRF + QROFkROF + · · · )ηΣF

(QRkR + QROkRO + · · · )ηΣ
, (5)

Here, QR—maximum possible capacity of the railway connecting the terminal
to the national railway network; kR—maximum possible utilization coefficient of the
railway connecting the terminal to the national railway network; QRO—maximum
possible capacity of road transport connecting the terminal to the national road network;
kRO—maximum possible utilization coefficient of roads connecting the terminal to the
national road network; ηΣ—actual maximum possible correlation coefficient of transport
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connections connecting the terminal to the national transport networks; QRF—actual
capacity of the railway connecting the terminal to the national railway network per year;
kRF—actual utilization coefficient of the railway connecting the terminal to the national
railway network; QROF—actual capacity of road transport connecting the terminal to
the national road network; kROF—actual utilization coefficient of roads connecting
the terminal to the national road network; and ηΣF—actual correlation coefficient of
transport connections connecting the terminal to the national transport network.

Small and medium-sized ports are often located in cities or close to residential areas,
which makes it sometimes difficult to develop transport infrastructure, especially railways,
connecting the terminal to the country’s public transport networks; therefore, the proba-
bilistic assessment of this factor is very important for the overall development of the port
and the city.

Other possible probabilistic factors, such as the sufficiency of specialists and their
training, additional administrative restrictions, etc., usually have a direct impact on the
results of terminal operations; therefore, it is appropriate to assess them when planning
terminal capacities and calculating the expected mooring of ships at the quays. The
probability coefficient of other possible factors, such as the sufficiency of specialists and
their training, additional administrative restrictions, etc., can be calculated as follows:

Pot = 1 −
(
TSpkSp + TLkL + · · ·

)
ηL −

(
TSpFkSpF + TLFkLF + · · ·

)
ηLF(

TSpkSp + TLkL + · · ·
)
ηL

, (6)

Here, TSp—necessary (normative) number of specialists at the terminal; kSp—importance
of the impact of specialists on ship processing operations at the terminal (weight coefficient);
TL—other possible restrictions, such as various necessary inspections of the ship, for example,
a sanitary inspection before the ship receives a sanitary certificate before loading cargoes of
animal origin and the like; kL—weight coefficient of other possible restrictions (in all cases, the
sum of the weight coefficients in the numerator, as well as in the numerator, must be equal to
one); ηL—correlation coefficient of the effects in the denominator, in the case of interconnected
processes; TSpF—actual total working time of specialists at the terminal per day; kSpF—actual
influence of specialists on the ship processing process (weight); TLF—other actual restrictions
that hinder ship loading processes per day, falling on specialists; kLF—weight coefficient of
other actual restrictions (the sum of the weight coefficients of actual restrictions must be equal
to one); and ηLF—correlation coefficient of actual restrictions, which makes sense in the case
of interconnected processes.

Existing port and terminal research and development methods are mostly focused on
large ports and usually do not assess the potential development aspects of ports located
in cities or close to residential areas, problems related to the transport infrastructure
connecting small and medium-sized ports with the country’s public transport networks,
and other features specific to small and medium-sized ports.

In addition to the probability coefficients of factors, it is very important for the
assessment of the performance of small and medium-sized ports to assess their potential
capacity or the potential capacity of individual terminals, which is mainly related to the
capacity of the terminal’s loading equipment and storage capabilities. After evaluating
the indicated factors, the terminal capacity per year can be estimated using the following
mathematical equation:

QT = TTnTEqTEkTE (7)

Here, TT—the number of hours a terminal operates per year.
For specific cargoes, the available terminal area for cargo storage is very important;

for example, when storing containers, it is necessary to assess the area occupied by the
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container and the number of containers stacked on top of each other. Then, for example,
the terminal container capacity (QTC in TEU) can be calculated as follows:

QTC =
STCTnhkTC

SCtc
, (8)

Here, STC—terminal area intended for container storage; T—terminal working time
per year (days); nh—average number of containers stacked vertically (one on top of the
other); kTC—container storage area utilization factor (on average, about 0.3–0.5); SC—area
occupied by a container (for a 20’ container, TEU, it is about 15 m2); and tc—containers’
average storing days in the terminal (days).

The operating hours of the container and other terminals may be affected by navigation
restrictions related to tides, especially if the so-called “window” of ship navigation is used,
where ships are brought into and out of the port one hour before high tide and one hour
after high tide (or another “window” period is set). In individual small and medium-sized
ports, restrictions on the time of bringing ships into and out of the port are applied; for
example, ships are not brought into and out of the port at night, ships are not brought into
and out of the port due to difficult ice conditions, and the like.

