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Abstract

Port sustainability focuses on balancing economic growth by focusing on environmental
protection and social well-being, involving green infrastructure, renewable energy, effi-
cient operations, and community engagement to reduce pollution, cut emissions, manage
waste, and support sustainable supply chains, guided by global goals. The port is one of
the most important parts of the transport system; therefore, when assessing the sustain-
ability of the port, it is necessary to assess that the port could receive ships characterized
by maximum possible parameters with minimal delays when they enter the port due to
hydro meteorological and other adverse conditions. One of the conditions for a sustain-
able port is to optimally use the port’s capabilities, provide high-quality and fast pas-
senger services and cargo processing, and reduce the negative impact on the environ-
ment due to the generation of pollutants emitted by ship and terminal activities. As ship
parameters in ports increase and port sustainability is achieved, appropriate and accurate
assessment of ship maneuvering capabilities and port tugboat capacities, as well as op-
timal use of port infrastructure and superstructure, becomes increasingly important.
Ensuring shipping safety in ports, optimizing port loading operations, reducing envi-
ronmental impact and achieving port sustainability are very important parts of maritime
transport activities. Since port sustainability includes technical, technological, environ-
mental, social and other aspects, this article focuses mainly on technical, technological
and environmental aspects. This article presents a methodology for assessing port infra-
structure related to shipping safety in the port, port (terminal) activities and reducing
environmental impacts, based on a method expressed as a comparative port sustainabil-
ity index. The developed methodology can be applied in various ports, port terminals
and other locations to achieve port and maritime transport sustainability.

Keywords: sustainable water transport; sustainable port infrastructure; ship navigational
safety; optimal use of port infrastructure and superstructure; environmental impact
assessment; comparative port sustainability index

1. Introduction

Port sustainability is one of the main features of modern port operations and is re-
lated to the planning of port infrastructure and superstructure and the navigational
safety of ships [1]. The sustainability of the port is analyzed in this article, primarily fo-
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cusing on the safety of port navigation (port entrances and internal navigation channels,
ship turning basins and approaches to the quays) and the capabilities of port tugs to en-
sure the safety of port navigation. This article also focuses on the reduction of environ-
mental impact and the efficient operation of the port and terminals in serving passengers
and handling cargo (including high qualification and work culture of port and terminal
employees, decarburization and digitalization of the port and terminal, and other fac-
tors).

The optimal development of port superstructure, reducing the time of ship handling
in the port, plays an important role in reducing the environmental impact of ships and
port terminals [2]. Safe maneuvering of ships during entry and maneuvering in the port,
while reducing the fuel consumption of ships and, if tugs are used, their fuel consump-
tion, reduces the amount of emissions from port facilities and ships and ultimately re-
duces the environmental impact [3]. The sustainability of ports from a technical, techno-
logical and environmental impact point of view is directly related to optimal conditions
for ship entry and maneuvering in ports, convenient ship mooring options at quays and
optimal passenger service, and cargo handling technologies.

The navigation safety of ships entering ports and maneuvering in them inde-
pendently or with the help of port tugs is important not only from the point of view of
shipping safety and ship arrival time, but also from the point of view of environmental
protection, as it reduces the time of ships entering the port and maneuvering in it, fuel
consumption during such operations and the resulting emissions [4]. Individual port
areas, such as port entrances and internal navigation channels, ship turning basins, ap-
proaches to quays, often have complex configurations and require many and very precise
ship maneuvers.

Modern ports are trying to accommodate as many large ships as possible, develop-
ing port infrastructure and superstructure, using tugboats and trying to minimize
downtime. In some ports, when ships enter and maneuver in ports, it is mandatory to
order tugboats, although some large ships, such as large cruise ships, can maneuver and
moor independently. In some countries and ports, port navigation rules require that
during autonomous mooring operations, for example, for cruise ships, one or two tug-
boats be on standby next to such mooring ships. Such rules apply in some ports in Japan,
where one tug must be on standby next to a ship mooring independently, and in many
ports in South Korea, for example, two tugs must be ordered and on standby next to a
ship mooring independently [5,6]. Tugs may be used compulsorily based on port regu-
lations or at the decision of the ship’s captain and pilot if the ship does not have sufficient
maneuverability or due to difficult hydro meteorological and hydrological conditions.

Accurate knowledge and assessment of a ship’s maneuvering characteristics allows
reducing the number of maneuvers when maneuvering in the port, reducing fuel con-
sumption and at the same time minimizing the resulting emissions [4,7], which is im-
portant in developing sustainable ports.

Optimizing the ability of ships to maneuver independently or using tugboats in
ports is related to the good development of sustainable port infrastructure and is im-
portant from a theoretical and practical point of view, as it allows for the assessment of
optimal ship maneuvering conditions in advance and the timely implementation of nec-
essary additional factors. Additional actions are related to the optimal planning of port
infrastructure, the assessment and ordering of the required tugboat traction force (quan-
tity and power) in order to avoid unforeseen situations during ship maneuvering. It is
necessary to consider that once ship maneuvers in the port have begun, there are often
very limited conditions and time to attract additional capacity (tugboats) if during the
maneuver it turns out that the initial decisions made are insufficient.
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The superstructure of port terminals is very important in the development of sus-
tainable ports, so that ships are processed in the shortest possible time, without causing
additional environmental impact. The superstructure of port terminals must correspond
as closely as possible to the optimal ship processing capabilities, since, for example, when
loading bulk cargo onto ships at a particularly high intensity, it is not always possible to
avoid significant dispersion of solid particles beyond the ship’s loading areas.

The development of sustainable ports is a very important task from a maritime
safety, economic and environmental perspective; therefore research in this area is im-
portant for many countries and ports.

This article analyses the following key factors of port sustainability: optimality of
port entrances and internal navigation channels (maneuverability and environmental
impact); sustainability of port turning basins (maneuverability and environmental im-
pact); sustainability of port tugs (capacity and environmental impact); optimality of
quayside (area and environmental impact); sustainability of terminal (port) activities
(efficiency, intensity, energy demand for port operations and environmental impact);
emissions; additional actions (port organization, staff quality, fuel quantities, etc.) that
influence port sustainability and environmental impact.

The main research objectives are as follows: port (terminal) sustainability (optimal-
ity), based on ensuring shipping safety in ports, using the necessary power capabilities of
port tugs; improving port sustainability, based on reducing environmental impact, using
more friendly energy sources; sustainability of port terminal operations, assessing opti-
mal passenger service and cargo handling.

The novelty, innovation and contribution to the development of science in the field
of port sustainability of this article is manifested in the fact that a comprehensive study of
the sustainability of ports (terminals) has been carried out, supplemented by factors of
shipping safety and tugboat capabilities, which were not assessed in previous port sus-
tainability studies (most were limited to port economic and environmental factors). This
article studies a comprehensive assessment of port sustainability, including (but not lim-
ited to) the following port sustainability factors: ensuring shipping safety in ports, using
the necessary port tugboat capacities; reducing environmental impact by using more
friendly energy sources; ensuring the sustainability of port terminal operations, assessing
optimal passenger service and cargo handling. Based on the results of the study, new
methods for assessing sustainable port elements and their applicability in various ports
have been developed. The developed sustainable port benchmark index allows for as-
sessing the port’s capacity and comparing the port’s sustainability situation with other
ports, which is important when implementing elements of sustainable port good practice
in any port.

In order to achieve innovation and innovativeness, the following structure of this
article was adopted: first, an analysis of the current situation and literature of ports was
performed, a mathematical model of methods was created, a case study was conducted
with real ships and ports. Based on the case study, the created mathematical model was
tested and its correction was made, and a discussion section was prepared, which dis-
cusses the achieved results and anticipates possible directions for further research, as
well as conclusions.

2. Review of Port Sustainability Conditions and the Literature

Port sustainability is one of the main conditions for successful port operations, as it
allows for the optimization of many areas of port operations, ensuring shipping safety in
the port and minimal environmental impact. Many ports around the world are trying to
optimally develop port infrastructure, installing the latest navigation systems, using
modern tugs to ensure shipping safety, and accepting the largest possible ships, includ-
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ing new passenger service and cargo handling technologies [8]. When optimizing port
operations, efforts are made to ensure that ships spend as little time in the port as possi-
ble, performing passenger service and cargo handling operations [9,10]. By optimizing
ship entry into the port and port operating conditions, fuel and energy consumption of
ships and port facilities in the port is reduced and at the same time emissions generated
from ships and port facilities are minimized [11,12].

The water and air resistance of ships, studied from various aspects, and their accu-
rate assessment are important in order to ensure navigation safety in the port, optimize
ship utilization and increase port sustainability [7,13,14]. Many researchers have limited
themselves to studying ship handling in individual port locations. The handling of ships
due to the effects of wind, currents, waves and shoals can vary significantly in the port
entrance channels, which in most cases are affected by all of the above-mentioned effects,
in the inner harbor channels and ship turning basins, where waves are usually absent,
and in the approaches to the quays, where current parameters often change [15].

Port infrastructure, i.e., port entrances and internal navigation channels, ship turn-
ing basins, approach to quays, piers, port navigation equipment and other elements of
port infrastructure are very important in creating a optimally (sustainable) port, because
a well-planned and developed port infrastructure can increase the parameters of ships
entering the port and ensure their safe navigation [1,10,16].

Port tugs are very important in ensuring shipping safety in the port, accepting the
largest ships possible, because they help to ensure a safe entry for ships into the port,
maneuvering and mooring in the port and departure from the ports [17]. Modern tugs
are usually equipped with “azipod” systems, their maneuverability is significantly better
compared to traditional (classic) tugs; therefore, with the use of new tugs, additional
opportunities for safe entry of larger ships into the port appear [17,18]. Thus, research
into ship maneuvering in ports using tugs is important in ensuring shipping safety, re-
ducing emissions and achieving the potential for sustainable port development. The en-
try of larger ships into the port not only improves the economic indicators of the port and
the image of the port, but also makes the port sustainable, because there are opportunities
to develop a wider range of port activities, increase navigation safety and reduce envi-
ronmental impact. Reducing environmental impact is manifested in the fact that using
larger ships reduces relative fuel consumption and at the same time the amount of emis-
sions per one conditional passenger or cargo unit [19].

The use of port tugs to ensure the safety of port navigation is related to the port use
or navigation rules and the decisions of the ship’s captain or harbor master, if in specific
conditions there are no sufficient ship control capabilities and there is a reasonable risk to
the safety of the ship [20,21]. Port tugs usually have powerful engines, in some cases up
to 4000-5000 kW; therefore, when carrying out ship towing operations in ports under
difficult conditions, their need (number of tugs and their traction force) must be assessed
as accurately as possible. Inaccurate preliminary preparation of maneuvers and their
execution in ports, using high-power engines of ships and tugs, consumes a lot of fuel
and generates large amounts of emissions, which negatively affects the sustainability of
the port [22].

In some cases, navigation conditions in ports can change in a very short time. If such
a possibility exists, for example, the probability of squalls, ship and port masters, aware
of the possibility of a change in navigation conditions, usually take precautionary
measures in advance, using additional port tug capacities to safely maneuver the ship or
looking for other options to ensure the safety of the ship. If there is a significant possibil-
ity of a change in navigation conditions, the ship’s entry into or departure from the port
is often postponed, additional mooring lines are used when the ship is moored at the
quay, and so on [23]. The use of additional measures to increase the safety of the ship also
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requires additional costs; therefore, the most accurate assessment of the ship’s capabili-
ties becomes very important both from the economic and port sustainability point of
view [24].

