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Trim Optimization – In Simple Terms 
   

Volker Bertram, DNV, Hamburg/Germany, volker.bertram@dnv.com 

 

Abstract 

 

This paper gives an overview of different approaches to trim optimization, discussing first-principles 

approaches (based on simulation) and machine-learning approaches. Key jargon used in marketing is 

explained. Both approaches work well and can save significant amounts of fuel if properly used. 

 

1. Introduction 

 

All standard references for ship energy efficiency, such as the 2nd IMO greenhouse gas (GHG) report, 

Buhaug et al. (2009), the Oil Companies International Marine Forum (OCIMF) study for emission-

mitigating measures, OCIMF (2011), or https://glomeep.imo.org/, have ranked trim optimization highly 

as a recommended measure. 

 

Indeed, trim optimization is easy to refit and generally gives short payback times, typically in the order 

of several months. But customers are faced with an ever-increasing array of vendors which use incom-

prehensible jargon. Should I take a “dynamic performance model based on advanced machine-learning 

technology” or rather the “RANSE with VoF”? (The quotes are taken from actual brochures from ven-

dors of trim optimization solutions.) 

 

Simple advice: Don’t be blinded by science; don’t be impressed by a smoke screen of jargon. You don’t 

need to code the software; you just want to understand the basic principles and the pros and cons of the 

different approaches. 

 

The following gives an introduction to available options, explains some of the jargon and discusses 

strengths and weaknesses of the different approaches. 

 

2. Crucial knowledge base 

 

There are several commercial trim optimization tools on the market. These vary in price, user friendli-

ness, fundamental approach, and performance. However, they all combine two key elements: 

 

1. A ship specific database (often called the hydrodynamic “knowledge base”) for resistance or 

power as function of operational parameters. This knowledge base is akin to the baseline curves 

in performance monitoring. 

2. A user interface displaying the trim recommendation. Virtually all systems use an intuitive traf-

fic-light scheme for good, acceptable, and poor trim options. 

 

Key operational parameters considered are speed, displacement (respectively draft) and in rare cases 

also water depth. 

 

Other factors, such as seaway, are seen as secondary for trim optimization and therefore not considered. 

For certain cases, such as ferries or ships trading frequently in shallow waters (e.g. Baltic Sea), the 

inclusion of water depth as a parameter makes sense. For most other ships, water depth may be ne-

glected. On very shallow water, aspects of safe manoeuvring overrule energy efficiency considerations. 

 

The hydrodynamic knowledge base should be a dense matrix of speed, trim, and draft values. Its range 

should cover all feasible operational combinations. Typically this requires 300-400 data sets (combina-

tions of trim, draft and speed) for deep water, and 3-5 times as many if also shallow water variations 

are to be covered. The discrete data sets are connected by smooth interpolation (multi-dimensional 

mailto:volker.bertram@dnv.com
https://glomeep.imo.org/
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response surface in jargon), allowing consistent interpolation for whatever operational conditions are 

specified by the user. 

 

While each trim optimization tool must have a hydrodynamic knowledge base, the chosen approach to 

generate this knowledge base decides costs and performance of a trim optimization system. 

 

 
Fig1: Behind the typical user interface lies a ship-specific hydrodynamic knowledge base 

 

3. Building the knowledge base 

 

3.1. First learn, then apply your knowledge – The CFD based approach 

 

There are two fundamentally different approaches to develop trim optimization tools. The first group 

of systems is based on a “laboratory” hydrodynamic model which creates the knowledge base system-

atically and completely, before the trim optimization software is used. 

 

The system goes to school first and learns the knowledge base before being sent out to the real world. 

This school training may be through model tests or numerical simulations. As this approach does not 

require interfacing with onboard systems or sensors, it makes installations much more cost effective on 

most ships, especially for fleets of sister vessels. However, the approach requires a geometry model of 

the hull, which may have to be re-engineered from available cross sections and main dimensions or 

from 3D scanning. 

 

Model tests are in principle an option, but the creation of dense knowledge base involves much more 

time and cost than CFD (computational fluid dynamics). In addition, model tests suffer from scale ef-

fects (different wave breaking from full-scale ship) and have thus also a slight accuracy handicap. 

Hence, some of the older trim optimization systems were based on model tests, but today CFD-based 

approaches are now preferable. 

 

Older CFD approaches used simpler flow models (using jargon such as potential flow, panel or Rankine 

singularity methods). These fail for breaking waves and have poor or no propeller models, leading to 

less accurate results. Better flow models give more accurate results and thus better trim recommenda-

tions and higher fuel savings. 
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Such high-fidelity simulations (using jargon such as full-scale RANSE simulations, viscous CFD, two-

phase flow, Volume-of-Fluid (or VoF) method) may be more aptly called “numerical sea trials” than 

“numerical towing tank” tests, as they mimic the full-scale ship rather than the scaled-down model of a 

model basin. They are capable of modelling breaking waves accurately, which is essential in conditions 

where bulbous bows partially emerge or transom sterns partially immerse. 

 

3.2. Learning on the job – Beware of incomplete training 

 

The second group of trim optimization systems is based on system identification of the actual ship. 

Typically some machine learning techniques are employed. This approach does not need any infor-

mation about the ship hull geometry. However, it requires rather extensive sensor information. Ships 

must then be equipped with advanced data acquisition systems. These systems have to cope with chang-

ing ambient conditions (wind, waves, current, water temperature, etc.), which affect the resistance of 

the ship. 

 

Even if sophisticated correction methods are used, the uncertain nature of the ambient conditions intro-

duces unavoidable scatter in the target data. Machine learning techniques perform in essence the task 

of putting a smooth “curve” through the scattered data. The more parameters are involved, the slower 

the computer learns, Bertram (2022). Therefore machine learning approaches work best for ships which 

feature fewer changes in operational and ambient parameters, such as ferries or cruise vessels. 

 

While the first group (model test and CFD-based knowledge base) had the benefit of a proper school 

education, the second group has to learn on the job. Typically there is an apprentice period, though: 

Initial dedicated training periods vary draft, trim, and speed, ideally during days where the ambient 

conditions do not contaminate the data sets too much. After that, it is life-long learning to fill missing 

patches in the knowledge base and to update existing knowledge. This continuous learning is called 

“dynamic” in trim optimization jargon. 

 

In a shipping fairy tale one captain was faced with a dilemma; the story goes like this: Once upon a 

time, there was a shipowner who was looking for the best trim optimization for his vast empire of ships. 

He looked for suitable candidates and installed a CFD-based system and a machine-learning system on 

one of his ships. One fine day, the captain asked both systems for advice. The CFD-based system said: 

1 m down by the bow. The machine-learning system said: 1 m down by the stern. Who should the 

captain trust? 

 

It sounds like a fairy tale, but rumor has it that this happened more than once. But, the solution to the 

puzzle was that the comparison was made shortly after installation. The captain had never before driven 

the ship on that draft and at that speed other than with trim by stern. The machine learning system had, 

therefore, never “seen” that by trimming by bow the fuel consumption was lower and picked the best 

solution from its limited experience. Its knowledge base was patchy and thus its recommendation not 

good. The CFD-based system had covered the whole knowledge base before installation and thus gave 

the right recommendation. 

 

In all fairness, had the machine-learning system been trained on all possible conditions, it would have 

given the same recommendation. The vendor no doubt wrote this in his instructions. But, there is always 

the danger that we don’t read the instructions. 

 

4. Integrated or stand-alone? 

 

Trim optimization may come as part of larger advisory systems, e.g. coupled with stowage planning, 

voyage optimization, or performance monitoring. Trim optimization software in itself is good, but even 

better if combined properly with other functionality. The coupling to stowage planning is attractive as 

optimum trim should be achieved without extra ballast. 
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Similarly, automated reporting functions are nice to have. The automated reporting serves a double 

purpose: as proof of energy efficient operation (for SEEMP documentation, national and port authori-

ties, between charterers and shipowners, charterers and cargo owners, etc.) and as incentive for in-

creased usage of the system. 

 

5. Use with caution and exploit economies of scale 

 

Trim optimization is highly advisable for virtually all ship types. CFD-based trim optimization is the 

most cost-effective trim optimization option for fleets of sister vessels. Care should be taken that the 

CFD approach used is not based on outdated potential flow methods. 

 

The big advantage of CFD is that one can exploit the advantages of parallel computing. Dense 

knowledge bases can be typically generated in one or two weeks on high-performance computers with 

several thousand parallel processors. This is a unique advantage over model tests and system identifi-

cation on real ships. 

 

Machine-learning systems may give similarly good results, but must be trained properly, which requires 

more time and crew awareness. 

 

References 

 

BERTRAM, V. (2022), Capabilities and Limits of Machine Learning, 7th HullPIC Conf., Tullamore, pp. 

16-23, http://data.hullpic.info/HullPIC2022_Tullamore.pdf  

 

BUHAUG, Ø.; CORBETT, J.J.; ENDRESEN, Ø.; EYRING, V.; FABER, J.; HANAYAMA, S.; LEE, 

D.S.; LEE, D.; LINDSTAD, H.; MARKOWSKA, A.Z. (2009), 2nd IMO GHG Study, Int. Mar. Org., 

London 

 

OCIMF (2011), GHG Emission-Mitigating Measures for Oil Tankers, Oil Companies International Ma-

rine Forum, London 

http://data.hullpic.info/HullPIC2022_Tullamore.pdf


10 

Smart Energy Efficiency –  

Optimization for Ship Design, Retrofit and Operation 
   

Karsten Hochkirch, Carsten Hahn, Heikki Hansen, Volker Bertram, DNV, Hamburg/Germany, 

karsten.hochkirch@dnv.com 

 

Abstract 

 

This paper gives an overview of the application of formal optimization in ship design, retrofit of ships, 

and operational procedures. The application cases are taken from industrial practice and recent re-

search projects, reflecting the state of the art and near-future trends. In design, optimization based on 

parametric form description and CFD may be applied to global hull optimization considering realistic 

operational profile matrices, or local optimization, e.g., for appendages. Allowing asymmetric sterns 

may lead to additional fuel savings of 2-3%. In retrofits, formal optimization for bulbous bows for dif-

ferent operational profile (slow-steaming and partially loaded conditions) offers significant saving po-

tential in many cases. In operation, trim optimization and weather routing are widely used applications. 

For ships with wind assisted propulsion systems (WAPS), weather routing needs to consider the WAPS 

characteristics. 

 

1. Introduction 

 

1.1. Energy efficiency improvement as first phase in decarbonization 

 

IMO is set to cut the carbon footprint of shipping. The Big Zero is the long-term goal for “around” 

2050, with the mandatory EEXI (Energy Efficiency Design Index) and CII (Carbon Intensity Indicator) 

being introduced since 2023. As a very brief recap, the EEXI is the Energy Efficiency Existing Ship 

(Design) Index, akin to the EEDI (Energy Efficiency Design Index) for newbuildings, expressing the 

theoretically achievable energy efficiency for the ship as designed, in prime condition as in initial sea 

trials. The CII (Carbon Intensity Indicator) is calculated based on IMO’s fuel oil DCS (Data Collection 

System), where the requirement to just monitor is now enhanced by grading the performance each year 

from A to E. Poor operational performance (E once or three consecutive years D) will entail mandatory 

action to improve performance, planned, documented, tracked, and audited in a SEEMP (Ship Energy 

Efficiency Management Plan). The CII will be subject to increasingly stricter thresholds over time, 

driving the industry towards decarbonization. 

 

Most vessels will be able to comply with EEXI requirements by using EPL (Engine Power Limitation). 

Some may have to resort to more significant retrofit options, as discussed below. The Carbon Intensity 

Indicator (CII) will have a more profound impact, driving design and operational changes both for the 

existing fleet in service and future newbuildings. In addition, the EU ETS (Emissions Trading System) 

will impose gradually from 2024 to 2027 surcharges on CO2 emissions, leading eventually to an ex-

pected 50% increase of fuel cost for classical fuels. 

 

The goal of reducing carbon footprint is clear for everyone, and so is the prospect of increasing regula-

tory and market pressure. But how will we get there? In essence, there are four levers to progress to-

wards lower carbon footprints for ships: 

 

• Low/no-carbon fuels – “Decarbonization” makes most people think first of alternative fuels, such 

as biofuels, methanol, ammonia, or hydrogen, Bertram (2021). The problem is that these fuels 

generally will be significantly more expensive than Heavy Fuel Oil (HFO), the standard shipping 

fuel of pre-2020 times. Alternative fuels will certainly play a role, but more at a later stage, post 

2030. EU ETS is likely to close current price gaps, e.g. for biofuels, post 2027. 

• Market-based measures - Economic frameworks, such as CO2 compensation schemes or taxes/ 

surcharges for CO2 emissions respectively carbon-content of fuels, most notably the coming EU 

ETS scheme. Such schemes will make traditional carbon-based fuels more expensive. 

mailto:karsten.hochkirch@dnv.com
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• Wind-assisted propulsion systems (WAPS) – The idea of using renewable energy sources directly 

for ship propulsion is not new, but has been enjoyed exponential growth in installations over the 

past few years after decades of being rather dormant, Hochkirch and Bertram (2022). Business 

cases are difficult to establish due to the highly nonlinear nature of exploitable wind conditions. 