Knowing the terminal capacity, it is possible to calculate the maximum possible
number of ships per year by estimating the average carrying capacity of ships arriving at
the terminal, for example, the number of containers arriving at and leaving the terminal.
The number of ships arriving at the terminal can then be calculated as follows:

NS =
QT

QSkS
, (9)

Here, QS—average carrying capacity of ships arriving at the terminal; kS—average
capacity utilization factor of ships.

Knowing the terminal’s loading intensity and its operating hours per day or other
time period, it is possible to calculate whether the terminal’s loading capacities will be able
to service the number of ships arriving at the terminal or whether additional measures need
to be taken, for example, increasing the number of work shifts, equipment, and employees,
to ensure the transportation of the planned cargo volume. The processing time for one ship
can be calculated as follows:

TS =
QSkS

nTEqTEkTE
. (10)

The time of a ship’s service in the port, using the principles of the probability theory,
can be calculated by evaluating the pilot waiting time, the time for ships to enter the
port and moor, the time required to prepare ships for loading operations, and the time
required to perform loading operations, including securing the cargo, preparing the ship
for departure, and the time it takes for the ship to depart the port as follows:

∑ TSP =
1ɳ       SP

(tPv/PPv + (2
SP
vP

)/PPS +
tSm
PSm

+
tSp

PSp
+

tSh
PSh

+
tSpl

PSpl
+

tSum
PSum

), (11)

Here, tPv—pilot waiting time; PPv—pilot waiting time probability; SP—sailing dis-
tance from the pilot reception point to the ship’s mooring place; vP—average ship sailing
speed from the pilot reception point to the ship’s mooring place; PPS—ship sailing time
probability, as the ratio of the actual sailing time to standard time; tSm—ship mooring
time; PSm—ship mooring time probability as the ratio of standard time to the actual time;
tSp—ship preparation time for loading operations; PSp—ship preparation loading operation
probability as the ratio of standard (average statistical) time to the actual time; tSh—ship
loading operations time; PSh—ship loading operations time probability, as the ratio be-
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tween the ship’s standard (average statistical) and actual time; tSpl—cargo securing time;
PSpl—probability of cargo securing time, as the ratio of standard (average statistical) and
actual time; tSum—the ship unmooring operation time; and PSum—the probability of the
ship’s unmooring, as the ratio of the standard time to the actual time. In all cases, if the
probability obtained is above unity, unity is accepted.

When assessing the probability of port operational factors that influence the entry
of ships into the port and the terminal berths, the total number of ships that can be
accommodated at the terminal berths can be calculated as follows:

∑ NSP = NS∑ P′. (12)

where ∑ P′—the total probability coefficient of port (terminal) activity factors that affect
the mooring of ships at quays.

Having the ship’s processing time in the port, the number of ships that must transport
a specific amount of cargo, and the number of ships that can be moored in the port at
the same time, it is possible, using the developed methodology, to assess the terminal’s
capabilities or knowing the likely “weak” areas of the port, to look for specific solutions to
process the predicted cargo flow in the port, since the basis of the transport system as a
service system is the cargo flow.

4. Case Study of Probabilistic Assessment of Port Activities and Ship
Moorings at Port Quays

The terminal selected for the case study, which handles containers and other cargo,
has two quays where ships up to 150 m long can be moored. The terminal’s cargo
storage area is about 6 hectares; the terminal area intended for container storage is about
5 hectares; the average number of containers stacked vertically (one on top of the other)
is between two and four; the container storage area utilization factor (on average, is from
0.3 up to 0.5); the number of terminal operating hours per year is between 2800 and 8400 h;
the total length of the quays to which the largest vessels can be moored is 330 m; and the
spacing between moored vessels required to perform mooring procedures is 20 m.

Using the developed methodology, having primary data recorded, and analyzing
the work of the terminal and its ship handling equipment for a period of one year,
i.e., that one mobile crane loads about 15 and one STS crane loads about 30 containers
per hour [32,33], and the terminal can work in one, two, or three shifts, the terminal’s
expected capacity to process the possible amount of containers was calculated. The
assessments assume that the crane utilization factor can vary from 0.7 to 0.9 (Figure 4).
Depending on the terminal area utilization factor for container storage, assuming it to
be from 0.3 to 0.5 [34–36], and the container loading level (number of vertically stored
containers in the terminal) from two to four, the expected annual capacity of the terminal
was estimated (Figure 5). The expected loading time of a container ship at the terminal,
assuming various possible combinations of container handling cranes and expected
utilization factors (with one crane handling from 10 to 30 containers per hour) and the
average expected number of containers arriving per ship, is estimated in Figure 6.