The port terminal superstructure is also very important from the perspective of a
sustainable (optimal) port, as a well-designed and operated port terminal superstructure
shortens the processing time of ships in the port, improves the economic condition of
ships and port terminals. Due to the shorter time of ships in the port, the environmental
impact of the ship in the port is reduced, which is important for achieving sustainable
port conditions [9,10].

Port operations related to passenger service and cargo handling are important from
an environmental impact perspective, as such operations consume a lot of energy and
emit a lot of pollutants [11,25]. Optimizing port operations is one of the most important
factors in reducing environmental impact and at the same time improving port sustain-
ability. Port cargo handling operations, such as grain drying and loading, require high
energy inputs, using high-power cranes or other handling machines. Optimizing loading
operations, if correctly and accurately assessed, planned and implemented, significantly
saves energy requirements and reduces the amount of pollutants generated in port op-
erations [25].

By properly planning and developing port infrastructure (especially when creating
new ports or individual parts thereof), optimizing the well-prepared arrival of ships to
and departure from ports and port terminal activities, it is possible to reduce energy
consumption and emissions, improve the economic performance of the port and termi-
nals, and at the same time improve the sustainability of the port.

Port sustainability has so far been largely focused on the economic and environ-
mental indicators of the port. Transport is associated with increased risk; therefore, mar-
itime safety is of particular importance in the development of sustainable ports. Maritime
safety hearings are regulated by PIANC, IMO and other recommendations and guide-
lines [26,27], which provide very general results and only partially cover the elements of
port sustainability. Therefore, it is necessary to assess the provision of maritime safety as
one of the most important factors of port sustainability as accurately as possible. Port
tugs play an important role in providing maritime safety in modern ports; therefore, an
accurate assessment of their capabilities is important as one of the factors of sustainable
port development.

As can be seen from the analysis of the port situation and literature from the per-
spective of port sustainability, there are many scientific and practical problems to be
solved in order to increase the sustainability of ports (terminals).

3. Mathematical Basis for Assessing Port Sustainability

In order to achieve port sustainability by improving port efficiency and increasing
shipping safety in ports, reducing energy consumption and emissions of incoming ships,
port tugs and port operations, it is very important to create a mathematical model of port
sustainability. It is also important to verify the created mathematical model based on real
experimental data, make corrections to it and, after creating the final mathematical mod-
el, conduct port (terminal) sustainability studies.

3.1. Research Progress and Principle of Mathematical Model Development

When developing a mathematical model for assessing port sustainability, it is first
necessary to collect a port database based on statistics and literature analysis of port op-
erations of ships, port tugs and environmental impact. Based on the collected database
and acceptable mathematical research methods, a principle for developing a mathemat-
ical model is created. Using the principle for developing a mathematical model and the
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collected database, a primary mathematical model for assessing port sustainability is
created. The created primary mathematical model is verified using the results of exper-
iments related to real port activities, ships, port tugs and port operations and environ-
mental impact. Based on the results of the verification of the primary mathematical
model, the created primary mathematical model is corrected, a final mathematical model
is created and with its help the obtained port sustainability assessment results are veri-
fied (Figure 1).

Analysis of statistics and literature supporting port sustainability,

ships, port tugs and port operations

!

Principle of mathematical modeling and mathematical model

development

)

Verification of the created mathematical model

!

Case study research under defined conditions using a developed

mathematical model

}

Elaboration of discussions and conclusions

Figure 1. The algorithm for the sustainable port research methodology.

During the verification of the mathematical model, the mathematical model for as-
sessing the sustainability of the port is adjusted and, using the created and adjusted
mathematical model, the sustainability of the port is assessed and options for improving
the sustainability of the port are sought. Based on the obtained assessment results, a
discussion part is prepared, in which the obtained results, possible further studies of the
sustainability of the port are discussed and conclusions are prepared and presented.

3.2. Mathematical Model for Assessing Port Sustainability Based on the Comparative Index
Principle

For the assessment of port sustainability, it is appropriate to create a generalized
assessment system (model) that would combine the impact of port infrastructure and
superstructure on port sustainability, as well as the ship or ships entering the port and
their controllability, the capabilities of port tugs, the assessment of port operations and
other possible factors that have or may have an impact on port sustainability. For the
assessment of the generalized sustainable port impact, it is appropriate to use the prin-
ciple of the comparative method, expressed in a comparative index (Es), which can be
expressed in the following functional dependence:

ES = f(BChEt BChN' DTB' FTbl LQEJ QTERJ EE' AFT)/ (1)

where: Bepp —port entrance channel optimality (sustainability) (maneuverability and
environmental impact); B¢py —port inside navigational channels optimality (sustaina-
bility) (maneuverability and environmental impact); B¢z —port ships turning basins
optimality (sustainability) (maneuverability and environmental impact); Fr, —port tug-
boats sustainability (capability and environmental impact); Lyr—optimality (sustaina-
bility) of the berth (area and environmental impact); Qrgr —terminal (port) operation
sustainability (productivity, intensively, energy requirements for port operations and
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environmental impact); Ey —quantities of generated emissions; Ary —additional actions
(port organization, employ quality, fuel quantities and so on), affecting the port sus-
tainability and environmental impact.

To assess the sustainability of a port, it is necessary to adopt either ideal conditions
for port sustainability or to use a comparison of ports from a sustainability perspective. In
general, comparisons between ports are usually inaccurate, since it is practically impos-
sible to find ports that are absolutely similar in terms of their areas of activity, parame-
ters, etc. In many cases, it is appropriate to compare port terminals with each other, since
their activities are similar, for example, container, bulk cargo, Ro-Ro or other specific
terminals are similar at least in terms of their activities and in many cases in terms of
basic parameters. Therefore, when assessing the sustainability of ports, it is appropriate
to limit ourselves to comparing individual port terminals or their groups.

Given the large number of different factors that affect the sustainability of ports or
terminals, the comparative index is often based on deterministic assumptions [26]. Given
the large number of factors, which is typical for assessing the sustainability of ports, ac-
cording to the centile limit theorem, a normal distribution is approached and in this case
Gauss’s law can be used [28]. By using factor weight coefficients, nonlinear influences of
factors are also taken into account when assessing the comparative sustainability index of
ports. In such a case, the comparative port sustainability index can be written as follows:

F
F

B . B . D . . L Ei Q . EE A .
ChEi kChN ChNi kTB TBi ka Thi kQE QEi k TERi kE 0 kGT FTl, (2)
B B D A

ChEO ChNo TBO Tho GFo

TER
LgoEo QTER0 Egi

Here: 1, —correlation coefficient, depending on the number of similar elements, can
be from 0.95 to 1.0 (1.0 will be if there are no similar factors or elements). The correlation
coefficient is adopted when evaluating similar factors; in this study, the interaction of
port infrastructure, ship maneuverability, and tugboat capabilities was evaluat-
ed; k; —factors weight coefficients; Bcpgi, Bennis Drais Frois Logir Qrerir Egi Apri —elements
(factors) of the analyzed port (terminal), can be expressed as coefficients or absolute
values; Bcpgo, Benvos Dreos Frvor Loros Qreros Ego, Arro —elements of an ideal sustainable or
comparable port, expressed in the same parameters as the elements of the analyzed port.
A relatively ideal port can be recognized as a port that meets all international and na-
tional requirements in terms of shipping safety (in the broad sense), has the minimum
possible impact on the environment at any given moment, and meets the best technical,
technological, organizational and legal international and national requirements. In real-
ity, such ports are difficult to find; therefore, for the purpose of assessing the comparative
port sustainability index, a comparable port may be adopted, the above indicators of
which, or some of them, are better than the port under study.

It is worth noting that the developed sustainable port comparative index allows the
use of all or part of the factors, as well as expanding the number of factors. In all cases, it
is necessary to evaluate the weight coefficients of the factors; their sum in all cases must
be equal to one.

3.3. Mathematical Model for Assessing Navigation Safety Based on Ship Trajectory and Water
Area Parameters

Port infrastructure optimality (sustainability) (approach and inside port naviga-
tional channels, ships turning basins configuration and main parameters, influence on
navigational safety and environmental impact), could be evaluated via channels param-
eters and ship’s maneuverability, that means whether a ship can independently or with
the help of tugboats enter the port, maneuver in it and moor, performing a minimum
number of maneuvers.

Port infrastructure: port entrances and internal navigation channels, ship turning
basins, quays, etc. should be designed so that the trajectories of the largest possible ships
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entering the port “fit” into the planned channels, i.e., so that ships can safely enter the
port and maneuver in it. The ship trajectory, i.e., the coordinates of the trajectory in the
absence of external forces (wind, current, waves, shallows), X,; and Y,; can be calcu-
lated as follows [7]:

Xoi = fot v;dt - cos(fot w;dt — By); 3)

t : t
Yoi = [, vidt - sin([; widt — By), )

where v; is ship’s speed module (can be taken from ship’s navigational equipment or
could be calculated [7,13]); w; is turning velocity, rad/s (can be taken from ships naviga-
tional equipment and calculate using methodology, presented in [7,13]; f5; is drift angle,
rad; v;, w; and f; can be calculated depending on the sailing conditions using methods
presented in [7,13].

In most cases, when ships enter and maneuver in ports, they are affected by aero-
dynamic and hydrodynamic forces, i.e., wind, current and waves (waves mainly affect
the ship’s trajectory in the port’s entrance channels). In such situations, when the ship’s
trajectory is affected by current, waves and wind, and the ship’s propulsion system is
also used, the ship’s trajectory coordinates can be calculated as follows [7,13,14]:

t t t t
Xoi = [y vedt + [ Vegrdt + [ viqdt + [ vy dt, )

t t t t
Yoi = [y vydt + [ vyerdt + [ vyqdt + [ vy, dt. (6)

where vy, Vs are the current speeds in the X and Y directions; v,4, vyq are the
ship’s drift speeds in the X and Y directions, which can be calculated using the meth-
odology given in [7,13,14]; vy, v, are the ship’s acquired speeds in the X and Y di-
rections due to the impact of waves on the ship, which can be calculated using the
methodology given in [13,14].

Taking into account the calculation method presented in Equations (5) and (6) and
after considering the effect of shallowing in the port entrance channel and other parts of
the port, Equations (5) and (6) can be written as follows:

t t t t t
Xoi = fo Vis COS fo (wisdt - .Bis) dat + fo szrdt + fo dedt + fo wadt, (7)

t . t t t t
Yoi = f, vis sin [ (wsdt — i) dt + [ vygedt + [ vyqdt + [ vy, dt. (8)

Here: v;; the speed of the ship when moving along a curvilinear trajectory at shal-
low depth can be calculated using the methodology presented in [7,13]; w;s the angular
speed of rotation of the ship when moving along a curvilinear trajectory at shallow depth
can be calculated using the methodology presented in [7,13]; B;; the angle of drift of the
ship when moving along a curvilinear trajectory at shallow depth can be calculated using
the methodology presented in [7,13]. At the same time, when considering specific port
conditions and the relatively short sailing time of a ship through the port entrance and
internal navigation channels, in many cases it is possible to assume constant wind, cur-
rent and depth parameters and then simplify the calculation of the ship’s trajectory.

The width of the port entrance and internal navigation channels, so that the largest
planned ships can safely enter the port, can be calculated according to the following
formula, taking into account the coordinates of the ship’s navigation trajectory, from
which the navigation lane occupied by the ship is calculated [7,14]:

B¢ = Lsin;s + Bcosp;s + LsinAK + P'oy, + by, 9)

Here: L—length of the ship between perpendiculars (maximum ship’s length be-
tween perpendiculars is assumed); B—width of the ship (width of the widest ship is
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assumed); AK —angle of the ship’s course inclination when navigating the channel (for
large ships it should not exceed 2 degrees); P’ probability supply coefficient, 95% supply
is assumed in navigation; therefore P’ applicable in this case is about 2; LNG ships, oil
tankers, chemical tankers have specific requirements; therefore a coefficient of up to 3 is
applied, i.e., assuming up to 99.7% probability supply [7,26,27]; g,—accuracy of deter-
mining the ship’s location relative to the channel axis, for example, the sensitivity of the
guide; b, —navigation margin, which depends on the accuracy of the channel slope po-
sition and the stability of the channel slopes (in depth, it is calculated based on the ge-
otechnical properties of the soil in which the channel is dug) and amounts to (0.5-1.0) B
[7,13,26,27].

