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Executive Summary 

The present document presents the Deliverable D2.1: “Class I Vessel designs and Propulsion 

for SFAZ” under Task T2.1 which examines various SFAZ designs that significantly differ from 

conventional inland navigation vessels, aiming to rejuvenate underutilized Class I waterways 

with these innovative SFAZ concepts. 

The FOREMAST project focuses on developing a cleaner, smarter, and more efficient 

transportation system aimed at enhancing the movement of goods, particularly in urban 

areas. This is achieved through the design and implementation of SFAZ vessels. These 

vessels are intended to facilitate the efficient, safe, and sustainable transportation of cargo 

by shifting freight transport from roadways to inland waterways.  

The WP2 mission focuses on driving innovative research for SFAZ Vessel Class I designs. It 

highlights the development of propulsion and energy management systems that integrate 

multiple energy sources, as well as advanced, highly automated guidance, navigation, and 

control (GNC) solutions aimed at achieving efficient human-automation collaboration. 

Furthermore, the Digital Twinning Platform acts as a central integration and decision-support 

tool, utilizing project innovations and incorporating application scenarios derived from LLs 

solutions. 

This deliverable leverages data from the Living Lab in France (LL2) to design a new SFAZ 

vessel prototype Class I aimed at facilitating urban and intra-urban goods transportation along 

the Caen Canal. 

The initial phase of Task 2.1, Chapter 2 focuses on defining the specifications for catamaran 

and trimaran ships, considering factors such as mission, size, capacity, operating conditions, 

and performance. The goal is to find optimal hull configurations that balance hydrodynamic 

efficiency with operational feasibility. The key design constraints used for the SFAZ vessel are 

a maximum beam of 5 m and an overall length of 10 m. It is intended to operate at speeds 

between 10 km/h and 15 km/h, but higher speeds present challenges such as increased wave-

making resistance, necessitating a design that ensures sufficient stability.  

Multiple Computational Fluid Dynamics (CFD) simulations were performed across a speed 

range of 8 to 14 km/h to quantitatively evaluate the impact of stern refinements on the 

effective power requirements of each vessel configuration. These assessments are essential 

to refine hull designs and achieve efficient propulsion within the limits of the available power. 

Different stern configurations were examined to enhance the vessel's performance and 

operational efficiency. Both designs incorporate a fully electric propulsion system powered by 

two 14 kW motors and high-capacity batteries, substantially reducing operating costs and 

carbon emissions. This makes the vessel both an eco-friendly and economically sustainable 

option for cargo transportation. 

 

Chapter 0 focuses on the critical role of manoeuvring models in advancing automated inland 

navigation. Understanding the manoeuvring characteristics of various SFAZ vessels is pivotal 

to assess their responses to control commands and optimize their navigation capabilities in 
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diverse operational conditions. As part of WP3, the Living Lab in Romania (LL3) explores 

innovative concepts by utilizing CFD simulations to evaluate resistance and manoeuvring 

characteristics. In contrast, the Living Lab in France focuses on conducting full-scale 

manoeuvre trials to assess practical performance and behaviour. 

This deliverable presents the pre-processing of data obtained from manoeuvres conducted in 

the French Living Lab, such as zig-zag, turning circle, acceleration/deceleration tests. This 

data is intended for the application of system identification techniques, which aim to develop 

a mathematical manoeuvring model for the SFAZ vessel. The same approach will be 

implemented in the Living Lab Belgium (LL1) as part of WP3. 

Finally, Chapter 4 provides an overview of an innovative electric propulsion device, the Rim-

Driven Thruster (RDT), as well as emphasizes the importance of having a dynamic energy 

monitoring system that provides information to optimize the vessel’s speed according to the 

freight distance to be covered or the mission to be conducted. 

The research presented in this Deliverable is a collaborative initiative involving the partners 

from Task 2.1 (NEAC, UGAL, UGENT), with additional contributions from the partner PEL, 

leader of the Task 2.3. 
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1. Introduction 

1.1. Context  

The EU's Smart and Sustainable Mobility Strategy indicates that road transport accounts for 

20% of total GHG emissions from the transport sector, with targets set for a 15% reduction in 

emissions by 2025 and a 30% reduction by 2030 [1]. 

In line with these goals, the Central Commission for the Navigation of the Rhine (CCNR) aims 

to reduce GHG emissions by 35% by 2035, compared to 2015 levels, and to largely eliminate 

both GHG and other pollutant emissions by 2050 [2]. 

Moreover, the European Commission's NAIADES III Action Plan, released in 2021, emphasizes 

transitioning to zero-emission vessels while increasing cargo transport via Europe’s rivers and 

canals. Key initiatives include accelerating the adoption of innovative low-emission vessels 

and developing multimodal alternative fuel supply infrastructure to address energy transition 

challenges [3]. 

Both the CCNR and the European Commission share a vision for achieving zero GHG 

emissions in inland navigation, thereby promoting a greater utilization of inland waterway 

transport (IWT) to shift goods from road to water.  

The size of vessels plays a critical role in waterborne transport, significantly affecting the 

navigability of waterways as well as the manoeuvrability required for navigating narrow 

channels, sharp turns, and shallow depths commonly found in urban settings. Smaller vessels 

are essential for operating in these shallow waterways and urban areas, as they can help 

alleviate road congestion, link to existing infrastructures, and improve overall accessibility for 

transport solutions. 

The current inland cargo fleet is relatively outdated, suffering from limited technological 

advancements and a shortage of new skippers. Additionally, high crew costs may hinder its 

ability to meet the modern market demand and regulatory standards. This Deliverable focuses 

on small inland waterways classified as CEMT class I, which encompasses vessels up to 38.5 

meters in length and 5.05 meters in beam. The maximum dimensions for ships designated 

for small inland waterways Class I are outlined in Table 2 [4].  

Table 2 CEMT classes I to IV 
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Since 1970, there has been almost no constructions of CEMT class I inland navigation vessels 

in Europe. As a result, many smaller waterways are underutilized, at risk of becoming disused. 

This situation encourages an examination of innovative small vessels that could contribute to 

the revitalization of these underutilized waterways.  

1.2. T2.1 Objective  

The FOREMAST Task 2.1 aims at undertaking focused research in automated/autonomous 

green ship SFAZ designs and solution components in line with vessel research. The research, 

presented in this Deliverable, attempts to explore the innovations in the design of SFAZ vessel 

Class I, connected to FOREMAST Living Labs (LLs), adhering to the requirements of shallow 

water operations, and providing an increased operational flexibility terms of cargo capacity, 

cargo types, load units, coupled with zero-emission propulsion concept. 

A comprehensive holistic approach to ship design innovation will be employed, focusing on 

optimizing the influence of advanced ship structures, manoeuvrability characteristics, and the 

integration of electric propulsion systems for Class I small vessels. 

The main goal is to achieve the best version of SFAZ design, maximising its structural and 

modular capabilities in parallel with hydrodynamic efficiency, speed/range, emissions, safety, 

reliability, and energy and propulsion system efficiency. Furthermore, introducing 

reconfigurable cargo holds, that quickly adapt to ship’s intended purpose, environmental and 

waterways characteristics, the capacity and flexibility of the SFAZ vessels are improving, 

maximising the utilisation of IWTs. 

Additional goals include achieving precise ship dynamics predictions to enhance the safety 

and efficiency of digital twins and autonomous navigation systems, as well as developing 

accurate manoeuvring models to support robust path planning, collision avoidance, and 

adaptability in dynamic environments. 

The development of automated green ships for Inland Waterway Transport (IWT), featuring 

either reduced crew or automated/autonomous operation, will be the focus of future research 

under Task 2.2. This task will address Navigation, Guidance, and Control (GNC) solutions for 

vessels with advanced automation levels, emphasizing a balanced collaboration between 

human oversight and autonomous systems. 

1.3. Scope D2.1 

The FOREMAST project leverages insights from earlier initiatives such as ReNEW [5] and IW-

NET [6], which prioritized the development of climate-neutral and resilient transport systems 

and the optimization of multimodal transport across the EU. FOREMAST aims to address 

distinct gaps not covered by other research efforts. For instance, the AUTOFLEX, a sister EU 

project, examined the modernization of conventional inland vessels facing challenges to 

adapt a CEMT Class II - IV design into a container carrier, especially in complying with stability 

requirements [7]. This shortcoming restricted further exploration of modernization options, 
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underscoring opportunities for innovation and expansion within the scope of the FOREMAST 

project. 

The present deliverable has employed an innovative and holistic approach to ship design 

optimization, facilitating the exploration of various critical aspects for the SFAZ vessel. These 

include [8]: 

• Minimizing structural weight to enhance efficiency. 

• Maximizing hydrodynamic performance through advanced hull form design. 

• Improving safety by applying Design for Safety and Risk-based Design principles. 

• Optimizing operational aspects via Design for Operation strategies. 

• Enhancing performance and efficiency using Design for Efficiency methods. 

• Promoting environmental protection through Design for Zero Emissions or Zero 

Pollution. 

This methodology showcases its solutions and outcomes through the application of 

advanced optimization techniques, including computer-aided design/engineering (CAD/CAE) 

tools, like Rhinoceros and ANSYS. Additionally, numerical methodologies such as 

Computational Fluid Dynamics (CFD) are employed to support digital modelling and 

prototyping for SFAZ designs, ensuring precision and efficiency in the development process.  

1.4. Mapping of FOREMAST outputs 

Table 3 Adherence to FOREMAST Grant Agreement deliverable and work description 

FOREMAST  

GA  

Component Title 

FOREMAST GA Component 
Outline 

Respective 
Document 
Chapter(s) 

Justification 

DELIVERABLE 

D 2.1  

Class I Vessel 
designs and 
Propulsion for 
SFAZ 

Innovative SFAZ Macro 
Designs (vessel designs, 
propulsion, control 
architectures and interfaces). 

All  
chapters 

The goal of this 
document is to develop, 
through simulation, an 
innovative Class I SFAZ 
vessel design concepts 
for urban, confined areas 
and shallow waters with 
an increased operational 
flexibility, adaptable to 
different types of 
waterways and cargo, for 
various range, speed, and 
payload, including 
hydrodynamic propulsion 
modelling.   
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ST 2.1.1  

SFAZ design 
methodology 

Specify and apply a 
methodology to interconnect 
the technical aspects of ship 
design with the ship’s 
purpose. Evaluate vessel 
design concepts and 
innovations.  

Chapter 2 Within this subtask, the 
primary characteristics of 
the SFAZ vessel have 
been defined and utilized 
to develop Class I 
catamaran and trimaran 
design concepts. A 
comparative analysis of 
these two designs was 
conducted to assess and 
evaluate their respective 
performances. 

ST 2.1.2 

Optimized hull and 
cargo structures 
for enhanced 
flexibility and 
hydrodynamic 
efficiency.  

Hull and cargo structures 
designs. Computational fluid 
dynamics (CFD) analysis for 
the design of hulls adapted to 
propulsion and waterways 
characteristics.  

Chapter 2 This subtask investigates 
the design concepts of 
catamaran and trimaran 
structures, analysing the 
structural behaviour of 
the vessels within the 
context of Living Lab 2 as 
part of WP3. 
 
 
 

ST 2.1.3  
Advancements in 
Navigation, 
Manoeuvrability, 
Mooring & Cargo 
Handling 
Automation 

Manoeuvrability models for 
propulsion system, rudder 
configurations, selection 
criteria and calibration 
procedures 

Chapter 3 This subtask involves the 

development of a 

mathematical model to 

analyse the behaviour 

and manoeuvrability of a 

small vessel. A simplified 

three-degrees-of-freedom 

(3DOF) model was 

applied, utilizing 

navigation data obtained 

from the NEAC Vessel I in 

Living Lab 2 (LL2). 

ST2.1.4  
Propulsion and 
Energy systems 

Propulsion & Energy systems 
outline designs, to ensure 
zero-emissions and 
optimized KPIs in terms of 
cost, size, safety, reliability & 
maintenance.  

Chapter 4 This subtask explores the 
potential performance for 
RIM Thruster and the 
importance of dynamic 
Energy Management in 
connection with the 
required travel distance.  



 

 

2.  SFAZ design methodology 

This section outlines the methodology for developing the SFAZ multi-hull vessel, designed for 

urban goods transport within the Living Lab 2 (LL2) framework. The vessel features zero-

emission propulsion (electric thrusters), swarm operation, enhanced manoeuvrability, shallow 

water operability and cybersecure communications. The primary focus of this section is on 

defining the design strategy, technical specifications, and performance evaluation of the SFAZ 

concepts.  

Two main hull configurations are explored in this section: a trimaran and a catamaran. Using 

the key operational parameters defined by the project partners NEAC – including cargo 

payload, propulsion system, and battery specification – UGAL developed the SFAZ concept 

designs for the Caen area. The goal is to achieve an optimal balance between hydrodynamic 

efficiency, stability, and operation feasibility. 

2.1. Technical considerations 

The vessel is intended for efficient and sustainable inland waterway transport, with a focus 

on urban cargo delivery in the Caen area. To meet modern environmental and operational 

standards, it incorporates a zero-emission propulsion system and is optimised for shallow-

water navigation, manoeuvrability, and energy efficiency.  