The number of work shifts and the types of loading equipment used, together with
the optimal use of terminal space, can significantly increase the terminal capacity, speed up
ship loading operations, and, at the same time, reduce emissions generated by ships while
in the port.
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Figure 4. The terminal’s expected capacity to handle the number of containers per year, depending
on the equipment used and the number of shifts.

Figure 5. The terminal’s expected annual container throughput capacity, depending on the terminal’s
load factor and the vertical loading level of containers.

Figure 6. Container ship loading time at the terminal, depending on the number of containers being
handled and the throughput of one average loading unit.
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The results of the research presented in Figures 4–6 clearly show that, depending
on the organization of work (multiple shifts), it is possible to achieve a sufficiently high
annual terminal turnover (Figure 4), and by using different container handling technologies
and, accordingly, loading equipment at the container storage site, the terminal’s possible
annual container turnover can be specified (Figure 5). Depending on the terminal’s loading
equipment used for ship processing, the time spent by ships at the quay can be minimized
(Figure 6), the possible number of ships at the terminal per unit of time, for example, a
year, can be increased, and the environmental impact is reduced by reducing the amount
of fuel consumed by ships when ships are at the quays and, accordingly, reducing the
emissions generated.

The total expected time of the ship’s stay in the port can be calculated using the
developed methodology and evaluating the possible expected times and their probability
coefficients. This expected time of the ship’s stay in the port is very important in assessing
the probability of occupancy of the terminal berths so that, given the projected cargo
volume processed per year, the terminal does not create ship “traffic jams” when ships
have to wait until the berth(s) become free [37].

For the theoretical assessment of the ship presence in the port and experiments con-
ducted in real terminals, which are similar in size and accepted ships but use different
ship handling equipment, the following primary data was adopted for the probabilistic
assessment of ship presence in the port: on average, the carrying capacity of ships arriving
at the terminal is about 700 TEU; average capacity utilization factor of ships is about 0.9;
pilot waiting time on average is about 0.5 h; the pilot waiting time probability is about 0.90;
sailing distance from the pilot reception point to the ship’s mooring place is about 6 miles;
average ship sailing speed from the pilot reception point to the ship’s mooring place is
about 7 knots; ship sailing time probability, as the ratio of actual sailing time to standard
time, is about 0.92; ship mooring time is about 0.4 h; ship mooring time probability as
the ratio of standard time to actual time is about 0.97; ship preparation time for loading
operations on average is about 0.5 h; ship preparation loading operation probability as the
ratio of standard (average statistical) time to actual time is about 0.95; the ship loading
operations time depends of the number of mobile or STS cranes being used: using two
STS cranes, the ship average loading time is about 12 h, using one STS and one mobile
crane is about 16 h, and using two mobile cranes, the ships loading time is about 20 h
(Figure 6); the ship loading operations time probability, as the ratio between the ship’s
standard (average statistical) and actual time is about 0.90 (use one mobile and one STS
crane); cargo securing time is about 1 h; cargo securing time probability, as the ratio of
standard (average statistical) and actual time is about 0.90; the ship unmooring operation
time is about 0.3 h; and the probability of the ship’s unmooring, as the ratio of the standard
time to the actual time, is about 0.95, with a correlation coefficient of 0.98.

The average ship’s port stay time, depending on the type and quantity of cranes used
for ship loading operations, when processing one ship handling approximately 700 TEU, is
presented in Figure 7. The vessel berthing time was measured at the feeder terminal, where
container loading was carried out using STS cranes, mobile cranes, and their combinations
(one STS crane and one mobile crane). The measurements of the berthing time of feeder
vessels at the quays, when about 700 TEU, were processed on the vessels and were carried
out for about a year; the results obtained were processed using the variance method [29].

Different combinations of cranes used for ship loading allow for the regulation of the
ship’s berthing time at the quays and, at the same time, optimize the ship’s utilization
and terminal work when the terminal receives several container ships at the same time.
Optimizing the ship’s berthing time at the quays also reduces the ships’ environmental
impact, as they consume less fuel and generate fewer emissions.
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Figure 7. Average time of ship’s stay in port depending on the ship’s loading time and the type
and number of cranes used, obtained by calculation (line) and experiment: circles—2 STS cranes;
triangles—1 STS crane and 1 mobile crane; and quadrilateral—2 mobile cranes.