After evaluating the ship’s trajectory and the navigation lane occupied by the ship
(at each point in time, the width of the navigation lane occupied by the ship must be
added to the ship’s navigation trajectory), the required minimum channel width and its
configuration (entry and internal navigation channels) are obtained.

The minimum width of the navigation channel (entry and internal) must not be less
than the navigation lane occupied by the vessel, calculated from the vessel’s navigation
trajectory using Formulas (7) and (8), and estimating the width of the vessel’s navigation
lane according to Formula (9). In individual cases, the width of the vessel’s navigation
lane may be reduced by using additional vessel steering devices (thrusters) or tugs, or by
reducing the permissible wind and current parameters.

For practical purposes, when calculating the minimum width of a port entrance or
internal navigation channels, it is recommended to use a ship’s rudder angle of no greater
than 20° in order to have a margin of controllability in case external forces suddenly
change (wind gusts) or the ship’s controllability is not accurately assessed. It should be
emphasized that the presented methodology for calculating channel parameters can be
applied in any navigation area.

If the channel width is smaller than that obtained using the presented calculation
methodology, additional ship steering devices (thrusters) or tugs can be used to improve
the ship’s maneuverability. At the same time, it is necessary to take into account that if,
under specific hydro meteorological and hydrological conditions, the ship cannot inde-
pendently safely navigate the port’s entrance and internal navigation channels, the ship’s
navigation is restricted; therefore, the ports set maximum permissible boundary condi-
tions for entering and leaving the port (wind and current parameters). The minimum
channel width for typical ships, taking into account the ship’s drift angle and other ship
movement parameters, can be calculated in advance using Formula (9) or other methods,
for example, using PIANC [26] or other recommendations [27]. Assuming that the ship
can reach a drift angle of up to 15° during a turn [7,13,14], depending on the main geo-
metric parameters of the ship, i.e., The preliminary results of calculating the width of the
channels, assuming a probability of about 95%, are presented in Figure 2 as an example,
based on the ratio of the length to the width of the ship (this ratio is taken to be ap-
proximately 6.5).
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Figure 2. Required width of navigation channels depending on the length of the ship and the angle
of drift.

If the channel width is insufficient during the turn, depending on the length of the
ship and the specified basic parameters (drift angle and accuracy of ship location deter-
mination), ship thrusters, tugs or tugs can be used to increase the angular speed of the
ship and at the same time reduce the channel width required during the turn. When a
ship moves through channels, the best result is achieved by using a stern thruster or a
stern tug, because the ship’s pole of rotation, when the ship moves forward, is located in
the forward part of the ship and in this case a larger turning moment is created. The ab-
scissa of the ship’s pole of rotation, when moving forward of the ship (from the middle of
the ship, i.e., from the intersection point of the waterline and midship planes), can be
calculated according to the following formula [7,13]:

%o = L(04 + 11.5 75722 — 0.23q), (10)

Here: T,3—ship’s stern draft; T,,—ship’s bow draft; @ —rudder plate rotation an-
gle, rad.

In this way, using stern thruster(s) or a tugboat at the stern can significantly increase
the ship’s maneuverability when navigating through straits and channels, which is very
important for the development of sustainable ports.

When assessing the sustainability of a port from the point of view of the approach
and internal navigational channels, it is very important that the minimum width of the
channels is as close as possible to the calculated one using Formula (9). In the event that
the actual minimum width of the port channels is greater than that calculated using
Formula (2), the ratio Bepgi/Bcngo OF Benni/Bennos is taken equal to unity.

Ship turning basins are one of the important elements of port infrastructure, and for
a optimality (sustainable) port it is very important that the ship turning basin(s) meet the
needs of shipping safety. In ship turning basins, tugboats are used to improve the ma-
neuverability of large ships that do not have high-power propulsion systems (thrusters).
For example, cruise ships, whose additional control systems (thrusters) sometimes have a
power of up to 12-14 MW, (greater than the power of 34 port tugs), usually do not use
tugs.

The recommended diameter of ship turning basins, i.e., about 1.6 of the maximum
possible ship length [13,14,26,27], is difficult to achieve in many ports, since the length of
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modern ships sometimes reaches 350—400 m. Preparing turning basins of the specified
diameter of about 1.6 of the maximum ship length, especially in old ports, is often diffi-
cult due to geographical conditions; therefore, in many ports the diameter of ship turning
basins is smaller than specified in the recommendations. In many ports, turning basins
currently being prepared for the longest ships currently in operation (length up to 400 m)
are about 500 m in diameter [20,21], i.e., the ratio of the turning basin diameter to the
longest ship length is about 1.25. With a similar ratio of turning basin to ship length
(about 1.25), an accurate preliminary estimate of the number of tugs and their power or
pulling force is very important. The moments created by the ship and external forces
must be accurately estimated.

3.4. Mathematical Model to Estimate the Required Pulling Power of Port Tugs and Their
Capabilities for Navigation Safety

The moments acting on the ship when entering and maneuvering in the port must
be compensated by the forces and moments created by the ship’s rudder or, if the ship
uses the assistance of steering devices or tugboats, by the forces and moments created by
additional steering devices (thrusters) and/or tugboats.

Large ships in ports usually use port tugboats, especially if the ship does not have its
own additional steering devices (thrusters). Considering that there are no waves in the
ships turning basins of ports, the current changes little when the ship turns (due to the
relatively small time interval), and the ship has a minimum longitudinal speed, using D’
Lambert’s principle [7,13,14], the equation of the ship’s turning moments can be written
as follows:

My, + My + Mg + Mg, + My + My + My,g =0, (11)

where My, is the inertia moment; M, is the moment created by the ship’s hull, which
could be calculated by using the methodology stated at [7,13,14]; My is the moment cre-
ated by thrusters [7,13,14]; M, is aerodynamic moment, which could be calculated using
the methodology stated at [7,13,14]; M, is the moment created by shallow water effect
[7] (in port conditions, this parameter is very important, especially when the ratio of the
ship’s draft to the depth of the turning basin is greater than 0.9); My is the moment cre-
ated by ship’s propeller (propellers) and rudder(s), which could be calculated using the
methodology stated in [7,13,14]; and M, is the moment created by tugboats. Addi-
tional moments could be created by anchor or mooring ropes or other factors.

The moment of inertia of a ship moving through canal bends and turning the ship in
a turning basin can be expressed as follows [7,13]:

dw
M = Iz + A¢6) a (12)

where I, is the moment of inertia of the ship; 144 is added moment of inertia of the ship
turning in water; % is the acceleration of the ship’s rotational angular velocity.
The moment of inertia of a ship, assuming the ship as a rigid body, can be calculated
using the principles of theoretical mechanics, as follows [29,30].
1, =pVI*/12, (13)

where p is water density; V is ships displacement; L is ship’s length.
When evaluating the rotational moment of the connected fluid mass, the total mo-
ment of inertia can be calculated as follows: [7,13,29,30]:

Min = (1 + kes)pVL?/ 12)(%’ (exp(=3t/Tin)), (14)
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where k¢ —added moment coefficient, which for the analyzed situation (ship turning in
port turning basin in case of T/H = 0.90-0.95), is equal to 3 [7,13,14]; T;, is ship’s inertia
period, can be taken as Ty, = L/3 [7,14].

The ship’s hull moment (M;) can be calculated as the hull’s resistance to lateral ac-
celeration (52) [7,13,14]:

My = (kpapVL 2 (1 = exp (= 7))L + 495(T/H)?), (15)

where k;; is the coefficient of the added water mass when the ship moves in the trans-
verse direction; v, is the speed of the ship’s movement in the transverse direction; T is
the average draft of the ship; H is the depth of the port ships turning basin.

The aerodynamic moment when the ship is turning can be calculated as follows
[13,14]:

M, = capz—l,/s,g + S2v2x,sing,, (16)

where: C, is the aerodynamic coefficient of the above-water part of the ship; p; here is
air density, 1.25 kg/m? can be accepted for calculations; S, and S, here are the areas of
the projections of the above-water part of the ship to the middle and transverse planes;
v, here is the wind speed; x, is the abscissa of the aerodynamic force addition point
with respect to the middle plane of the ship; g, is the wind heading angle at the start of
the maneuver.

The ship will start turning when the moment created by the thrusters, or tugboats is
greater than the moments of inertia and other external forces. A lot of big conventional
ships have not thrusters and in this case, tugs created moment can be calculate as follows:

Myg > My, + My + M, (17)

In this way, the part of the moment created by the tugboats, which will act to turn
the ship, will be calculate as follows [31]:

AMupyg = X Mg — My, + My + Mg, (18)

Port tugboats sustainability (capability and environmental impact) (Frp;), means
having a sufficient number and the required pulling power of tugboats in the port to
provide safe entry of vessels into the port and maneuvering in it up to the permissible
hydro meteorological and hydrological conditions. When mooring ships and turning
them in the ship turning basin or other port area, the pulling force of tugs is required to
create the necessary torque, which would be greater than the torques created by other
external forces. The minimum torque created by tugs depends on the pulling force of
tugs and the moment arm must be greater as forces created by external factors (wind,
current, waves, shallow water effect and so on. The necessary lateral force created by tugs
(taking into account the ship’s course) together with ships propulsion mechanisms can be
calculated as follows [7]:

Ytug + YSp = Ysin + Yo + +Ysq + Yosp, (19)

where: Ys, —forces are generated by the ship’s propulsion mechanisms (thrusters);
Ysin —ship’s inertia force; Y5, —ship’s developed hull force; Y5, —aerodynamic force
generate by ship; Ys.—the force is created by the current on ship; Y55, —the force is cre-
ated by the impact of shallow water on ship.

Considering the short-term necessary traction force of tugs (pushers) and the rela-
tively low speed of the ship, when the ship moves through the port channels or in the
port ship turning basin and when it is moored or unmoored, the inertia force, taking into
account the resistance of the ship’s lateral hull, can be considered to be approximately
1.3-1.5 times greater than the lateral resistance force of the ship. Then, regardless of the
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forces generated by the engine(s) (if the ship has one) (they remain as an additional safety
margin of the ship), Equation (19) can be written as follows [7,14]:

T . .
Youg = 1.3C§Lrvy2(1 +4.95()%) + Ca%vagsmqa + chrugsch, (20)

where: € —the hydrodynamic coefficient of the hull of the ship, for marine ships during
mooring or turning the ship, at relatively low speeds in the Y direction, can be taken as
about 1.3-1.5 (as a plate with rounded edges placed across the flow) [7,13]; p—water
density; L—ship length; T—mean draft of the ship; H—depth; S, —the area of the pro-
jection of the above-water part of the ship to the middle plane; C, —aerodynamic coeffi-
cient [7,13]; v, —the speed of the ship moving on Y dirrection to the ship’s course during
sailing in channels, turning or during moving to quay or from quay [13,14,32]; v, —wind
velocity; v,—current speed; q,—the angle of the wind to the ship’s course; q.—the an-
gle of the current to the ship’s course.