Harnessing the wind is also an option which we will invoke on a wider and larger scale at a later 

stage, post 2030. 

• Energy efficiency – With increasing fuel prices, there will be renewed scrutiny of energy-saving 

measures in design and operation, https://glomeep.imo.org/. This lever is likely to be the domi-

nant contributor to decarbonizing shipping in the short term (i.e. next decade), not least because 

many energy saving measures pay for themselves. 

 

In the following, we will discuss the measures for the short term, employing formal optimization tech-

nique, with a focus on energy efficiency. 

 

1.2. Getting the terminology straight – what is “optimization”? 

 

The term (hull) “optimization” is widely used and in many cases abused. Often the term “improvement” 

would be more appropriate than “optimization”. Muddy terminology creates confusion. We should get 

our terminology straight. We distinguish then the following design approaches: 

 

• Simulation-based design - Simulation-based design commonly employed in industry. Typically, 

less than 10 variants are generated and assessed by more or less sophisticated simulations. Hu-

man experts look at details of the simulation (e.g. pressure distribution in critical areas) and 

derive recommendations for design changes. For hydrodynamic design, CFD (Computational 

Fluid Dynamics) techniques are applied, Bertram (2012). This by now standard design proce-

dure is employed by many design offices and model basins around the world, but frequently we 

see that significant improvement beyond this approach are possible. 

• Concept exploration - Concept exploration models (CEMs) have been proposed as an alterna-

tive to ‘automatic’ optimization. More recently, “design of experiment” (DoE) has been used as 

a term for the same design strategy: A large set of candidate solutions is generated by varying 

design variables. Each of these solutions is evaluated in key performance indicators and stored. 

CEMs thus generate a “map” of the unknown design space. Using suitable graphical displays, 

the designer gets a feeling how certain variables influence the performance of the design. The 

approach was deemed impractical for ship design in the 1990s due the then excessive compu-

tational requirements, Erikstad (1996). However, parallel computation has changed this, and 

concept exploration is now used in commercial projects. 

• Optimization - Optimization looks at thousands or even tens of thousands of designs and uses 

an optimization algorithm to find the best design. For many modern optimization problems, 

genetic algorithms (GAs) or related evolutionary optimization algorithms are the preferred 

choice these days. GAs are significantly less efficient than older gradient-based search algo-

rithms. However, they are easily parallelized and robust in finding global optima, i.e. they do 

not get stuck at local optima. (Single-objective) optimization is in theory a mathematically well-

posed problem. However, objective and all constraints must be expressed as mathematical func-

tions. This is not easy in practice, Bertram (2003).  

• Multi-objective optimization - Optimization for multiple objectives is strictly speaking non-

sense. Mathematically you can only optimize for one objective, respectively an optimum is only 

defined for one objective function. In layman terms, finding the fastest (objective: speed) and 

cheapest (objective: price) car will result in the question: Make up your mind, what do you 

want? Multi-objective optimization in practice is short for a combination of concept exploration 

and optimization. The concept exploration helps in making up one’s mind. Then objectives may 

be reformulated as constraints or combined in one artificial objective function using weights 

for the individual objectives. The “best compromise” objective function can then be determined 

formally by the optimization algorithm of choice. 

https://glomeep.imo.org/
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The borderline between concept exploration and multi-objective design becomes indistinct in practice. 

The process of concept optimization resembles a formal optimization. A concept design family is de-

scribed through parametric variations; however, concept exploration uses typically fewer parameters 

and fewer candidate evaluations. The key difference is that the final design solution is selected without 

employing a formal optimization algorithm. 

 

The highest energy saving potential lies in design. However, advanced simulations and optimization 

techniques are also applied to make ship operation more energy efficient. Key applications in this re-

spect are trim optimization and weather routing. 

 

2. Applications 

 

2.1. Optimization in ship design (shapes) 

 

Hull optimization has become a powerful and widely accepted tool in professional ship design, Hoch-

kirch and Bertram (2012), Bertram and Campana (2020). State-of-the-art projects employ CFD (“nu-

merical towing tank” or “numerical sea trials”), where for final verification high-fidelity CFD at full-

scale conditions is recommended, Hochkirch and Mallol (2013), and consider a spectrum of operational 

profiles rather than a single design point, Hochkirch et al. (2013).  

 

Typically, hull optimization projects obtain 4-6% improvement on expected yearly fuel consumption in 

calm-water for a specified representative operational profile over a design developed by an experienced 

ship designer, as quantified in subsequent final model tests. 

 

Higher savings are feasible if base designs are older or if the optimization projects start earlier with 

more freedom in hull modifications, e.g. starting with concept exploration. 

 

2.1.1. Concept exploration projects 

 

In a project for a fleet of containerships, a concept exploration study found the best main dimensions 

and key design parameters before a classical hull optimization was performed. The core objective of 

the study was requirements elucidation for the ship owner, exploring what may be possible when vary-

ing length, beam, block coefficient or average TEU weight. Hull shapes were generated automatically 

using commonly used CAD distortion techniques (Lackenby approach). The power requirements were 

assessed by means of a simplified numerical towing test: A fully nonlinear wave resistance code with 

simplified propeller model and viscous flow effects was employed.  

 

Such a tool is not sufficient for a proper numerical propulsion test, but known to give correct ranking 

of alternatives for similar designs and significant changes in global geometry. The advantage is that the 

tool is very fast and allows rapid design exploration, as needed in such concept exploration. Each con-

cept resulted in main dimensions, simplified pocket plan, speed-power curve, and initial stability as-

sessment. In total, some 8000 designs were explored. The result is “virtual map” of the design space, 

allowing an informed decision on the main dimensions and configuration for the intended trade mission. 

The logical next step after this decision was then a refinement of the design in a formal hull optimiza-

tion. 

 

Another concept exploration study investigated an envisioned hull extension of the German Navy frig-

ate F123. Key objectives were stability (to be increased) and power performance (to be decreased). 

Some 10000 variants of the new aftbody were investigated numerically, Fig.1 and Fig.2. Based on the 

resulting design knowledge, we recommended a detailed geometry with significantly improved stability 

and no hydrodynamic penalty. 
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Fig.1: Pareto-diagram of required power (y-axis) and KM-values (x-axis). Green dots are per- 

           missible variants. 

 

 
Fig.2: Wave pattern for original hull (top) and recommended extended version (bottom) 

 

2.1.2. Hull optimization for large container ship 

 

A typical optimization project starts with a good design, ideally with main dimensions determined in a 

concept exploration study. Then the hull optimization fine-tunes the vessel performance.  

 

As a typical example, a 14000 TEU container ship project employed more than 60 free parameters with 

the objective of reducing fuel consumption as much as possible, taking into account hydrodynamic 

power requirements, the specific fuel oil consumption of the respective engines and the ship owner’s 
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specific operational profile for speed-draft combinations. More than 35000 hull shape variants were 

investigated. For final validation, model tests at the Hamburg Ship Model Basin confirmed the CFD 

predictions of 4% improvement. 

 

2.1.3. Hull optimization for small navy vessel 

 

In a project for a Latin American navy, the hull for a new OPV (offshore patrol vessel) design was 

optimized for power requirements, considering a representative operational profile (six combinations 

of speed and draft). Constraints came in the form of several hard points for the hull and lower thresholds 

for initial stability (KM values). In total, 14000 design variants were considered. Overall power require-

ments were reduced by more than 20%, Fig.3. The unusually high savings can be partially explained by 

the longer cycles for ship replacement in many smaller navies (sometimes exceeding 30 years). Such 

large savings are also found for very unusual designs where the designers have no intuitive knowledge 

or base geometries. 

 

 
 

Fig.3: Hull lines optimization for OPV design; bow wave and bow pressures for original hull (left) 

and optimized hull (right) 

 

2.1.4. Hull optimization for ship with asymmetric stern 

 

Asymmetric sterns are a special case. Here the geometry model and the CFD model release the usual 

constraint of imposing symmetric hulls. The larger design freedom converts into additional savings in 

calm-water fuel consumption for realistic operational profiles of 1-5%, depending on initial design, 

propeller loading, ship type and optimization model, Hochkirch and Krebber (2017), Van der Ploeg and 

Schuiling (2018). 

 

  
Fig.4: Model test (left) and CFD (right) evaluation of asymmetric stern 

 

To design an optimal asymmetric aft ship, resistance and propulsion figures must be assessed and 

brought to an optimum. DNV’s approach couples viscous RANSE (Reynolds-averaged Navier Stokes 
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equations) simulations for ship and rudder with a state-of-the-art propeller analysis code. The approach 

is computationally efficient and allows using the required power as a direct measure in the optimization. 

 

As an example, a 3000 TEU containership was optimized for minimum power requirement, Fig.4. Start-

ing from a well optimized symmetric baseline design, the additional freedom for an asymmetric aft ship 

design achieved a propulsion power reduction of 3% as confirmed by model tests, Fig.5. 

 

 
Fig.5: Model test predictions for optimized symmetric hull and asymmetric hull showing 3% im-

provement for asymmetric hull near design speed of 17 kn 

 

2.2. Retrofit applications 

 

2.2.1. Bow retrofit 

 

While obtainable fuel savings are significantly larger for complete hull optimization, optimization of 

the bulbous bow region alone still offers often very attractive potential fuel efficiency gains. Such pro-

jects have enjoyed great popularity in recent years, as the quest for energy efficiency has imposed lower 

speeds in shipping. As a result, older ships, designed for higher speeds, then were operating in inefficient 

off-design conditions. In such cases, redesign of bows can offer good business cases. 

 

A bow retrofit project for a 2700 TEU containership may illustrate this, Fig.6. The operational profile 

for the vessel was investigated and represented by a matrix of 9 speed-draft combinations, with weights 

(based on power and percentage of time in operation) as given in Table I.  

 

Table I: Representative operational profile matrix with weights 

 14.5 kn 16.5 kn 18.5 kn 

TA = 8.0 m, TF = 7.0 m 12.2% 11.3% 7.5% 

TA = TF = 9.5 m 5.4% 16.4% 1.8% 

TA = TF = 11.5 m 21.2% 22.4% 1.8% 

 

 

The optimization created 4800 bow design variants as potential candidates. Table II shows the achieved 

savings in power for the optimized bow. The weighted average savings in power (as first approximation 
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for yearly fuel consumption) summed up to 17.8%, coming largely from the off-design conditions, as 

typical for such projects. These savings correspond to a payback time of ~0.4 years, including conver-

sion costs.  

 

Table II: Savings in delivered power PD for optimized bow 

 14.5 kn 16.5 kn 18.5 kn 

TA = 8.0 m, TF = 7.0 m 32.7% 34.6% 21.1% 

TA = TF = 9.5 m 28.4% 19.2% 10.9% 

TA = TF = 11.5 m 11.8% 4.4% 0.0% 

 

  
TA = 8.0 m, TF = 7.0 m, V = 14.5 kn 

  
T = 9.5 m, V = 16.5 kn 

  
T = 11.5 m, V = 18.5 kn 

Fig.6: Selected CFD results for bow retrofit analyses; original (left) and optimized (right) 

 

2.2.2. Rudder optimization 

 

Local optimization may also be applied to appendages, such as rudders, propulsion improving devices 

(PIDs), side thruster outlets, etc. For example, DNV tutored a project on optimizing a twisted rudder 

with a Costa bulb, Fig.7, Echeverry Jaramillo (2016). In this case, the delivered power was reduced by 

4.5%. However, formal optimization for ship appendages is still the exception rather than the rule. In 

many cases, selected CFD analyses are preferred, often due to time and budget constraints. 
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Fig.7: Rudder CAD model (left) and CFD results for optimized twisted rudder with Costa bulb 

 

2.3. Trim optimization 

 

In trim optimization, key operational parameters considered are speed and displacement (respectively 

draft). For most ships, water depth may be neglected. At the heart of any trim optimization software is 

a knowledge base that relates speed, trim and draft for a given ship to required power. This knowledge 

base should cover all feasible operational combinations with sufficient data density. Typically, this re-

quires 300-400 data sets (combinations of trim, draft, and speed), Bertram (2014). The discrete data 

sets are connected by multi-dimensional response surface, allowing consistent interpolation for what-

ever operational conditions are specified by the user. Today, CFD is the preferred choice to create trim 

knowledge bases. For some critical cases, such as surface-piercing bows, full-scale CFD calculations 

are important, Hochkirch and Mallol (2013). Parallel computations make the CFD approach better re-

spectively more reliable than model tests, Bertram (2014). Alternatively, the knowledge base may be 

created using machine learning from the real ship in operation. Here, care has to be taken that the train-

ing data sets cover the whole relevant space of data sets during the training period of several months. 