The design process incorporates hydrodynamic and structural assessments to refine two 

primary multi-hull configurations: a catamaran and a trimaran. Both designs share the 

following main characteristics. 

1. Key dimensions and operational characteristics 

- Dimensions 

o Max overall length of 10m 

o Target breadth of 4.5m, max beam of 5m 

o Max loaded draught of 2m. 

o Min freeboard of 0.5m in fully loaded condition.  

- Cruising 

o 10 km/h operational speed 

o 15 km/h maximum speed  

o Electric propulsion, zero emission with two 14 kW pods  

o Possibility of 6 kW pod thruster use 

o Energy storage in trimaran side hulls 

o Cruising distance target before recharging 45-50km 

- Payload 

o Max 8 European Standard transporting pallets (0.8m x 1.2m footprint) 

o Max weight on the 8 pallets: 7.5 metric tons 

No need for cargo weather protection 

  



 

17   

2. Propulsion unit  

For the boat's engine, NEAC proposes the use of two 14 kW propellers that will operate at half 

load to optimize electricity consumption. The envisaged product is the RIM 14 engine 

produced by Hy-generation. The geometric characteristics of the RIM 14 motor are slightly 

larger than those of the RIM 6 motor, that is used on NEAC’s test vessel/platform (Figure 1 

and Table 4).  

 

Figure 1 RIM 14 Electric propulsion unit dimensions 

Table 4 Main characteristics Hy-Generation, RIM 14 

Dimension Units Specified 

Max continuous power kW 14 

Nominal voltage  V 48 

Ø mm 460 

Height mm 560 

Thickness mm 345 

Weight kg 28 

Max current ratings A 310  

Static thrust kg 200  

Propeller RPM rpm 1200 

Manoeuvrability  degree 360° 

Degrees of actuation:  degree 120° thruster on rudder 

3. Electric Propulsion Battery System 

The battery pack specifications have been provided by PEL partner. The main characteristics 

of the battery necessary in the concept design process are synthesized below and in Figure 

2: 

o Technology: Lithium Iron Phosphate (LiFePO4) 

o Model: MG Energy LFP 304 

o Nominal Voltage: 25.6 V (48 V when paired in series). 

o Capacity: 7.8 kWh per module. 

o Weight: 54 kg per module. 

- System Configuration: 
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o Number of Modules: 6 modules (3 per side). 

o Voltage and Capacity: 51,2 V and 912 Ah 

o Series Connection: 2 modules per series (51,2 V). 

o Parallel Strings: 3 strings  

o Battery Weight: 324 kg (6 x 54 kg). 

- Placement and Layout: 

o Available Space: Two compartments, each 800x600x600 mm. 

o Module Dimensions: 652 mm (length) x 292 mm (height) x 188 mm (width). 

o 3 Modules will be placed in each compartment with the longest adjacent side 

(3 modules side-by-side). 

o Total height utilization is ~300 mm, leaving ample clearance for wiring and 

ventilation.  

- Installation Recommendations 

o Dry Environment: Ensure battery compartments are fully sealed and moisture-

proof. 

o Secure Mounting: Batteries to be strapped or placed in a rack system. 

o Cable Requirements: Use double-insulated cables compliant with IEC 60332-3 

standards. 

o Cooling/Ventilation: Ensure sufficient ventilation to manage heat dissipation 

from batteries and associated systems. 

- Charging Time: Full recharge for 46.8 kWh system in ~5 hours on a 9-kW system. 

 

Figure 2 Battery module dimensions (in mm) 

2.2. Vessels design  

2.2.1.  Catamaran & Trimaran design concepts 

Based on the ship’s main dimensions, speed, cargo capacity and autonomy requirements, 

delivered by NEAC the UGAL team has focused on SFAZ concept designs. The analysis 

focused on selecting the most suitable hull configurations that balance hydrodynamic 

efficiency and operational feasibility. Both catamaran and trimaran concept designs have 

been developed considering main characteristics that are synthesized in the Table 5. 
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Table 5 Main characteristics of the Catamaran/Trimaran concept design 

Dimension Units Specified 

Max Overall Length m 10 

Target Breadth m 4.5, max beam of 5m 

Max Loaded Draft m 2 

Min Freeboard (Fully Loaded) m 0.5 

Operational speed km/h 10 

Maximum speed km/h 15 

Power kW 2 x 14 

Autonomy km 45-50 

Payload t 7.5 

A preliminary analysis of the ship's main characteristics was conducted to assess its 

feasibility and the parameters that can be modified within the given design constraints. The 

beam was adopted as its maximum value of 5 m, ensuring the widest possible hull spacing to 

enhance stability and hydrodynamic efficiency. A wider hull separation reduces wave 

interference between the hulls, minimizing wave resistance. As the overall length (LOA) 10m 

has been imposed, the beam and LOA have been considered as fixed parameters throughout 

the design process. Consequently, in terms of dimensions, the draft, the beam of the hulls and 

the length of side hulls (in the case of trimaran) can be considered variables. However, the 

beam of the side hulls in catamaran/trimaran design is determined by the minimum width 

required to accommodate the battery rack, ensuring efficient integration of the energy storage 

system that should be able to be easily replaced (swappable). 

SFAZ should navigate within a range of 10km/h (service speed) to 15 km/h. The Froude 

number (𝐹𝑟), a dimensionless parameter that relates a vessel’s speed to the wave-making 

characteristics of its hull, is used to assess hydrodynamic performance. It is defined as 𝐹𝑟 =

𝑉/√𝑔𝐿, where 𝑉 is the vessel speed, 𝑔 is gravitational acceleration, and 𝐿 is the waterline 

length of the vessel. At 10km/h, the operational speed corresponds to a low-speed regime 

with 𝐹𝑟 = 0.28, indicating a low wave-making resistance. However, at the maximum speed of 

15km/h, the Froude number rises to 𝐹𝑟 = 0.42, approaching the semi-displacement regime, 

where wave-making resistance increases significantly. As a result, achieving the maximum 

speed of 15 km/h may be challenging given the available propulsion power. Additionally, 

inland navigation regulations impose aa critical speed of 13 km/h to ensure a minimum 

required speed when the vessel sails upstream.  

The design of a vessel supposes the consideration of three key aspects:  

1. Proper volume distribution, to ensure: 

- Sufficient displacement to support light ship and deadweight; 

- A minimal variation in draft to maintain complete propeller immersion in the light load 

condition to provide consistent thrust generation and propulsion efficiency;  

- And prevent excessive changes in draft and trim that could impact cargo loading and 

unloading, and navigation under bridges. 
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2.  Ensuring the premises for sufficient stability: The designed configuration must provide a 

sufficient metacentric height (GM) value, preventing excessive inclining angle. The GM value 

is influenced by several hydrostatic parameters as a waterplane area, hull shape and vertical 

centre of buoyancy (KB) and vertical centre of gravity (KG). 

3. Power requirements: To support zero-emission operations, SFAZ vessels are equipped with 

electric propulsion systems, ensuring compliance with modern environmental standards. The 

restriction imposed by the available propulsion system — comprising two 14 kW electric 

motors — necessitates an accurate estimation of power requirements to ensure that the 

vessel operates efficiently within its design constraints. Thus, predictions based on 

Computational Fluid Dynamics (CFD) are needed for each version of the design to check if the 

design fulfils power requirements at an early stage. 

The first design attempt focused on a trimaran configuration (Tri 1), guided by above 

mentioned principles to meet the operational and technical requirements. Considering the 

available information, naval architecture practices, and past experience, a preliminary vessel 

weight was estimated by considering the individual masses of its structural components, 

propulsion system, energy storage and cargo capacity, etc. This approach allows for a 

preliminary assessment of the displacement, draft and stability in both conditions: full load 

and lightship conditions. All the information has been collected in a mass journal that 

tabulates the weight of each component for different loading conditions as shown in Table 6. 

Table 6 Estimation of ship weights 

No. Item [kg] 

1 Hull 2600 

2 Deck with structure 1065 

3 Bulkheads 128 

4 Engines 60 

5 Accumulators 675 

6 Deck protection 799 

7 Rubber fender 77 

8 Gunwale 125 

9 Cargo 7500 

10 Other masses 553 

11 Total full load mass 13581 

12 Total unload mass 6081 

With a proper volume distribution of 13.5 m3, a design draft of about 1 meter seems feasible 

to ensure the vessel’s displacement requirements, the propulsion efficiency and the shallow-

water operability. This draft ensures that the vessel can achieve the necessary displacement 

to support its lightship and deadweight (payload), while also maintaining a low enough draft 

for inland and urban waterway navigation. At approximative one meter draft, the vessel adapts 

to varying water conditions while providing stable and efficient performance. One potential 

criterion for the most feasible hull configuration relies on the waterplane area, as it directly 

influences the vessel's draft variation and the stability characteristics. To meet the operational 

requirements, the chosen design must satisfy the following key criteria: the minimum required 
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waterplane area is 18 m² to ensure that the draft variation does not exceed 0.4 m under 

different loading conditions. Considering the dimensions of the propeller presented in Figure 

1 RIM 14 Electric propulsion unit dimensionsFigure 1 a 0.6 m draft in light conditions will 

ensure the complete immersion of the propeller. This waterplane area minimizes draft 

fluctuations, ensuring that the vessel remains at an optimal immersion level to maintain 

propulsion efficiency. The main dimensions & hull configuration of trimaran (Tri 1) and a 

preliminary general arrangement are presented in Figure 3.   

 

 

Figure 3 Trimaran (Tri 1) main dimensions and hull configuration 

The initial evaluation of the trimaran’s first design (Tri1) revealed that its resistance and 

propulsion requirements exceeded the available power from the two 14 kW pod motors. This 

indicated a need for reducing ship resistance to ensure feasibility.  

to address this, further investigations were explored alternative trimaran configurations, 

particularly focusing on integrating the SWATH (Small Waterplane Area Twin Hull) concept 

with the trimaran hull form. The SWATH design minimizes wave resistance and enhances 

seakeeping by submerging a major part of the displacement volume below the waterline. This 

led to the development and evaluation of multiple trimaran variants, including Tri2.1, Tri2.2, 

Tri3.1, Tri3.2, Tri3.3, and Tri4, each refining aspects of volume distribution, stability and 

propulsion efficiency.  

Following the initial trimaran assessment, a catamaran configuration was also investigated 

using a similar design strategy. The first catamaran version (Cat1) served as a baseline, 

leading to subsequent refinements through Cat2.1, Cat2.2, Cat2.3, Cat2.4.1, and Cat2.5, 

optimizing displacement distributions and hydrodynamic performance.   

The different trimaran and catamaran designs are illustrated in Figure 4 and Figure 11, 

respectively. All the configurations have been evaluated based on the hydrostatic parameters 
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presented Table 7 7 for trimarans and Table 8 for catamarans. It is important to note that the 

vessel displacement across all designs remains centred around 13.5 tons, with variations 

staying within a 5% margin. 

Table 7 Hydrostatic parameters. Trimaran configurations 

TRIMARAN T [m] 
Aw [m2] V [m3] zB [m] Ix [m4] 

Ix/V+zB 
main side tri main side tri main side tri main side tri 

Tri 1 1.0 9.0 4.8 18.6 6.6 3.5 13.6 0.6 0.6 0.6 0.9 0.2 43.7 3.8 

Tri 2.1 1.9 10.4 1.1 12.5 12.5 0.6 13.7 1.2 1.6 1.3 1.2 0.0 12.2 2.1 

Tri 2.2 1.7 10.2 2.5 15.3 10.1 1.8 13.6 1.1 1.3 1.1 1.1 0.1 21.9 2.7 

Tri 3.1 1.1 6.6 0.9 8.4 11.9 0.5 12.9 0.8 0.5 0.5 0.6 0.0 10.3 1.3 

Tri 3.2 1.5 3.4 0.9 5.2 12.0 0.9 13.7 0.7 1.1 0.7 0.1 0.0 9.9 1.4 

Tri 3.3 1.3 2.4 1.5 5.4 6.8 3.4 13.6 0.6 0.7 0.6 0.0 0.0 12.0 1.5 

Tri 4 1.0 8.8 4.7 18.2 6.8 3.6 14.1 0.6 0.6 0.6 0.8 0.2 42.6 3.6 

 

Table 8 Hydrostatic parameters. Catamaran configurations 

CATAMARAN T [m] 
Aw [m2] V [m3] zB [m] Ix [m4] 

Ix/V+zB 
demi cat demi cat demi cat demi cat 

Cat 1 1.0 9.4 18.8 6.9 13.7 0.6 0.6 1.0 68.0 5.6 

Cat 2.1 1.0 8.8 17.6 7.0 14.1 0.6 0.6 0.8 65.2 5.2 

Cat 2.2 1.1 8.8 17.6 7.0 14.1 0.6 0.6 0.8 65.2 5.3 

Cat 2.3 1.0 8.8 17.6 7.0 14.0 0.6 0.6 0.8 65.2 5.3 

Cat 2.4.1 1.0 9.5 19.0 7.0 14.1 0.6 0.6 0.9 70.5 5.6 

Cat 2.4.2 1.0 9.8 19.5 7.0 14.1 0.6 0.6 1.0 72.4 5.8 

Cat 2.5 0.9 10.4 20.8 7.0 14.0 0.6 0.6 1.1 77.3 6.1 

 

  
Tri 2.1 Tri 2.2 
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Tri 3.1 Tri 3.2 

  
Tri 3.3 Cat 1 

Figure 4 multi-hull configurations 

One of the main goals of the performance analysis is the estimation of resistance and 

powering efficiency, ensuring that the vessel's required effective power does not exceed the 

available propulsion power. CFD simulations were conducted over a speed range between 8 

and 14 km/h, with a focus on the service speed of 10 km/h. These evaluations provided 

insights into the hull shape optimization, helping to minimize wave-making resistance and 

frictional drag while ensuring proper propeller immersion in all loading conditions. Figure 5 

depicts the free-surface topology for different hull forms at service speed (10km/h). 

