
Article Not peer-reviewed version

Sustainable Risk Management of

Damage to Seaport Infrastructure

Caused by Vessel Impacts

Teresa Abramowicz-Gerigk *

Posted Date: 17 February 2026

doi: 10.20944/preprints202602.1270.v1

Keywords: sustainable risk management; seaport infrastructure resilience; Bayesian-based risk analysis

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/1101451
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Article 
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Infrastructure Caused by Vessel Impacts 
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Gdynia Maritime University; t.gerigk@wn.umg.edu.pl 

Abstract 

The paper presents an analysis of the risk of failure of port structures in a modern seaport due to 
vessel impacts. The analysis addresses potential damage related to port maneuvers of self-
maneuvering vessels and possible risk reduction options that can be applied to enhance port 
resilience. The proposed system model—including ship, port infrastructure and environment—
enabled the observation of both implemented and anticipated future risk reduction measures. The 
analysis was carried out using the ferry terminal in the large Polish Port of Gdynia as a case study. A 
Bayesian influence diagram—including decisions related to the implementation of risk reduction 
options—was used to determine the total risk associated with ro-pax ferry port calls. Sustainable risk 
management led to the implementation of a cloud-based monitoring system and, subsequently, to 
the design of a new terminal in line with the green port concept. A comparative risk assessment for 
the two locations demonstrated improved safety and reduced environmental pollution in the new 
Public Ferry Terminal, primarily due to reduced spatial risk and the implementation of cold-ironing 
technology in the new terminal. The potential future implementation of an automated mooring 
system was also discussed. 

Keywords: sustainable risk management; seaport infrastructure resilience; Bayesian-based risk 
analysis 
 

1. Introduction 

Sustainable risk management involves actions that ensure the long-term success of a seaport. 
This process encompasses hazard identification, risk assessment, as well as the prevention and 
mitigation of adverse events. An important element in the risk assessment loop is management 
policy. Cooperation between the Port Authority, policymakers, and industry stakeholders at various 
levels—often supported by AI-based logistics optimization—ensures the efficient operation of a 
sustainable and resilient port system [1,2]. 

Resiliency is defined as a port’s ability to resume normal operations at pre-disruptive 
performance levels [3]. This refers to the port’s capacity to withstand and recover from disruptive 
events such as natural disasters, cyber threats, and supply chain disruptions. It requires the 
implementation of proactive measures such as crisis planning and operational flexibility, in order to 
maintain critical services [4–6]. 

UNCTAD’s guidebook, Building Capacity to Manage Risk and Enhancing Resilience, defines 
“operational resilience” in terms of traditional risk identification and detection tools and links it to 
“strategic resilience”, which encompasses value-added activities that support risk management 
objectives [7]. 

Mohsendokhtey et al. [6] presented a critical review of research and development directions in 
seaport resilience analyses. Resilience is primarily considered in the context of protecting seaports 
against the effects of both short-term and long-term adverse weather phenomena. Cuong et al. [8] 
incorporated disruptions such as a global pandemic into their innovative resilience planning strategy 
for seaport competitiveness. 
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Ensuring compliance with evolving international regulations and guidelines, including those of 
IMO (International Maritime Organization), IAPH (International Association of Ports and Harbors), 
and PIANC (The World Association for Waterborne Transport Infrastructure), port authorities’ 
business initiatives are closely linked to the reduction of GHG (greenhouse gas) emissions [9–11]. 

The green port concept involves the development of monitoring and reporting systems, 
improved equipment operation, intelligent energy management, infrastructure modernization, and 
extensive digitalization. 

Sustainable risk management of damage to waterborne infrastructure addresses risks arising 
from a broad range of factors, including climate [12], supply chains related to ships calling at the port, 
and regulatory changes. Basically, it focuses on: 

• prioritizing activities, 
• measuring, monitoring, and reporting the condition of infrastructure, 
• responding to failures, 
• protecting against failures, 
• mitigating the effects of failures. 