 

 
Fig.8: User interface of trim optimization software ECO Assistant 
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The approach is then a “simple” optimization application. The shape of the immersed ship is changed 

by trim and possibly by increasing draft (via ballast water). As a map of the “solution space” is created 

beforehand, the actual optimization is very rapid and results are displayed immediately for the user, 

Fig.8. The option to allow larger drafts via ballast water has proven to open better results for modern 

containerships. These very large containerships operate often in partial drafts where the bulbous bow 

may pierce the water surface creating significant resistance due to breaking waves. Counter-intuitively, 

adding ballast water to bring the bow down can then lead to reduced fuel consumption. For a 13000 

TEU containership, the addition of 10000 t ballast water resulted in 5% or 4 t fuel saved per day. 

 

2.4. Weather routing 

 

Route optimization (or routing) has been a topic for research projects for probably 50 years by now. 

Route optimization for energy efficiency combines weather forecasts (predicting seaways for ocean 

areas on potential ship routes), ship response to seaways (for energy efficiency, the relevant response is 

the added power required) and an optimization algorithm. As an added complexity, weather forecasts 

become increasingly uncertain beyond a time horizon of three days. Assorted constraints (e.g. in the 

form of strategies of ship owners or charterers) may complicate the optimization problem and explain 

the diversity found in doctoral theses and service providers. 

 

Realistic estimates for the saving potential of weather routing range from 0.1% to 1.5%, OCIMF (2011), 

https://glomeep.imo.org/, falling significantly short of vendors’ claims. The errors in predicting added 

resistance in waves are much larger than the claimed savings due to route optimization, Bertram (2016). 

Popular methods, such as semi-empirical formulae or strip method approaches, feature errors ranging 

from 20% to 200%, Bertram and Couser (2014). This renders savings from weather routing as rather 

uncertain. 

 

 
Fig.9: Optimized route for eastbound passage using Rotor Sails in April 2020. Ship position marked in 

red. Blue: optimized route. Grey: Great circle line (shortest distance) 

 

https://glomeep.imo.org/
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Route optimization for ships equipped with WAPS offers higher energy savings, improving the business 

case, Hansen et al. (2023). Hollenbach et al. (2020) describe such a dedicated route optimization model 

(ROM) considering the characteristics of the WAPS. Fig.9 shows the vessel’s position (red dot) and the 

wind pattern for four stages of the optimized eastbound passage with WAPS for April 2020. Fig.10 

shows the obtained average fuel savings through weather routing as a function of voyage time for a 

tanker without and with Flettner rotors. The average fuel savings from weather routing are 0.8-2.6% for 

the ship without WAPS, and 2.5-4.1% for the ship with WAPS on various transatlantic voyages simu-

lated. Thus dedicated WAPS route optimization offers significant additional savings. 

 

 
Fig.10: Average fuel savings by using weather routing. Ship without (left) and with (right) WAPS 

 

3. Conclusions 

 

Over the last fifty years, optimization in ship design and ship operation has progressed from “exotic” 

research applications to widely accepted state of the art. Refits of ship with bows optimized for current 

operational profiles may have payback times of less than one year. Trim optimization should be based 

on full-scale high-fidelity CFD. Ballast water offers additional saving potential for large containerships. 

Routing for energy efficiency is doubtful, as long as methods for calculating added power in waves 

feature high errors. For ships with wind assisted propulsion systems, routing should reflect the WAPS 

characteristics. 
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Abstract 

 

We investigated various AI-based tools advocated for various functions of training – text generating 

tools, image generating tools, and training material. The focus of our test cases was on maritime 

applications. The results for specialized maritime training material applications were soberingly poor, 

but results for general text and image applications sometimes very good. In summary, AI has the 

potential to accelerate and improve development of training material, but should not be tasked with 

complete training development for highly specialized areas as frequently found in maritime training. 

 

1. Introduction  

 

Artificial Intelligence (“AI”), https://en.wikipedia.org/wiki/Artificial_intelligence, is en vogue. Even if 

the term is often used with only a sketchy understanding of the technology. “40% of AI start-ups don’t 

use AI”, Collé and Morobé (2022). AI is widely perceived as revolutionizing our world, and impacting 

all industry segments, including the maritime industries and the training world. 

 

Machine learning is the most prominent AI application, and frequently “using AI” means “using 

machine learning” these days. Machine learning is also at the core of machine vision and natural 

language processing, both often seen as AI branches in their own right, Bertram (2018). Machine 

learning builds models and produces results based on empirical knowledge. If underlying data bases 

are sparse or biased, or if the software attempts extrapolation beyond the scope of the data base, errors 

occur. Resulting dangers from uninformed use of AI in maritime applications were already pointed out 

by Bertram (2018), and Collé and Morobé (2022).  

 

Gaspar and Bertram (2023), Gaspar et al. (2023) tested various AI-based tools for maritime 

applications, with the conclusion that the tools gave rather disappointing results. The experience since 

then with AI-based tools supporting assorted tasks in developing maritime training courses has led to a 

more differentiated view. The conclusion and advice of using AI may then be summarized as: Be aware 

of limitations, but embrace the possibilities of evolving AI technologies – also in maritime training. AI 

offers opportunities to develop better training material in shorter time. We will illustrate that in concrete 

cases in the following. 

 

2. Tools for text applications 

 

AI may help in scientific writing, especially for non-native speakers. For automatic translation, DeepL 

(www.deepl.com) and Reverso (www.reverso.com) have produced good results in our experience for 

general texts, and reasonable results for technical translations, where occasionally specific marine, 

engineering, or mathematical terms were not correctly translated. Fig.1 shows an example of such a 

translation from a German text on numerical ship hydrodynamics, Bertram (1994), to an English 

equivalent. The AI-based automatic translation saves significant time in re-using texts from native 

languages for wider, international publication.   

 

The performance of tools like DeepL is similar to that of human translators who have a good command 

of languages for common vocabulary, but lack the specific vocabulary of a narrow technical domain. 

Even if resulting texts need some final editing, the automatic translation saves significant time and 

eliminates grammatical and spelling mistakes. The highly technical terms are generally the easy parts 

for non-native speakers with an engineering background. 

 

mailto:volker.bertram@dnv.com
https://en.wikipedia.org/wiki/Artificial_intelligence
http://www.deepl.com/
http://www.reverso.com/
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Fig.1: DeepL translation example – German to English 

 

DeepL is limited to translations from/to 26 languages, including British and American English.  Chat-

GPT, https://chat.openai.com/, may be used for another “special” type of translation, namely that from 

stilted writing into easy language, from cumbersome jargon to plain English. This is useful for native 

speakers as well, as their wider range of vocabulary and idiomatic expressions may introduce inad-

vertently linguistic hurdles for a non-native audience. Again, often some human post-processing is 

needed, e.g., in judging with context information what jargon is useful and what harmful for the 

intended audience. 

 

ChatGPT is also good for bringing structure into larger texts. Gaspar and Bertram (2023) describe 

testing it on drafting a chapter structure for a book and a maritime paper, finding the tool very efficient 

in itemizing and synthetizing information. ChatGPT’s suggestions were largely valid and worth con-

sidering. As a positive surprise, ChatGPT suggested some topics that the human authors had not con-

sidered, especially when asked for more information, i.e., when asking ChatGPT to “Explain”.  

 

Sometimes, it may be useful to convert images to text, e.g., when scanning older texts that are only 

available in analogue form, as in books or conference proceedings typically dating from pre-2000. Here, 

the power of pattern recognition of AI can be harnessed effectively and efficiently. Examples of online 

tools we have used for such purposes are https://www.jpgtotext.com/ and https://www.onlineocr.net/.  

 

As ghost-writer for technical texts with maritime topics, ChatGPT did not write usable text and did not 

create usable lists of references. The texts produced needed so much reworking that any time savings 

as compared to writing yourself disappeared, Gaspar and Bertram (2023), Gaspar et al. (2023). In 

addition, ChatGPT tends towards “creative writing”, making up wrong statements and adding non-

existing references. 

 

3. Tools for image and video creation 

 

While ChatGPT deals with text, Dall-E from the same company OpenAI, generates images based on 

text prompts. For example, https://www.dallewizard.com/prompts/van-gogh advertises that you can 

prompt the tool to paint a specified object in the style of Vincent Van Gogh, Fig.2. We tested Dall-E 2 

prompting for a ship stability curve (aka GZ curve), Gaspar et al. (2023). The tool responded very 

quickly with a sine curve, plotted over x rather than heel angle. After 20 minutes of chat, trying to 

prompt Dall-E 2 into plotting a GZ curve, it still did not reach an acceptable result, see Fig.3 for the 

final attempt. Trying to get Dall-E 2 to draw a general arrangement plan for a frigate failed similarly, 

https://chat.openai.com/
https://www.jpgtotext.com/
https://www.onlineocr.net/
https://www.dallewizard.com/prompts/van-gogh
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Gaspar et al. (2023). Dall-E 2 raised high hopes looking at the Van Gogh paintings, but for technical 

drawings and diagrams in naval architecture, it failed. 

 

  
Fig.2: Dall-E 2 response to prompts for Van 

Gogh style avocado toast 
Fig.3: Failed attempt to obtain a GZ curve 

 

A year later, we tried Dall-E 3 (as integrated in Microsoft Copilot), for more generic maritime images 

with good, photorealistic results. Fig.4 (left) shows a result for the prompt “worker hand holding a valve 

in a factory environment”. Fig.4 (right) shows a result for the prompt “small Caterpillar engine inside 

an engine room of a small fishery vessel. Show also the other equipment of an engine room in the 

background. Place an engineer who is working on the Caterpillar engine in front of the engine.” The 

results for these test cases were very good, even impressive. 

 

  
Fig.4: Dall-E 3 results for valve in worker hand (left) and diesel engine on fishery vessel (right) 

 

There are some limitations to the current versions of Dall-E or MS Copilot, though. The AI software 

has been trained on filtered data sets. For privacy reasons, images of celebrities were not used. For 

example, “show a captain on a bridge who looks like King Charles” will not work. Similarly, obscene 

images were not used in training; thus a naked King Charles will work even less. More annoying for 

our line of work is however the “dyslexic handicap” of the software. Requests to include specific words 

in an image often result in garbled text. For example, we requested a photorealistic image of a truck 

with ‘ammonia’ written on it in front of a ship in port. Fig.5 shows two results. While truck, ship, and 

port satisfied our expectations, the word ‘ammonia’ got garbled in different ways (Amnoina and 

Aminona), and we gave eventually up to get an image with correct spelling. 
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Fig.5: Dall-E 3 results for truck with ‘ammonia’ in front of a ship; misspelling from software 

 

Dall-E (respectively MS Copilot) can produce tailored images to illustrate training material on generic 

maritime topics, without copyright issues. It is in some respect more useful than image databases like 

iStock or Shutterstock. Finding images to visually support a theme on PowerPoint slides or in e-

learnings is a frequent task in training development, and harnessing the power of AI for this task offers 

definite improvements. 

 

There has been similarly impressive progress on “moving pictures”, i.e., video creation using AI. State-

of-the-art tools create storylines and dialogues from some prompts, and generate videos with lip-synced 

speakers. The tools are user-friendly and easy to use for beginners. “I keyed in some [DNV Maritime] 

Academy related words and it was pretty quick. It automatically made a starting theme with landmark 

Dubai buildings in the backdrop of the boat. Then I selected the conversation scene. […] I don’t think 

it took more than 10 minutes including me experimenting and figuring out the edits,” Michelle Kurian 

(DNV Maritime Academy in Dubai). Some editing is needed typically for dialogues and details, similar 

to repeating prompting for images to tailor the product to your needs. 1980s Vyond cartoon-style videos 

(www.vyond.com), Fig.6, are evolving to photorealistic, tailored avatars. The image for the avatar in 

Fig.7 was created using MidJourney, www.midjourney.com, which is akin to Dall-E in versatile image 

generation, given the right prompts. The avatar and its speech and motion in the video clip was made 

with D-ID, www.d-id.com, an AI video generator creating videos from videos and avatars. While our 

applications for such videos is mainly for the “nice-to-have” introductions (akin to the roaring lion 

introduction in Metro-Goldwyn-Mayer movies, https://en.wikipedia.org/wiki/Leo_the_Lion_(MGM)), 

the progress in AI in video generation, especially in realistic lip-synced speech, saves a lot of time and 

makes it accessible for general use, not requiring lengthy training. 