  
Cat 1 Tri 1 

  
Tri 2.1 Tri 2.2 
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Tri 3.1 Tri 3.2 

 
Tri 3.3 

Figure 5  Free-surface topology for different vessel designs 

 

Figure 6 presents the ship resistance curves for various designs considering the vessels 

sailing in calm water at full loading condition. Since no specific propulsor performance data 

is available at this stage, one may assume a propulsor efficiency ηp = 0.5 as a preliminary 

estimate, which means that the delivered power required is effectively twice the effective 

power due to propulsion efficiency. As illustrated in Figure 7, all configurations remain within 

the power limits of the 28 kW for the operational speed (10km/h), even when considering 

propulsor efficiency, but for most of the hull designs, the power exceeds the available power 

of the motors at the speed of 14km/h. 

 

 
Figure 6 Ship resistance variations 

 
Figure 7 Effective power variation 

        

Further iterations on the hull form have been conducted and finally, the catamaran Cat 2.1 and 

the trimaran Tri 4 have been selected for more detailed investigations. A significant reduction 

of effective power has been noticed by comparing the version Cat 2.1 and Tri 4 with the first 

versions Cat 1 and Tri 1, and at least for Cat 2.1 configuration, the power for the speed 14km/h 

is within the limit imposed by the motors (Figure 8). As the 13 km/h is the critical speed that 

should necessarily be reached, simulation for this speed has been performed and revealed in 

the Tri 4 configuration reaching the critical speed within the power range delivered by the 2 

motors (see Figure 9)  
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Cat 2.1 Tri 4 

 
Figure 8 Comparison of effective power variation for 

initial and final configuration, catamaran and trimaran 

 
Figure 9 Effective power curve for Tri 4 design 

 

 

2.2.2. Vessel performance 

This section focuses on analysing the hydrostatic and hydrodynamic characteristics of the 

selected configurations, Catamaran (Cat 2.1 configuration). The goal is to ensure that the 

vessel operates efficiently within the power limitations of the two 14 kW pod motors, while 

maintaining optimal draft, stability, and propulsion efficiency. Modifications of the stern were 

implemented to achieve the proper positioning of the propulsion units while maintaining their 

operational safety and efficiency. Through computational fluid dynamics (CFD) simulations 

and stability assessments, key performance metrics such as resistance and power demand 

have been investigated to refine the hull designs for optimal operation. The numerical 

simulations are performed using the ISIS-CFD viscous flow solver of the Cadence – Fidelity 

Fine Marine software (formerly NUMECA). The free-surface is modelled using a multi-phase 

flow approach based on the volume of fluid (VOF) free-surface capturing technique. The 

turbulence closure is achieved using the Menter Shear Stress Transport k-ω SST model. 

2.2.2.1.  Hydrostatics and Stability 

In naval architecture, hydrostatics deals with the analysis of a ship's buoyancy and its 

response to external forces when it is not in motion. It involves understanding how a ship 

displaces water and how its weight is supported by the surrounding water. Hydrostatic 

analysis determines key parameters such as the vessel’s displacement – the weight of the 

water displaced by the submerged portion of the hull - and the centre of buoyancy (B), which 

is the centroid of this displaced volume. These parameters are crucial for assessing the ship's 

buoyancy and stability.  
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For this study, hydrostatics parameters were derived from the Computer Aided Design (CAD) 

surface model of the final catamaran version (Cat 2.4.1) and are summarised in Table 9. The 

reference coordinate system used for these calculations is defined as follows: 𝑥 = 0 at 

amidship; 𝑦 = 0 at the centreline, and 𝑧 = 0 at the baseline plane. 

Table 9 Hydrostatic characteristics of Cat 2.4.1 

i z XF Aw V Displ. XB KB BMt BML Ix IyF 

 m m m2 m3 t m m m m m4 m4 

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - - 0.00 0.00 

2 0.05 0.53 2.44 0.06 0.06 0.53 0.05 144.51 152.87 8.83 9.34 

3 0.10 0.49 4.73 0.24 0.24 0.51 0.07 71.17 78.03 17.11 18.76 

4 0.15 0.44 6.86 0.53 0.53 0.49 0.10 46.94 53.04 24.88 28.11 

5 0.20 0.40 8.79 0.92 0.92 0.46 0.14 34.74 40.19 32.00 37.03 

6 0.25 0.36 10.57 1.41 1.41 0.43 0.17 27.45 32.55 38.58 45.74 

7 0.30 0.30 12.20 1.97 1.97 0.40 0.20 22.63 27.71 44.69 54.72 

8 0.35 0.25 13.64 2.62 2.62 0.37 0.23 19.12 24.06 50.10 63.04 

9 0.40 0.18 14.93 3.33 3.33 0.34 0.26 16.49 21.49 55.00 71.65 

10 0.45 0.11 16.03 4.11 4.11 0.30 0.29 14.40 19.48 59.18 80.03 

11 0.50 0.03 16.94 4.93 4.93 0.26 0.32 12.70 17.89 62.62 88.23 

12 0.55 -0.05 17.68 5.80 5.80 0.22 0.35 11.28 16.61 65.43 96.30 

13 0.60 -0.15 18.27 6.70 6.70 0.18 0.38 10.10 15.61 67.65 104.54 

14 0.65 -0.21 18.58 7.62 7.62 0.13 0.41 9.03 14.38 68.80 109.53 

15 0.70 -0.26 18.79 8.55 8.55 0.09 0.44 8.14 13.22 69.58 113.04 

16 0.75 -0.29 18.92 9.50 9.50 0.06 0.47 7.38 12.15 70.08 115.40 

17 0.80 -0.31 19.00 10.44 10.44 0.02 0.50 6.74 11.19 70.38 116.86 

18 0.85 -0.31 19.04 11.39 11.39 0.00 0.52 6.19 10.31 70.50 117.49 

19 0.90 -0.32 19.04 12.35 12.35 -0.03 0.55 5.71 9.52 70.51 117.51 

20 0.95 -0.32 19.04 13.30 13.30 -0.05 0.58 5.30 8.84 70.51 117.51 

21 1.00 -0.32 19.04 14.25 14.25 -0.07 0.60 4.95 8.25 70.51 117.51 

22 1.05 -0.32 19.04 15.20 15.20 -0.08 0.63 4.64 7.73 70.51 117.51 

23 1.10 -0.32 19.04 16.15 16.15 -0.10 0.66 4.36 7.27 70.51 117.51 

24 1.15 -0.32 19.04 17.11 17.11 -0.11 0.68 4.12 6.87 70.51 117.51 

25 1.20 -0.32 19.04 18.06 18.06 -0.12 0.71 3.90 6.51 70.51 117.51 

26 1.25 -0.32 19.04 19.01 19.01 -0.13 0.73 3.71 6.18 70.51 117.51 

27 1.30 -0.32 19.04 19.96 19.96 -0.14 0.76 3.53 5.89 70.51 117.51 

28 1.35 -0.32 19.04 20.91 20.91 -0.15 0.79 3.37 5.62 70.51 117.51 

29 1.40 -0.32 19.04 21.86 21.86 -0.15 0.81 3.22 5.37 70.51 117.51 

30 1.45 -0.32 19.04 22.82 22.82 -0.16 0.84 3.09 5.15 70.51 117.51 

31 1.50 -0.32 19.04 23.77 23.77 -0.17 0.86 2.97 4.94 70.51 117.51 

Stability assessments are conducted to determine static stability curve, commonly referred to 

as the GZ curve, which characterizes the vessel’s righting arm and righting moment at various 

heel angles. The stability assessment is carried out for the intact condition. The subsequent 

section presents a summary of intact stability calculations for the aluminium catamaran at 

full load displacement. GZ curves are used to evaluate the vessel’s stability, but these 

following factors, among other things, should be assessed: the metacentric height (GM), the 
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maximum value of the righting lever (Gzmax) and the point of vanishing stability. The shape 

of the righting lever curves, the metacentric height (GM) and value of the righting lever (GZ) 

are dependent on the form of the vessel and its loading case. In this regard, the freeboard and 

the ratio between the vessel’s breadth and depth are very important. 

The Table 10 and Figure 10 present hydrostatic stability parameters for the catamaran design, 

showing how different vertical centres of gravity (ZG) values affect stability parameters, 

including the initial metacentric height (GM), maximum righting arm (GZ), the heel angle at 

maximum GZ and the angle of vanishing stability (AVS). ZG estimated for the full load case is 

2.033. The angle at which maximum righting moment occurs remains around 23–24 degrees, 

showing a consistent stability characteristic despite the reduction in GZ magnitude. In 

addition, if an inclining moment of about 7.2 tm is considered, the heeling angle varies 

between 6 and 11 degrees. 

Table 10 Hydrostatic stability parameters for the Catamaran design 

ZG Initial GM Maximum Gz 
Maximum 

angle of heel 

Angle of vanishing 

stability 

1.000 4.68 1.71 24.50 90.75 

1.500 4.18 1.51 24.50 75.50 

2.033 3.64 1.29 24.00 61.50 

2.500 3.18 1.10 23.50 51.75 

3.000 2.68 0.90 22.75 43.75 

 

  
Figure 10 Righting lever and righting moment curves for catamaran 

2.2.2.2. CFD analysis for the design of hull stern adapted to specific propulsor  

To accommodate the propulsion units, modifications were made to the aft section of the hull, 

ensuring optimal integration of the two 14 kW pod motors while maintaining hydrodynamic 

efficiency. The stern was redesigned to provide adequate structural support for the propulsion 

system, to ensure the proper accommodation of the propulsion units while maintaining their 

operational safety and efficiency. Several refinements of hull stern have been made to create 

a smooth water flow transition, reducing resistance and improving propeller efficiency. Six 

stern versions investigated are presented in Figure 11. These modifications contribute to the 
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overall performance improvement, enabling the vessel to operate within its available power 

limits while maintaining hydrostatic characteristics. 

 
Cat 2.1                                                                   Cat 2.2 

 
Cat 2.3                                                                                         Cat 2.4.1 

 
Cat 2.4.2                                                                                           Cat 2.5 

Figure 11 Stern versions 

Several series of CFD simulations have been carried out for the same speed range from 8 to 

14 km/h, considering the stern refinements to quantitatively assess them by comparing 

effective power requirements for each vessel configuration (Figure 12). The variation of the 

effective power at full load and lightship condition is presented in Figure 13. In addition, a 

qualitative evaluation of the nominal wake in the propulsor disc was performed, as illustrated 

in Figure 14. 
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Figure 12 Effective power curves for different sterns 

 
Figure 13 Effective power variation for full and light 

load conditions 

 

     
Cat 2.2 Cat 2.3 Cat 2.4.1 Cat 2.4.2 Cat 2.5 

Figure 14 Axial velocity distribution in propeller disc for different stern shapes 

Based on the qualitative and quantitative analyses, the final optimized hull configuration Cat 

2.4.1 was selected, as illustrated in Figure 15. This version demonstrated the best balance 

between hydrodynamic efficiency, effective power requirements, and propulsion integration, 

ensuring that the vessel remains operationally feasible within the available 28 kW power limit 

while maintaining hydrostatic characteristics and stability. 

 

Figure 15 Final version of SFAZ catamaran design 

The vessel is a self-propelled catamaran for inland navigation, designed for the local transport 

of different types of cargo. The hull is built from aluminium to ensure low energy consumption 

and increased payload capacity. The vessel provides a 47 m2 open deck area, suitable for 

transporting euro pallets and other cargo. The open deck can accommodate 7.5 t of cargo at 

design draft. The main dimensions of the final version of catamaran are shown in Table 11  

The fully electric propulsion system of the ship consists of 2 electric motors of 14 kW powered 
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by a set of high-capacity batteries. The electric propulsion system reduces operating costs 

and carbon footprint, making it an environmentally friendly and economically viable option for 

cargo transportation. 