The expected benefits of this process include not only increased resilience of port infrastructure, 
but also an enhanced reputation and new business opportunities that attract responsible investors. 

Various technologies can be used to control emissions. Carbon emissions can be reduced by 
more than 50% when large vessels use a port-based electricity source (cold ironing) [9,13]. The 
possible reduction in carbon emissions resulting from the implementation of automatic mooring 
systems—which allow safe mooring operations without the use of ship power—can exceed 70%. For 
example, the Port of Santander in Spain reduced its carbon emissions by 77% [9]. Reducing ship speed 
from 24 knots to 8 knots in approach channels can proportionally decrease emission by more than 
30% [14]. Speed reduction is also a risk mitigation measure related to ship maneuvering operations. 

Land-based emissions in container and ferry terminals—which are usually comparable to those 
generated by maritime operations—can be reduced through the implementation of artificial 
intelligence-based optimization of logistics processes [1]. 

A proactive measure in sustainable risk management is digitalization. Port digital twins enable 
effective monitoring, maintenance, and planning of the further development of port infrastructure. 
Additional advantages include easy access to documentation presented in the form of a detailed 3D 
model, efficient information flow within the port, and a higher level of digitization of various 
processes, including infrastructure monitoring. 

Online monitoring and reporting of technical condition are key to ensuring the resilience of 
marine structures. Considerations regarding damage to port infrastructure resulting from ship 
impacts mainly concern large, independently maneuvering vessels such as cruisers and ferries. The 
paper presents an example of the former ferry terminal in the Port of Gdynia, where a proven and 
effective monitoring method was applied to increase quay resilience and minimize the risk of its 
damage. 

The Port of Gdynia is the main port of the Baltic-Adriatic Transport Corridor, one of nine 
corridors of the Trans-European Transport Network, with the Gdynia-Karlskrona Motorway of the 
Sea providing a ferry connection between Poland and Sweden. 

It serves as an example of successful, long-term port development planning [15] and sustainable 
risk management of port infrastructure damage. In the case of ferry connections, the implementation 
of a prototype cloud-based system for monitoring ship-generated loads on the quay was crucial 
[17,19]. 

The next stage of development was the construction of a new Public Ferry Terminal for larger 
ships at a new location within the Port of Gdynia. 

The Bayesian approach to determining the risk of damage to the quay at the ferry terminal in 
the Port of Gdynia, as proposed in the paper, enabled the construction of a Bayesian influence 
diagram in the form of a Bayesian Believe Network, considering the impact of decisions regarding 
the use of risk mitigation measures. The results indicate a significant reduction in risk following the 
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implementation of a system for monitoring the impact of ships on seabed protection and quay 
structure [19]. However, even more important was sustainable management in line with the green 
port concept, including sustainable spatial planning and modern ferry operating systems that reduce 
harmful emissions. 

2. Materials and Methods 

2.1. Methods of Operation and Maintenance of the Quay 

The methods of quay operation and maintenance depend on the policies and regulations of the 
port authority. Considering the assumed reliability of quay walls designed for a long service life, 
failure-free operation exceeding 50 years is expected; the durability of steel sheet piles is 
approximately 50 years, while concrete quay walls can exceed 100 years. Maintenance, repair and 
monitoring are key to achieving the designed service life. Proper maintenance of seabed protection 
near the quay wall is one of the most important factors influencing quay durability. The methods of 
operation and maintenance of quays and seabed protection are presented in Figure 1. 

 
Figure 1. Methods of operation and maintenance of quays. 

Common practice in ferry terminals involves planned prevention based on reports from divers’ 
inspections of quay walls and seabed protection, conducted at scheduled intervals. In exceptional 
cases, e.g., when permissible ship-generated loads are exceeded, inspections are carried out more 
frequently. 

Assessing the current technical condition, based on the values of monitored parameters, requires 
measurement of stresses in the quay wall. In advanced systems, stress measurements are sent to a 
digital twin of the structure, enabling evaluation of the current condition and identification of 
necessary actions. 