 

  
Fig.6: Vyond video Fig.7: D-ID video 

 

http://www.vyond.com/
http://www.midjourney.com/
http://www.d-id.com/
https://en.wikipedia.org/wiki/Leo_the_Lion_(MGM)
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4. Tools for more complex training material 

 

4.1. AI-generated presentations 

 

Developing presentations (such as for a conference) and trainings, whether based on presentations or 

e-learning frameworks, generally takes a lot more time than outsiders suspect, Bertram and Plowman 

(2019). And time is money, especially in industry. Against this backdrop, DNV management stumbled 

across an advertisement: “Get AI-based learning content in minutes - Content can make or break your 

learning programs. Let Shape’s AI do the heavy lifting.”, https://www.docebo.com/products/shape/. 

 

We tested Docebo Shape on DNV’s “Train the Trainer” course aimed at giving an initial training for 

ship technology experts with no previous pedagogical experience, Gaspar et al. (2023). Within a minute 

the uploaded original PowerPoint file was converted to the suggested online content for a training. But 

the result was largely useless, sometimes amusingly so, as the AI software just picked up keywords and 

assigned images that matched the keywords, but out of context: In introducing the trainers for the 

course, which hold post-graduate degrees in pedagogy, an image for a fitness trainer was selected, Fig.8 

(top left). Or for training workshops, an industrial workshop with a worker welding was chosen as 

visual aid, Fig.8 (top right). The verb “train” was visualized with an image of a train, Fig.8 (bottom 

left). Text was chopped into fragments and reassembled, adding apparently random text snippets to 

form new sentences, which were often nonsensical, Fig.8 (bottom right). For example, “Bernhard 

Löbermann has a master [degree] in teaching. He has developed trainings in maritime applications for 

specific purposes.” was converted into “Bernhil Loesbermann has a Masters in Teaching for Specific 

Purposes”. (Typos were introduced by Docebo Shape.) 

 

In summary, the AI-based software created useless and often nonsensical material. We looked at other 

AI tools to create complete trainings and presentations “within minutes” and they fell similarly short of 

the marketing promises and our requirements, Gaspar and Bertram (2023). 

 

  

  
Fig.8: Images are selected based on keywords without context resulting in “nonsense” 

 

https://www.docebo.com/products/shape/
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(a) (b) 

  
(c) (d) 

Fig.9: Sample pages for ship stability quiz from Piggy 
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4.2. AI-generated assessment quizzes 

 

In training development at DNV, the starting point is often a rather factual PowerPoint presentation, 

for purely frontal teaching. Both for pedagogical reasons and for required assessment of learning 

success, we then add quizzes that can be automatically assessed in the learning platform. Typical 

question types are multiple choice, multiple response, matching and filling in blanks. Multiple choice 

questions are used the most in our applications. 

 

Piggy is a “visual, creative, and interactive mobile documents creator”, https://piggy.to/. Its website 

states that it is intended to “create social stories, presentations, and quizzes”, designed for use on mobile 

phones. We asked Piggy to create a quiz on “ship stability”, Gaspar et al. (2023). Some of the quiz 

questions were OK, some wrong or nonsense, Fig.9: 

 

a) The trim refers rather to an angle of the hull (first choice) than the ship’s weight distribution 

(second choice, given as the correct answer). 

b) The purpose of ballast tanks is certainly not to balance the ship’s weight. 

c) The effect of low GM is given correctly as ship “will capsize easily”, but “ship gets unstable 

in rough sea” is arguably also possible, and ship will be difficult to manoeuvre or be slow and 

inefficient can be easily ruled out in a quiz on stability. 

d) The metacentric height GM is not the distance between centre of buoyancy and centre of 

gravity. 

 

With various other maritime topics, results were similarly problematic. The quizzes created by Piggy 

contained serious errors. With increasing level of specialization, the results deteriorated. Piggy may be 

a good tool for party games or ice breakers in training, but otherwise failed to convince. 

 

Designing suitable quizzes for a given training requires context information into learning objectives 

and background of target audience. It is a high-level task in training development. Quiz tasks should 

assess the learning success, i.e., they should not be so easy to guess the correct answer before the 

training, but reflecting key training material, such that they are answered correctly after the training.  

 

5. Conclusions 

 

Our assessment of the state of the art of AI for maritime training development may be summarized as: 

the glass is half full or half empty, depending on your perspective and your expectations. 

 

• Capabilities have progressed rapidly over the past few years to sometimes impressive levels, 

and AI-based tools can be used effectively for base tasks, such as translation, image generation, 

or the generation of lip-synced videos.  

• We still don’t have the “make training” button which magically designs complete training ma-

terial. High-level tasks requiring context information and sometimes even creativity are best 

performed by human experts, e.g., core tasks of pedagogy such as defining what to teach and 

through what means. 

 
The tools tested performed sometimes well, sometimes poorly, but always worse than in the marketing 

demos for non-maritime applications. That should not come as a surprise. Always test software for your 

own test cases, not the vendor’s test cases. Many of the failures of AI-tools for training described here 

were to be expected. The fundamental shortcomings of statistical methods (such as machine learning) 

are known as such, Bertram (2018), even if the wider public is not so aware yet. 

 

The development of software tools for training design may be seen in analogy to the development of 

tools for computer aided ship design. For four decades, efforts to use AI to develop “computer generated 

ship design”, i.e., a magic “make ship” button where just the requirements are specified and the 

computer generates the complete design, Fig.10, have failed, Bertram (2013). However, we have seen 

https://piggy.to/
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continuously increased efficiency in the design process, shifting low-to-medium complexity tasks to 

the computer. It may well be that we see a similar development for designing trainings, where training 

developers get increasingly efficient in the product development, as the computer handles more basic 

tasks with increasing autonomy. Computer-aided training development, rather than computer-generated 

development. 

 

 
Fig.10: The vision of a magic “make ship” design, Mistree et al. (1990), never materialized 
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Abstract 

 

This study examines the impact of employing robust voyage optimization techniques to enhance a 

vessel's Carbon Intensity Indicator (CII) rating. Emphasis is placed on the advantages of utilizing the 

current findings from vessel performance evaluations to determine the ship's behaviour within the 

weather routing program. The convergence of human expertise and automated computation represents 

a core component of weather routing procedures used by Ardmore Shipping. Additionally, this study 

explores the prospects of voyage optimization by integrating dynamic propulsive power control systems 

through a real-world case study. 

 

1. Introduction  

 

The Carbon Intensity Indicator (CII) of a vessel, as defined by the International Maritime Organization, 

is the total mass of CO2 emitted per cargo carrying capacity. Given this, by reducing the mass of CO2 

emitted by the vessel over the year, the CII rating of the vessel may be improved. There are several 

ways to achieve this: running on low-carbon fuels, installing wind-assisted propulsion or solar power 

onboard, or through speed and routing optimization. Of the many options available to owners to 

improve CII ratings, one of the most easily attainable is to improve the quality of the voyage 

optimization techniques used, which in turn will improve fuel efficiency. Voyage optimization, in this 

paper, is defined by three distinct elements: pre-voyage planning, voyage execution, and post-voyage 

analytics, allowing the voyage to be adequately planned for, efficiently conducted and thoroughly 

reviewed for future improvements. 

 

2. Pre-voyage planning 

 

Several factors are involved in efficiently planning a voyage, which starts when a contract is signed 

with the charter party. The current calculated TCE and bunker prices are used to influence commercial 

decisions regarding ETA and the agreed vessel speed. Post-voyage analytics will provide information 

for expected fuel consumption rates, which will be relayed back to the vessel. A route can only begin 

to be planned once these terms are established. 

 

2.1. Weather routing 

 

Before the voyage, the vessel will be sent an optimized weather-routed voyage plan. Having a reliable 

source of weather routing is imperative and will become increasingly necessary as the time a vessel 

spends in adverse weather is predicted to increase owing to the effects of climate change. The ability 

to predict and avoid adverse weather conditions is crucial for the safety of the ship and crew onboard, 

not to mention the fuel savings provided by having reliable information at hand. These fuel savings can 

be seen clearly during the weather routing optimization processes used by Ardmore and are outlined in 

the case study below.  

 

Ardmore Shipping uses WetterWelt’s MeteoPilot software to provide the vessel with the suggested 

route based on the predicted weather for the voyage. The active routing system will also update the 

suggested route and inform the vessel of any changes to the predicted weather while underway, ensuring 

that the vessel always has the most up-to-date and accurate information available, which in turn allows 

the Master to make the most informed decisions possible regarding the speed of the vessel and the route 

to take. 
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2.2. Example of Voyage from Adelaide to Cochin 

 

Fig.1 shows an example of a voyage from Adelaide to Cochin, where the planned route was altered 

while underway to avoid heavy weather, in turn giving savings on the vessel’s fuel consumption. The 

vessel departed from Adelaide, as shown in Fig.1, and was routed in a more northerly track to avoid 

heavy weather conditions to the south and southwest of Australia. After sailing through this area, the 

vessel was sent information about a port change. It initially headed towards Singapore and was rerouted 

later to Cochin. The new route followed a more north-westerly track to bring the vessel to Cochin on 

time in addition to following slightly better ocean conditions, which is what the Master now followed. 

When comparing the cases of the planned route versus the executed route, it can be assumed that the 

vessel was always to head for Cochin with no port change, as the initial leg for both destinations was 

the same. When comparing the data from both the weather-optimized route and the initial route, the 

vessel had to travel 9.7 nm further than expected; however, it saved 4 hours by doing so. It is also worth 

noting that by following this longer route, 2.8 tons of heavy fuel oil and 0.8 tons of marine gas oil were 

saved. This voyage is an excellent example of the Master trusting the information provided and, 

therefore, not only arriving earlier than predicted but also saving fuel during the voyage. 

 

 
Fig.1: Voyage from Adelaide to Cochin 

 

3. Voyage execution 

 

During the voyage, a vessel is inclined to have power variations due to continuous load and RPM 

changes, leading to operational inefficiencies. To reduce this, Ardmore has deployed Yara’s FuelOpt 

system, which adaptively optimizes the speed and fuel consumption rate (FCR) of the vessel. The 

system is designed to increase fuel efficiency by taking control of the main engine based on commands 

from the bridge and ensuring power peaks are minimized. This can be done using several strategies. 

Firstly, a speed is chosen by setting the shaft power to constant; this allows for the speed of the vessel 

to automatically decrease in bad weather as the consumption of the vessel will remain constant. Exiting 

the bad weather may require a manual change of speed to meet the ETA. Other operational strategies 

for FuelOpt include voyages where full speed may be required, which can be set to an optimum 
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consumption for that corresponding speed to minimize losses. Alternatively, voyages with a critical 

ETA may require that speed is set to a constant to meet the given laycan, ensuring precise arrival and 

avoiding speed and therefore power fluctuations. The system can also be operated in tandem by setting 

both a speed and a maximum fuel consumption if the voyage requires a contract speed below a given 

weather condition. This will allow the vessel to sail at the given speed until the set maximum 

consumption has been reached due to severe weather, for example, when it will reduce vessel speed 

until consumption is also reduced, NN (2021). 

 

3.1. Voyage simulation from Singapore to Bangladesh 

 

Below is an example of the fuel savings that can be achieved by using FuelOpt. It follows a voyage 

completed by ‘Ardmore Sealion’ from Singapore to Bangladesh. The voyage was carried out as usual 

and subsequently recreated using a digital twin to prove the fuel savings which would have been 

achieved by operating the vessel in constant power mode. The vessel was modelled using a digital twin, 

which was based on collected performance data over a two-year period. Both the weather and sea 

conditions were precisely simulated using historical satellite data for the specific route. The voyage 

was then executed virtually to match the ETA of the actual voyage, except the power was now kept 

constant. Fig.2 compares actual versus simulated power and speeds, in addition to the simulated weather 

conditions. During the actual voyage, the power fluctuations are clear, especially in the first and last 

quarters of the voyage. The average actual speed of the vessel was recorded to be 11.6 kn, and the actual 

consumption of the 1544 nm voyage was 99.2 tons. During the simulation, the power was set to a 

constant 4000 kW, which meant that the speed was automatically adjusted to the actual experienced 

weather during the voyage. When the fuel consumption of this new voyage was calculated, it came to 

94.9 tons, equating to a 4.3% reduction, evidence that operating at constant power is more fuel-efficient. 

 

  
Fig.2: Actual and simulated voyages of ‘Ardmore Sealion’ 

 

Independent of which strategy is used when the vessel operates using FuelOpt, the concept of the system 

can only be utilized to its full potential if the Navigation Officer understands how the system works 

and why it is being implemented. A culture shift is crucial for a change in operating style allowing for 

a move away from the traditional, continuous manual adjustment of the engine power to a more 

technologically supported approach. For successful voyages to be conducted in this way, Ardmore 
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ensures that the crew is adequately educated on the purpose of the system and continuously encouraged 

to engage it to its full potential. 