The ability of tugboats in the port to help turn a ship around in extreme hydro me-
teorological and hydrological conditions is an important factor in a sustainable port. In
many ports, maximum wind and current speeds are set, up to which ships can enter the
port (enter, maneuver and moor). In the case when the power of the ship’s engines or
tugboats (traction forces) is equal to or greater than the forces created by external forces,
calculated according to Formula (20), the ratio Frp;/Frpo is considered equal to one.

Entrance to quay sustainability (area and environmental impact) (Lyg) means the
comfortable approach of a ship to the quay, without the need for special maneuvers. In
most cases, this corresponds to the required depths for access to the quay, which are lo-
cated at the quay at a distance of not less than 0.1 L on both sides of the largest moored
ship and at an angle of not less than 45° (Figure 3). Under better conditions than those
specified above, the ratio Lggi/Logo is taken equal to unity.
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Figure 3. Dredged water area near the embankment (quay) (delimited from the embankment to the

navigation channel by yellow lines).

3.5. Mathematical Model for Assessing Port (Terminal) Activity

Port sustainability (activity intensity and energy demand for port operations and
environmental impact) (Qrgr) refers to the loading capacity and energy demand of port
facilities for passenger and cargo handling, for example per passenger or per tonne of
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cargo, and the corresponding emissions [7,33,34]. This parameter depends on the super-
structure and equipment present in the port and can be estimated using terminal inten-
sity, energy consumption and emissions [35-37].

The optimal terminal intensity (one of the conditions for terminal sustainability)
depends on the type of cargo and the planned ship sizes. As examples, the capacity of
container, car, bulk, liquid bulk and Ro-Ro terminals evaluation formulas presented be-
low. Container terminal capacity can be evaluated using the terminal area utilization
factor, the vertical loading of containers and the average container storage time at the
terminal. Studies conducted at various terminals allow for a more accurate assessment of
the volume and area utilization coefficients of sustainable ports and terminals, which
often differ from the design norms of various countries [25,27,38]. The annual terminal
capacity (Nkr) can be calculated using the following formula [7,38,39]:

TT

St
Ngr = krs o kv
K Kv

21

Here: krs—terminal area utilization factor, applicable to many container terminals,
taking into account the total area of the terminal and the area required for container
handling (access roads, gaps between container storage racks, area required between
quay(s) and storage areas, etc.). Based on studies of terminal area utilization factors in
several container terminals, it has been found that this indicator varies from 0.2 to 0.5 in
different terminals. The application of optimization principles has shown that in sus-
tainable container terminals this factor can range from 0.25 to 0.35; Sy —total terminal
area; Sy —area occupied by one container, for a 20-foot container (TEU —twenty equalent
unit) it is about 15 m? ng,—average vertical loading of containers, this value in many
container terminals is from 2 to 4; Tr—total operating time of the container terminal per
year, if the terminal operates all year round without breaks, this time can be taken as 365
days; tx, —average storage time of containers in the terminal, in many container termi-
nals this time is up to 10 days.

Terminals for cars and other wheeled vehicles are very important and many ports
around the world have such terminals. The annual capacity of a sustainable car terminal
(Nsr) can be calculated using the following formula [7,40]:

Ta
tay

s
Nyr = kys ﬁnAv (22)

Here: k,;—terminal area utilization factor. Studies conducted in several car termi-
nals (single and multi-level) have shown a very wide range of this coefficient, i.e., from
0.3 in multi-level terminals (access roads, other infrastructure required for the structure
are required), to 0.85 in single-level car terminals. For a sustainable car terminal, the op-
timal terminal area utilization factor, considering the total terminal area and the area
required for car servicing, can be accepted as 0.5 to 0.8; S, —total terminal area;
S;4—area occupied by one car, for passenger cars it is about 10 m? n,4, —number of levels
(storeys) of the car warehouse, if multi-storey terminals (warehouses) are used, this value
usually amounts to 3—4 levels; T,—total working time of the car terminal per year, in
most terminals of this type work all year round without breaks, then this time can be
taken as 365 days; t,, —average car storage time at the terminal, calculated in days. In
most car terminals, this time is about 10-20 days.

The annual capacity of a bulk cargo terminal (Npr) (Formula (23)) and closed-type
liquid cargo storage facilities (Nsxr) (Formula (24)), located in many ports around the
world, can be calculated as follows: [7,41,42]:

Ngr = kgrVprnpr. (23)
Nggr = ksgrVskrnskr, (24)
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Here: kzg—Dbulk terminal area utilization factor. Based on research conducted at
bulk terminals (research conducted at 5 bulk cargo terminals), depending on the design,
it can be from 0.7 to 1.0, for example, (1.0 could be for silo terminals); Vzr —bulk cargo
terminal volume in cubic meters or tons; nzr—terminal turnover per year, in many ter-
minals it is up to 6-15, depending on the type of bulk cargo and market conditions;
kskr—liquid cargo terminal area or volume utilization coefficient. Based on research
conducted at 6 liquid cargo terminals (research conducted at oil, oil products and LNG
cargo terminals) in most cases it is about 0.90-0.95, i.e., from the maximum filling of the
tanks; Vsgr —liquid cargo terminal volume in cubic meters or tons; ngyr —terminal
turnover per year, in many terminals it is up to 30-40, depending on the type of liquid
cargo and market conditions.

Ro-Ro transport is very important in supplying the activities of many countries;
therefore Ro-Ro terminals are being developed in many ports. The capacity of Ro-Ro
terminals (Nzy) can be calculated as follows [7,43]:

Ner = ker S22 (25)

RT Sp try'

Here: kgzr—terminal area utilization factor. Based on the research conducted on
Ro-Ro terminals (5 terminals of this type in 3 ports were studied), it can be assumed that
for many Ro-Ro terminals, when assessing the total terminal area and the necessary area
for servicing Ro-Ro vehicles (approach roads, spaces between Ro-Ro vehicle storage
rows, other additional areas necessary for vehicles to exit or enter without moving oth-
ers), it can be taken from 0.4 to 0.6; Spr—total terminal area, m? Sp —area occupied by
one Ro-Ro unit (truck or trailer, on average for Ro-Ro vehicles it is about 45 m?; Tz —total
working time of the Ro-Ro terminal per year, in most terminals of this type work all year
round without breaks, then this time can be taken as 365 days; tg,—average storage time
of Ro-Ro vehicles at the terminal, calculated in days. In most Ro-Ro terminals this time is
from 0.5 to 1.0 days.

The presented formulas for assessing the annual turnover of sustainable terminals
can be used in any port by adjusting the conditions of the specific port, in particular, such
as customs procedures, cargo arrival and departure from the terminal, and other condi-
tions.

For further research, as example, it is appropriate to present a detailed evaluation
methodology for one terminal. In modern ports, container terminals have the most
equipment and mechanisms; therefore, as an example, it is appropriate to analyze this
type of (container) terminal. The main equipment of container terminals includes: STS
(shore to ship) cranes, RTG cranes, terminal tugs (tractors), reach stackers, vertical lifts
(forklifts) and other auxiliary equipment [7,38,39].

The average number of container transshipments from ship to quay or vice versa by
one STS crane is up to 30-35 per hour. In many feeder ports, container ships carry out
loading operations for no longer than 12 h, and in hub ports—for no longer than 24 h.
Thus, knowing or assuming the planned number of container transshipments per ship,
the required number of STS cranes (nsrs) for the hub or feeder port can be calculated ac-
cording to the formula [7,38,39]:

QKL
Lriksrs’

(26)

Ngrs =N

where: n, —number of ships scheduled at the terminal at the same time; Qx, —average
number of containers brought to the port by container ship; T, —time of ship’s stay in the
port (in hours); kgrs—hourly capacity of one STS crane.

The amount of equipment operating in a container terminal is calculated based on
the planned annual container traffic at the terminal. The main equipment of a container
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terminal consists of: rubber tyred gantry cranes (RTG), terminal tractors, reach stackers
and forklifts. In addition, frame lifts and other additional equipment may be used.

The number of RTG cranes (ngrs (Formula (27)), terminal tractors (ny,) (Formula
(28)), reach stackers (ngx) (Formula (29)) and forklifts (nyx) (Formula (30)) depends on the
annual container flow and can be calculated as follows [7,39]:

MG = @)
nry =, (28)
N5 = o, (29)
i = ok, (30)

where: kpr¢—RTG coefficient corresponding to the average number of containers pro-
cessed by one RTG per year, in modern sustainable container terminals it is accepted on
average from 40 thousand to 60 thousand; kr, —terminal tug coefficient, corresponding
to the average number of containers handled by one tug per year, for modern container
terminals it is taken from 30 thousand to 50 thousand; ksx —terminal reach stackers
coefficient, corresponding to the average number of containers processed by the side lift
per year, for modern container terminals it is accepted from 90 thousand to 110 thousand;
kyx —forklifts (vertical lift) coefficient, corresponding to the average number of contain-
ers processed by one vertical lift per year, for modern sustainable container terminals it is
accepted from 190 thousand to 210 thousand.

The coefficients of the necessary equipment of a container terminal depend signifi-
cantly on the container handling technology used, i.e., currently, STS crane grabs are
widely used, which pick up one 40-foot container or two 20-foot containers at a time and
are accompanied by other terminal handling equipment. Some container terminals have
started to use a block container handling system, when STS cranes load two 40-foot con-
tainers or four 20-foot containers at a time. When assessing the rapid change in technol-
ogy, it is important to examine the real situation of the available container terminal
equipment in each specific case and adjust the coefficients for calculating the necessary
equipment accordingly.

Some equipment typically used in container terminals is often used in other termi-
nals, especially general cargo and multi-purpose terminals, so the methods provided for
calculating the amount of equipment can be applied to other types of terminals.

The majority of the port superstructure equipment, such as RTG cranes, terminal
tractors, reach stackers, forklifts and other equipment and mechanisms with internal
combustion engines, consume a significant amount of fuel, especially diesel. The annual
fuel consumption of RTGs, terminal tugs, side and vertical lifts can be calculated by as-
sessing the number of equipment and mechanisms in the terminal, the relative fuel con-
sumption of the engines of equipment and mechanisms, the power of the engines of
equipment and mechanisms, the power utilization factor of the engines of equipment and
mechanisms and the average coefficient of their use time.

3.6. Mathematical Model for Estimating Fuel Consumption and Environmental Impact of Ships
and Port Equipment

Thus, the amount of fuel consumed per year in the terminal (qf) can be calculated
according to the formula [44,45]:

qf = 8760niq{kNile-Ni, (31)
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where: n; —number of specific equipment (mechanisms) in the terminal; q; —relative
fuel consumption of specific equipment (mechanisms), the relative fuel consumption of
diesel engines of many terminal equipment (mechanisms) is from 0.25 to 0.35 kg/kWh
(more accurate data is provided in the specifications of specific engines); ky; —power
utilization factor of specific equipment (mechanisms) engines; kr; —time coefficient of
specific equipment (mechanisms) utilization; Nkr; —engine power of specific equipment
(mechanisms).

The fuel consumption of another port terminal or other facility, such as a warehouse,
equipment, per year (or other period of time) (qy) can be calculated according to the
general formula [7,44]:

qru = 8760nyqykyykryNyy, (32)

where: ny —the amount of equipment or mechanisms of a terminal or other facility;
qy —the relative fuel consumption of the equipment or mechanisms of a terminal or other
facility, the relative fuel consumption of diesel or other engines of many port or other fa-
cility equipment or mechanisms is from 0.12 to 0.40 kg/kWh (more precise data is pro-
vided in the specifications of the engines of specific equipment or mechanisms);
kyy—the power utilization factor of the engines of the equipment or mechanisms of a
terminal or other facility; kry —the time coefficient of the use of the equipment or
mechanisms of the terminal or other facility; Ny, —the power of the engines of the
equipment or mechanisms of a terminal or other facility.