For seabed protection, only indirect measurement of propeller jet velocity over the seabed near 
the quayside [19] is possible. This type of measurement requires an online monitoring system with a 
warning alarm triggered when permissible values are exceeded. 

An example of an effectively operating monitoring system at the ferry terminal in the Port of 
Gdynia is described in detail in the publications [17,19]. This cloud-based system for monitoring ship-
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generated loads allows for online measurements of pressure on the quay wall. The measurements 
and the resulting calculated propeller jet velocities are compared with permissible velocities above 
the seabed. If these values are exceeded, an alarm is triggered. 

Figure 1(a) shows the 168 m long, and 28 m wide ro-pax ferry Stena Spirit moored at the Helskie 
II quay in the former ferry terminal and at the Polish quay in the new Public Ferry Terminal. 

Figure 1(b) shows Stena Spirit being unberthed from the Helskie II quay with her actual 
positions recorded by AIS (Automatic Identification System) [20]. The application window of the E-
QuayTracker cloud-based monitoring system for predicting propeller loads on the seabed [19], 
showing the quay near the ramp with marked positions of pressure meters installed on the quay wall, 
is presented in Figure 1(c). 

 
(a) 

  
(b) (c) 

Figure 2. Ferry terminal in the Port of Gdynia: (a) former location at the Helskie II quay and the new Public Ferry 
Terminal at the Polskie quay; (b) actual positions of the ro-pax ferry Stena Spirit unberthing from the Helskie II 
quay recorded by AIS; (c) section of the Helskie II quay near the ramp with marked positions of pressure meters 
installed on the quay wall. 

To determine the risk of port infrastructure failure, considering the impact of weather conditions 
and possible risk mitigation measures, including tugboats assistance and monitoring of propeller jets 
velocities, a Bayesian influence diagram was proposed. 

2.2. Risk Modelling Using the Bayesian Influence Diagram 

Risk modeling using Bayesian Believe Networks enables a proactive approach to safety by 
addressing threats for which no consequences have been observed or statistical methods cannot be 
applied. It can be based on both subjective assessment and empirical data. It allows for the calculation 
of resulting risk levels while simultaneously illustrating the relationships between events and 
presenting the mechanism of potential failures. 

A Bayesian network is a directed acyclic graph in which the vertices (nodes) represent events or 
values of random variables. The edges (arcs) represent probabilistic measures of the relationships 
between these variables. If an arc leads from node A to node B, then event B is called the consequent 
or effect of event A, and A is called the antecedent or cause of event B. An arc starting at node A and 
ending at node B corresponds to the conditional probability P(A|B). The absence of arcs connecting 
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nodes A and B indicates that the events they represent are independent, which means that the 
probability of the product of these events is equal to the product of their probabilities. Bayesian 
network theory is based on Bayes’ theorem and the theorem of total probability. Inference from the 
network is analogous to inference from joint distribution, which is the product of nodal distributions. 

If the probability of the product of events A1, A2, . . . , An (1): 

P(A1 ∩ A2 ∩ …∩ An−1) > 0, (1) 

then (2): 

P(A1 ∩ A2 ∩ …∩ An) = P(A1)P(A2|A1) ∙ … ∙ P(An|A1 ∩ A2 ∩ …∩ An−1). (2) 

Events A1, A2, . . . , An form a Markov chain (3) if: 

P(A1 ∩ A2 ∩ A3 ∩ …∩ An) = P(A1)P(A2|A1)P(A3|A2) ∙ … ∙ P(An|An−1). (3) 

In computer programs, events can be replaced by the values of binary random variables Xi. These 
formulas then take the form of equation (4) and (5): 

P(X1 = x1, X2 = x2, … , Xn = xn) = P(X1 = x1)P(X2 = x2|X1 = x1) … 

… P(Xn|X1 = x1, X2 = x2, … , Xn−1 = xn−1),    x1, x2, … , xn ∈ {0,1} 
(4) 