 

4. Post-voyage analytics 

 

There exists an abundance of data from a vessel; however, how this data is processed and interpreted 

is imperative, as trustworthy data can provide the owner with valuable insights into fuel efficiency and 

opportunities for improvement. Current post-voyage analysis at Ardmore exists via vessel performance 

management provided by Albis. This system allows for thorough analysis, including efficiency 

monitoring, voyage reporting, speed optimization, trim optimization, weather influences, and 

monitoring of main engines and auxiliaries, among others, by collecting and processing high-frequency 

data, Fritz (2013). 

 

4.1. Optimum trim tables 

 

One of the tools that Albis provides, which allows Ardmore to maintain high CII ratings across the 

fleet, is the generation of empirical trim tables using historical vessel data, thus ensuring the vessel is 

operated at the optimum trim for any given voyage. These are produced through the collation of data 

for consumption in relation to the trim at a given draft for each vessel class. Trim tables are used to 

ensure that the vessel is operating at the optimum trim, which is a cost-effective operational solution to 

reduce excessive consumption. In addition, by utilizing historical trim data, expensive CFD modelling 

and towing tank tests can be avoided. Fig.3 shows an example of the trim tables received by Albis, 

which were conducted for various drafts when the vessel was being operated at the normalized speed 

of 12.4 kn. In this table, green values indicate lower FCR, and red indicates higher FCR as per the key. 

These tables are used by the Deck Officers onboard to correlate the speed and draft to the trim 

conditions that will result in the lowest FCR. When comparing the potential for savings on fuel 

consumption, on average, for any given draft at a particular speed, there may exist a 20% difference 

between the consumptions at different trim conditions. In severe cases, such as for the draft of 12 m of 

the below table, the difference can be over 30%. In this example, the best FCR is observed at a trim 

condition of -1m where the FCR is at 96%, correlating to 15.8 t/day as compared to the worst FCR at a 

trim of 2.25 m which shows a 130% consumption rate, correlating to 21.4 t/day. The difference between 

these conditions is 5.6 tons of fuel. Evidence that it is imperative to ensure that the trim condition in 

which the vessel operates is always optimal. 

 

 
Fig.3: Trim table using historical data 

 

4.2. Hull monitoring 

 

Another critical factor that influences the overconsumption of a vessel is the hull condition. Albis 

provides Ardmore with an insight into how much any given vessel may be overconsuming based on 

the time between hull cleanings through the hull and propeller degradation reports. As the hull gets 

progressively more fouled, the resistance of the vessel will increase, requiring more propulsive power, 
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which is why the hull condition must be monitored closely. An example of the data received is shown 

in Fig.4, where the consumption of the vessel is plotted against time, with propeller or hull cleanings 

being marked for comparison. The scatter compares against the baseline consumption, which is taken 

as the FCR after drydock with new hull and propeller coatings having been applied. Each plot on the 

graph represents data for the median FCR per day extrapolated to fit the conditions of 13 kn, 12 m draft 

and 0-4 Beaufort wind conditions, ensuring that the data is unbiased towards operating conditions. The 

actual FCR plots are color-coordinated so that points of overconsumption can be easily spotted. When 

looking at Fig.4, there is a significantly higher number of spikes in overconsumption before hull or 

propeller cleanings compared to after; an excellent example of this is the cluster of overconsumption 

points around the 1st of July 2022. After the hull and propeller cleaning, the number of these points is 

minimal until the following year. This is why at Ardmore, reports are produced each month to monitor 

the consumption of the vessels and the condition of the hull and propeller, ensuring both are cleaned in 

a timely manner to avoid this. In addition to this, resident drones are used when in port to check the 

physical condition of the hull and a cost-benefit analysis is performed to determine the best time to 

conduct hull cleaning. 

 

 
Fig.4: Example of hull and degradation reports 

 

4.3. Charter warranties 

 

The reports which are produced by the post-voyage analytics solution are also crucial to feeding back 

into the commercial decisions when agreements are made with charterers before any voyages. These 

come in the form of charter warranty reports, which collect actual FCR data for each ship and compare 

the correlating speeds when the vessel is laden at various drafts. These reports allow the commercial 

team to compare the established speed to an expected fuel consumption rate to be agreed upon, as 

mentioned at the beginning of this paper. 

 

5. CII ratings of the Ardmore Fleet   

 

All the strategies outlined in this paper improve the efficiency of operations at Ardmore, not just from 

a fuel consumption perspective but also from how all parties involved in operations interact with each 

other and the above systems. They were not solely employed with the specific aim of increasing CII 

ratings. The good CII rating of the fleet is evidence that the employment of these is effective and has a 

positive impact. 

 

Fig.5 shows the CII ratings of the fleet for the year 2023. Of the 22 vessels in the fleet, 12 have an A 

rating, constituting 55% of the fleet, 8 have a B rating, and only 2 have a C rating. When looking closer 

at these two instances, ‘Ardmore Seaventure’ is just on the boundary of a B and the lower rating was 

due to the fact she had a long river passage prior to and post docking. The second instance occurs for 

the Ardmore Encounter and can be put down to high waiting times for a cargo for this vessel early in 

2023. No vessels achieved a rating lower than C. The effect that more stringent CII regulation will have 

on the fleet is yet to be determined, but Ardmore is confident that the fleet will continue to perform 

well under the current systems and processes. 
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Fig.5: CII ratings for Ardmore fleet (2023) 

 

6. Future of voyage optimization 

 

The three core systems used by Ardmore are imperative to complete voyage optimization. Weather 

routing provided by WetterWelt allows for pre-voyage planning and real-time adjustment in operations; 

however, it still requires the human operator to interpret and use the data as they see fit. Voyage 

execution provided by Yara’s FuelOpt removes the amount of intervention needed by the human 

operator by automatically adjusting speed or FCR; however, the set points still need to be monitored 

and changed manually. The post-voyage analytics provided by Albis can model past voyages in a new 

light and provide in-depth analysis for future improvements; however, it does not allow for changes to 

be made in real-time due to the nature of the retrospective analyses. 

 

The vision for the future of voyage optimization at Ardmore is to be able to integrate all three of these 

systems to reap all the individual benefits, improve fuel efficiency and increase ease of operation for 

the crew onboard. Work is being carried out to trial the amalgamated solution by using WetterWelt to 

provide optimum speed or FCR suggestions basis the weather routing to the voyage execution system, 

which will automatically input those values as the set points and adjust them when new information is 

received, the post-voyage system should then be able to keep track of this data and analyze it for a 

complete overview of the system. This would provide the crew with one complete system rather than 

several separate ones, in addition to moving into the future world of autonomous operations in 

incremental steps. Ardmore is also trialling systems which utilize the power of Artificial Intelligence 

to explore how these solutions will fit into the future of voyage optimization and how they can be 

effectively taken advantage of in today’s operations, especially from a pre- and post-voyage viewpoint 

as well as to assist in the commercial decision-making process. 

 

7. Conclusions 

 

Effective voyage optimization can be split into three distinct elements: pre-voyage planning, voyage 

execution and post-voyage analytics. By utilizing all three methods, Ardmore obtains a complete 

picture of how best to operate the vessels to increase fuel efficiency and, in turn, maintain high CII 

ratings for the fleet. The WetterWelt system provides robust and trustworthy information about route 

planning as well as real-time changes and suggestions to the vessel route. Yara’s voyage execution 

system allows the crew to be more efficient when it comes to speed and FCR optimization. Albis post-
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voyage analytics gives an in-depth insight into completed voyages, providing access to numerical 

savings and areas of improvement, as well as feeding back into the commercial decision-making 

process, which is imperative for future voyages.  

 

This paper demonstrates that the pay-off of utilizing these processes effectively will result in positive 

CII ratings for the vessels without the need to invest in expensive solutions such as wind-assisted 

propulsion or future fuels in the near term. 

  

A view of the future of voyage optimization for Ardmore is the amalgamation of all three systems to 

introduce an element of automation into the operation of the vessels and reduce the amount of human 

intervention in the execution of the voyages. It is important that a change of culture and mindset must 

be undergone for a system such as this to be utilized to its full potential. The exploration of the 

integration of artificial intelligence into the processes which go into voyage optimization is also being 

undertaken, with a focus on how this may improve pre-voyage commercial decision-making. 
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Abstract 

 

This paper takes a critical view at alleged fuel savings from routing. The key components of routing, 

namely meteo-marine (waves, wind, current) forecasts and hydrodynamic response model (added fuel 

consumption in given weather), have much larger uncertainty than the alleged savings, which are in 

most cases derived from comparing results from the hydrodynamic model on direct and optimized 

routes. The paper argues in favour of more validation for the employed hydrodynamic models. 

 

1. Introduction 

 

Ship routing (a.k.a. routeing or route optimization) denotes generally the optimization of a ship’s 

course and speed with respect to some objective. As such, the term encompasses a wide variety of 

approaches and software products. First developments date back at least to the 1970s, e.g., Journée 

and Meijers (1980), and have proliferated since then with many variations on the key elements of any 

routing application, which have also been nicely summarized in Walther et al. (2014): 

 

• Optimization algorithms - moving from classical approaches to evolutionary algorithms such 

as Genetic Algorithms, see e.g. Harries and Birk (2003) for an overview of optimization 

algorithms.  

• Objectives – initially, ship routing focused on safety aspects, such as (relative) motions to 

avoid water on deck or slamming, or accelerations to avoid e.g. loss of deck containers. With 

increasing fuel prices after 2008, and subsequent IMO and EU pressure to reduce CO2 

emissions in shipping, the focus of most publications on routing systems have moved towards 

fuel savings, sometimes employing proxies like added resistance or added power. An 

important difference is that weather routing for safety is based on first-order seakeeping 

quantities (motions and accelerations), while routing for energy efficiency is based on  

second-order seakeeping quantities (added resistance and possibly drift forces). 

• Meteo-marine models – forecasting of wind, waves, and currents as key ambient conditions is 

required as “input signal” for the ship’s response. The meteo-marine models generally come 

from external providers. The state of the art has developed over the decades, with main 

progress coming from satellite remote sensing. In short-distance routing, e.g. for electrically 

powered ferries as in Bellingmo et al. (2021), meteo-marine models may be extremely 

simplified or omitted completely, mainly reducing the problem to speed profile and distance 

optimization.  

• Ship performance models – forecasting the ship’s response to the ambient conditions, i.e. 

motions, accelerations, added resistance, etc. Initially, ship performance models for routing 

were all based on first-principles simulations, albeit with large variations in computational 

accuracy and computational effort, see e.g. Bertram (2016) for an overview. Over the last two 

decades, increasingly performance models based on machine learning have been advocated, 

not least because of their popularity in performance monitoring applications, e.g. Deymier et 

al. (2021). 

 

We will consider in the following only routing for energy efficiency objectives where ambient waves 

have a significant impact. Claims to how much fuel routing saves differ widely, with vendors being 

more optimistic by nature. The following list is non-exhaustive, but illustrates the point: 

 

• “[The] fuel consumption of the optimized route is reduced by 7.84% compared with that of 

the Rhumb Line.” Pan et al. (2021) 

• “For deep-sea shipping, route optimization is estimated to reduce emissions by 7%.” 

Bellingmo et al. (2021) with reference to Lindstad (2013) 

mailto:volker.bertram@dnv.com
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• “The actual saving was 5.7%.” Shields and Weber (2015) 

• “The optimal route […] leads to 4.9% fuel savings compared with the […] shortest path.” 

Kytariolou and Themelis (2022) 

• “According to the International Maritime Organization, weather routing saves more than 3% 

in fuel consumption. For container ships, etc., that number increases substantially, up to 

10%.” Various vendors (including https://www.dtn.com/, https://www.sofarocean.com/, 

www.stormgeo.com/) with reference to IAMU (2015), which in turn refers to Armstrong 

(2013) 

• “[…] weather routing can lead to significant fuel consumption savings per voyage […]. In the 

majority of the papers reviewed in this survey, fuel consumption savings are typically 

reported to reach values between 3% and 5%.” Zis et al. (2020) 

• “The potential [of weather routing] has been assessed to between 0% to 5% on main engine 

fuel consumption dependent on ship size and type and the typical trade for the different ship 

segments.” https://glomeep.imo.org/technology/weather-routing/ 

• “[F]or fuel-optimal routing, […] GL experts estimate the saving potential to less than 1% for  

conventional displacement hull and most realistic scenarios.” Bertram and Vordokas (2010) 

• “We estimate the saving potential beyond what is already widely done today to 0.1%.” 

OCIMF (2011) 

 

The statements on the saving potential differ widely, from almost zero to up to 10%. This should not 

surprise. Serious estimates should always come as a bandwidth, as the honest answer on saving 

potentials of any measure will be the time-honoured “it depends”. Numbers given by vendors or 

selected (positive) cases are invariably higher than numbers by third-party consultants, Bertram 

(2020). But which of the estimates should we then believe? I believe the correct answer to this 

question is – none. The uncertainty in the results of any optimization depends largely on the accuracy 

of the used functions for the objective. The next chapter will discuss the key elements of routing in 

more detail with focus on the uncertainties or errors associated with each element. 