When assessing the expected optimal capabilities of the terminal based on the use of
loading equipment and the terminal area, the most appropriate terminal capacity would be
about 200,000 TEU per year.

Assuming the optimal terminal capacity (about 200,000 TEU per year), the average
ship that brings to and leaves the terminal during one call is about 700 TEU, which is
typical for small and medium-sized ports, and assuming that the ship stays in the port for
no longer than one day, it is appropriate to estimate the expected number of ships calling at
the terminal per year (Figure 8).

Figure 8. Expected number of ships at the terminal, processing about 200,000 TEU/year, depending
on the vessel’s container capacity utilization factor.

The total number of ships that should enter the terminal per year, especially in small
and medium-sized ports, is very important, because then it is possible to assess not only the
total number of ships arriving at the port, but also to optimally use the port infrastructure
for other cargo flows and ships.

When assessing potential disruptions to ship arrivals and processing, the probability
of using a berth for ships, depending on the length of arriving ships and the distance
between them, is presented in Figure 9.



J. Mar. Sci. Eng. 2025, 13, 1833 15 of 22

Figure 9. Probability coefficient use of quays for ships with a length of 100 m to 150 m and a spacing
between ships of 10 to 30 m.

Assessing the probability of using quays is important for optimizing the port’s
reception capabilities, avoiding downtime for mooring ships at quays, and improving
port work planning.

For the assessment of the probable use of the terminal area, it is assumed that the
total terminal area is 6 ha, the actual terminal area used for loading containers is about
5 hectares (500,000 m2), the possible terminal area utilization factor for storing containers is
from 0.3 to 0.5, and, also, the average cargo storage time at the terminal is from 4 to 7 days;
from this, the theoretical probable utilization factor of the terminal area has been calculated.
The assessment also takes into account the routes for the arrival and departure of cargo
(containers) at the terminal, as well as the necessary additional technological zones, for
example, workplaces for maneuvering loading equipment near the container storage areas
and the maximum permissible cargo storage time at the terminal, which stands at 8 days
(Figure 10).

Figure 10. Probability of terminal space utilization depending on the actual time containers are stored
at the terminal and the terminal space utilization factor for containers.

Assessing the probability of terminal space utilization allows understanding terminal
space utilization problems, which is important for optimizing terminal space utilization
and implementing new technologies and work methods.
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The following data was adopted for the probabilistic assessment of the terminal
equipment utilization: the terminal equipment used in the terminal serving ships consists
of two mobile cranes, and two STS cranes can be used; the actual average productivity
of one mobile crane of the terminal is on average up to 15 movements per hour, and the
actual average productivity of an STS crane is up to 30 movements per hour. The terminal
equipment utilization factor in terms of time is from 0.7 up to 0.9. The maximum possible
throughput of the terminal equipment is assumed: for an STS crane—about 35 movements
per hour, and for a mobile crane—up to 18 movements per hour; the maximum possible
utilization factor of the terminal equipment serving ships can be up to 0.95. Calculation
results are presented in Figure 11.

Figure 11. Probability utilization rate of terminal equipment depending on equipment type and
utilization rate.

Probabilistic assessment of terminal loading equipment utilization allows for identify-
ing the weak points of loading equipment due to inaccuracies in work organization and
searching for optimal solutions for loading equipment utilization.

For the assessment of the probability coefficient of the capacity of the land transport
system connections of small and medium-sized ports, the actual annual capacity of the
railway connecting the terminal with the national railway network up to 125,000 TEU and
the actual utilization coefficient of the railway connecting the terminal with the national
railway network from 0.70 to 0.90 were adopted [38,39]. The actual capacity of the road
transport connecting the terminal with the national road network up to 125,000 TEU and
the actual utilization coefficient of roads connecting the terminal with the national road
network from 0.70 to 0.90 were adopted. The correlation coefficient of transport connections
connecting the terminal with the national transport networks was adopted at about 0.98.
At the same time, the maximum possible capacity of the railway connecting the terminal to
the national railway network is up to 130,000 TEU, and the maximum possible utilization
factor of the railway connecting the terminal to the national railway network is about
0.95. The maximum possible capacity of road transport connecting the terminal to the
national road network is about 135,000 TEU, and the maximum possible utilization factor
of roads connecting the terminal to the national road network is about 0.92. The correlation
coefficient of transport links connecting the terminal to national transport networks is
assumed to be about 0.98. The evaluation results are presented in Figure 12.