P(X1 = x1, X2 = x2, … , Xn = xn) = P(X1 = x1)P(X2 = x2|X1 = x1) … 

… P(Xn|Xn−1 = xn−1),  x1, x2, … , xn ∈ {0,1} 
(5) 

Introducing variables that represent risk control options into the network structure creates the 
Bayesian influence diagram. This diagram allows for the determination of the impact of risk control 
options on the safety of complex operations and can be used for both risk assessment and 
management. The risk measure is defined as the product of the probability of an event and its 
consequences, typically the costs resulting from accidents. By taking into account the costs associated 
with implementing specific risk reduction measures, the expected utility (EU) can be calculated. EU 
is the algebraic sum of costs at all utility nodes. This value provides a measure of risk from the 
perspective of economic efficiency. 

3. Results 

The Bayesian-based risk model presented for the operation of Stena Spirit at the old and new 
locations in the Port of Gdynia indicates a two-fold reduction in risk under assumed average wind 
conditions 

3.1. A Bayesian-Based Risk Model for Hydrotechnical Structure Failures in the Context of Ferry 
Maneuvering Operations 

The presented example of a Bayesian based risk model for hydrotechnical structure failure 
during ship maneuvering operations in the Port of Gdynia was developed using the Hugin Expert 
program [21]. The random variables (chance nodes) corresponding to subsequent states of the 
system—ship, port infrastructure, environment—are defined as vessel navigation along the approach 
fairway, passage through the port entrance, navigation along the port channel, turning in the turning 
basin, and mooring. The conditional probability of port infrastructure failure in the given state is 
computed based on the probabilities of failure in the previous states, considering wind conditions 
and decisions on the application of risk mitigation measures. 

The conditional probabilities of transitions between system states were assumed based on expert 
opinion. Probabilities of hazardous wind conditions can be calculated using a hydrometeorological 
conditions identification model that incorporates current weather conditions and environmental 
dynamics models. In the presented example, these probabilities were based on statistical data for the 
Port of Gdynia and expert opinion. 
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The computing algorithm used in the Bayesian influence diagram was the Prop Sum Normal 
(PSN) propagation method. This method updates all probabilities and the expected utility of chance 
nodes based on the decision nodes and input evidence. It calculates the total probability distribution 
of random variables, the risk values at utility nodes, and the total expected utility, that is, the total 
risk of failure during maneuvering operations. 

The expected costs of risk reduction measures, depending on decisions regarding their use, 
included in the utility nodes, are as follows: Tug E – tugboat assistance on ship entering or leaving 
the port, Tug B – tugboat assistance on ship berthing or unberthing, Cloud-based system – cloud-
based monitoring system of ship propeller-generated loads during berthing [19]. The cost of using 
the monitoring system was based on daily depreciation and maintenance expenses. 

The costs of risk control options are presented in Table 1. 

Table 1. Risk control options. 

Risk control option Description 
Cost 
[k€] 

Tug E Tugboat assistance when entering and leaving the port 1.4 
Tug B Tugboat assistance when berthing and unberthing 0.3 

Cloud-based system 
Daily depreciation and maintenance costs of cloud-based 

monitoring system 
0.01 

The consequences of failure in the considered example were assumed based on losses recorded 
during similar failures and expert opinions. Specifically, the consequences of grounding, collision in 
the approach fairway, or allision with port heads are €100,000; the consequences of allision with a 
hydrotechnical structure while passing through port channels or berthing at a quay are €10,000; and 
seabed protection failure due to propeller jets is €25,000. 

The consequences of these failures are summarized in Table 2. 

Table 2. Risk descriptions and costs related to the consequences of failure. 