 

2. Routing components 

 

2.1. Meteo-marine forecasting 

 

The meteo-marine forecasting, https://en.wikipedia.org/wiki/Weather_routing, predicts the ambient 

conditions: 

 

• Wind (speed and direction) 

• Wind waves (height and direction; typically given as a spectrum with significant wave height 

and main direction) 

• Swell (height and direction) 

• Current (speed and direction) 

 

These ambient conditions drive the ship’s response, in our case the added fuel consumption, directly 

or through proxies. Obviously, errors in the ambient conditions (input signal) will propagate to errors 

in response (output signal). The weather forecast is based mainly measurements from satellites and 

buoys to feed numerical weather simulation models. Weather forecasts can be obtained from various, 

mostly governmental, service providers, such as the Japan Meteorological Agency, the United States 

National Weather Service, and the United Kingdom Met Office. Some commercial routing providers 

use these publicly available sources, merge and filter to provide their own predictions.  

 

Error sources are: 

 

• Wind is highly nonlinear and thus difficult to predict over longer periods; beyond 3 days, the 

predictions become noticeably fuzzy, which is often referred to in popular science as the 

Butterfly effect, https://en.wikipedia.org/wiki/Butterfly_effect.  

https://www.dtn.com/
https://www.sofarocean.com/
http://www.stormgeo.com/
https://glomeep.imo.org/technology/weather-routing/
https://en.wikipedia.org/wiki/Weather_routing
https://en.wikipedia.org/wiki/Butterfly_effect
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• The wind sea follows from the wind. Here the problem is rather that we approximate actual 

distributions of energy over wave frequency and direction by standard spectra (with given 

function over wave frequencies and directional spread around main direction) with just two 

parameters: significant wave height and main direction. The standard spectra were derived 

fitting a smooth curve through many measured spectra (histograms) with some physical 

insight on how these curves should decay towards very high and very low frequencies. 

Taking a standard spectrum (e.g. the Pierson-Moscowitz spectrum) as an approximation for 

actual instances of wave distributions (histograms) comes always with an error. This is akin 

to some regulations using a standard weight of 75 kg per passenger, where at least in my case 

this is flatteringly far away from the truth. 

• Some meteo-marine forecasts use only the standard Pierson-Moscowitz spectrum, 

https://en.wikipedia.org/wiki/Pierson%E2%80%93Moskowitz_spectrum, with one maximum, 

approximating wind sea but neglecting swell (which would give second local maximum at 

low frequency). Ignoring the swell component can lead to significant errors, Gatin and Boxall 

(2021). 

• Large global currents, like the Gulf Stream, are often imagined as steady conveyor belts with 

rather steady speed and direction. In reality, the local current speed and direction varies over 

time and space, with large and small eddies. In particular, the spatial resolution of meteo-

marine measurements is often not fine enough for accurate predictions. 

 

The errors in predicting highly nonlinear meteo-marine weather are often mitigated by using rolling 

updates as the ship progresses, adjusting forecasts e.g. daily and accordingly the optimum routing 

recommendations. Even then, the forecasts in themselves are an error source, which is qualitatively 

understood, but difficult to quantify. “While weather routing theoretically offers […] benefits, the 

detrimental impact of stochastic weather forecasts is unknown,” Mason and Gallego-Schmid (2022). 

 

2.2. Ship performance model 

 

The performance model predicts the “performance” (e.g. power requirement or fuel consumption) as 

function of various input variables, e.g. speed, draft, trim, significant wave height, encounter angle, 

wind speed, apparent angle of attack, etc. Such performance models are needed for a variety of 

applications: trim optimization, performance monitoring, routing, etc. While it makes sense to reuse 

knowledge for setting up such models the requirements for models differ according to their intended 

purpose: 

 

• Trim optimization neglects ambient conditions generally completely, getting a much simpler 

performance model for the ship in calm water, Bertram (2024) 

• Performance monitoring models mostly filter for sea states, e.g. above Bft 4. As below Bft 4, 

the wind plays generally a larger role than the wind sea, added resistance in waves is often 

completely neglected. 

• Routing generally requires the inclusion of higher waves in the performance model. The 

associated challenges are higher than for the previous two applications. 

 

The ship performance model may be built using various approaches: 

 

• First-principles simulations (“white box”), using more or less sophisticated approximations of 

fundamental fluid dynamics equations describing conservation of mass, momentum, energy, 

etc. More sophisticated approximations are called high-fidelity digital twins (CFD, Computa-

tional Fluid Dynamics); simpler models based on potential flow are then often marketed as 

“well-proven” or “popular in many practical applications” rather than low-fidelity digital 

twins. Bertram (2016) gives an overview of seakeeping simulation tools, Bertram and Peric 

(2021) on CFD methods to predict calm-water resistance. 

• Machine learning (“black box”), using numerical statistics to fit measured data. This 

approach needs large amounts of data, especially if there are many input variables affecting 

https://en.wikipedia.org/wiki/Pierson%E2%80%93Moskowitz_spectrum
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the output. Data needs to be statistically independent, i.e. a too high data frequency, recording 

essentially the same conditions again and again, is useless. For ship performance models, 

using assembly averages of 6-minutes recordings with a filter criterion based on excessive 

variation within the assembly interval is recommended. Data also needs to cover the whole 

range of possible values for the input variables. If machine-learning models are fitted only to 

subsets, the models need to extrapolate later if data occur outside the original training set 

range, and such extrapolations generally results in large errors and wrong recommendations, 

Bertram (2024). 

• Mixed models (“grey models”) combine physical insight with some calibration to measured 

data. Simulation models use semi-empirical constants, e.g. for viscous phenomena, and 

machine-learning models are dubbed as physics-informed models. Grey models are often a 

good choice as they reduce the number of variables or lead to relations for the remaining 

variables that are easier to approximate. 

 

“All models are wrong, but some are useful”. Measured input data introduce errors and uncertainties, 

but so do models. There is no approach that can determine added power requirements in medium-to-

large seaways, especially if there is a significant contribution from waves that are relatively short 

compared to the ship length (say less than half a ship length): 

 

• For full-scale measurements, generally the information on ambient waves is highly uncertain 

for high waves, and the added power is relatively small compared to the calm-water power 

requirements. The signal to measure is then “drowned out” by the background noise. 

• For high-fidelity CFD, the calm-water power requires different grids for accurate compu-

tation than for the ship in waves. Especially for shorter waves, the numerical grid errors can 

introduce significant errors in the added power prediction. Computational effort may also be 

excessively high for required spatial and time resolution; with coarser grids and larger time 

steps, errors are introduced. 

• For potential-flow 3D methods, results are very sensitive to sufficient grid resolution for 

added resistance (and power). Variation in added resistance of 100% are quite possible with 

coarser grids, even if motions like heave and pitch show only small variation, suggesting 

trustworthy results. 

• For strip methods, semi-empirical methods are used for added resistance in waves, which 

were fitted to data in head waves and wave lengths close to ship length. I deem these 

approaches as hopeless. 

 

Virtually all computational approaches for responses in natural seaways assume the “superposition 

principle”. The superposition principle assumes that any sea state can be decomposed into elementary 

sinusoidal waves (Fourier decomposition), the response for each elementary wave then computed, 

and the total response given as sum of all responses for the elementary waves. Nonlinear interaction 

destroys this assumption, especially for higher waves and higher speeds. 

 

Our collective knowledge of uncertainties and errors for added resistance in waves (as a simplified 

proxy for added power requirements in waves) is at best sketchy. Model tests with controlled 

conditions for waves and the simplest case of ship in head waves show already significant scatter if 

performed repeatedly in the same model basin. The scatter increases when comparing different model 

basins. 

 

For computational methods, validation workshops such as the Tokyo 2015 workshop, Hino et al. 

(2020), give some indication on scatter even if the same type of code or even same codes with 

different grids and parameters are used. 

 

Various researchers have come to similar conclusions for assorted semi-empirical approaches for 

added resistance in waves, Bertram (2016), e.g.: 
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• Nabergoj and Prpić-Oršić (2007) compared five approaches for a ro-ro vessel, with large 

scatter of results (factor of four (400%) between lowest estimate and highest estimate).  

• Boom et al. (2013) at MARIN compared a different set of empirical wave correction methods 

for a product tanker. Results showed scatter by more than a factor 10 (1000%). “The results 

were shockingly different”. 

 

In conclusion for the ship performance model, assuming errors of 30% in the computation of added 

power requirements in natural seaways is rather optimistic. 

 

2.3. Route optimization  

 

Assorted algorithms are used in routing, most variations of Dijkstra’s shortest path algorithm, 

https://en.wikipedia.org/wiki/Dijkstra%27s_algorithm. But neither the optimization algorithm nor the 

path approximation are key issues here. Variations affect mainly response time, but all algorithms 

used in practice are likely to give essentially the same result if everything else is kept same.  

 

3. 3% savings with 30% inaccurate functions? 

 

The published fuel savings from routing are not real. There is no possibility to have two identical 

ships sailing at the same time on the shortest route and the determined optimum route to measure the 

difference in fuel consumption. Instead, any such published fuel saving refers to the difference 

according to the ship performance model. And while the shortest route is clearly determined, the 

computed optimum route depends also on the other elements of routing optimization, foremost the 

meteo-marine weather forecast. 

 

The various elements in routing, especially the uncertainties for the natural seaway and the ship 

performance model prediction for added power requirements in natural seaways, come with large 

errors, at least in the order of 30%. Routing savings are given in the range of 0-10%, but let’s say 

often by more serious sources at 3%, i.e. an order of magnitude smaller than the error in the function 

to be optimized. If errors cancel out partially, or if errors are systematically added in same magnitude, 

the optimization process may still find an almost optimum solution (in our case the best route), but 

the associated savings will be wrong, possibly lower, possibly higher than what the ship performance 

model gives as result. But in any case, the results are highly doubtful, or “myth”. 

 

Orlandi et al. (2018) found that results vary significantly based on input (e.g., wave direction) and 

ship performance model. It would be interesting to see the effect of variations on the results 

(sensitivity analyses): 

 

• what different routing solution products predict for a given route as best route and as saving;  

• what a given routing solution product gives for variation of input within margins of 

uncertainty for the input (meteo-marine, ship operation parameters). 

 

In general, more validation and quantification of error margins, especially for the ship performance 

model, would be helpful to assess saving potential of routing software seriously, and to get guidance 

on where current software and models can be improved. For example, one could take a given route, 

record speed profile, hindcast meteo-marine data, and predict consumed fuel in blind tests to get an 

idea how well or not a given software or ship performance model performs.  

 

Most ship performance models have little to no validation. It is not surprising then that performance 

models from different vendors give different results for the same ship and the same data. A positive 

exception of this rule is the work of Orihara and Yoshida (2015,2018). Cross-checking different 

approaches and comparing to on-board measurements, even if only for accumulated integral values 

rather than details for want of data, instils at least some confidence into the approach and results. 

 

https://en.wikipedia.org/wiki/Dijkstra%27s_algorithm
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4. Conclusions 

 

Routing considers weather forecasts and added power requirements as function of seaway, speed and 

course. The usefulness of routing advice depends on the accuracy of the predicted seaways and the 

accuracy of the ship performance model. Savings of “up to 8%” as given by some vendors appear 

doubtful as both input for ambient seaways and ship performance model have generally much higher 

margins of errors than the purported savings. 

 

Continue using routing, even if we cannot quantify savings; it probably saves some fuel, just how 

much we don’t know (in collective ignorance), and likely less than vendors claim. Routing for safety 

aspects is more accurate and is in itself an argument to continue the current practice. 

 

Collectively, both users (ship operators) and vendors should spend more efforts on validation of ship 

performance models and routing software. 
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Abstract 

 

This paper summaries three years of technical development and research in close collaboration with 

several major shipping companies. Besides the technical AI-based decision support systems, the project 

has focused on soft values, how the support systems become efficient support for real, both ashore and 

onboard. It is important to create knowledge among technical-, commercial- and operation- 

departments within the organisations on how to implement new methods. Different types of vessels 

operate under vastly different commercial realities that impact the performance and energy 

effectiveness. Technical systems must be adapted to each actor's reality to achieve a change and drive 

more climate-friendly transportation. The Arctic Tern shows fuel savings of 2-14%.  
 

1. Introduction 

 

This is not the first time a new and innovative tool within "Weather routing" is introduced. AI is an 

impressive and efficient technique to handle large amount of data, but it is neither the first nor the last. 

For instance, wave models were introduced in the early 1990s, with a significant impact on what became 

possible at that time. This was followed by naval architect-based ship models that relied on noon reports 

and could calculate the impact of winds, waves, and currents on ships in the 1990s and early 2000s, 

using the best technology available at that time. When new models and systems for calculating ship 

movements and parametric roll were introduced around the same time, many in the industry believed 

this would revolutionise the market. 