Probabilistic assessment of transport systems connecting the port and terminal with
the country’s public transport system networks allows for identifying weak points in the
interfaces between transport systems and the port and seeking optimal solutions, which is
very important for small and medium-sized ports where opportunities for the development
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of shore infrastructure are often limited due to the city and residential areas located near
the port.

Figure 12. Probability coefficient of land transport systems depending on terminal capacity and
transport system utilization coefficients.

Other possible probabilistic factors are mostly related to specialists working at the
terminal and their qualifications. The data accepted for the assessment of other possible
probabilistic factors are those that are important for the terminal’s operations. Terminals
in most small and medium-sized ports operate 8 or 16 h a day, i.e., one or two shifts, and
only some operate for 24 h a day; therefore, all possible working time options are accepted
for the assessment. At the same time, it is necessary to assess the influence of specialists’
working hours and their restrictions on ship loading, since in small and medium-sized
ports, specialists often have many additional functions and, at the same time, there are
restrictions that affect ship processing at the terminal.

The assessment assumes that the actual influence of specialists on the ship processing
process (weight) is from 0.70 to 0.90 and other actual restrictions that hinder ship loading
processes, which account for up to one hour a day, and the weight coefficient of other
actual restrictions are from 0.7 to 0.90. The correlation coefficient of actual restrictions on
interrelated ship loading processes is assumed to be about 0.98. The theoretical (normative)
number of working hours of specialists at the terminal is from 8 to 24 h per day (depending
on the number of shifts), and the importance of the influence of specialists on ship pro-
cessing operations at the terminal (weight coefficient) is assumed to be about 0.9 (ideal
case). Other possible restrictions, i.e., various necessary ship inspections, for example,
a sanitary inspection before loading a ship with animal products, which is necessary to
obtain a sanitary certificate, and other possible inspections, can take up about 1 h. The
weight coefficient of other possible restrictions is assumed to be about 0.95, and the correla-
tion coefficient of other impacts on ship loading operations, in the presence of interrelated
processes, is assumed to be about 0.99. The results of the probability coefficient of other
possible factors, depending on the number of working hours (shifts) of the terminal, and
the coefficients of the impact of interference, are presented in Figure 13.

A probabilistic assessment of other factors affecting the operations of small and
medium-sized ports is important for identifying various factors other than those men-
tioned above in order to seek optimal solutions for port and terminal operations.
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After analyzing the obtained expected terminal parameters, it is possible to plan an
optimal terminal and, accordingly, perform a probabilistic assessment of ship mooring at
the quays of small and medium-sized ports.

Figure 13. Results of the probability coefficient of other possible factors depending on the number of
terminal operating hours (shifts) and interference impact coefficients.

Based on the analysis of the probabilistic assessment of the terminal’s activities and
ship mooring at the terminal quays, the following optimal terminal parameters were
obtained: for terminal capacity, when the total terminal area is 6 ha, the container processing
area is 5 ha, and the total annual terminal capacity should be up to 200,000 TEU when
the average number of containers brought to and taken out of the terminal by one ship is
from 600 to 800 TEU. In this case, the probability coefficient of ship utilization is about 0.8,
the average container storage time at the terminal is about 6 days, and the terminal area
utilization coefficient is from 0.4 to 0.6; thus, the expected terminal utilization coefficient
should be from 0.5 to 0.65. For the analyzed case, the capacity utilization factor of land
transport connections to the terminal should be about 0.8, and the probability coefficient of
land transport connections should be about 0.66. The terminal should operate at least two
shifts per day (special working hours are 15 h per day), then the terminal utilization factor
would be about 0.8, and the total probability coefficient of the terminal activity would reach
up to 0.58–0.62 (Figure 14), which is a good result for small and medium-sized ports or
individual small terminals.

An overall probabilistic assessment of a port or terminal is very important when
comparing small and medium-sized ports with each other, identifying problematic areas of
ports and terminals, and seeking optimal solutions to improve port operations.

The identification of “weak” areas in the activities of small and medium-sized ports
and terminals and the optimization of activities based on that identification not only
improves the activities of small and medium-sized ports but also reduces the impact on
the environment due to the possible shorter stay of ships in ports, carrying out loading
operations, and more rational use of port equipment.

The presented methodology for the assessment of terminal activities and opportunities
based on the principles of the probability theory and the probabilistic assessment of ships
arriving and berthing at the terminal quays, given the forecasted cargo flow, can be applied
to ports, especially small and medium-sized ones, or individual terminals, after adapting it
to the conditions of a specific port or terminal.