Symbol  Description of failure 
Consequences 

Losses [k€] 
R1 Grounding or collision in the approach channel 10 
R2 Collision with a port head or breakwater when entering the port 100 

R3 

Allision with a hydraulic structure during: 
• passing through port channels, 
• turning in the turning basin, 
• berthing 

10  
10 
5 

R4 Seabed protection failure 25 

3.1.1. Influence Diagram of the Arrival of the Ro-Pax Ferry Stena Spirit Berthing at the Helskie II 
Quay in the Former Ferry Terminal 

The Bayesian influence diagram developed for an example port call of the ro-pax ferry Stena 
Spirit berthing at the Helskie II quay in the former ferry terminal is presented in Figure 3. 
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Figure 3. Influence diagram for the arrival of the ro-pax ferry Stena Spirit berthing at the Helskie II quay. 

The two possible states assumed in the probability distribution tables were Safe and ALARP (As 
Low as Reasonably Practicable). ALARP condition is related to the port’s operational window, which 
is typically limited by a maximum wind speed of 15-17 m/s (7 B) and the vessel’s ability to maneuver 
independently. At wind speeds close to this value, the decision to use tugboats as a risk reduction 
measure becomes crucial. 

Figures 4 and 5 present examples of calculating the joint probability distribution for 30% and 
100% probability of a dangerous transverse wind direction, and 10% and 100% probability of a 
dangerous wind speed, respectively, without the use of any risk reduction measures, based on the 
PSN algorithm. 

 

Figure 4. Results of calculations performed using the PSN method, EU= 6.243 k€, for an assumed 10% probability 
of hazardous wind 7 B and a 30% probability of transverse wind direction, without any risk reduction measures 
applied, for the arrival of the ro-pax ferry Stena Spirit berthing at the Helskie II quay. 
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Figure 5. Results of calculations performed using the PSN method, EU= 48.333 k€, for an assumed 100% 
probability of hazardous crosswind, without any risk reduction measures applied, for the arrival of the ro-pax 
ferry Stena Spirit berthing at the Helskie II quay. 

The loss values at utility nodes are the products of the total probability of failure and its 
consequences. The total value of expected utility is the algebraic sum of costs at all utility nodes. 

The loss values serve as measures of the risk of failure. The absolute value of the total expected 
utility represents the losses corresponding to the risk of failure during a sequence of maneuvers 
performed by the vessel, considering the implemented risk reduction options. 

Figure 6 shows an example of calculating the joint probability distribution for an assumed 100% 
probability of hazardous crosswind, with risk reduction measures applied, including tugboat 
assistance and a cloud-based monitoring system. 

 

Figure 6. Results of calculations performed using the PSN method, EU= 3.320 k€, for an assumed 100% 
probability of hazardous crosswind, with risk reduction measures applied, including tugboat assistance and 
berthing monitoring system, for the arrival of the ro-pax ferry Stena Spirit berthing at the Helskie II quay. 

The risk of failure during the sequence of maneuvers, calculated for selected combinations of 
wind speed, wind direction, and applied risk reduction measures, is presented in Table 3. 
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Table 3. Risk related to wind speed, wind direction, and applied risk reduction measures, calculated for the 
arrival of the ro-pax ferry Stena Spirit berthing at the Helskie II quay. 

Wind 
Tug E Tug B 

Monitori
ng 

System 
R1 R2 R3 R4 EU 

7 B 
Transvers

e 
% % k€ k€ k€ k€ k€ k€ k€ k€ 
10 30 0 0.0 0 0.23 2.48 1.19 2.35 6.24 
10 30 0.0 0.0 0.01 0.23 2.48 1.19 0.23 3.42 

100 100 0.0 0.0 0 3.00 33.50 6.82 5.01 48.33 
100 100 0.0 0.0 0.01 3.00 33.50 6.08 2.81 45.40 
100 100 1.4 0.3 0.01 0.10 1.19 0.16 0.16 3.32 
0 0 0.0 0.0 0.0 1.0E-3 1.0E-4 0.75 2.25 3.30 
0 0 0.0 0.0 0.01 1.0E-3 1.0E-4 2.5E-4 1.5E-4 0.01 

3.1.2. Influence Diagram of the Arrival of the Ro-Pax Ferry Stena Spirit Berthing at the Polskie Quay 
in the New Public Ferry Terminal 

The Bayesian influence diagram developed for an example port call of the ro-pax ferry Stena 
Spirit berthing at the new Public Ferry Terminal at the Polskie quay is presented in Figure 7. 