 

The advancements in weather and ocean current forecasts over the past 30 years, where the accuracy of 

long-term forecasts has greatly improved, have been crucial for enabling today's applications that rely 

not only on current but also future winds, waves, ocean currents, ship movements, and more. However, 

despite these advancements, the perception persists, even in academia in 2023, that forecasts beyond 

+72 hours are hardly considered useful. 

 

10-20 years ago, client-based onboard systems for route planning gained widespread popularity. Now, 

these systems are partially being replaced by many even better online-based apps and other 

functionalities that offer high-quality (sometimes even free) weather forecasts. The visualisation of 

weather forecasts has also played a significant role. This proliferation has contributed to the increased 

trust in the forecasts among users onboard ships who have access to these modern systems today. 

Rightfully so. 

 

In the 2020s, AI-based systems are being introduced to better optimise short and long sea passages for 

individual vessels and entire fleets. Ship models based on ANN (Artificial Neural Networks) and 

supervised machine learning are utilised. These models which rely on robust sensor data from the ship, 

collected every minute or even every 10 seconds. This has proven to be a groundbreaking development, 

surpassing previous methods in terms of accuracy and efficiency. 

 

However, introducing new tools is not just about technical aspects. It also involves building trust and 

understanding of what the new tools actually can do and what they cannot. A broader understanding is 

needed throughout the organisation or the entire chain of actors who are all affected. Users of these now 

transparent systems come from different departments with different roles and expertise, both within 

their own organisation and others. These soft values and communication certainly involve the onboard 

team, the navigational and the engineering officers. But also includes the entire technical, operational, 

and commercial departments of the shore organisation, sometimes with watertight compartments in 

mailto:Eleonor.Marmefelt@noorcare.se
mailto:jan.snoberg@lnu.se
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between, as well as additional actors in the customer or logistics chain. No longer is it solely the Master's 

responsibility to find the silver bullet for this issue. Even within traditional shipowner and charterer 

organisations, it is common for technological advancements to not immediately resonate with all 

individuals or the entire organisation. Both technology and people may need time to adapt to the change. 

Timing is crucial. 

 

Ten years ago, there were approximately 10 service providers in the traditional weather routing/ 

optimisation field. Around 5 of these were more prominent in bidding processes with major shipping 

companies. Today, there are hundreds of system providers that, in one way or another, “optimise” what 

is considered best, often using AI, today’s state-of-the-art technology. Soon to be replaced by something 

new and more advanced. 

 

Notably, several of these early prominent traditional service providers in weather optimisation at sea 

seem to struggle with building something new. Likely because innovation takes a lot of time and effort 

while maintaining and operating the existing 24/7 service is a heavy daily workload. It is much easier 

for start-ups to emerge and deliver. However, when today’s start-up companies grow and eventually 

face a major technological generational shift, they are likely to encounter the same challenge. Many 

have experienced this journey, and more will undoubtedly follow. 

 

Introducing new technologies on the global maritime market is one of NoorCares' core business. By 

actively exploring and testing new ideas and methods from a pragmatic perspective, NoorCare identify 

what works. Being receptive and understanding even the unspoken needs, regularly engaging with our 

valuable network of more than 60 shipowners/operators in Europe and Asia, as well as partners and 

competitors, is the key. This approach has been our practice for over 30 years. Additionally, contributing 

to the education of new captains and engineers by showcasing the latest market developments and 

gaining a better understanding of what the next generation of seafarers truly needs and expects allows 

further contribution to the future of maritime industry. It is an iterative process, and NoorCare are 

certainly still learning. 

 

2. Background 

 

For three years, the research and development project, The Arctic Tern, (Swedish: Tärna) has been 

focusing on route optimisation using Artificial Intelligence. The project has been carried out by a 

consortium consisting of NoorCare AB, Möller Data Workflow Systems AB (Molflow), Linnaeus 

University, and the Swedish Maritime Administration. The consortium has extensive experience in sea 

voyage optimisation, both in theory and practice, from the perspectives of both the ships and the shore 

organisations. 

 

Four reputable shipping companies, headquartered in Europe and Asia, took active part with vessels 

in the project. Three of these companies have fleets of 50 ships or more and operate both short and 

long sea passages across the world's oceans, representing both liner service and tramp shipping. 

 

Molflow´s route planning tool, Slipstream, were set up and run by the shipping companies and Linnaeus 

University. Slipstream utilises multiple neural networks to estimate the vessel's performance. The 

networks are trained on ship data logs in combination with state-of-the-art Met-Ocean data that is 

collected multiple times every day. Slipstream continuously monitors the vessel's condition, including 

hull condition, and provides updated and precise status information. It has global coverage and 

considers factors such as tidal currents and water depths. The system includes Digital Twins for each 

vessel, accessible to users through a graphical user interface or via API. The optimisation tool also 

incorporates performance monitoring, including biofouling. 

 

Energy efficiency and reduced environmental impact of shipping is a fundamental part of our shared 

responsibility to contribute to a better life on our planet for future generations for a long time to come. 

The optimisation tool Slipstream is based on machine learning and unique solutions that can use 

significantly more details and parameters compared to the traditionally available tools that dominate 
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the market. This enables a new way to frequently be updated on the optimal result of any operation or 

machine settings that is the best considering all small and large changes that occur during the voyage. 

This is especially important for shorter sea passages where the traditional and less precise tools are 

rarely useful or relevant.  

 

Alongside with the technical development of the AI-based support system, a large part of the project 

has been focused on soft values and the challenges the traditional and commercial drivers in 

international shipping meet. The focus has been on ensuring that users understand how the new 

precision tools should be used, preferably in combination with other already existing systems. Within 

the Arctic Tern project NoorCare has trained both the teams on commercial ships and the land 

organisation on how to better use new data. People with long practical experience. The Arctic Tern 

project has also carried out practical experiments for aspiring ship officers to become better equipped 

for the increasing demand of energy efficient sea transport before they start their professional career. 

The Arctic Tern project shows how a transparent and precise tool can be used for the whole organisation 

to obtain energy-efficient sea transports, for shorter as well as longer voyages, with a reduced 

environmental impact. The NoorCare Advisory concept shows results of fuel savings/reduced 

emissions between 2-14%. 

 

Table I: Fuel savings indicated in the The Arctic Tern project 

Type of vessel 

 

Sea passage 

length 

Fuel 

saving 

Liner service 1-2 days 10-13% 

Liner service 2-6 days 2-4% 

Liner service 10-14 days 10-14% 

Crude oil tankers +20 days 3-5% 

Students experiments at The Maritime 

Academy (Liner service) 

10-12 days 12-25% 

 

3. Soft Values – Our strength in combination with AI 

 

One of the most crucial aspects of succeeding in energy efficiency can be summarised as attitude and 

willingness. Add perseverance and you may reach or even exceed your goals. This applies not only to 

the personnel onboard but also to the entire shore organisation within a shipping company and the 

surrounding maritime cluster that influences the vessel's chartering and port logistics. 

 

3.1.  Introducing Innovation to the Maritime Industry - The devil is in the details 

 

Artificial Neural Networks (ANN) with supervised deep learning, including a naval architect ship 

model, are, truth be told, a black box where it is not always clear why the results turn out as they do. 

You may accept the result, but not always fully understand. In some situations, you may understand 

more afterwards. That’s learning. With old technique, it was necessary to filter out a significant amount 

of data points before plotting a graph based on a few points only. Assuming a robust flow of data from 

sensors, AI can handle a large amount of data with multiple precision and efficiency, which is 

remarkable. Even so, it is crucial to understand the bigger picture and be able to distinguish significant 

information from trivial - from the customer´s perspective. 

 

For a larger high consuming vessel on shorter sea passages, minor unplanned deviations, such as a half-

hour engine stop, can easily disrupt the optimisation of a smooth shaft power and completely negate the 

intended fuel savings since they are of the same magnitude as what is needed to compensate for the lost 

half-hour or so. Similarly, a delay due to unexpected traffic congestion in a busy area like the Singapore 

Strait can have the same impact on the energy consumption. Also, such details as a large vessel requires 

time for acceleration and deceleration at the beginning and end of the sea passage will affect the detailed 

setting of the system. The squat effect in shallow water, all examples of things that were never an issue 

during longer deep-sea passages, can suddenly become highly relevant and sometimes decisive. On a 
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longer sea passage, there is often enough time for things to even out before the vessel reaches its 

destination. This can also apply to the end of a long voyage when regular or daily monitoring requires 

more details towards the end of the passage to be accurate. It is a different perspective to consider more 

details and have the ambition to reduce unnecessary margins when appropriate. The handling of modern 

precision tools, therefore, differs from what many have learned over the years. 

 

So even though with the new tools, decimals are handled to diligently save fuel and reduce emissions, 

suddenly something bigger can disrupt everything, such as a very poor weather forecast or diversion to 

a new destination. Or just a modified piece of information about when the berth that is being aimed for 

will be available. 

 

3.2 Learning by Doing - Towards more Climate-Smart operations 

 

Personnel onboard and ashore that use the result from an AI-based tool like Slipstream must be given 

the opportunity to understand the tool and critically review the results. They should be allowed to use 

it sensibly, experiment, and sometimes fail in order to learn. They should be able to feel involved in a 

larger process with a common direction. As a next step, based on the new experiences and conclusions, 

new Standard Operating Procedures (SOPs) can be established with the aim of finding the efficient 

method that best suits the specific organisation. 

 

In the Artic Tern project, experienced captains occasionally discovered and questioned the results of 

Slipstream. For example, before a voyage with unusual draft/trim, Slipstream had never been trained 

on such extreme loading data and simply did not know how the ship would behave, despite being based 

on supervised deep learning and having a ship model in the background. On another occasion, a 

completely different ship was going to round South Africa for the first time. The digital twin, the model 

for this particular ship was not trained on the very long and high swell from abeam, resulting in the 

output not matching reality. In practice, the ship rolled more than what the untrained Slipstream had 

calculated, and the speed was consequently lower. In both cases, the model learned quickly after the 

first passage and new data from the sensors automatically trained the ANN. However, it was important 

for the project to prevent similar mistakes from happening again for any other ship at any other time. 

And there are some good methods to ensure that this never happens. But the truth is that the more 

reliable data you have, the better the results will be. The amount of reliable data is crucial.  

 

But AI and machine learning can be so beautiful when they provide new detailed explanations and 

insights. For example, when the model helps discover and explain details in a specific ship's behaviour 

in varying wind and sea conditions from the stern. Behaviours that both the captain and an experienced 

marine meteorologist previously attributed to "perhaps some minor variation in the ocean current," due 

to a lack of better explanations. Or the example where it's finally possible to measure/quantify 

biofouling in a way that traditional methods based on noon reports and old-school mathematics have 

never quite succeeded in despite more than 20 years of work. But with good AI tools and reliable high-

frequency data, this is suddenly achievable. 

 

These and many other examples build genuine and solid trust in new detailed AI-based tools like 

Slipstream. When users gain trust in how the new precision tool works, they can more easily reduce 

their margins in a different and improved way compared to before. By transparently sharing this 

information throughout the organisation, the risk is distributed, whether it's either some excessive fuel 

saving or the just-in-time performance not being entirely perfect. In an encouraging and tolerant 

corporate culture, it becomes natural for the Master not to bear the entire responsibility alone. As is 

often still the case today. 

 

3.3 The NoorCare Advisory concept 

 

The NoorCare Advisory concept has been demonstrated and “tested” at numerous shipping companies, 

with the ambition to encourage more shipowners and charterers to find methods for operating in a more 

environmentally friendly manner that suit their specific needs. It is striking how significant the 
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differences are between different shipping companies with the same types of ships and similar operating 

methods, depending on where they are in the process. Often, the realisation is that robust high-frequency 

data must first be generated before moving on to the next step. The International Maritime 

Organisation's latest global regulations regarding EEXI and CII, as well as the European Union's new 

ETS (Emission Trading System), which will be implemented in 2024, are all in line with the current 

transformative process for the entire industry. All opportunities and contributions that help society move 

towards even better energy efficiency and completely ceasing the release of carbon dioxide into the 

atmosphere are welcome. The expectations for the industry to deliver are increasing. 

 

There are today thousands of vessels that still rely on traditional suppliers in weather routing. Many of 

them do so out of tradition, even though they often need only a small portion of the traditional and 

partly outdated concept. Many shipowners and charterers are also in a transition period, where they 

realise they would benefit from an upgrade of at least some of their used methods/ algorithms/ systems. 

But time is a valuable asset, and the market offers a wide range of options, and it is now harder than 

ever to distinguish between excellent and subpar providers and solutions. 