The total fuel consumption at the terminal per year or other period (¥ qfr) can be
calculated using the formula [7,45]:

X qrr =Aqprre * Aty + drsk + deve T Arus (33)

Here: qfgrre —the amount of fuel consumed by the terminal’s RTG cranes per year;
qsrv —the amount of fuel consumed by the terminal’s tugs per year; qssx —the amount of
fuel consumed by the terminal’s side lifts per year; qsyx—the amount of fuel consumed
by the terminal’s vertical lifts per year; gy, —the amount of fuel consumed by other ter-
minal equipment per year.

The methodology obtained in this way allows for the assessment of fuel consump-
tion of port superstructure equipment and mechanisms. By assessing the fuel consump-
tion of port superstructure equipment and mechanisms, the average operating time of
equipment and mechanisms (engine hours) and the average power used by equipment
and mechanisms, the amount of emissions generated can be estimated.

A sustainable port should have minimal environmental impact, but it employs a
wide range of machinery and equipment. Many of the vehicles operating in the port have
powerful engines and consume a lot of fuel. Ships consume a lot of fuel when sailing into
the port, maneuvering in it, and slightly less when they are moored at quays or anchored
at anchorages, i.e., while waiting to enter the port. The fuel consumption of vehicles and
other machinery operating in the port is calculated during sailing or at another time. The
fuel consumption of vehicles and machinery engines if they use fossil fuels, such as die-
sel, LNG or other fuels, (Q5) can be calculated as follows [44,45]:

t,
Qf = fo kr qNrydt, (34)

where: k¢ is the coefficient, which depends on the type of engine; g is the consumption
of fuel for the definite engine; Nr), is the engine’s average power during the working
period, which can be calculated using Equation (35):

o Nrmgdt (35)
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where: Nry,; —is the instantaneous transport means (equipment) engine power; t—is the
transport means working time in hours.

Equipment engine power (N) and the amount of fuel consumed (qs) over a given
period of equipment working, during which equipment working, time (t), e.g., an hour,
and the relative fuel consumption (qy) link as [44,45]:

N = q;/(art) (36)
The amount of fuel consumed by equipment when it works can be calculated as:
ar = Iy @y Navdt (37)

Here, N, is the average engines power of the equipment during it work.

The amount of pollutants emitted by ships and port equipment and port machinery
during operation directly depends on the amount and quality of fuel used, engine power
and engine operating time [7,37,46—48]. The main types of pollutants emitted by engines
are: carbon dioxide (CO0,), nitrogen oxides (NO,), carbon monoxide (CO), sulfur oxides
(50y) and particulate matter (PM) [37,46,48]. Thus, the amount of carbon dioxide, Sulphur
oxide, carbon monoxide, nitrogen oxides and particulate matter emissions could be cal-
culated according to the Formulas (38)—(42) [38,46,47]:

€Oz = kco, 45 (38)
SOx = ksoxq]'-‘ (39)
t
CO = fO Nav kcodt (40)
t
NO, = [} Noy ko, dt (41)
PM = [ Noy kpydt (42)

Here, k¢q, is carbon dioxide coefficient for petroleum products (diesel, fuel oil) is
between 3.0 and 3.5, for LNG between 2.5 and 2.9 [7,3747]; kg, is the Sulphur oxide
coefficient, which depends on the type of fuel: for petroleum products it ranges from
0.001 to 0.035, for LNG it is around zero [37,47]; k¢p is carbon monoxide coefficient,
which depends on the type of engine [7.37.46]; ky,, is nitrogen oxide coefficient, de-
pending on engine type [37,46]; kpy is the particulate matter coefficient, which depends
on the type of engine and the type of fuel, up to 10 g/kWh for petroleum products and
close to zero for LNG fuels [37,46,48].

Additional actions affecting the sustainability and environmental impact of the port
(As) refer to the necessary amount of energy and correspondingly generated emissions
used to perform additional operations at the port, including daily maintenance of the
port (terminal), not related to passenger service and cargo processing.

The developed methodology for assessing a sustainable port (terminal) using the
sustainable port comparative index allows revealing the real situation of the technical,
technological, organizational and other factors of the port (terminal) from the perspective
of a sustainable port. Knowing the real situation of the port (terminal) allows you to
effectively seek opportunities to optimally and sustainably develop the technical, tech-
nological, organizational and other capabilities of the port (terminal) and at the same
time, by assessing the weaknesses of the port (terminal) according to individual factors of
the sustainable port benchmark index, achieve better port performance results.
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4. Case Study Assessing the Sustainability Situation of a Port
(Terminal)

For the case study, as an example, a port container terminal was selected to assess
the sustainability of a port (terminal), located next to the port’s inner navigation channel
and ship turning basin.

Depending on the type of port terminal (container, Ro-Ro, LNG, etc.) and its loca-
tion in the port, the probability parameters of shipping safety must be assessed. For
LNG, crude oil and petroleum product terminals, a probability of 99.7% is assumed, for
other terminals, under simple navigational conditions, the standard shipping probability
of 95% is assumed [7,26]. For terminals located far from the port entrance channel and
with a complex channel configuration, a probability between the above-mentioned
probabilities is assumed, after additional navigational safety assessments have been
performed [7,26].

The port’s entrance channel is 150 m wide, its depth is 15.5 m, and the diameter of
the ship turning basin is 410 m. The terminal has 5 STS cranes, 16 RTG cranes, 20 termi-
nal tugs, 8 side lifts, and 4 vertical lifts. The container terminal’s capacity is approxi-
mately 800,000 TEU per year. The NEW PANAMAX container ship was selected for the
assessment of the sustainable port terminal, with a length between perpendiculars of 355
m, a width of 48 m, a draft of 14 m, and a container capacity of approximately 14,000
TEU. The ship handles an average of approximately 4000 TEU at the terminal, and the
average ship’s parking time at the terminal is up to 24 h. The area of the projection of the
above-water part of the ship onto the midplane is approximately 14,000 m?, and onto the
midship plane—approximately 2200 m2. The area of the projection of the underwater
part of the ship onto the midship plane, at a draft of 14 m, is approximately 5100 m2. The
sailing of a G-class container ship (length 400 m, width 61 m) to the port was also par-
tially analyzed.

Experimental data on the arrival, maneuvering and departure of real ships to the
port were used for the case study. Experimental studies of the arrival, maneuvering and
departure of various types of real ships from ports were carried out by the authors (over
50 ships) in 20 ports, as well as using AIS data [7,24,37]. To confirm the theoretical re-
sults, it is very important to conduct experiments with real objects (ships) using highly
accurate navigation equipment [49-51], and according to the results obtained, adjust the
mathematical models so that they can be applied to any dynamic objects (ships) and in
various locations in the ports. i.e., ship motion parameters: trajectories, linear and angu-
lar velocities, drift angles, obtained parameters of the main engine of the ships, etc.

Currently, simulators are often used, with the help of which various situations can
be created. At the same time, it is not always possible to accurately enter all possible pa-
rameters into simulators, especially for dynamic objects (ships); therefore it is very im-
portant that the ship parameters in the simulator are as close as possible to real ships.
Based on the results of experiments with real ships, calibration coefficients were calcu-
lated for the simulator, as the differences between the results obtained in analogous
conditions on real ships and in the simulator. Using calibration coefficients, with the
help of simulators it is possible to create various research situations, the necessary pa-
rameters of ship movement and maneuvering [7,24,52].

The calibrated simulator “Simflex Navigator” [53] was used for the research, for the
calibration of which experimental results of real ships with analogous parameters were
used.

After performing calculations of ship trajectories and other parameters using the
methodology presented in Section 3and comparing them with experimental results ob-
tained on real ships and with the help of a calibrated simulator, it was determined that
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the ship motion parameters (calculated and experimental) differed from the values of
the parameters themselves by no more than 10% [7,24.37,51.52].

When manoeuvring the ship, i.e., entering the port and turning it around in the
port’s ship turning basin, approaching the terminal quay and towing the ship away from
the terminal quay, and when the ship leaves the port, 2 tugboats were used, each with a
maximum pulling force of up to 520 kN.

The real ship’s approach to the port, maneuvering in it, mooring and sailing from
the quay and sailing from the port were carried out in a southwesterly wind with a
speed of about 12 m/s, and the current in the channel direction towards the port gate
reached up to 0.5 knots. The same external conditions were used in the calibrated simu-
lator. The simulator was also used to collect statistical data.

The ship’s movement trajectories in the port’s entrance and internal navigation
channels and the required channel width were calculated using the methodology pre-
sented in Section 3. The ship’s movement trajectories obtained on real ships and with the
help of a simulator during experiments were also used and analyzed. During the ship’s
navigation in the port’s entrance and internal navigation channel, the wind speed was 12
m/s, the wind direction angle in the port’s entrance channel was about 120° from the
starboard side, in the internal navigation channel when entering the port—about 90°
from the starboard side, and when sailing towards the quay and sailing away from the
quay and when sailing from the port was from 90° to 60° from the port side. The current
speed in the entrance channel (at the port gate) and in the internal navigation channel
reached up to 0.4-0.5 knots. The direction of the current coincided with the direction of
the channels (inlet and internal). The maximum drift angle of the ship in the port en-
trance channel reached up to 4°, in the inner navigation channel—up to 5° in the turn,
when sailing in the inner navigation channel—up to 10°. The angle of the ship’s yaw
about the course reached up to 1-2° (Figures 4-7).

flifiphalluiaa

Figure 4. NEW PANAMAX container ship navigation through the port entrance channel during
the vessel’s entry into the port [53].
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Figure 5. NEW PANAMAX container ship navigation through the port entrance channel as the
vessel departs the port [53].

Figure 6. NEW PANAMAX container ship lanes in the port entrance channel under rough sea
conditions [53].

Figure 7. NEW PANAMAX container ship navigation in the inner port navigation channel during
a turn after passing through the port gate as the vessel enters the port (yellow line show light-
house sector) [53].

The port entrance channel is very important for achieving a sustainable port; there-
fore its parameters must ensure not only the navigation safety of incoming and outgoing
ships, but also its configuration is important, allowing ships to navigate easily without
additional special ship maneuvers. Examples of ship navigation lanes when a ship nav-
igates through the port entrance channel, entering the port and leaving the port are pre-
sented in Figures 4 and 5.

When assessing the sustainability of the port entrance channel, the necessary chan-
nel width was estimated using the methodology presented in Section 3 (using the results
of calculations and experiments) and assuming that the ship’s drift angle reached up to
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4°, the ship’s yaw angle reached up to 2°, the accuracy of determining the ship’s location
with the help of a lead line was about 8 m. Assuming a probability of 95% and a naviga-
tion margin of 0.5 B, the calculated width of the port entrance channel was obtained to
be about 125 m.

In rough sea conditions, the width of the port entrance channel must correspond to
the calculated width, as the effects of external forces in individual cases require addi-
tional maneuvers to keep the ship in the channel (Figure 6).

The actual width of the port entrance channel is about 150 m. Thus, considering
similar drift angles, the sustainable width of the port entrance channel is sufficient for
ships up to 400 m in length and 62 m in width (class G container ship), for which the
calculated channel width is about 149 m. Thus, for both analyzed ships, the port en-
trance channel comparative port sustainability index can be assumed to be equal to one.

The inner navigation channels of the port, especially if they contain large turns, are
very important for the safe passage of ships in the port. As an example, Figures 7 and 8
show the lanes of ships in the inner navigation channel when a ship enters and leaves
the port and makes a turn in the inner navigation channel of the port.

Figure 8. NEW PANAMAX container ship navigation in the inner port navigation channel and
turning before approaching the port gate, when the vessel leaves the port (yellow line show light-
house sector) [53].