The location of this terminal and the design of the berth allowed the network to be built without 
the “Port channel” chance node and “Monitoring” decision node. 

Due to its proximity to the port entrance, the ferry can turn near the inner entrance and then 
berth moving astern. Monitoring of propeller jet velocities is not necessary in this case, because the 
seabed is protected with stone gabions, rather than with mattress made of large geotextile bags filled 
with sand, as in the case of the Helskie II quay. 

 

Figure 7. Influence diagram for the arrival of the ro-pax ferry Stena Spirit berthing at the new Public Ferry 
Terminal. 

Figures 8 and 9 present examples of calculating the joint probability distribution for 30% and 
100% probability of transverse wind direction, and 10% and 100% probability of hazardous wind 
speed, respectively, without the use of any risk reduction measures, based on the PSN algorithm. 
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Figure 8. Results of calculations performed using the PSN method, EU= 3.174 k€, for an assumed 10% probability 
of hazardous wind at 7 B and a 30% probability of transverse wind direction, without any risk reduction 
measures applied, for the arrival of the ro-pax ferry Stena Spirit berthing at the Polskie quay in the new Public 
Ferry Terminal. 

 
Figure 9. Results of calculations performed using the PSN method, EU= 41.545 k€, for an assumed 100% 
probability of dangerous crosswind, without any risk reduction measures applied, for the arrival of the ro-pax 
ferry Stena Spirit berthing at the Polskie quay in the new Public Ferry Terminal. 

Figure 10 presents examples of calculating the joint probability distribution for an assumed 0% 
probability of hazardous crosswind, without any risk reduction measures applied. 
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Figure 10. Results of calculations performed using the PSN method, EU= 0.001, for an assumed 0% probability 
of dangerous crosswind, without any risk reduction measures applied, for the arrival of the ro-pax ferry Stena 
Spirit berthing at the new Public Ferry Terminal. 

The risk of failure of hydrotechnical structures during the sequence of maneuvers, calculated for 
selected combinations of wind speed, wind direction, and applied risk reduction measures, for the 
ro-pax ferry Stena Spirit berthing at the Public Ferry Terminal ,is presented in Table 4. 

Table 4. Risk related to wind speed, wind direction and applied risk reduction measures, calculated for the 
arrival of the ro-pax ferry Stena Spirit berthing at the Public Ferry Terminal. 

Wind 
Tug E Tug B R1 R2 R3 EU 

7 B Transverse 
% % k€ k€ k€ k€ k€ k€ 
10 30 0 0.0 0.23 2.48 0.47 3.17 

100 100 0.0 0.0 3.00 33.50 5.05 41.55 
100 100 1.4 0.0 0.10 1.19 2.58 5.27 
100 100 1.4 0.3 0.10 1.19 0.21 3.20 
0 0 0.0 0.0 1.0E-4 1.0E-3 2E-4 1.3E-4 

The absolute difference in risk calculated for both locations is equal to (6): 

∆EU = EUH − EUP [k€], (6) 

where: EUH and EUP are the risks calculated for the Helskie II quay and the Public Ferry Terminal, 
respectively, and ΔEU represents the absolute difference in risk between the two locations. 

The relative percentage difference δEU (7) is equal to: 

δEU = 100 ∙ ∆EU/EUH [%]. (7) 

The results of the infrastructure failure risk due to ferry maneuvering operations at the two 
locations are compared in Table 5. 

Table 5. Risk related to wind speed, wind direction, and applied risk reduction measures, calculated for the 
arrival of the ro-pax ferry Stena Spirit berthing at the Public Ferry Terminal. 