Table 11 Main dimensions of the Catamaran design 

Main dimensions  Symbol Value Units 

Length over all  Lmax 10 m 

Beam B 5.0 m 

Depth  D 1.85 m 

Design draft  T 1.0 m 

Displacement  Δ 14.25 t 

Ship wetted area  S 46 m2 

Longitudinal centre of buoyancy  LCB 4.93 m 

Vertical centre of buoyancy from keel VCB 0.6 m 

Longitudinal centre of gravity from the aft perpendicular LCG 4.9 m 

Vertical centre of gravity from keel KG 2.033 m 

Speeds – max (light condition) vmax 15.0 km/h 

Design speed  v 10.0 km/h 

Deck surface  47 m2 

Light ship Δ0 6.70 t 

 

2.3. Ship Structure design and analysis 

2.3.1. Design of the ship structure 

The structural scantling process began with the assessment of design loads based on 

operational requirements and classification society standards. The vessel is designed as an 

inland cargo vessel operating in riverine environments, with a maximum deck load capacity of 

7.5 tons, primarily consisting of pallets. The vessel’s structure was analysed in compliance 

with Lloyd’s Register Special Service Craft Rules for aluminium multihulls, ensuring adherence 

to safety and durability standards [9]. 
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Figure 16 Preliminary scantling hull with cargo pallets on deck 

The primary design loads that were considered included: 

• Hydrostatic pressure due to still water condition. 

• Deck loads from cargo distribution, accounting for localized stress concentrations. 

• Environmental loads, including wave-induced equivalent quasi-static pressure loads 

on side shell. 

• Internal loads from structural components, including bulkheads, stiffeners, hull 

reinforcements and accumulators. 

Following the load assessment, in Figure 17, we established the structural arrangement to 

optimize load distribution and enhance structural integrity. 

 

Figure 17 Scantling areas 

The vessel employs a transverse framing system, ensuring effective load transfer across the 

hulls and reducing localized stress. The structural areas included in the panels and primary 

structure scantling are: 
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• Bottom shell (light blue) to withstand hydrostatic still water and design wave 

equivalent quasi-static pressure loads. 

• Outboard/inboard shell plating (green / yellow) reinforced to resist wave and weather 

deck pressure. 

• Wet deck (blue) to withstand shell envelope pressure. 

• Deck plating and supporting frames structures optimized for cargo load distribution. 

• Collision bulkhead for compartmentalization and structural stability. 

Secondary structures, such as stringers and ordinary stiffeners, were introduced to enhance 

overall robustness. 

A 2D midship section presented in Figure 18 was developed as a reference for structural 

layout. This included defining plating thicknesses based on stress analysis, positioning of 

primary structural members to prevent buckling, excessive deflection and deck torsional 

moment and integration of reinforcement elements for high-stress regions. 

The midship section served as the basis for further development of detailed structural layouts 

and load-bearing calculations. 

 

Figure 18 Preliminary scantling of the midship section 

Upon validation of the 2D sections, 3D modelling of the structural components was performed 

using the advanced CAD tool, Rhinoceros [10], shown in Figure 19. This step enabled 

visualizing the full structural arrangement and further measuring plates and structural 

elements for dimensioning. The resulted model represents the starting base for the finite 

element analysis (FEA) to assess strength and potential weak points. 
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Figure 19 3D visualization of the catamaran structure 

The assessment phase involved verifying that all structural elements met or exceeded the 

requirements set forth by Lloyd’s Register. Modifications were made to improve efficiency, 

minimize weight, and enhance durability while maintaining structural integrity. 

Through this structured approach, we ensured that the 10 m inland cargo vessel meets 

operational demands, regulatory requirements, and long-term reliability standards. The 

integration of advanced 2D and 3D modelling techniques enabled a thorough evaluation and 

refinement of the vessel’s structure, ensuring optimal performance under expected loading 

conditions. The scantling structure dimensions are detailed in Table 12 and Table 13 below 

using material aluminium properties defined in Table 14. 

Table 12 Plating thickness 

Plating area Thickness 

Deck  6 mm 

Wet deck  5 mm 

OB side  5 mm 

IB side  5 mm 

Transom 5 mm 

Collision bulkhead  5 mm 

 

Table 13 Structure elements 

Structure type Dimension Spacing mm 

Deck frames T 80x5x40x5 500 

Cross deck frames 0 - 5500 T 200x5x60x8 500 

Cross deck frames 5500 - 9000 T 200x5x80x8 500 

OB side frames  T 80x5x40x5 500 

IB side frames  T 80x5x40x5 500 

Bottom frames T 80x5x40x5 500 
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Deck stringers FB 50x5 300 

OB side stringers FB 50x5 450 

IB side stringers FB 50x5 450 

Bottom stringers FB 50x5 400 

 

Table 14 Aluminium properties 

Properties Symbols  Values 

Series   5083 

Tempering   H111 

Elasticity modulus E [GPa] 70 

Admissible stress limit adm [MPa] 125 

Ultimate tensile strength UTH [MPa] 250 

Density mat[t/m3] 2.660 

Poisson ratio  0.33 

The final design is now prepared for further structural assessments with the help of finite 

element analysis (FEA). 

2.3.2.  Evaluation of the ship structure behaviour 

Building upon the scantling stage, the following section examines the structural assessment 

of a 10-meter aluminium catamaran, ensuring its integrity and suitability for operational 

conditions in both calm waters and wave-exposed environments. Unlike monohulls, 

catamarans exhibit increased structural complexity, particularly when subjected to waves of 

varying heights and heading angles, which induce torsional moments and bending moments 

that can lead to localized stress hot-spots and potential buckling. 

To accurately assess the structural response of the catamaran and address the challenges 

posed by torsional and bending moments, stress hot-spots, and potential buckling, the Finite 

Element Method (FEM) was employed. FEM is a numerical technique widely used in naval 

architecture to analyse ship structures by discretizing the hull into finite elements connected 

at nodes. This process, known as finite element meshing, facilitates the calculation of 

displacements, strains, and stresses induced by external and internal forces. By preserving 

the continuous nature of the real structure after deformation and ensuring nodal equilibrium, 

FEM provides an accurate representation of the structural behaviour, enabling a thorough 

evaluation of the catamaran’s strength and stability. Given the susceptibility of certain areas 

to increased stresses, additional structural reinforcements were strategically incorporated to 

improve overall rigidity and mitigate the risk of failure, thereby optimizing the vessel’s 

performance and durability. 

For global and local strength analysis of the catamaran, we have used a suite of in-house 

codes and user procedures, implemented in ANSYS (Ansys Manual), linked as in the flowchart 

from Figure 20, where the sequence of the 3D strength analysis is listed. 
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Figure 20 Flowchart for the catamaran strength analysis by 3D-FEM and 1D-beam models 

The first step in the FEM analysis of the catamaran, utilizing both 3D and 1D models as 

illustrated in Figure 20, involved defining the fundamental design parameters. This included 

the external hull geometry, the structural arrangement, and the proposed loading conditions 

based on the vessel’s operational requirements. Specifically, the catamaran was designed to 

transport 7.5 tons of palletized cargo, as shown in Figure 21.a, with the load distribution 

following the footprint outlined in Figure 21.b. Additionally, a critical design consideration was 

the integration of an access point within the hull to accommodate LiFePo4 battery 

accumulators, which are essential for the electric propulsion system. For the purposes of this 

analysis, the total battery mass was estimated at 700 kg, evenly distributed between the two 

hulls, with 350 kg allocated to each. The hull and structural components are constructed from 

aluminium alloy 5083, tempered to H111, using the properties as stated in the scantling 

section, ensuring a balance of strength, corrosion resistance and durability. 
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a) Cargo arrangement b) Cargo footprint on deck 

Figure 21 Designated cargo arrangement and resulting footprint on deck 

Moving to step 2 from the FEM flowchart procedures, the 3D-FEM model is created relying on 

the model established in the scantling stage, the offset lines and design concepts. With the 

help of the ANSYS R1 2024(ANSYS Manual) and Rhinoceros CAD modelling facilities, the 

catamaran structure members are modelled with precision for an accurate set of results. 

Based on the ANSYS FEM meshing facilities with TRI3 and QUAD4 elements, the numerical 

3D-FEM model of the catamaran is obtained. In Figure 22 and Figure 23 are presented the 

surfaces model and the equivalent mesh model which contains 315592 elements. 

  
a) Surfaces for the hull shell b) Hull shell mesh 

Figure 22 3D model hull shell: surfaces and mesh 

All structural members dimensions were derived directly from the scantling process to ensure 

compliance with design and classification standards. Importance was placed on optimizing 

the arrangement of structural elements to enhance load distribution and overall integrity. 

Additionally, meticulous attention was given to structural details, such as brackets, fillet 

corners and reinforcements at high-stress areas, to minimize the risk of stress hot-spots and 

buckling. This rigorous approach aimed to guarantee structural reliability under both still 

water and oblique design wave (EDW) loading conditions. 
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a) Surfaces for longitudinal members b) Longitudinal members mesh 

 
 

c) Surfaces for transverse members d) Transverse members mesh 

  
e) Surfaces of hull structure surfaces f) Hull structure mesh 

Figure 23 3D model hull structure: surfaces and mesh 

For the 3D-FEM model, in respect with step 3 from Figure 20, the distribution of masses was 

carefully determined based on the defined loading cases, incorporating both the required 

onboard masses and the structural mass of the vessel. Utilizing point mass and distributed 

mass elements from the ANSYS elements library, the masses of the cargo pallets, 

accumulators and other onboard mass elements were accurately assigned throughout the 

model to reflect real conditions. Subsequently, an equivalent mass distribution per unit length 

was derived for the 1D beam model, ensuring consistency between the detailed 3D analysis 

and the simplified 1D structural representation. 

According to step 4, based on the catamaran data, the 1D equivalent beam numerical model 

is developed. The 1D model includes external offset lines (geometric 3D) imported from dxf 

files and the hydrostatic curves are computed. 



 

38   

Next, special attention is paid to ensure the best correlation for the external hull shape and 

mass distributions between the 3D and 1D models used for the catamaran-waves equilibrium 

parameters. Also, the still water equilibrium condition is obtained, to check the accuracy of 

the loading case idealization using the 3D/1D models. 

For the 1D-model equilibrium parameters, an iterative non-linear algorithm was used, with 

three parameters, sinkage, longitudinal and transversal trim angles of the medium plane of 

the oblique equivalent design wave, and the catamaran-EDW equilibrium position is obtained. 

The algorithm is implemented in code P_QSW_2H for catamaran ships. Using the 1D-model 

equivalent beam the positions of the medium plane of the EDW oblique wave of the catamaran 

are obtained. 

Building on the wave pressure conditions outlined in Step 7, a custom ANSYS script was 

employed alongside the equilibrium parameters from Step 6 to apply the Equivalent Design 

Wave (EDW) pressure. This pressure corresponds to a wave height hw, considering both 

sagging (+) and hogging (-) conditions. The analysis was conducted using ANSYS R1 2024, 

with the static linear solver option, allowing for the evaluation of the 3D-FEM model under 

equivalent quasi-static design loads. For this assessment, six heading wave angles 0°, 15°, 

30°, 45°, 60°, and 75° were considered, with simulations conducted for two relevant wave 

heights of 0.3 m and 0.6 m to capture the structural behaviour across varying wave conditions.  

The pressure distribution exerted by a 0.6 m wave at head angles of 0° and 60° under both 

sagging and hogging conditions is illustrated in Figure 24, Figure 25, Figure 26, Figure 27 and 

Figure 28. This visualization highlights the complexity of the phenomenon, showcasing the 

distribution patterns and the non-uniform nature of the loads. The parameters used for 

defining these pressures and equilibrium parameters are tabulated in Table 15. 