In order to assess the sustainability of the inner navigation channel, maximum ship
drift angles were adopted, which reached up to 10° when turning at the port gate. The
width of the inner navigation channel, the above-mentioned ship sailing conditions, for
a 355 m long ship (NEW PANAMAX container ship), is about 161 m.

The width of the inner navigation channels is also important due to possible addi-
tional effects, such as hydrodynamic effects between the ship and the quay walls or
channel slopes, when ships pass ships moored at the quays, etc. Ship navigation lanes in
the inner navigation channel, as an example, are shown in Figure 9.
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Figure 9. NEW PANAMAX container ship lanes in the inner navigation channel (yellow line show
lighthouse sector) [53].

For a ship with a length of 400 m (class G container ship), the calculated channel
width, when the drift angle reaches 10°, is about 192 m. The actual width at the channel
bend is about 200 m. Thus, for both analyzed ships, the port internal navigation channel
comparative port sustainability index can be taken equal to one.

Port ship turning basins are essential for the safe turning of ships in the port. As an
example, Figure 10 shows the ship turning trajectory when a NEW PANAMAX contain-
er ship is turned in the ship turning basin with the help of two tugboats.

Figure 10. Turning a NEW PANAMAX container ship in a turning basin using two tugboats [53].

To assess the sustainability of the port’s ship turning basin, a NEW PANAMAX
container ship was used, which was turned around with the help of two tugboats, each
with a pulling force of up to 520 kN. Using the methodology for assessing the sustaina-
ble diameter of the port’s ship turning basin presented in Section 3, the recommended
diameter of the port’s ship turning basin for a sustainable port was calculated. The actu-
al diameter of the port’s ship turning basin is 410 m, the length of the ship is 355 m, so
the ratio of the diameter of the ship turning basin to the length of the ship is 1.15, which
does not provide a 95% probability that the ship will be able to turn around safely. In
this case, the sustainability coefficient of the port’s ship turning basin is about 0.87.

Access to the quay is very important in cases where there is limited depth at the
approach to the quay. Using the methodology for assessing the sustainability of quay
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access presented in Section 3. The depths of other quays near the specified quay are sim-

ilar to the depths at which the ship is moored, which means that there is sufficient space
for the ship to manoeuvre. Figure 11 shows the movement lane of a ship as it approaches
the quay. The same conditions apply when the ship is being driven away from the quay
(Figure 12).

Figure 11. Bringing the NEW PANAMAX container ship to the quay (motion lane) [53].

Figure 12. Lane for guiding a NEW PANAMAX container ship away from the quay and navi-

gating in the internal navigation channel [53].

When assessing the sustainability of the ship’s arrival and departure from the quay,
the depth of the nearby water area and the power (traction force) of the tugs used are
very important. In the case where there are enough tugs in the port and their traction
force is high, optimal solutions can be found, but it is always very important to assess
the required traction forces of the tugboats in advance.

Using the methodology presented in Section 3, the required tugboat traction force
was estimated and verified with similar real ships under similar conditions. The tugboat
traction force required to turn and moor to and unmoor from the berth of the NEW
PANAMAX ship (the calculation results are presented in Figure 13). The tugboat trac-
tion force required for mooring operations of the NEW PANAMAX ship, depending on
the current and wind parameters and depth at the maneuvering site, was obtained by
calculation and by conducting experiments with real ships and using a calibrated simu-
lator. The difference between the obtained calculation and experimental results did not
exceed 10%.
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Wind 10 m/s
Wind 12 m/s
Wind 14 m/s
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Figure 13. Required tugboats pulling force when mooring a NEW PANAMAX vessel at a current
of 0.5 knots, depending on wind speed and direction.

The tugboats pulling force, obtained by calculation and experimentally, depending
on the current and wind parameters and the effect of the shallowing effect, is important
when planning ship maneuvers in the port. As can be seen from the results obtained, at
wind speeds up to 12 m/s and current speeds up to 0.5 knots, when its direction corre-
sponds to the direction of the channel, the use of two tugboats, each with a pulling force
of up to 520 kN, is sustainable. The tugboat pulling forces and pulling directions when
turning the NEW PANAMAX ship and when mooring and unmooring it under the
above conditions, obtained experimentally with a real ship and using a calibrated simu-
lator, are presented in Figures 14 and 15. At higher wind and current speeds and in oth-
er directions, for the above-mentioned type of ship (NEW PANAMAX container ship)
could be necessary to have higher tugboats pulling forces, i.e., three or more tugboats
may be used and this information is very important to have when planning the entry or
exit of a ship into or out of port.
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Vector tug 9852001.Direction[rad]
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Figure 14. The pulling force of the first tugboat’s rope, the length of the towing rope and the pull-
ing directions when turning the NEW PANAMAX container ship and mooring the ship to the
quay [53].
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Figure 15. The pulling force of the second tugboat’s rope, the length of the towing rope and the
pulling directions when turning the NEW PANAMAX container ship and mooring the ship to the
quay [53].

The sustainable use of port tugs in the port is important to ensure the safety of
shipping navigation and to optimize the number of maneuvers of ships with high main
engine power, while reducing the environmental impact, which is important for sus-
tainable port factors.

The impact on the environment in the port is caused by the equipment and mecha-
nisms of the incoming vessels, tugs and terminals. During the experiments on real ana-
lyzed ships (NEW PANAMAX), it was determined that the sailing time of the ship en-
tering the port was about 45 min (from the entrance channel to the start of the mooring
operation), the average power of the main engine was about 7000 kW and the ship con-
sumed about 1100 kg of diesel fuel in 45 min (Figure 16).

speed - Bottom.Rate of Turn[deg/min]
B

Speed - Bottom.Longitudinal[knots]

Propulsion.Fuel Gonsumptionfkg/s]

Propulslon.Engine Power O[HP] (10°)
5

Avew Ny
| NS V / Y\ /==

10l 5 0.0 0 L

00:00:00 00:15:00 00:30:00
Time [hh:mm:ss]

Figure 16. Parameters of ship motion and energy consumption when the ship enters the port: rate
of turn (deg/min); longitudinal speed (knots); fuel consumption (kg/s); engine power (HP) [53].

When reloading from a container ship at the terminal, an average of about 4000
TEU, the ship stays at the terminal quay for an average of about 24 h, the average power
of the auxiliary engines while standing at the quay is about 2000 kW, and the ship con-
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sumes about 9500 kg of diesel fuel during the stay. The work of the tugboats towing the
ship into the port and mooring it takes about 1.5 h, the average power of the engines (of
both tugboats together) is about 4500 kW, and during this time they consume about 1600
kg of diesel fuel.

The energy required to process one container (TEU) using STS cranes (which use
electricity), RTG cranes, terminal tugs, skateboards and forklifts, using the methodology
presented in Section 3 and the information provided in [54-57], is about 4 kWh per TEU.
Converted into fuel consumption, it can be stated that about 4800-5000 kg of diesel fuel
and about 16,000-18,000 kWh of energy are consumed for processing one container car-
go of the analyzed ship (on average about 4000 TEU) at the terminal.

The ship’s departure from the port (from the terminal quay to the departure beyond
the port’'s entrance channel) takes about 32 min, the average ship’s engine power is
about 4000 kW and during this time the ship consumes about 500 kg of diesel fuel (Fig-
ure 17).

Speed - Bottom.Longtudinal[knots]

51 o0

0 + + + + + +
00:00:00 00:05:00 00:10:00 00:15:00 00:20:00 00:25:00 00:30:00
Time [hh:mm:ss]

Figure 17. Parameters of NEW PANAMAX container ship motion and energy consumption when
leaving the port: longitudinal speed (knots); consumption (kg/s); engine power (HP) [53].

The port tugs, when unmooring and taking a ship out of the port (from the terminal
quay to the exit from the port entrance channel), work for about 32 min, the average en-
gine power used (both together) is about 4000 kW, and the diesel consumption is about
640 kg (Figures 18 and 19).
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Figure 18. The pulling force and pulling directions of the first tugboat’s rope, the length of the

towing rope when unmooring the ship from the terminal quay and leaving the port [53].

Vector tug 9852002 Directlon[rad]

=

@

N

Vector tug 8852002.Force[N] (10°)

s
8

@
8

N
g

100

80

!
\/ |

60

40

Vector tug 9852002.LineLength[m]

20

0

00:00:00

UD'U‘S'DU EIEI'1‘EI'UEI DU'|‘5'DD UD'E‘D'DU DDZQ‘SZUD DU'Q‘U'DD
Time [hh:mm:ss]
Figure 19. The pulling force and pulling directions of the second tugboat’s rope, the length of the

towing rope when unmooring the ship from the terminal quay and leaving the port [53].

In this way, a NEW PANAMAX ship consumes about 3200-3500 kg of diesel fuel
during one port call, the average power of the main and auxiliary engines used is about
3200 kW, and the ship’s stay in the port (from entering the port’s entrance channel to
leaving the port’s entrance channel) is about 26 h on average.

Port tugboats, servicing the NEW PANAMAX vessel entering the port, consume
about 2250 kg of diesel fuel, worked for about 2 h in total and the average total power
used by the engines (of both tugs) during the aforementioned 2 h was about 4300 kW.

The terminal equipment and mechanisms operate for about 20 h during the arrival
of one analyzed vessel, consume about 18,000 kWh of energy and about 5400 kg of diesel
fuel.

Sustainable port development requires minimal environmental impact, which can
be achieved by using greener fuels. The likelihood that ships, tugs and terminal equip-
ment and machinery arriving at the port at the same time will start using, for example,
LNG fuel is very low. Ships, port tugs and terminal equipment and machinery are
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gradually switching to LNG fuel. The colorimetric value of LNG fuel is on average about
15% higher than that of diesel [53]; therefore, about 15% less fuel mass is required to ob-
tain the same amount of energy. The results of different fuel consumption (diesel and
LNG) and the emission levels generated, using the methodology presented in Section 3,
are presented in Table 1.

Table 1. Consumption and emissions generated by different fuels (diesel and LNG) of the NEW
PANAMAX vessel, two tugboats and terminal equipment and mechanisms (one vessel call).

Diesel
Object Fuli;’slig €0, kg SO,kg CO,kg NO,kg PMkg LNG kg CO, kg CO kg NO, kg
Ship 3500 11,200 35 400 800 41 2975 8033 250 333
Tugboats 2250 7200 225 43 86 5 1912 5162 26 35
Terminal 17,280 54 30 70 4 4590 12,393 25 33
equipent
Total 11,150 35680  11.15 473 956 50 9477 25588 301 401

Note: It is assumed that ship engines comply with Euro0, terminal equipment and mechanisms

comply with Euro4 standards [55].

In the event that the ship, tugboats and terminal equipment and mechanisms had
used LNG fuel, LNG fuel consumption would be about 15% less than when using diesel
fuel, i.e., instead of about 11,150 kg of diesel fuel consumed, about 9477 kg of LNG fuel
would have been consumed.

The results of emissions from ships, port tugs and terminal equipment and mecha-
nisms clearly demonstrate the benefits of using more environmentally friendly energy
sources for environmental impact. In the studied cases, the use of LNG fuel reduces the
amount of €0, by about 28%, CO by about 35%, NO, by about 58%. When using LNG
fuel, SO, and PM emissions are not generated. Recently, a significant part of port ter-
minals are developing or connecting to alternative energy source generations (solar,
wind, hydroelectric power plants) and are starting to use other energy sources, such as
hydrogen, some ships are starting to use ammonium fuels. By using new environmen-
tally friendly energy sources, emissions can be reduced by up to 60-80% or more.

After evaluating the results obtained, the comparative index (Es) for the analyzed
ship and port terminal is presented in Table 2.

Table 2. Comparative index of sustainable port factors.