Wind 
Tug  

E 
Tug  

B Berth 
Monitoring  

System 
R1 R2 R3 R4 EU ΔEU δEU 

7 B 
Trans- 
verse 

% % k€ k€ k€ k€ k€ k€ k€ k€ k€ % 

10  30 0.0 0.0 
Helskie II 

0 0.23 2.48 1.19 2.35 6.24 3.07 49 
0.01 0.23 2.48 1.19 0.23 3.42 0.25 7 

Public Ferry Terminal - 0.23 2.48 0.47 - 3.17   

100 100 
0.0 0.0 

Helskie II 0 3.00 33.50 6.82 5.01 48.33 6.78 14 
Public Ferry Terminal - 3.00 33.50 5.05 - 41.55   

1.4 0.3 
Helskie II 0.01 0.10 1.19 0.16 0.16 3.32 0.12 4 

Public Ferry Terminal - 0.10 1.19 0.21 - 3.20   

0 0 0.0 0.0 
Helskie II 

0.0 1.0E-3 1.0E-4 0.75 2.25 3.30 3.30 99.996 
0.01 1.0E-3 1.0E-4 2.5E-4 1.5E-4 0.01 0.01 98.7 

Public Ferry Terminal - 1.0E-4 1.0E-3 2E-4 - 1.3E-4   

Comparing the results of the calculations, it was confirmed that the risk of infrastructure failure 
at the previous terminal location, under the assumed most frequently occurring wind conditions, was 
49% higher than at the new location. Installing a monitoring system at the former location at the 
Helskie II quay reduced this difference to only 7%. 
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At the limit values of hazardous crosswinds, without any risk reduction measures applied, this 
difference was 14%, and with risk reduction measures in place, it decreased to 4%. Under favorable 
weather conditions with a 0% probability of hazardous winds, the risk is mainly related to failure of 
seabed protection. In this case, the differences were 99.996% without the monitoring system and 
98.7% with the monitoring system 

4. Discussion 

The sustainable development of ferry connections in the Port of Gdynia, in line with the green 
port concept, involved designing a larger ferry terminal in a better location, and with improved road 
connections to communication routes. The new Public Ferry Terminal located near the port entrance 
allows easier and safer maneuvering than the previous location, where ferries had to pass through 
the entire port. It also imposes less restriction on port capacity. Port calls are shortened by 
approximately 40 minutes per call., and the shorter route reduces both noise and pollutant emissions. 

The design of the new terminal included the possibility of installing a monitoring system for 
ship propeller-generated loads. However, this system has not been implemented at the current stage 
of operation due to the greater resistance of the seabed protection against propeller jets. In the case 
of geotextile mattresses made from sand-filled bags connected by cables, damage to one or more of 
these elements can cause significant damage if permissible propeller jet velocities are subsequently 
exceeded. The installation of such a system would improve quay structural resilience by enabling 
rapid response and repair of minor damage. More careful maneuvering by the Masters, informed of 
the continuous load measurements, also contributed to improved resilience [19]. 

The introduction of an onshore power supply system (cold ironing) for ferries docking at the 
Public Ferry Terminal has eliminated emissions, vibrations, and noise generated by onboard 
generators [18]. The shore-based electricity supply system includes a dedicated converter station built 
into a container, a cable line laid along the Polskie quay in a cable duct, cable sockets at three locations 
on the quay, and a mobile davit that moves along the quay and feeds the cable with the socket to the 
ship. 

Much larger vessels have entered ferry service. The line is currently served by three vessels: the 
ro-pax ferry Stena Spirit and two newly built, modern E-Flexer ferries: Stena Estelle and Stena Ebba—
the largest ferries operating on the Baltic Sea. These ferries can carry 1,200 passengers and 200 trucks, 
and their energy-efficient design allows the use of shore-based power system, reducing CO2 
emissions. 