Table 15 Equilibrium parameters in oblique wave 

Hw 
Equilibrium 
parameters 

m[deg] 
0 15(345) 30(330) 45(315) 60(300) 75(285)(90) 

180 165(195) 150(210) 135(225) 120(240) 105(255)(270) 

0 

dm[m] 

Still water 

0.986 

--- --- --- --- --- 

q [rad] 0.00000 

f [rad] 0.00000 

xf[m] 4.685 

yf[m] 0.000 

l [m] 0.000 

FBmin[m]>0 0.864 

0.3 

dm[m] 

Hogging 
EDW 

0.959 0.963 0.978 1.007 1.040 0.922 

q [rad] 
-

0.00785 
-0.00664 -0.00253 0.00581 0.01649 -0.02452 

f [rad] 0.00000 -0.00083 -0.00157 -0.00188 -0.00025 0.00061 

xf[m] 4.685 4.685 4.685 4.685 4.685 4.685 

yf[m] 0.000 0.000 0.000 0.000 0.000 0.000 

l [m] 10.000 9.659 8.660 7.071 5.000 2.588 

FBmin[m]>0 0.744 0.750 0.777 0.808 0.585 0.797 

dm[m] 

Sagging 
EDW 

1.014 1.010 0.995 0.966 0.933 1.050 

q [rad] 0.00785 0.00664 0.00253 -0.00581 -0.01649 0.02443 

f [rad] 0.00000 0.00083 0.00157 0.00188 0.00025 -0.00061 

xf[m] 4.685 4.685 4.685 4.685 4.685 4.685 
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yf[m] 0.000 0.000 0.000 0.000 0.000 0.000 

l [m] 10.000 9.659 8.660 7.071 5.000 2.588 

FBmin[m]>0 0.644 0.666 0.745 0.852 0.785 0.531 

0.6 

dm[m] 

Hogging 
EDW 

0.930 0.939 0.969 1.027 1.093 0.858 

q [rad] 
-

0.01532 
-0.01308 -0.00521 0.01147 0.03298 -0.04927 

f [rad] 0.00000 -0.00160 -0.00313 -0.00377 -0.00051 0.00130 

xf[m] 4.685 4.685 4.685 4.685 4.685 4.685 

yf[m] 0.000 0.000 0.000 0.000 0.000 0.000 

l l[m] 10.000 9.659 8.660 7.071 5.000 2.588 

FBmin[m]>0 0.624 0.637 0.690 0.752 0.307 0.730 

dm[m] 

Sagging 
EDW 

1.042 1.033 1.003 0.945 0.879 1.118 

q [rad] 0.01571 0.01327 0.00505 -0.01162 -0.03285 0.04653 

f [rad] 0.00000 0.00166 0.00315 0.00375 0.00050 -0.00077 

xf[m] 4.685 4.685 4.685 4.685 4.685 4.685 

yf[m] 0.000 0.000 0.000 0.000 0.000 0.000 

l [m] 10.000 9.659 8.660 7.071 5.000 2.588 

FBmin[m]>0 0.425 0.469 0.627 0.841 0.706 0.209 

 

 

 
Starboard view 

 
Portside view 

 
Aft view 

 
Bow view 

Figure 24 Pressure area – Still water 
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Starboard view 

 
Portside view 

 
Aft view 

 
Bow view 

Figure 25 Pressure area – Hogging, hw = 0.6, m = 0° 

 

 
Starboard view 

 
Portside view 

 
Aft view 

 
Bow view 

Figure 26 Pressure area – Hogging, hw = 0.6, m = 60° 

 

 
Starboard view 

 
Portside view 

 
Aft view 

 
Figure 27 Pressure area – Sagging, hw = 0.6, m = 0° 
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Starboard view 

 
Portside view 

 
Aft view 

 
Bow view 

Figure 28 Pressure area – Sagging, hw = 0.6, m = 60° 

For each operational case, in addition to the still water condition, the maximum Equivalent 

Design Wave (EDW) head wave height, hw, for the navigation area is taken as 0.6 meters in 

accordance with Lloyd’s Register. The 3D-FEM model analysis results are then assessed 

based on global-local strength criteria, following the classification society rules. The 

assessment considers: the admissible stress, the admissible buckling factor, the admissible 

global vertical deflection of the catamaran hull. The results are presented in the following 

paragraphs. 

The final step before initiating the assessment involves the application of boundary 

conditions, illustrated in Figure 29, to ensure proper constraint definitions, replicating real-

world operational scenarios and interactions with external forces. Therefore, the bow node 

has fixed translation on X, Y and Z directions. At the transom of the catamaran, we opted for 

3 nodes as boundary conditions. The centre node has fixed translation in direction Y, while 

the nodes situated at bottom centre of each demi hull have a fixed condition for translation 

on Z direction. Due to the catamaran-oblique wave equilibrium conditions, the reaction forced 

in the boundary conditions nodes are numerically zero. 

  
Boundary conditions applied at the bow Boundary conditions applied at the transom 

Figure 29 Boundary conditions 

As the initial iteration of the catamaran structure, the FEM analysis in still water yielded 

favourable stress and displacement values, as illustrated in the Figure 30 and Figure 31. With 



 

42   

maximum recorded stress values reaching 36.52 MPa, the structural model demonstrates 

satisfactory performance, remaining well within the material’s yield limit of 125 MPa.  

 

 
Bow view 

 
Isometric view Aft view 

 
Elements von Misses stress (vonM) [MPa] 

 
Wet deck view 

 
 Weather deck 

Figure 30 Equivalent von Misses stress (vonM) [MPa] – Initial structure configuration – Still water 

 

 
 

Figure 31 Vertical deflection [mm] – Initial structure configuration 

However, the model did not meet the required buckling criteria in this iteration. Specifically, 

with recorded values below the buckling safety limit B<1.5, severe buckling was observed in 
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the bow area of the wet deck, highlighting a critical structural weakness. This issue, clearly 

visible in Figure 32, underscores the need for design changes to enhance the structural 

stability (buckling) of the vessel. 

 

Figure 32 Failed buckling criteria – Initial structure configuration – Still water 

Identifying this structural weakness, we proceeded to reinforce the catamaran by introducing 

additional structural elements and reiterating the analysis steps previously outlined. A 

comparison between the final and initial models, as shown in Figure 33, highlights key 

improvements. The deck panel was extended to the bow’s end, enhancing overall continuity 

and load distribution. Additionally, longitudinal girders were incorporated into the deck to 

strengthen the connections between frames, which were previously largely independent. 

These girders play a crucial role in preventing the deck buckling, as the weather deck and wet 

deck surfaces tend to deform under torsional and bending stress from cargo loads and wave 

pressure. Furthermore, supplementary transverse stiffeners were added in both the bow and 

aft sections, increasing rigidity between the weather and wet decks. To highlight the structural 

modifications, the newly added elements were highlighted in blue. 
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Hull shell – Initial configuration Hull shell – Final configuration 

  
Structure – Initial configuration Structure – Final configuration 

 
 

Transverse members – Initial configuration Transverse members – Final configuration 

 
 

Longitudinal members – Initial configuration Longitudinal members – Final configuration 

Figure 33 Differences between initial and final catamaran configuration 

In addition to the newly introduced structural members, several refinements were made to the 

thickness of existing components to further enhance the catamaran’s strength and structural 

stability. In the initial model, the deck had a thickness of 6 mm, the frame flanges forming the 

deck were 8 mm thick, and the rest of the structure was primarily 5 mm. However, in the final 

iteration, several areas were reinforced with increased thicknesses. Notably, the wet deck was 

upgraded to 6 mm, while the newly added longitudinal girders were also designed with a 

thickness of 6 mm. Furthermore, particular attention was given to the partial frames in the 
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bow area, where the span between the two demi-hulls is significantly larger than in other 

sections of the vessel. Figure 34 displays the difference in plate thicknesses between the 

initial and final catamaran configurations. 

 

Figure 34 Differences in plate thicknesses between the initial and final catamaran configurations 

The results obtained after the seventh iteration are presented below. In this refined version of 

the catamaran, the buckling issue was successfully eliminated, ensuring greater structural 

stability. Figure 35 shows stress results for the final version in still water condition. 

 

 
Bow view 

 
Isometric view Aft view 

 
Elements von Misses stress (vonM) [MPa] 

 
Wet deck view 

 
 Weather deck 

Figure 35 Equivalent von Misses stress (vonM) [MPa] – Final structure configuration – Still water 
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Figure 36 shows deflection results for the final version in still water condition. 

  
Figure 36 Vertical deflection [mm] – Final structure configuration – Still water 

Figure 37 shows buckling result for the final version in still water condition. 

 

Figure 37 Passed buckling criteria = 17.91– Final structure configuration – Still water 

2.4. Conclusion and future plans 

This section detailed the design methodology for the SFAZ multi-hull vessel, focusing on the 

exploration of two hull configurations: a Trimaran and a Catamaran. The Trimaran design 

initially incorporated the Small Waterplane Area Twin Hull (SWATH) concept to improve 

seakeeping and reduce resistance. In parallel, the Catamaran design was developed, focusing 

on optimising hull configuration, propulsion integration, and energy efficiency. Computational 

simulations and iterative optimizations guided the selection of the most viable configuration, 

ensuring an efficient balance between performance, stability, and propulsion feasibility. 

Hydrodynamic analysis using CFD simulations provided insights into wave resistance and 

power requirements. The initial trimaran design (Tri 1) exceeded the available propulsion 

power, leading to further refinement through alternative configurations (Tri2-Tri) with SWATH 

integration. Meanwhile, the catamaran underwent multiple iterations (Cat2.1-Cat2.5) to 

enhance resistance efficiency, stability, and propulsion integration ultimately leading to the 

selection of Cat 2.4.1 as the optimal design. Modifications to the stern were implemented to 

improve thruster performance and manoeuvrability. This final catamaran version 

demonstrated the best balance between hydrodynamic efficiency and propulsion feasibility, 

ensuring low energy consumption and effective cargo transport. 
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The structural design was also a key aspect of the development process.  Aluminium was 

chosen for the vessel's construction to optimize both weight and durability. During the design 

phase, Finite Element Analysis (FEA) was conducted to evaluate structural integrity and 

ensure the design meets performance and safety standards. Moving forward, further 

investigations will focus on refining trimaran configurations to improve power efficiency. 

Additional CFD and structural analyses will be conducted to explore hull modifications for 

enhanced performance.  
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3. Advancements in Navigation, 

Manoeuvrability, Mooring and Cargo 

Handling Automation 

3.1. Objective 

Both digital twins and autonomous navigation require precise prediction of ship dynamics for 

safe and efficient operation. Accurate ship manoeuvring models are fundamental for robust 

path planning and collision avoidance in dynamic environments. Moreover, model-based 

simulations provide a cost-effective and safe platform for testing and validating autonomous 

navigation algorithms (e.g. control algorithm). This is even more true when vessel trains need 

to be simulated and complex interactions between autonomous vessels need to be analysed 

and optimized to ensure safe distances, synchronized motions and effective reactions to 

unexpected events and emergency situations. These models enable the prediction of a ship’s 

response to control inputs (e.g. rim-driven thrusters, conventional propellers) and 

environmental disturbances (e.g. wind, current). Reliable motion predictions facilitate the 

generation of optimal trajectories, minimizing fuel consumption and transit time. 

Developing accurate manoeuvring models, especially complex models in six degrees of 

freedom (6DOF) is challenging and time consuming [11]. Determining the required 

hydrodynamic parameters usually involves computationally expensive captive model tests or 

Computational Fluid Dynamics (CFD) simulations integrated with system identification 

techniques. This comprehensive process is time consuming and not particularly suitable for 

the design of different types of vessels considered within the FOREMAST project, where 

evaluating the impact of minor hull variations, propulsion system changes, and other 

modifications require rapid assessment. 

System identification employs a variety of strategies for extracting relevant parameters from 

observed data. An overview of these methodologies can be found in [12]. Traditionally, 

techniques like least-squares and maximum likelihood estimation are employed, but recent 

advancements have seen a surge in machine learning applications, including Gaussian 

processes and neural networks [13]. These modern approaches offer improved accuracy and 

robustness, particularly when dealing with nonlinearities and noisy real-world data. 

To study the manoeuvring behaviour of SFAZ prototypes within D2.1, a simplified 3DOF model 

including dominant hydrodynamics is selected. The model still requires identifying several 

manoeuvring characteristics of the vessel. Standard manoeuvres recommended for sea trials 

are representative of the main manoeuvring characteristics of a ship. The tests are then used 

for system identification. The method for calibration of the manoeuvring model is illustrated 

using full-scale trials executed at the living lab 2. The integration of the manoeuvring model 

within the overall scheme is shown on Figure 38. 
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Figure 38 Integration of the manoeuvring model within the overall scheme 

3.2. Manoeuvring motions 

To express the ship manoeuvring motions, two coordinate systems are used: the earth-fixed 

coordinate system 𝑂 − 𝑥0𝑦0𝑧0 and the ship-fixed coordinate system 𝑂 − 𝑥𝑦𝑧. The movement 

of a ship can be decomposed into 6 degrees of freedom:  

• surge (translation along the 𝒙 axis with longitudinal speed 𝒖) 

• sway (translation along the 𝒚 axis with lateral speed 𝒗) 

• heave (translation along the 𝑧 axis) 

• roll (rotation around the x axis, f)  

• pitch (rotation around the y axis, q) 

• yaw (rotation around the 𝒛 axis with rate of turn or yaw rate 𝒓 and heading 𝝍) 
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Figure 39 Earth-fixed and ship-fixed coordinate systems [11] 

The three horizontal degrees of freedom, surge, sway and yaw, are the most important for 

manoeuvrability since they determine the movement of the ship in the horizontal plane and 

therefore its trajectory. 

A ship's movement from one location to another involves the use of thrusters and rudders to 

accelerate/decelerate or initiate turns. Its trajectory is influenced by internal and 

hydrodynamic forces applied on the hull, control forces generated by the thrusters and rudders 

and environmental forces. These forces and moments (longitudinal forces 𝑋, lateral forces 𝑌, 

and yaw moments 𝑁) are mathematically represented by equations that describe the ship's 

motion in three degrees of freedom. When solved, the equations of motions provide the ship's 

accelerations, velocities and positions. Euler's method approximates a ship's future position 

by using its current state and the equations of motion to calculate small, incremental changes 

over time depending on control forces and environmental forces. Repeating these 

calculations simulates the ship's displacement (𝑥 and 𝑦 positions) and heading 𝜓 (see Figure 

40). 
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Figure 40 Prediction of ship motions using a 3DOF manoeuvring model 

3.3. Model formulation 

Newton's second law forms the fundamental basis for the equations of manoeuvring motion 

where forces acting on the ship dictate its accelerations, which, when structured, form a 

manoeuvring model. Various manoeuvring models have been proposed in literature, differing 

in their complexity and assumptions. 