Port (Terminal) Benchmark Fac- Port (Terminal) Under Ideal (Comparable) Port The Ratio of the Ana-
tor Analysis (Terminal) (Using LNG Fuel) lyzed and Ideal (Com-
y parable) Ports Factors
Port entrance channel, m 125 150 1
Port inside navigational channels, 161 200 1
m
Port ships turning basins, m 410 440 0.93
Port tugboats, kN 1040 1020
Entrance to quay, deg More than 45° More than 45°
Terminal operation, TEU/h 180 180 1
Quantities of generated
47 2 1/401 .71/0.64/0.42
€0,/ COJ NO, 35,680/473/956 5,588/301/40 0.71/0.64/0
Additional actions (fuel con- 11,150 9477 0.85

sumption), kg
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The weighting coefficients of sustainable port factors were obtained using an expert
method, evaluating the port data [56]. To determine the factor weighting coefficients, 20
ship masters, 10 terminal management representatives, 12 port pilots and 5 tugboat
masters from 3 ports were interviewed. The survey results were processed using the
maximum distribution methods [7,24,28,56,57].

In the case of the port under study, when compared with an ideal (comparable)
port, assessing the parameters of the port infrastructure (port entrance and internal
navigation channels, ship turning basin), the port terminal operational capabilities, con-
tainer handling, and the environmental impact of using diesel and LNG fuels, it can be
stated that achieving a sustainable port (terminal) even with individual factors allows
improving the image of the port, increasing shipping safety conditions in the port, using
the necessary tugboat capabilities, and reducing environmental impact. For example, the
obtained ratio of the diameter of the port’s ship turning basin (0.93) shows that when
accepting ships of similar parameters, it is necessary to accurately assess the capabilities
of the port’s tugboats and order the required number of tugboats with the necessary
pulling force to avoid non-standard situations during ship maneuvers.

By adopting the weighting coefficients of sustainable port factors and factor values
presented in Table 2, the sustainable port comparative index was obtained, presented in
Table 3.

Table 3. Sustainable port comparative of the analyzed port (terminal).

Conditional Value of Factor Weight Comparative
Factor the Factor (from Ta- v elg Index of the Notes
Coefficient
ble 2) Factor
Port entrance The actual channel width is larger than the
1 0.15 0.15
channel calculated one.
Port inside naviga- The actual channel width is larger than the
. 1 0.15 0.15
tional channels calculated one.
Port shi i
orts 'PS furning 0.93 0.1 0.093 Actual diameter is less than calculated
basins
Port tugboats 1 01 01 Real tugboat capacities greater than cal-
culated
Th 1 h at th h h
Entrance to quay 1 01 01 e actual dept a.t the a'p.proac es to the
quays is sufficient
, . The terminal equipment is sufficient for
Terminal operation 1 0.15 0.15
the current flow
Quantities of gen- Emissions are higher than when using
o 0.71 0.1 0.071 , .
erated emissions more environmentally friendly fuel
Additional actl.ons 0.85 015 01275 More environmentally friendly fuel can be
(fuel consumption) used
TOTAL 1.0 0.9415

The resulting sustainable port benchmark index (compared to an ideal port) is not
so important in its absolute value, but at the same time it shows individual sustainable
port factors that need to be improved in order to achieve better sustainable port results.
From the obtained sustainable port benchmark index, it is clear which of them should be
developed in order to increase shipping safety in the port, reduce environmental impact,
which should positively affect working conditions in the port, improve the quality of life
in the port region, by reducing generated emissions.

The developed sustainable port comparative index methodology is important in
that it can be applied not only to the assessment of the overall sustainable port index,
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but also to the assessment of individual sustainable port factors, and it can be applied to
any port or terminal after adapting it to local conditions.

5. Discussions

The creation of a sustainable port is a long process and it includes many factors;
therefore, the development of new technologies and opportunities, as well as changing
international and local requirements, especially in the field of environmental protection,
force us to look for new solutions. The creation of a sustainable port is related not only to
technical and technological aspects, but the human factor is very important, since the
level of education and practical training of people determines which technical, techno-
logical, organizational and legal factors will be adopted and developed for the creation of
a sustainable port.

The assessment of a sustainable port (terminal) is very important; therefore future
research in this direction is very important, so that as many people (specialists) as possi-
ble have a common understanding of similar phenomena in the process of sustainable
port development. In this article, using the sustainable port comparative index, an
attempt is made to pay more attention to technical and technological factors. Currently,
in different countries and even in different ports of one country, the elements of a sus-
tainable port are more often assessed differently, because some pay more attention to
technical and technological factors, while others are more focused on environmental
impact processes; therefore, complex research on sustainable port development is very
important [9,12,46,58,59].

Comparative research methods are often successfully applied in sustainable port
development studies, using several or a dozen factors that are very important, but the
weight of the factors is not currently very clearly resolved. In many cases, the currently
applied expert assessment of factor weight coefficients allows determining the general
situation of a sustainable port or terminal, but it is not always possible to determine clear
priorities for sustainable port development due to not always clearly justified factor
weight coefficients [56]. Therefore, research on the weight (coefficients) of sustainable
port factors is promising and important from a theoretical and practical point of view.

Many different coefficients are used in the assessment of a sustainable port (termi-
nal), such as factor weights, area utilization, amount of equipment, etc. The aforemen-
tioned coefficients often change due to the implementation of new technologies, changes
in working conditions and occupational safety requirements, etc.; therefore further re-
search in this area is promising and important in the processes of implementing sus-
tainability in ports (terminals).

Sustainable port development research related to reducing environmental impact is
important not only for the ports themselves, but also for the surrounding residential ar-
eas and suburbs. One of the goals of sustainable port development must be to reduce
environmental impact, since ports are often also industrial zones and not only passenger
service and cargo processing take place there, but also various production and logistics
activities are carried out [33,35,60]. As a result of these activities, large land transport
(cars, railways) flows are formed, which affect not only the environment, but also directly
affect the standard of living of people; therefore this type of research is important and
promising.

6. Conclusions

Studies on the assessment and development of sustainable ports have been carried
out, allowing us to assess the current situation of ports and develop appropriate solutions
for achieving port sustainability in the areas of navigational safety, port operations, and
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environmental impact reduction. Studies on the assessment of sustainable port devel-
opment include technical, technological, and environmental aspects, and therefore a
number of important conclusions can be drawn: 1. ports strive to achieve sustainability
by developing port entrances and internal navigation channels, port ship turning basins,
and access to quays, thereby improving navigational safety; 2. port terminals, by imple-
menting the latest passenger service and cargo processing technologies, increase terminal
productivity and reduce environmental impact, thereby achieving the prospects for cre-
ating a sustainable port; 3. a methodology for assessing port sustainability has been de-
veloped, using a sustainable port comparative index, allowing us to identify weak factors
of a port or terminal and seek specific solutions to improve the situation and increase port
sustainability; 4. a methodology for assessing port sustainability has been developed
using a sustainable port comparative index, which can be adapted and implemented in
any port and the most effective methods and measures for increasing port sustainability
have been sought.

The developed methodology for the comparative port (terminal) sustainability in-
dex requires a relatively large amount of data; therefore it is recommended that ports,
based on the methodology, prepare practical calculation programs and use them when
developing the port, accepting ships that are not common in the port, and installing al-
ternative energy sources.

Author Contributions: Conceptualization, V.P. (Vytautas Paulauskas); methodology, V.P.
(Vytautas Paulauskas) and D.P.; software, V.P. (Vytautas Paulauskas) and D.P.; validation, V.P.
(Vytautas Paulauskas), D.P. and V.P. (Vytas Paulauskas); formal analysis, V.P. (Vytautas
Paulauskas); investigation, V.P. (Vytautas Paulauskas) and V.P. (Vytas Paulauskas); resources, V.P.
(Vytautas Paulauskas) and D.P.; data curation, D.P. and V.P. (Vytas Paulauskas); writing—original
draft preparation, V.P. (Vytautas Paulauskas) and D.P.; writing—review and editing, D.P. and V.P.
(Vytas Paulauskas); visualization, D.P.; supervision, V.P. (Vytautas Paulauskas); project admin-
istration, V.P. (Vytautas Paulauskas); funding acquisition, V.P. (Vytautas Paulauskas) 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 this study are included in the

article. Further inquiries can be directed to the corresponding author.

Acknowledgments: This article is based on the research conducted in the Maritime Engineering
Department of the Klaipeda University.

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

References

1.  Wagner, N.; Kotowska, I.; Pluciniski, M. The Impact of Improving the Quality of the Port’s Infrastructure on the Shippers’ De-
cisions. Sustainability 2022, 14, 6255. https://doi.org/10.3390/su14106255.

2. Konstantinos, K.; Nikas, A.; Daniil, V.; Kanellou, E.; Doukas, H. A multi-criteria decision support framework for assessing
seaport  sustainability = planning: The case of Piraeus. Marit. Policy ~Manag. 2022, 50, 1030-1056.
https://doi.org/10.1080/03088839.2022.2047815.

3. Glavinovi'c, R.;; Kréum, M.; Vuki'c, L; Karin, I. Cold Ironing Implementation Overview in European Ports—Case
Study —Croatian Ports. Sustainability 2023, 15, 8472. https://doi.org/10.3390/su15118472.

4. Mersin, K. Review of total emission of transit Ships in the Dardanelle which including possible CO2 emission of 1915 Canak-

kale Bridge. Therm. Sci. 2020, 24, 391-398. https://doi.org/10.2298/TSCI20S1391M.