Their parameters are also uniquely optimized. Measuring 240 m in length and 28 m in width, 
with a maximum draft of 6.4 m, the E-Flexer Stena Estelle is 80 m longer than Stena Spirit. Its 
maximum draft is 0.3 m less than that of Stena Spirit reducing its impact on seabed protection. The 
main particulars of these ferries are presented in Table 6. 

Table 6. Main particulars of the ferries Stena Spirit, Stena Estelle and Stena Ebba. 

Parameter Stena Spirit 
Stena Estelle 
Stena Ebba 

Length [m] 168 240 
Breadth [m] 28 28 
Depth [m] 6.7 6.4 

The new E-Flexer ferries can be supplied with gas, enabling fuel conversion to methanol or LNG. 
During port maneuvers, the main engine is the primary source of emissions. The maneuvering 

time is approximately 0.5 hours while entering the port and approaching the berth, and 0.5 hours 
while leaving the berth and departing the port. The ship remains at the berth for approximately one 
hour. The following maximum emission values were obtained for the ferry, assuming 50% engine 
power consumption and entry and departure times of 0.5 hours each [18]: 

• NOx = 6.35 kg/h; 
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• SO2 = 4.2 kg/h; 
• CO = 3.5 kg/h; 
• PM10 = 1.9 kg/h. 

To reduce exhaust emissions, the ship operates at approximately 10% of its main engine power 
on average. 

To compare the maneuvering operations of ferries calling at the new Public Ferry Terminal, the 
sequence of port maneuvers is presented. The actual positions of the vessels while passing through 
the inner port entrance, turning, and approaching the quay, recorded from online AIS data [20], are 
shown in Figure 11: 11(a) Stena Spirit maneuvers, 11(b) Stena Estelle maneuvers. 

  
(a) (b) 

Figure 11. Sequence of the vessels’ actual positions recorded by AIS while passing through the inner entrance, 
turning, and approaching the quay: (a) Stena Spirit maneuvers; (b) Stena Estelle maneuvers. 

In line with the green port concept, the use of an Automatic Mooring System (AMS) is also being 
considered. This would involve the installation of additional equipment to ensure safe and fast 
mooring operations. The use of this system would not eliminate the possibility of traditional mooring 
methods. 

The planned implementation of AMS for berthing and unberthing without the use of traditional 
mooring equipment—such as ship winches and drums powered by the ship’s generators—could 
reduce carbon emissions [22,23]. The system can moor a vessel in 30 seconds by remote control, 
without the use of mooring lines. It enhances safety, reliability, economy, and efficiency, reduces the 
need for linesman’s work and improves quay utilization. 

5. Conclusions 

Integrating sustainable design principles into new developments and upgrading existing 
facilities with green technologies in the Port of Gdynia has proven effective, largely due to the 
implementation of a digital twin of the port’s infrastructure, encompassing quays, roads, and 
railways. The digitalization of infrastructure enables easier and more cost-effective planning, as well 
as continuous assessment of infrastructure conditions. The ability to digitally manage and evaluate 
situations using BIM (Building Information Modeling) and GIS (Geographic Information System) 
technologies streamlines these processes and reduces the risk of errors. During the implementation 
of the strategic investment in the Port of Gdynia described in the paper great attention was paid to 
environmental protection, implementation of smart access control systems and integrated 
environmental monitoring [18,24,25]. 

The example of sustainable risk management of seaport infrastructure damage caused by vessel 
impacts presented in the paper involved two key steps: the first consisted of updating the existing 
infrastructure considering its sensitivity to vessel operations, and the second involved the 
development of new infrastructure designed to satisfy the main purpose, i.e., long-term port 
development and resilience. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AIS Automatic Identification System 
AMS Automatic Mooring System 
BIM  Building Information Modeling 
CHG Greenhouse Gas Emissions 
GIS Geographic Information System 
IAPH International Association of Ports and Harbors 
IMO International Maritime Organization  
PIANC The World Association for Waterborne Transport Infrastructure 
UNCTAD United Nations Conference on Trade and Development  
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