In order to reduce the complexity of parameter identification and separate the interactions 

between hull, rudders and propellers, the Manoeuvring Modelling Group (MMG) model [14] is 

selected and simplified to only include the dominant hydrodynamics.  

As the ship possesses a longitudinal plane of symmetry, the following set of equations, 

expressed in the ship bound axis system, may be used to model the motions of a ship of mass 

𝑚: 

(𝑚 − 𝑋𝑢̇)𝑢̇ − (𝑚 − 𝑌𝑣̇)𝑣𝑟 − 𝑥𝐺𝑚𝑟2 = 𝑋𝐻 + 𝑋𝐶 + 𝑋𝐸𝑋𝑇 (1) 

(𝑚 − 𝑌𝑣̇)𝑣̇ + (𝑚 − 𝑋𝑢̇)𝑢𝑟 + 𝑥𝐺𝑚𝑟̇ = 𝑌𝐻 + 𝑌𝐶 + 𝑌𝐸𝑋𝑇 (2) 

(𝐼𝑧𝐺 − 𝑁𝑟̇)𝑟̇ + 𝑥𝐺𝑚(𝑣̇ + 𝑢𝑟) = 𝑁𝐻 + 𝑁𝐶 + 𝑁𝐸𝑋𝑇 (3) 

With 𝑚 is the mass of the vessel, 𝐼𝑧𝐺 the moment of inertia about the vertical axis through the 

centre of gravity; 𝑋𝐻 , 𝑌𝐻 , 𝑁𝐻 the hull forces and moment; 𝑋𝐶 , 𝑌𝐶 , 𝑁𝐶 the control forces and 

moment; 𝑋𝐸𝑋𝑇, 𝑌𝐸𝑋𝑇 , 𝑁𝐸𝑋𝑇 the environmental forces and moment. 𝑥𝐺 is the longitudinal 

position of the center of gravity measured from midship. 𝑋𝑢̇, 𝑌𝑣̇ , 𝑁𝑣̇ , 𝑌𝑟̇ and 𝑁𝑟̇ are acceleration 

derivatives which can be considered as constants and expressed as minus added masses. 

Those added masses can be calculated by a 3D boundary element method (BEM), strip theory 

(for slender bodies), CFD or be approximated by empirical formulas such as presented by [15]. 

When modelling ship motion in the presence of constant, irrotational currents, the speed 

through water (STW) can be used directly as the vessel's velocity input in the equations of 

motion. Speed through water (STW) indicates a vessel's speed relative to the water, as 

opposed to "speed over ground" (SOG), which measures speed relative to the Earth's surface. 
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This approach implicitly incorporates the current's effect into the hydrodynamic hull forces, 

eliminating the need for explicit current force modelling. 

In the next sections, the prime ′ is introduced to indicate non-dimensionalized value. Forces 

and moments can be non-dimensionalized by 
1

2
𝜌𝐿𝑝𝑝

2 𝑉2and 
1

2
𝜌𝐿𝑝𝑝

3 𝑉2, respectively. Masses 

and moments of inertia can be non-dimensionalized by 
1

2
𝜌𝐿𝑝𝑝

3  and 
1

2
𝜌𝐿𝑝𝑝

5 , respectively. 

Velocity components can be non-dimensionalized by 𝑉 and lengths by 𝐿𝑝𝑝. Other ways to 

introduce non dimensional coefficients can be used depending on the purpose of the model. 

3.3.1. Modelling of hull forces 

𝑋𝐻 can be decomposed in a resistance component and a 2nd order polynomial function of the 

non-dimensionalized motions 𝑣′ =
𝑣

𝑉
 and 𝑟′ =

𝑟𝐿𝑝𝑝

𝑉
. 𝑌𝐻 and 𝑁𝐻 can be expressed as 1st order 

polynomial functions: 

𝑋𝐻 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(−𝑅′
0 + 𝑋′

𝑣𝑣𝑣′2
 + 𝑋′

𝑣𝑟𝑣𝑟 + 𝑋′
𝑟𝑟𝑟′2) (4) 

𝑌𝐻 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(𝑌′
𝑣𝑣′ + 𝑌′

𝑟𝑟′) (5) 

𝑁𝐻 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(𝑁′
𝑣𝑣′ + 𝑁′

𝑟𝑟′) (6) 

Where 𝜌 is the water density, 𝐿𝑝𝑝 is the ship length between perpendiculars and 𝑉 = √𝑢2 + 𝑣2 

is the ship speed. 𝑅′0 is the non-dimensionalized ship resistance when sailing straight (i.e. 

when 𝑣 = 𝑟 = 0) at manoeuvring speeds. When the speed increases the resistance will 

increase with higher powers of the speed. 𝑋′
𝑣𝑣, 𝑋′

𝑣𝑟 and 𝑋′
𝑟𝑟 are the non-linear longitudinal 

hydrodynamic derivatives. 𝑌′
𝑣, 𝑌′

𝑟 , 𝑁′
𝑣 and 𝑁′

𝑟 are the linear hydrodynamic derivatives with 

respect to sway velocity and yaw rate. 

Neglecting 𝑋′
𝑣𝑣 = 0, the following equations can be used to model the hull forces: 

𝑋𝐻 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(−𝑅′
0 + 𝑋′

𝑣𝑟𝑣𝑟 + 𝑋′
𝑟𝑟𝑟′2) (7) 

𝑌𝐻 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(𝑌′
𝑣𝑣′ + 𝑌′

𝑟𝑟′) (8) 

𝑁𝐻 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(𝑁′
𝑣𝑣′ + 𝑁′

𝑟𝑟′) (9) 

3.3.2. Modelling of control forces 

The control forces are the forces applied on the propulsion and steering systems. An example 

of a system combining propulsion and steering used in Living Lab 2 is shown on Figure 41. 
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Figure 41 Main dimensions and description of the RIM6 propulsion system (Technical datasheet, HYG MOTORS) 

The RIM6 propulsion system can be modelled as an azimuth thruster providing a 𝐹𝑥 and 𝐹𝑦 

forces in the ship fixed coordinates system depending on propeller thrust and lift and drag 

forces applied to the duct structure. 

𝑋𝐶 = 𝐹𝑥  (10) 

𝑌𝐶 = 𝐹𝑦 (11) 

𝑁𝐶 = 𝑥𝑇𝐹𝑦 (12) 

With 𝑥𝑇 the longitudinal thruster position from midship. 

Although the blades of this propulsion system differs from conventional propellers (no shaft), 

the propulsor can be modelled by an equivalent propeller generating a thrust T: 

𝑇 = 𝜌𝐷4𝑛2𝐾𝑇(𝐽) (13) 

Where 𝐷 is the propeller diameter, 𝑛 is the propeller rate. The coefficient 𝐾𝑇 describes the non-

dimensional thrust and can be derived from propulsion tests during which the thrust is 

measured in open water (open water curves are usually provided by the manufacturer). The 

advance coefficient 𝐽 is expressed as: 

 𝐽 =
𝑢𝑎

𝑛𝐷
 with 𝑢𝑎 the inflow velocity at the propeller.  

In the example of Living Lab 2 only the static thrust is provided as input by the manufacturer, 

thus only thrust information for 𝐽 =0 is available.  

The drag at 0° angle is assumed to be included in the thrust 𝑇, in other words negative thrust 

is possible. 

The forces applied on such propulsor can be expressed as (see Figure 42): 

𝐹𝑥 = (1 − 𝑡)𝑇cos𝛿 − 𝐿sin𝛿 (14) 

𝐹𝑦 =  (1 − 𝑡)𝑇sin𝛿 + 𝐿cos𝛿 (15) 

With 𝐿 = (
1

2
𝜌𝐴𝑇𝑉𝑇

2𝐶𝑁) sin𝛼𝑇 and 𝛼𝑇 the angle of inflow to the thruster with can be 

approximated by 𝛼𝑇 ≈ 𝛿 for small angles. 𝐴𝑇 is the projected area of the thruster. 𝑉𝑟 is the 

water inflow velocity and can be approximated by 𝑉𝑇 ≈ 𝑢𝑇 for small angles. 𝐶𝑁 is a coefficient 

depending on the shape of the thruster. 𝑡 is the thrust deduction factor and can obtained from 
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resistance and propulsion tests or calculated from empirical formulas such as [16]. If no data 

are available, 𝑡 can be assumed to be a constant value (e.g. 0.2) in order to avoid 

multicollinearity when identifying the coefficients using regression.  

 

Figure 42 Convention for azimuth angles 

The control forces can be expressed as: 

𝑋𝐶 =  (1 − 𝑡)𝑇cos𝛿 − (
1

2
𝜌𝐴𝑇𝑢𝑇

2 𝐶𝑁) sin2 𝛿  (16) 

𝑌𝐶 =  (1 − 𝑡)𝑇sin𝛿 + (
1

2
𝜌𝐴𝑇𝑢𝑇

2 𝐶𝑁)  sin𝛿cos𝛿 (17) 

𝑁𝑐 =  𝑥𝑇 ((1 − 𝑡)𝑇 sin𝛿 + (
1

2
𝜌𝐴𝑇𝑢𝑇

2 𝐶𝑁)  sin𝛿cos𝛿 ) (18) 

Where 𝑢𝑇 = √((1 − 𝑤𝑇)𝑢)
2

+ (0.7𝜋𝑛𝐷)2 with 𝑤𝑇 the wake factor. 

For small angles and constant propeller rate: 

𝑋𝑐 = ≈ 𝑇cos𝛿 − 𝑿′
𝜹𝜹𝛿2 (19) 

 
𝑌𝑐 = ≈ 𝑇sin𝛿 + 𝒀′

𝜹𝛿 (20) 
 

𝑁𝑐 = ≈ 𝑥𝑇𝑇sin𝛿 + 𝑥𝑇𝒀′
𝜹𝛿 (21) 

An alternative is to use the expression: 𝐿 =  𝜌𝐷4𝑛2𝐾𝐿(𝛼𝑇 , 𝐽) as presented in [17]. The 

coefficients can then be identified with open water tests during which the side force 𝐿 is 

measured on the thruster for different inflow angles 𝛼𝑇 and advance ratios 𝐽. 

3.3.3. Modelling of environmental forces 

The external forces induced by current are included in the hydrodynamic hull forces by 

considering the speed through water as input/output of the model. Therefore, only forces 

induced by wind need to be modelled as environmental forces in the present application (no 

waves) and are expressed as: 
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𝑋EXT =
1

2
𝜌𝑎𝑉𝑟𝑤

2 𝐶𝑥(𝛾𝑟𝑤)𝐴𝐹𝑤
 (22) 

𝑌EXT =
1

2
𝜌𝑎𝑉𝑟𝑤

2 𝐶𝑦(𝛾𝑟𝑤)𝐴𝐿𝑤
 (23) 

𝑁EXT =
1

2
𝜌𝑎𝑉𝑟𝑤

2 𝐶𝑁(𝛾𝑟𝑤)𝐴𝐿𝑤
𝐿𝑜𝑎 (24) 

𝑉𝑟𝑤 = √𝑢𝑟𝑤
2 + 𝑢𝑟𝑤

2  (25) 

𝛾𝑟𝑤 = −atan2(𝑣𝑟𝑤, 𝑢𝑟𝑤) (26) 

𝑢𝑟𝑤 = 𝑢 − 𝑢𝑤 (27) 

𝑣𝑟𝑤 = 𝑣 − 𝑣𝑤 (28) 

𝑢𝑤 = 𝑉𝑤 cos(𝛽𝑤 − 𝜓) (29) 

𝑣𝑤 = 𝑉𝑤 sin(𝛽𝑤 − 𝜓) (30) 

With 𝑉𝑤 the apparent wind speed and 𝛽𝑤 its direction measured by the anemometer onboard 

the ship. 𝐴𝐹𝑤
 the frontal windage area, 𝐴𝐿𝑤

 the lateral windage area. 𝜌𝑎 is the air density. 

𝐶𝑋, 𝐶𝑌and 𝐶𝑁 can be retrieved from CFD, experiments. The coefficients can be calculated for 

different types of vessels, [18], as shown in Table 16: 

𝐶𝑋(𝛾𝑟𝑤) = −𝐶𝐷𝑙

𝐴𝐿𝑤

𝐴𝐹𝑤

cos(𝛾𝑟𝑤)

1 −
𝛿
2 (1 −

𝐶𝐷𝑙
𝐶𝐷𝑡

) sin2(2𝛾𝑟𝑤)
 (31) 

𝐶𝑌(𝛾𝑟𝑤) = −𝐶𝐷𝑡

sin(𝛾𝑟𝑤)

1 −
𝛿
2 (1 −

𝐶𝐷𝑙
𝐶𝐷𝑡

) sin2(2𝛾𝑟𝑤)
  (32) 

𝐶𝑁(𝛾𝑟𝑤) = [
𝑠𝐿

𝐿𝑜𝑎
− 0.18 (𝛾𝑟𝑤 −

𝜋

2
)] 𝐶𝑌(𝛾𝑟𝑤) (33) 

𝐶𝐷𝑙 = 𝐶𝐷𝑙𝐴𝐹
(𝛾𝑟𝑤)

𝐴𝐹𝑤

𝐴𝐿𝑤

(34) 
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Table 16 Coefficients of lateral and longitudinal resistance, cross-force and rolling moment coefficients; reference 
data [18] 

 

3.4. Acquirement of data using full scale trials 

3.4.1. Example of protocol executed at the Living Lab 2 

To identify manoeuvring characteristics and to identify the unknown coefficients of the 

equations of motion, full scale measurements have been conducted at the Living Lab 2, with 

the NEAC vessel as SFAZ prototype.  