The conducted research showed that the operational problems of small and medium-
sized ports and individual terminals can be identified using the developed model, which is
based on the principles of the probability theory and innovative solutions. The developed
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model can be successfully used to solve the identified problems and optimize and improve
the operational results of small and medium-sized ports.

Figure 14. Probability of terminal activity (use of quays for ships, terminal equipment, land transport
systems, and other possible factors) summed up by the average number of containers delivered
by ships.

5. Discussions
The large variety of small and medium-sized ports provides a large number of possi-

ble terminal solutions; therefore, it is very important to use probabilistic methods to find
optimal solutions. Small and medium-sized ports are important for specific cities and
regions [3,13,14,40], but compared to large ports, they often have smaller development
opportunities; therefore, it is very important to find optimal opportunities for their im-
plementation and optimal use, which should be the direction of breakthrough scientific
research. Individual small and medium-sized ports have limited infrastructure and su-
perstructure parameters to receive and process modern ships [41,42], and this hinders the
optimal use of such ports; therefore, a very important direction of scientific research is
to harmonize the infrastructure and technological capabilities of modern ships and ports
in order to maximize the use of the existing infrastructure and superstructure of small
and medium-sized ports in receiving and processing modern ships (container, RoRo and
Ro-Pax, and other modern ships).

Probabilistic assessment results allow for the identification of problem areas in small
and medium-sized ports, and once identified, it is easier to find optimal solutions to the
problem areas. The research results obtained in the case study are very important for
the port or terminal itself, especially when comparing ports and terminals with similar
parameters in order to effectively use the opportunities for good practice.

The problems of small and medium-sized ports, such as administration, an insuffi-
cient number of specialists and their qualifications, and other similar limitations in many
countries, compared to large ports, are solved with much more difficulty, since often one
specialist performs several functions. The identification and highlighting of problems
allows us to search for optimal solutions by distributing duties and responsibilities between
specialists to better understand what small and medium-sized ports need most in order
to optimize and improve their activities. The functions studied and evaluated by the
probabilistic methods in the article are very important directions for further research.

Training specialists for small and medium-sized ports, adapting to the specifics of
such ports, and their employment is one of the challenges of small and medium-sized
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ports; therefore, this research direction is also important in order to optimally utilize the
opportunities of specialists in developing small and medium-sized ports and applying
modern technologies in them [43,44]. Various administrative and other restrictions in small
and medium-sized ports are associated not only with the application of new technologies
in such ports but also with the fact that, in individual cases, specialists, due to their small
number, have to take on other functions, and, in individual cases, cannot concentrate on
searching for and implementing new opportunities in such ports.

The research on the problems and “weak points” of small and medium-sized ports,
supported by probabilistic assessments of specific factors and research on methods for
solving specific port performance factors, is one of the most important challenges in
the optimal use of small and medium-sized ports. Small and medium-sized ports are
important for the economic development of many countries and regions, for reducing the
environmental impact of cargo flows, and finally, for creating sustainable and modern small
and medium-sized ports, and this should be the focus of future research.

6. Conclusions
Small and medium-sized ports are becoming increasingly important in passenger and

cargo transportation processes; therefore, their research, with the aim of optimizing the
activities of such ports, is very important.

A methodology for assessing the activities of small and medium-sized ports has
been developed, applying the principles of the probability theory, allowing for a more
accurate and clear assessment of individual factors of such ports’ activities and, at the same
time, seeking possible common solutions or the improvement of individual factors of port
activities. A methodology for assessing the activities of small and medium-sized ports has
been developed, allowing for the identification of problematic areas of such ports’ activities
and seeking their optimal solutions, i.e., the optimal use of port quays, optimal use of
territories and other infrastructure, optimal use of small and medium-sized port loading
equipment, and the safe reception of the largest possible ships into ports. The developed
methodology, using the probability coefficients of factors, also allows for the assessment of
aspects of the use of specific operational factors and search for their optimal use and, at the
same time, improves the internal structures of ports and optimize management systems.

Optimization of the activities of small and medium-sized ports, supported by proba-
bilistic assessments, not only improves the activities of such ports but also, by minimizing
the presence of ships in the port and optimally using loading equipment, reduces the
impact on the environment due to a possible reduction in energy (fuel) used.

Research has shown that the developed methodology for evaluating the performance
of small and medium-sized ports can be applied not only to the evaluation and optimization
purposes of small and medium-sized ports but can also be applied to the evaluation and
optimization of individual terminal operations of other ports.
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