https://doi.org/10.3390/su18041916



Sustainability 2026, 18, 1916 33 of 35

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Yokohama Port Regulations. Available online:
https://www.scribd.com/document/591569779/Port-Entry-Manual-Port-of-Yokohama (accessed on 1 December 2025).
Doha Port Regulations. Available online: https://visitqatar.com/intl-en/plan-your-trip/doha-port (accessed on 1 December
2025).
Paulauskas, V.; Paulauskas, D.; Paulauskas, V. Smart and Green Sea Transport and Port; Klaipeda University Publish House:
Klaipeda, Lithuania, 2025; 500p. (In Lithuanian)
Beskovnik, B.; Bajec, P. Strategies and approach for smart city-port ecosystems development supported by the internet of
things. Transport 2021, 36, 433—443. https://doi.org/10.3846/transport.2021.16194.
Rao, A.R; Wang, H. Gupta, C. Predictive Analysis for Optimizing Port Operations. Appl. Sci. 2025, 15, 2877.
https://doi.org/10.3390/app15062877.
Xu, L.; Chen, Y. Overview of Sustainable Maritime Transport Optimization and Operations. Sustainability 2025, 17, 6460.
https://doi.org/10.3390/su17146460.
Rehmatulla, N.; Smith, T. The impact of split incentives on energy efficiency technology investments in maritime transport.
Energy Policy 2020, 147, 111721.
PORTUS Green and Effective Operations at Terminals and in Ports “GREEN EFFORTS”. Available online:
https://portusonline.org/green-and-effective-operations-at-terminals-and-in-ports-green-efforts-2/?pdf=11253 (accessed on 30
November 2025).
Rawson, K.J.; Tupper, E.C. Basic Ship Theory, 5th ed.; Elsever: Amsterdam, The Netherlands, 2001; 727p.
Cerka, J. Laivo Eigumas; Klaipeda University Publish House: Klaipeda, Lithuania, 2005; 200p. (In Lithuanian)
Kurt, I; Aymelek, M. Operational adaptation of ports with maritime autonomous surface ships. Transp. Policy 2024, 145, 1-10.
https://doi.org/10.1016/j.tranpol.2023.09.023.
Wawruch, R. Ships’ Routes to Polish Ports of the Gulf of Gdansk. TransNav Int. |. Mar. Navig. Saf. Sea Transp. 2021, 15, 583-590.
https://doi.org/10.12716/1001.15.03.11.
Choi, J.-H.; Jang, J.-Y.; Woo, J. A Review of Autonomous Tugboat Operations for Efficient and Safe Ship Berthing. J. Mar. Sci.
Eng. 2023, 11, 1155. https://doi.org/10.3390/jmse11061155.
Aydin, C.; Karabulut, U.C,; Unal, U.O.; Sariéz, K. Practical computational procedures for predicting steering and braking
forces of escort tugs. Gemive Deniz Teknol. 2017, 21, 21-36.
Kalam, M.A; Husnawan, M.; Masjuki, H.H. Exhaust emission and combustion evaluation of coconut oil-powered indirect
injection diesel engine. Renew. Energy 2003, 28, 2405-2415. https://doi.org/10.1016/S0960-1481(03)00136-8.
Port of Roterdam Ongoing Projects. 2025. Available online:
https://www.portofrotterdam.com/en/building-port/ongoing-projects (accessed on 28 February 2025).
Port of Zeebruge. 2025. Available online: https://www.portofantwerpbruges.com/en/location/zeebrugge (accessed on 25
February 2025).
Zou, Y.; Chen, Y.; He, J; Pang, G.; Zhang, K. 4D Time Density of Trajectories: Discovering Spatiotemporal Patterns in Move-
ment Data. ISPRS Int. |. Geo-Inf. 2018, 7, 212. https://doi.org/10.3390/ijgi7060212.
Perkovic, M. Advances in Navigability and Mooring. J. Mar. Sci. Eng. 2024, 12, 1601. https://doi.org/10.3390/jmse12091601.
Paulauskas, V.; Paulauskas, D.; Simutis, M. Estimation of Tug Pulling Power (Bollard Pull) and Number of Tugs Required
During Ship Mooring Operations. J. Mar. Sci. Eng. 2024, 12, 1959. https://doi.org/10.3390/jmse12111959.
Tang, G.; Li, M,; Fang, Z; Shen, C.; Qi, Y.; Zhen, Z.; Zhao, Z. Efficiency and Energy Consumption of the Automated Container
Yard with Twin Rail-Mounted Gantry Cranes Considering Crane Scheduling Strategies and Handshake Area Designs. Simul.
Model. Pract. Theory 2024, 135, 102981.
PIANC, 2014. Harbour Approach Channels and Design Guidelines—Report No. 121-2014, s.l.: The World Association for
Waterborne Transport Infrastructure. Available online:
https://files.pca-cpa.org/pcadocs/ua-ru/02.%20UA%200bservations%200n%20Jurisdiction/01.%20Exhibits/UA-88.pdf ~ (ac-
cessed on 1 December 2025).
Puertos del Estado. ROM 3.1-99: Recommendation for Design of the Maritime Configuration of Ports, Approach Channels and Harbour
Basins;  Puertos del Estado [Ports of the State]: Madrid, Spain, 1999; 382p. Available online:
https://www.puertos.es/en/services/publications/recommendation-maritime-works (accessed on 1 December 2025).
Knill, O. Probability Theory and Stochastic Processes with Applications; Overseas Press: New York, NY, USA, 2009; 382p.
Raymond, A. Serway. In Physics for Scientists and Engineers, 2nd ed.; Saunders College Publishing: Philadelphia, PA, USA,
1986; p. 202.

https://doi.org/10.3390/su18041916



Sustainability 2026, 18, 1916 34 of 35

30.

31.

Kianejad, S.S.; Enshaei, H.; Duffy, J.; Ansarifard, N. Prediction of a ship roll added mass moment of inertia using numerical
simulation. Ocean. Eng. 2019, 173, 77-89.

Piaggio, B.; Viviani, M.; Martelli, M.; Figari, M. Z-Drive Escort Tug maneuverability model and simulation. Ocean Eng. 2019,
191, 106461.

32. PIANC Fender Guidelines 2024. Guidelines for the Design, Manufacturing and Testing of Fender Systems. 274p. Available

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

online: https://www .pianc.org/publication/pianc-fender-guidelines-2024/ (accessed on)
Matuszak-Flejszman, A.; Preisner, A.; Banach, J.K. Transport Related Emissions and Transition Strategies for Sustainabil-
ity— A Case Study of the Fast Fashion Industry. Sustainability 2024, 16, 7749. https://doi.org/10.3390/sul16177749.
Johansson, L.; Jalkanen, J.P.; Kukkonen, J. Global assessment of shipping emissions in 2015 on a high spatial and temporal
resolution. Atmos. Environ. 2017, 167, 403—415. https://doi.org/10.1016/j.atmosenv.2017.08.042.
Styhre, L.; Winnes, H.; Black, J.; Lee, J.; Le-Griffin, H. Greenhouse gas emissions from ships in ports—Case studies in four
continents. Transp. Res. Part D Transp. Environ. 2017, 54, 212-224. https://doi.org/10.1016/j.trd.2017.04.033.
Jiang, M.; Wang, B.; Hao, Y.; Chen, S.; Wen, Y.; Yang, Z. Quantification of CO2 emissions in transportation: An empirical
analysis by modal shift from road to waterway transport in Zhejiang, China. Transp. Policy 2023, 145, 177.
http://doi.org/10.1016/j.tranpol.2023.10.026.
Paulauskas, V.; Filina-Dawidowicz, L.; Paulauskas, D. The Method to Decrease Emissions from Ships in Port Areas. Sustaina-
bility 2020, 12, 4374. https://doi.org/10.3390/su12114374.
Saini, M.; Lerher, T. Assessing the factors impacting shipping container dwell time: A multi-port optimization study. Bus.
Theory Pract. 2024, 25, 51-60. https://doi.org/10.3846/btp.2024.19205.
Owusu-Oware, E.; Effah, J.; Adam, 1.O.; Amankwah-Sarfo, F. Actualizing the affordances of seaport smart container terminal
system in a developing country. . Inf. Technol. Case Appl. Res. 2023, 25, 339-367. https://doi.org/10.1080/15228053.2023.2250238.
Lee, B.K,; Low, ].M.W. Resource Capacity Requirement for Multi-Terminal Cooperation in Container Ports. Appl. Sci. 2021, 11,
9156. https://doi.org/10.3390/app11199156.
Cao, Z.; Sun, Q.; Wang, S. Dry bulk terminal operations: A critical review of models and optimization methods. Transp. Res.
Part C: Emerg. Technol. 2025, 178, 105221. https://doi.org/10.1016/j.trc.2025.105221.
Alzbutas, R.; Vaisnoras, M.; Saruniene, I.; Krikstolaitis, R.; Valincius, M.; Babilas, E.; Augutis, J.; Rimkevicius, S.; Iesmantas, T.;
Anusauskas, F.; et al. Aggregated Risk Assessment and Survey for Risk Reduction in Oil Terminals. Sustainability 2021, 13,
12169. https://doi.org/10.3390/su132112169.
Malandri, C.; Mantecchini, L.; Paganelli, F. Towards Green and Smart Ro-Ro Port Terminal Operations: A Comparative
Analysis of ICE, BET and e-AGT Tractors. Future Transp. 2025, 5, 121. https://doi.org/10.3390/futuretransp5030121.
Heinrich, L.; Koschinsky, A.; Markus, T.; Singh, P. Quantifying the fuel consumption, greenhouse gas emissions and air pollu-
tion of a potential commercial manganese nodule mining operation. Mar. Policy 2020, 114, 103678.
https://doi.org/10.1016/j.marpol.2019.103678.
Brzezinski, M.; Pyza, D.; Archutowska, J.; Budzik, M. Method of Estimating Energy Consumption for Intermodal Terminal
Loading System Design. Energies 2024, 17, 6409. https://doi.org/10.3390/en17246409.
Endresen, &.; Sergard, E.; Sundet, ].K,; Dalseren, S.B.; Isaksen, 1.5.A.; Berglen, T.F.; Gravir, G. Emission from international sea
transportation and environmental impact. ]. Geophys. Res. D Atmos. 2003, 108, ACH 14-1-ACH 14-22.
https://doi.org/10.1029/2002]JD002898.
Safety4Sea. Cold Ironing: The Role of Ports in Reducing Shipping Emissions. Available online:
https://safety4sea.com/cm-cold-ironing-the-role-of-ports-in-reducing-shipping-emissions/ (accessed on 30 March 2023).
Lack, D.A.; Corbett, ]J.J. Black carbon from ships: A review of the effects of ship speed, fuel quality and exhaust gas scrubbing.
Atmos. Chem. Phys. 2012, 12, 3985-4000.
Specht, C. Maritime DGPS System Positioning Accuracy as a Function of the HDOP in the Context of Hydrographic Survey
Performance. Remote Sens. 2023, 15, 10. https://doi.org/10.3390/rs15010010.
Alissa, S.; Hakansson, M.; Henkel, P.; Mittmann, U.; Hiiffmeier, J.; Rylander, R. Low bandwidth network-RTK correction dis-
semination for high accuracy maritime navigation. TransNav—Int. ]. Mar. Navig. Saf. Sea Transp. 2021, 15, 171-179.
https://doi.org/10.12716/1001.15.01.17.
Gucma, L.; Montewka, J. Land borne laser rangefinder measurements for navigation safety assessment. Eur. |. Navig. 2005, 3,
1-6.
Gucma, L. The Risk Assessment of Ships Maneuvering on the Waterways Based on Generalized Simulation. DataWIT Trans.
Built Environ. 2007, 94, 58-69.

https://doi.org/10.3390/su18041916



Sustainability 2026, 18, 1916 35 of 35

53.

54.

55.

56.

57.

58.

59.

60.

SimFlex “SimFlex Navigator” Simulator, 2016. Available online:
https://forcetechnology.com/en/about-force-technology/news/newsbefore-2017/simflex-updates (accessed on 30 November
2025).

Roales, J.; Moscoso, F.G.; Vargas, A.P.; Lopes-Costa, T.; Pedrosa, ].M. Colorimetric Gas Detection Using Molecular Devices
and an RGB Sensor. Chemosensors 2023, 11, 92. https://doi.org/10.3390/chemosensors11020092.

Jokubyniene, V.; Liebuviene, J. Research in vehicle exhaust gas compliance with Euro standard. In Proceedings of the 22nd
International  Scientific Conference Engineering for Rural Development, Jelgava, 24-26 May 2023; 15p.
https://doi.org/10.22616/ERDev.2023.22.TF048.

Johansen, J.; Fischer-Hiibner, S. Expert Opinions as a Method of Validating Ideas: Applied to Making GDPR Usable. In Human
Factors in Privacy Research; Gerber, N., Stéver, A. Marky, K. Eds; Springer: Cham, Switzerland, 2023.
https://doi.org/10.1007/978-3-031-28643-8_7.

Jin, H; Peng, S. Optimal unbiased estimation for maximal distribution. Am. Inst. Math. Sci. 2021, 6, 189-198.
https://doi.org/10.3934/puqr.2021009.

He, ]J. Berth allocation and quay crane assignmentin a container terminal for the trade-off between time-saving and ener-
gy-saving. Adv. Eng. Inform. 2016, 30, 390-405. https://doi.org/10.1016/j.aei.2016.04.006.

Energy Consumption and Container Terminal Efficiency. Available online:
https://www.researchgate.net/publication/313405671_Energy_consumption_and_container_terminal_efficiency (accessed on
24 November 2025).

Li, X.; Zhou, R.; Zhu, L. The Influence of Operation Platform on the Energy Consumption of Container Handling. Sustainabil-
ity 2023, 15, 385. https://doi.org/10.3390/su15010385.

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/su18041916