The main particulars of the test ship are provided in Table 17. 

 

Figure 43 NEAC vessel for experimenting and testing in Living Lab 2 
 

Table 17 Main particulars of the NEAC vessel (Living Lab 2) 

Symbol Unit Description 
portside 

hull 
central 

hull 
starboard 
side hull 

LPP m Length 5.40 6.40 5.40 

B m Breadth 0.50 0.80 0.50 

Btotal m Total breadth 3.00 

T m Draught 0.20 0.20 0.20 

∇ m³ Displacement volume 0.27 0.78 0.27 

CB - Block coefficient 0.50 0.76 0.50 

AL m² Longitudinal windage area 6.15 
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Symbol Unit Description 
portside 

hull 
central 

hull 
starboard 
side hull 

AT m² Lateral windage area 11.00 

xG m 
Longitudinal position of the centre 

of gravity (measured from midship) 
-0.07 

yG m 
Transversal position of the centre 

of gravity 
(measured from centreline) 

0.00 

zG m 

Vertical position of the centre of 
gravity  

(measured from keel, z+ pointing 
upwards) 

0.52 

D m Equivalent propeller diameter RIM6 0.38 

Ts kg Static thrust RIM6 120 

The full-scale measurements were carried out following the guidelines of relevant ITTC 

procedures, notably the procedure for full scale manoeuvring trials [19] and also the procedure 

for free running model tests [20], considering the size of the vessel. 

A tailor-made test protocol was prepared for the manoeuvring trials in France. This test 

campaign was completed in three days. Prior to this campaign, several preliminary tests were 

conducted and analysed to check the quality of the data measured by the different sensors. 

This iterative process of testing, analysis, and refinement provided valuable feedback on 

measurement techniques and data processing, leading to significant optimization of the 

overall methodology and the upgrading of certain sensors. 

It is worth noting that the rim-driven thruster (i.e. thrust magnitude and direction) was not 

controlled by an autopilot. At times, differences and delays were observed between the setting 

indicated by the protocol and the command given by the pilot. 

Another complicating factor is that the loading condition was not always the same. Three 

persons were onboard during the measurements (cf. Figure 43), who did not always stay in 

exactly the same position. In addition, the amount and mass of the batteries onboard varied 

during the measurement campaign. Given the relatively small displacement of the vessel of 

1.32 tons, the loading condition and particularly the trim of the vessel changed quite 

significantly. 

One of the main challenges was to find a time window with good weather, i.e. no wind and no 

traffic. Moreover, the vessels relied on batteries which limited the testing time and maximum 

power. 

3.4.2. Acceleration tests 

Acceleration tests are meant to give information on the self-propulsion points, i.e. what speed 

is reached with a given propeller setting and how fast this equilibrium is reached. The ship 

accelerates from rest (or a smaller speed) to the final speed on a straight line. The speed 

extends from the lowest (20% throttle) to the highest speed (100% throttle). 
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Speed ranges correspond to telegraph positions, 20%, 40%, 60%, 80% and 100% rpm setting. 

The runs were performed along and against current so that the speed through water could be 

determined. The acceleration tests were not corrected for wind as they were executed in the 

canal, which is quite sheltered from the wind. 

3.4.3. Turing circle tests 

Turning circle tests were performed to both port and starboard at approach speed with a 

maximum rim-driven thruster angle. During these tests, the ship completed a total heading 

angle change of 720 degrees, which corresponds to two full circles. This procedure helps 

assess potential drift motion caused by wind or current. The tactical diameter, advance, and 

transfer derived from turning circle manoeuvres provide essential quantitative measures of a 

vessel's course changing ability (see Figure 44). 

 

Figure 44 Example of turning circle manoeuvres with tactical diameter (1), advance (2) and transfer (3) 
characteristics 

3.4.4. Zigzag tests 

Zigzag manoeuvres involve alternating the azimuth angle by δ degrees when the ship deviates 

ψ degrees from its initial course. The rim-driven thruster angle is reversed multiple times 

(typically four) during each trial, causing the ship to yaw in alternating directions. The 

manoeuvre is defined by the azimuth angle (δ) and heading deviation (ψ), and denoted as δ/ψ 

(e.g., 10/10 or 20/20). 

Zigzag tests were performed to both starboard and port to account for environmental factors. 

A vessel may need to alter its course quickly. Therefore, the ability to perform a zigzag 

manoeuvre is a crucial measure of a ship's handling capabilities. 

The zigzag manoeuvre begins with the azimuth angle at zero (i.e. straight ahead) while the 

vessel maintains a constant rpm setting. Subsequently, the rim-driven thruster is turned to the 

desired angle δ and held until the ship's heading changes by the desired angle ψ. The rim-
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driven thruster is then turned to the opposite angle -δ and held until the vessel's heading 

reaches the heading -ψ. This process is then repeated. 

To assess the ship's response, characteristic steering values are analysed against -δ, with 

results visualized in Figure 45. This multi-graph depicts the ship's response to steering inputs, 

showing the following time-series data: thruster angle (-δ), heading deviation from initial 

heading (ψ), longitudinal speed (u), lateral speed (v), and rate of turn (r). 

 

Figure 45 Example 20/20 zigzag test to starboard side - throttle 40% 

3.4.5. Random manoeuvres 
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With the increasing use of machine learning for system identification and model validation, 

random manoeuvring tests have gained prominence. Consequently, random navigation data 

were also collected. Drifting manoeuvres were performed to estimate both the speed of the 

current in the canal and to estimate the drift caused by the wind. However, accurate 

quantification of the drift was hampered by the difficulty in obtaining precise speed through 

water measurements. 

3.5. Identification of the manoeuvring coefficients 

In this section a method is presented to identify manoeuvring coefficients from full scale trials 

assuming no external disturbances. The method is currently applied to the full scale trials 

executed at the Living Lab 2. Minor environmental disturbances such as wind and current have 

been initially removed using simple pre-processing techniques.  

Acceleration tests and 10°/10° and 20°/20° zigzag tests are used to identify the manoeuvring 

coefficients at different throttle positions. Turning circles manoeuvres are then simulated with 

the obtained coefficients and compared to the measured data to validate the predicted 

motions. 

3.5.1. Longitudinal force X 

The equation of surge motion can be rewritten as : 

(𝑚 − 𝑿𝒖̇)𝑢̇ − (𝑚 − 𝑌𝑣̇ + 𝑋𝑣𝑟)𝑣𝑟 − 𝑥𝐺𝑚𝑟2 = (1 − 𝑡)𝑇 +
1

2
𝜌𝐿𝑝𝑝

2 𝑉2𝑹′
𝟎 (35) 

Acceleration tests are used to identify added inertia terms and drag forces as well as the 

maximum speed reached for different throttle positions. Such a test is conducted in a straight 

line with 𝑣 = 𝑟 = 0. The ship accelerates and reaches its maximum steady speed (𝑢̇ = 0) after 

a certain time and the coefficient 𝑅′0 can then be identified: 

𝑅′
0 =

(1 − 𝑡)𝑇

1
2 𝜌𝐿𝑝𝑝

2 𝑉2
 (36) 

The thrust can be calculated from the thruster characteristics: 

𝑇 = 𝜌𝐷4𝑛2𝐾𝑇 = 𝜌𝐷4𝑛2𝐾𝑇max
=

𝜌𝐷4𝑛2𝑇max

𝜌𝐷4𝑛max
2 =

𝑛2𝑇max

𝑛max
2  with 𝑇max = 1177 𝑁 and 𝑛max = 1200 rpm 

for the RIM6 propulsor. 𝑡 is arbitrarily set to 0.2. 

𝑋𝑢̇ can be approximated by the formula [21]: 

𝑋𝑢̇ = −𝐴11 = −
2.7𝜌∇

5
3

𝐿2
 (37) 

with ∇=
𝑚

𝜌
 

This value can also be validated with acceleration tests from which the acceleration 𝑢̇ is 

calculated from the measured longitudinal speed of the ship. The coefficient 𝑿𝒖̇ is found using 

the Least Square method minimizing the squared error between the acceleration 𝑢̇ predicted 

by the model and the measured acceleration during the acceleration tests executed in straight 
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line:

𝑢̇ =
(1−𝑡)𝑇− 

1

2
𝜌𝐿𝑝𝑝

2 𝑉2𝑅′
0

𝑚11
 (38) 

With 𝑚11 = 𝑚 − 𝑿𝒖̇. 

Zigzag tests and turning circles manoeuvres are used in the same way to identify the 

coefficients 𝑿𝒗𝒓 and 𝑿𝜹𝜹 responsible for speed loss during a turn. It is worth noting that during 

a steady turn, a main cause of the speed loss is the term −(𝑚 − 𝑋𝑣̇+𝑿𝒗𝒓)𝑣𝑟. The acceleration 

𝑢̇ predicted by the model is expressed as follow: 

𝑢̇ =
(1 − 𝑡)𝑇cos𝛿 − 𝑿𝜹𝜹𝛿2 −  

1
2

𝜌𝐿𝑝𝑝
2 𝑉2𝑅′

0 − (𝑚 − 𝑋𝑣̇+𝑿𝒗𝒓)𝑣𝑟 − 𝑥𝐺𝑚𝑟2

𝑚11
 (39) 

3.5.2. Lateral force Y and yaw moment N 

The sway and yaw equations can be solved using determinants and therefore can be rewritten 

as: 

𝑣̇ = −
−𝑚33𝑌 + 𝑚23𝑁

det𝑀22
 (40) 

𝑟̇ =
−𝑚32𝑌 + 𝑚22𝑁

det𝑀22
 (41) 

𝑌 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(𝒀′
𝒗𝒗 + 𝒀′

𝒓𝑟) + (𝑚 − 𝑋𝑢̇)𝑢𝑟 + 𝒀𝜹𝛿 + (1 − 𝑡)𝑇sin𝛿 (42) 

 𝑁 =
1

2
𝜌𝐿𝑝𝑝

2 𝑉2(𝑵′
𝒗𝑟 + 𝑵′

𝒓𝑟) + 𝑥𝐺𝑚𝑢𝑟 + 𝑥𝑇𝒀𝜹𝛿 + 𝑥𝑇(1 − 𝑡)𝑇sin𝛿 (43) 

det𝑀22 = 𝑚22𝑚33 − 𝑚23𝑚32 (44) 

With 𝑚22 = 𝑚 − 𝑌𝑣̇; 𝑚33 = 𝐼𝑧𝐺 − 𝑁𝑟̇; 𝑚23 = 𝑚𝑥𝐺 − 𝑌𝑟̇; 𝑚32 = 𝑚𝑥𝐺 − 𝑁𝑣̇ 

The accelerations 𝑣̇ and 𝑟̇ are calculated from the measured lateral speed and measured yaw 

rate. The added masses 𝑌𝑣̇ , 𝑁𝑣̇ , 𝑌𝑟̇ and 𝑁𝑟̇ are approximated by empirical formulas [15]. 

It is worth noting that strong hulls interaction for multihulls can be taken into account by 

reducing 𝑌𝑣̇ [22]. 

Zigzag tests are used to identify 𝒀𝒗, 𝒀𝒓, 𝑵𝒗, 𝑵𝒓 by regression using the Least Square method. 

3.6. Future outlook 

Further work is needed to tune the obtained manoeuvring coefficients and validate the model. 

The extent to which the obtained coefficients need to be tuned is determined by the specific 

accuracy requirements of its intended purpose (e.g. implementation in controller design, 

short/long-term trajectory prediction, etc.). 

The presented model may be adequate for vessel trains, but automatic berthing likely requires 

a low-speed manoeuvring model such as dynamic positioning model. 
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Moreover, additional full-scale trials are planned with a more accurate measurement 

equipment (RTK correction). The same identification method will be applied to the new set of 

data in order to assess the sensitivity of the manoeuvring coefficients to inputs data. 
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4. Propulsion and energy systems for vessel 

concepts 

4.1. Propulsion  

4.1.1.  Specifications for SFAZ propulsion 

The shipping industry has experienced a significant technology shift in recent years with the 

increasing use of electrical propulsion systems. Electrical propulsion, supported by a 

substantial change in the ship electrical system, has allowed individual ship operators to 

experience benefits such as reduced maintenance and to meet emission reduction targets. 

For safety and regulatory reasons related to the implementation of the SZAF autonomy 

system, redundancy of motors is mandatory. As a result, it is necessary to provide a minimum 

of two thrusters for design conception. 

Depending on the design of the SFAZ (Catamaran or Trimaran), the intended use case, and 

indications of manoeuvrability, especially during the low-speed ride necessary for automated 

dockings, several thruster positions will be considered, as part of T2.1.4, and discussed in the 

second version of this deliverable D2.2. 

Depending on the number of hulls, solutions with semi-azimuth thrusters or with pods, will be 

simulated and compared to have the best efficiency in low-speed manoeuvrers, including 

solution with bow thruster.  

The ability to easily maintain a Dynamic Positioning (DP) must be taken into account, as the 

wait to have a clearance to pass through the lock and to release the quay, can be additional 

costs to be considered for the operator. 

The objective of navigating on waterways in the urban areas requires that noise pollution 

linked to propulsion should be reduced as much as possible. 

4.1.2.  RIM-Driven Thruster (RDT) 

For the SFAZ design proposal to meet the specifications for the thruster, the concept of RIM-

Driven Thruster (RDT) was selected and studied.  

RDT marine thrusters are increasingly considered as solutions for naval propulsion, both in 

the civil and military fields. Compared to the traditional ship propulsion system, the RDT, as a 

novel ship propulsion device, integrates the electric propulsion motor into a nozzle 

surrounding the propeller, which allows a significant improvement in the behaviour of the 

thruster in terms of compactness, light weight, discretion, performance and reliability. 

Their main advantages are:  

Design: RDTs have a unique design where the propeller is driven by a motor located in the rim, 

eliminating the need for a central shaft, which allows un-obstructed interior space and reduces 
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the overall weight of the system. This contributes to better handling and improved 

performance [23]. 

Elimination of Central Hub: Unlike axial thrusters, RDTs do not have a central hub, which 

allows for a more uniform distribution of thrust around the perimeter. This feature can help in 

reducing the overall drag and improving performance [24]. 

Noise & Vibration Reduction: RDTs are known for their low acoustic and magnetic signatures, 

making them ideal for stealth operations and research vessels. 

Efficiency: While RDTs can be less efficient than traditional propellers due to the gap 

clearance between the rim and the duct, recent advancements have improved their efficiency 

[25]. 

Maintenance: RDTs have fewer moving parts and no central shaft, which can reduce 

maintenance requirements compared to traditional systems, which is a significant advantage 

in the marine environment where the cost of this operation is high. 

Environmental Impact: RDTs produce less radiated noise and pressure pulses, making them 

more environmentally friendly. 

Recent advancements in RDTs technology have focused on improving efficiency, reducing 

noise, and optimizing design. Here are some notable developments with several trends and 

advancements on the horizon: 

Wake evolution studies: High-fidelity simulations were used to characterize the performance 

and wake dynamics of the RDTs. These studies have shown a reduction in radiated noise and 

pressure pulses, making RDTs more efficient and environmentally friendly [26]. 

Efficiency improvements: Efforts to speed up the flow of discrepancies in RDTs have resulted 

in significant efficiency gains. Modified RDTs equipped with acceleration flow devices 

showed an increase in open water efficiency of up to 10.9% [27]. 

Design optimization of Nozzle and Stator Blades: Researchers optimized the nozzle and 

stator blade design of RDT using simulation-based approaches. This has improved 

hydrodynamic efficiency and minimized energy losses and enhanced the overall efficiency of 

RDTs. 

Multi-Parameter Optimization: A multi-parameter collaborative optimization framework has 

been developed to improve the hydrodynamic performance of RDTs. This approach considers 

various design variables, such as pitch ratio, disk ratio, and rake angle, to optimize the 

efficiency of RDTs. The optimized RDTs have shown an efficiency increase of up to 13.8% 

compared to the prototype. 

Advanced Materials and Manufacturing: The use of innovative materials and manufacturing 

techniques, such as 3D printing and advanced composites, will enhance the performance and 

durability of RDTs. 

Smart Control Systems: The development of smart control systems and sensors will enable 

real-time monitoring and optimization of RDTs performance, leading to better efficiency and 

reliability. 
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Wider Adoption in Commercial Vessels: As the technology matures, RDTs are expected to be 

adopted more widely in commercial vessels, including cargo ships, ferries, and offshore 

supply vessels. 

4.1.3.  RIM thruster for SFAZ design 

The RIM 6 thruster is utilized in NEAC's platform I as part of the experimental activities within 

WP3 Living Lab 2. This aims to provide navigation data for the manoeuvring test campaign 

described in Section 3.1 in the present deliverable. Advancements in Manoeuvrability are 

being developed by project partner GHENT University. The main dimensions and description 

of the RIM 6 propulsion system are detailed in Figure 41. 

The RIM 14 thruster is employed for the development of catamaran and trimaran design 

concepts, specifically for the use case of WP3 Living Lab 2. This is detailed in Section 2.2.1 

of the present deliverable, which focuses on Class I – Catamaran and Trimaran, led by project 

partner UGAL University. The characteristics of RIM 14 are presented in Figure 1 and Table 4. 

4.2. Energy systems 

The literature on ship propulsion systems can be broadly categorized into mechanical, 

electric, hybrid, and hybrid electric systems [28].  

Power management systems (PMS) for electric propulsion systems have been extensively 

researched, with numerous scientific publications available on the topic [29]. 

These topics have been thoroughly investigated by project partner PEL as part of Task T2.3 in 

WP2, and the findings are detailed in Deliverable D2.5 “Dynamically optimized, zero emission 

energy management solutions”. 

Since the innovative SFAZ concept relies exclusively on thrusters powered by electric motors, 

effectively managing the onboard electrical energy consumption is crucial for optimizing the 

vessel's movement. 

Optimizing the boat's movement is closely tied to the logistical mission it must accomplish. 

Along with accounting for the freight load to be transported, it is essential to factor in variable 

navigation conditions, such as wind, currents and the flow constraints posed by other vessels. 

The SFAZ design aims to innovate by creating a vessel capable of eventually achieving full 

autonomy or, in the initial stages, being remotely supervised. To achieve this, it is essential to 

master the State of Charge (SOC) of the battery and, more importantly, to anticipate future 

consumption by effectively managing potential sailing scenarios. 

A significant challenge of this study is to develop a solution that minimizes the risks of 

exclusively using electric power as the energy source, while also designing an interface that 

can effectively convey the State of Health (SoH) of the energy pack in advance.  

Energy Management Systems (EMS) play a crucial role in ensuring the efficient operation of 

electric propulsion systems. To supply the necessary electrical energy for the thrusters, it is 

essential to consistently and accurately determine the amount of available kWh for 
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navigation. Based on observations made during navigation with the NEAC platform I in the 

French Living Lab, it has been concluded that predictions are reliable only if the evolution of 

the battery's State of Charge (SOC) has been previously monitored. 

Analyses of navigation data from the NEAC Platform I has shown that speed adjustments 

have a significant impact on energy efficiency. By optimizing speed, energy consumption is 

reduced, which in turn extends the vessel's travel range.  

To ensure safety and maintain consistency in the subsequent measurements, only two-thirds 

of the battery capacity—the equivalent to 100 Ah during the tests—was utilized. 

 

Figure 46 - Correlation between Throttle (%) and Distance travelled (Km) 

 

Figure 46 illustrates at 50% throttle, corresponding to a current of 36 A, a distance of 16 km 

can be achieved. In contrast, at 70% throttle, requiring a current of 82 A, the distance 

decreases to 9 km. This indicates that an additional 46 A of current results in a loss of 7 km 

in achievable distance, highlighting the need for further examination of its effect on speed and 

range. These highlights the importance of optimizing onboard energy management 

throughout a journey to ensure the most cost-effective travel solutions for the shipowner. The 

speed given to the boat should be optimized according to the distance that needs to be 

covered. 

To accomplish this, the data collected during several navigations was processed, resulting in 

the creation of three distinct types of analyses:  

• Current vs Throttle (Figure 47) 

• SOG vs Current and Throttle (Figure 48) 

• Travelled Time vs Throttle (Figure 49) 
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Figure 47 Correlation between Current and Throttle 

The motor controller operates in torque control mode, modulating the current to deliver linear 

thrust. Figure 47 depicts the correlation between throttle settings and the actual current 

applied. On the NEAC platform, torque mode ensures that the motor maintains a consistent 

torque output relative to the throttle position. This functionality not only provides a smooth 

and stable sailing experience but also prevents the propeller from over speeding under low 

load torque conditions or thrust instability due to the lack of torque that an electric motor 

typically has its maximum speed. 

 

Figure 48 Correlation between SOG vs Current and Throttle 

As shown in Figure 48, the current curve follows a logarithmic pattern. Up to 60% throttle, 

speed gains increase significantly; however, beyond this point, the speed gain becomes 

marginal compared to the rise in current. This is attributed to the exponential relationship 

between drag and speed. Energy efficiency diminishes beyond the 60% throttle threshold, 

making higher settings advisable only in exceptional circumstances. 

When the boat is in motion, friction occurs between the boat and the water, with the water 

exerting a resistive force. Consequently, the boat's speed is directly influenced by this drag, a 

frictional force generated by the interaction between the boat and the water. 

The formula for drag is typically expressed as: 
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- Fx is a force in Newtons that will act on the submerged parts of the boat.  

- ρ is the density of the fluid displaced in kilograms per cubic meter.  

- V is the Speed Over Ground in meters per second. 

- S corresponds to the wetted surface area in square meters. 

- Cx is the coefficient relative to the water flow 

Therefore, Fx corresponds to the force that will act on the boat and slow its progress. The 

drag can be represented by a vector always oriented in the opposite direction to the movement 

of the vessel. 

Three variables have a significant impact on drag: 1) the draft or wetted surface area S, which 

corresponds to the submerged surface of the hull and changes with the waves; 2) the drag 

coefficient Cx, which depends on the shape of the vessel, 3) the speed V of the boat, which 

impacts drag exponentially. is calculated as a square. The effect of the wind on the vessel’s 

exterior surfaces must also be taken into account. 

 

Figure 49 Correlation between Throttle (%) vs Travelled Time (H) 

Figure 49 indicates that travel times can be multiplied by 5, which is considerable and should 

be analysed more broadly in conjunction with the shipowner's other operational obligations. 
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Figure 50 Synthesis of previous analyses 

In this context, Figure 50, with multiple inputs, is a synthesis of the previous three types of 

analyses: 1) Distance vs Throttle (Figure 46), 2) SOG vs Current and Throttle (Figure 48), 3) 

Travelled Time vs Throttle (Figure 49) which helps in decision-making to make the best use 

of the available energy according to the task to be performed: 

• Optimum Distance: a maximum distance is covered with 40% throttle at a minimum 

cruising speed, but with a significant travel duration. 

• Optimized Journey: The optimum appears to be between 60% and 65% throttle. 

• Optimized Time: Starting from 70% throttle. 

A speed with 100% throttle will only be useful if facing extreme conditions. 

This finding highlights the importance of precise speed management in achieving sustainable 

and cost-effective inland waterway transport. 
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5. Conclusion 

The SFAZ concept represents a cutting-edge solution to address key challenges in inland 

shipping. In densely populated urban areas with constraints like shallow waterways and low-

clearance bridges, the adoption of smaller vessels for inland waterway transport (IWT) offers 

a promising, eco-friendly alternative. This approach not only reduces environmental impact 

but also enhances navigational flexibility in complex urban landscapes. 

The goal of the research presented in this Deliverable was to explore the design and 

operational capabilities of SFAZ Class I vessels. This included optimizing ship structures 

(catamaran and trimaran), evaluating manoeuvrability behaviour of trimaran, and integrating 

efficient electric propulsion systems, all aimed at supporting sustainable and 

automated/autonomous inland waterway transport. 

It was demonstrated that optimizing vessel design and operational strategies significantly 

enhances energy efficiency and navigational performance. By incorporating advanced 

hydrodynamic models, efficient electric propulsion systems and adaptive manoeuvring 

techniques, the research underscores the potential for sustainable and effective inland 

waterway transport solutions. 

The research was complemented with the integration of experimental data and simulations 

to validate the proposed design concepts. This approach ensured that the theoretical models 

and design innovations aligned with practical performance outcomes, thereby strengthening 

the reliability and applicability of the findings. The analysis of collected data facilitated the 

accurate determination of critical manoeuvring characteristics.  

The results established a robust groundwork for creating an advanced manoeuvring model 

for the SFAZ. It highlighted the practicality of employing small inland vessels for testing, 

offering a greater adaptability compared to conventional methods. 

As the SFAZ concept emphasizes electric thrusters and targets autonomous operation, the 

results underscore the need for expertise in battery State of Charge (SOC) monitoring and 

advanced strategies for managing energy consumption effectively. Effective energy 

management is essential for optimizing vessel movement. This optimization is impacted by 

various factors, including logistics and environmental conditions like wind and currents.  

Future research, outlined in D2.2, will centre on an in-depth study of the trimaran concept for 

energy storage and safety added value, exploring its design and performance characteristics. 

Moreover, upcoming full-scale trials will employ advanced measurement tools with RTK 

correction to improve data precision. By applying the same identification methodology to the 

new dataset, researchers aim to assess how variations in input data affect the sensitivity of 

the manoeuvring coefficients. This approach will further refine the model, bolstering its 

reliability and applicability in diverse operational conditions. Special emphasis will be placed 

on defining selection criteria for automated mooring systems and cargo handling automation 

solutions, alongside creating comprehensive guidelines to support their implementation. 
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