 

3.4. The Shipping Industry’s future decision-makers 

 

Within the Arctic Tern project, three cohorts of students in the maritime captaincy program have been 

able to use Slipstream during a real-time project voyage between Gothenburg/Sweden and New 

York/US, during winter season. 

 

It can be summarised that the system has provided good decision support on how to set the speed 

considering the current weather, forecasts, and the required ETA given to the students. 

 

The students who frequently performed updated optimisations achieved the lowest fuel consumption 

and minimised environmental impact. It was also noted that the students who used Slipstream instead 

of solely relying on conventional methods based on available weather data were able to carry out the 

project voyage in a significantly more energy-efficient manner. 

 

4. Conclusions 

 

AI-based route optimisation systems with ANN and supervised machine learning for ships that have 

robust and high-frequency sensor data are a prerequisite for more detailed calculations/ optimisations 

of set values for speed and machinery.  

 

These modern and much more precise tools for faster and easier decision-making regarding speed and 

engine settings for a particular vessel on a specific route with an unique loading condition are highly 

significant for the ability to operate ships more energy-efficiently and in a climate-smart manner on a 

broad scale. 

 

Introducing these AI-based decision systems into shipping has significant similarities to the introduction 

of previous groundbreaking technologies over the past thirty years, primarily targeting the ship's 

captain. 

 

The similarity lies in the fact that it takes time to build trust and understanding among users regarding 

what the new optimisation system can or cannot do. People need time to adjust. 

 

The difference in introducing AI in the 2020s is that there are more people involved in the onshore 

organisation, and the systems today are more complex. Small changes during the sea passage can have 

a greater impact on the results when current margins and tolerances are streamlined. 

 

The Arctic Tern project deliberately selected some vessels/companies that have commercial conditions 

that make it significantly more challenging to save fuel compared to many others. 

 



 

48 

 

1. Large container ships in liner service, on short sea passages of 2-6 days, in a part of the world 

where it is practically almost impossible to obtain a reliable berth slot time closer than 1-2 days 

in advance. During the same sea passage, the required ETA and thus speed can vary anywhere 

between maximum and min/eco speed, sometimes multiple times. 

2. Crude oil tankers on the spot market, on long voyages for several weeks across the world's 

oceans, where the commercial aspect requires that speed and fuel consumption on a 24-hour 

basis are within very tight ranges. Therefore, it is almost never possible to optimise the entire 

sea passage. 

 

Both examples illustrate different instances of "Hurry up and wait" behaviour deeply ingrained in the 

shipping companies because it is the best way to make money. At least it has been so far. Despite this, 

the project demonstrates fuel savings. Of course, the savings would have been even greater without 

these commercial realities. 

 

Knowing when the berth at the destination port will become available already at commence of the sea 

passage (1) and replacing the outdated Charter Party contract system with a more transparent and 

reliable system that creates sufficient trust for both shipowners and charterers (2) are two things with 

enormous potential for significant energy efficiency improvements in maritime transportation. 

 

It is also desirable to introduce more industry standards and common regulations that facilitate all 

service providers in creating and encouraging “proper behaviour" regarding overall energy efficiency 

and smoother traffic flow. This can facilitate better interaction between different systems and thereby 

reduce the number of stand-alone systems. It may involve the format of route exchange, class-approved 

methods for calculating ships' expected impacts on weather and traffic situations, common standards 

for acceptable safety levels or risks at sea, in the ports, and at the terminals etc. This may help ensure 

that the Safety-Environment-Economy requirements within the maritime and transportation sectors 

develop in a harmonious balance between feasibility and desirability. 

 

Calculating and optimising a single sea passage and thereby contributing to smoothing out the traffic 

flow between Port A and Port B is relatively straightforward in this context, especially now in 2023 

with systems based on the latest technology, including AI, Artificial Intelligence. 
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Abstract 

 

This paper presents a robust non-deterministic optimization of a ducted marine propeller. In this test 

case, the statistical moments of the propeller efficiency are optimized while axial thrust is 

constrained, and cavitation occurrence is considered. The manufacturing uncertainties are derived 

from the ISO geometrical tolerances S-class. Eventually, a robust optimum is compared with a 

deterministic optimum in order to underline the benefits of the non-deterministic design methodology.  

 

1. Introduction  

  

The manufacturing of propellers comes with geometrical variability that lies within predefined 

tolerances decreed by standardized accuracy classes. Although controlled by these tolerances classes, 

the variation in the design might result in a degradation of the expected propeller behaviour.  

 

In the recent year, the design time has been drastically reduced thanks to modern computing 

involving computational fluid dynamics (CFD) and embedded and automated frameworks for the 

simulation-based design optimization (SBDO). Nowadays, hydrodynamics SBDO of a marine 

propeller is currently run with a unique set of inputs, such as geometry parameters and operating 

conditions. This overwhelming deterministic approach produces a single value response that mainly 

drives all the optimization strategies. But the actual operating conditions are subject to uncertainties 

coming from manufacturing tolerances, operating conditions and long-term life cycle involving the 

slow degradation of materials because of cavitation or fouling. Aware of these variabilities, modern 

designers currently use tools that generally do not provide means to assess their impacts. And 

consequently, they need to impose very strict and costly manufacturing tolerances to make sure the 

newly optimum design is not influenced. 

 

This paper presents a non-deterministic methodology that allows assessing quantitatively the effect of 

these variabilities, and is applied on the design optimization of a ducted marine propeller. This newly 

optimization procedure, called RDO, aims at improving the performances, but also guaranteeing a 

stable behaviour given an inputted variability. Hence, the RDO provides a range of confidence with 

the simulation results and might help future designers in their design strategy. 

 

In this work, two operating conditions are studied. The manufacturing tolerances come from ISO 

(2015). 

 

2. Test case 

 

2.1. Background 

 

The background of the project consists in optimizing a propeller mounted on an inland vessel, Fig.1, 

Table I, with a single propeller system and twin-blade rudder appendages. 

 

Table I: Main particulars of inland vessel 

AIS vessel type Tanker – Haz C Design draft 2.80 m 

LOA x B 109.70 m x 11.40 m Max. draft 3.35 m 

Deadweight 2810 tdw Design speed 5.4 kn 

Year built 2010 Max. speed 6.2 kn 

mailto:sven.albert@numeca.de
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Fig.1: The inland vessel under different loadings 

 

The inland vessel market is expected to grow at over 4.5% from 2017 to 2024, GTM (2018), 

justifying the recent trend at improving the performances of such vessel for economic and ecological 

reasons, Sihn et al. (2015). Therefore, propulsion device optimization could be a worthwhile task for 

naval architects. 

 

2.2. The ducted propeller 

 

The propeller studied is a fixed pitch ducted propeller, Table II. 

 

Table II: Main particulars of fixed-pitch propeller 

Diameter 1.70 m Mean pitch 2.25 m 

Diameter with duct 2.08 m Chord length (0.7 R) 0.68 m 

Number of blades 5 Revolutions/s 5.385 rps 

 

  
Fig.2: Nominal wake of ship at design speed 

 

  
Fig.3: Propeller with (left) and without (right) duct 
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According to the BAW (2016), all newly designed inland vessels have propellers with a nozzle. The 

main reason is the capacity to carry on higher thrust loading with better efficiency. 

The studied case is a replacement propeller for the vessel. No design specifications were formulated 

for the nozzle, because it is embedded in the hull of the ship, Fig.4. 

 

 
Fig.4: Final propeller mounted on the ship; the duct is part of the hull 

 

In general practice, this type of propellers is based upon the Wageningen Ka-series ducted propellers. 

Hence, the empirical formulas, based on J-Kt/Kq, determine thrust and power as a function of speeds 

and engine characteristics. The coefficients J-Kt/Kq are defined as followed: 

 

𝐾𝑡 =
𝑇𝑝𝑟𝑜𝑝 + 𝑇𝑛𝑜𝑧𝑧𝑙𝑒

𝜌 ∙ 𝑛2 ∙ 𝐷𝑝𝑟𝑜𝑝
4  

 

𝐾𝑞 =
𝑄𝑝𝑟𝑜𝑝

𝜌 ∙ 𝑛2 ∙ 𝐷𝑝𝑟𝑜𝑝
5  

 

𝐽 =
𝑉𝑎

𝑛 ∙ 𝐷𝑝𝑟𝑜𝑝
 

T is the axial thrust (of propeller and nozzle, respectively), Qprop the propeller torque, ρ the water 

density, n the revolution rate, Dprop the propeller diameter, and Va the incoming flow velocity. 

 

The working area of the propeller is eventually defined, and therefore the blade area ratio and the 

required pitch. Then, the ship resistance is computed in order to extract the wake field, Fig.2. This 

field helps to finalize the design loop by adjusting the section profile, and more shape-determining 

parameters. Hence the optimization procedure can be applied during those final iterations in the 

design process. 

 

3. Deterministic optimization framework 

 

3.1. General principle 

 

The most straightforward optimization approach is to sample the design space and use CFD at the 

selected point, and try to find a design for which the performances are better. However, each 

optimization iteration requires a CFD computation, increasing the time and computation power. 

Instead, an efficient methodology is implemented in FINE™/ Design3D, and relies on two building 

blocks, pre-exploration of the design space, performed by a design of experiments (DoE), and a 

surrogate assisted optimization. 
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3.2. Design of experiment for design space exploration 

 

The first step consists in pre-exploring the design space, by using a near-random DoE. This pre-

exploration allows creating a metamodel or a response surface that is going to be used during the 

optimization. For that purpose, a Latin hypercube sampling (LHS) is applied to sample the design 

space.  

 

  
Fig.5: DoE of 30 samples for two and three design parameters 

 

As the response surface accuracy depends on the DoE, the number of initial designs to generate is a 

compromise between: 

 

• a high number of samples creating an accurate approximate model, but refining in area of low 

interest and requiring more computation power;  

• a low number to limit as much as possible the CFD effort. 

 

For a full benefit of this pre-exploration, the DoE is populated with 5 times the number of design 

parameters, in this study. 

 

3.3. Surrogate model 

 

From the DoE, the metamodel can be created. This approximate model, also called surrogate model, 

provides global design trends. The aim of the surrogate model is to mimic the propeller performances 

at points in between the DoE samples with a significant lower cost than CFD. 

 

3.4. Deterministic surrogate assisted optimization 

 

The optimizer uses a genetic algorithm (GA) to locate the interesting area. GA has the advantage to 

search globally in the design space, Coley (1999), and mimics the natural evolution process by 

extracting the best design candidates over a population based on the surrogate results. Once the GA 

coupled with the surrogate model finds the expected optimum. A CFD simulation is performed in 

order to check the validity of this expected optimum design and fine-tuned the response surface for 

higher accurate prediction capacity with the aim of advancing further towards the global optimum. 

The objectives and constraints formulations can be: 

 

• Single objective, in case of several operating conditions, the objectives and constraints can be 

aggregated;  

• Multi-objectives, where the outcome of the optimization is the Pareto front. The Pareto front 

represents a set of non-dominated designs, meaning there is no better design for the respective 

combination of objectives.   

 

The non-deterministic optimization, discussed in the next section, shares a common workflow with 

the deterministic one. The main difference lies on the definition of the objectives and constraints. 
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4. Non-deterministic optimization framework 

 

Any industrial design is influenced by a superposition of several uncertainties. In order to understand 

the impact of these uncertainties, an uncertainty quantification (UQ) method needs to be applied. 

 

4.1. Uncertainty quantification method 

 

4.1.1. Brief technical overview of the methodology 

 

To allow the propagation of uncertainties, the method, used within this work, is the non-intrusive 

probabilistic collocation method (NIPColM), Loeven et al. (2007). This approach was implemented 

and successfully applied on the NASA rotor 37 validation case by Nigro et al. (2017).  

 

The basis of this method is formed by the expansion of the solution into Lagrange interpolating 

polynomials. The base points are the collocation points, which correspond to the Gauss quadrature 

points weighted by an input uncertainty defined as probability density function (PDF). In order to 

compute the Gauss quadrature, the Golub and Welsch (1969) algorithm is used to provide the 

collocation points and it weights. A system of uncoupled deterministic simulations can be eventually 

derived. 

 

Once the Np uncoupled simulations are solved, statistical moments of any output φi are automatically 

computed by taking the weight ωi from the Gauss quadrature. The mean and variance are calculated 

as follows: 

 

• For non-centered moments, such as the mean (n=1): 

 

𝜇𝑛,𝑛𝑜𝑛−𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 =∑𝜔𝑖(𝜑𝑖)
𝑛

𝑁𝑝

𝑖=1

 

 

• For centered moments, such as the variance (n=2): 

 

𝜇𝑛,𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑 =∑𝜔𝑖(𝜑𝑖 − 𝜇1,𝑛𝑜𝑛−𝑐𝑒𝑛𝑡𝑒𝑟𝑒𝑑)
𝑛

𝑁𝑝

𝑖=1

 

 

These statistical moments express the measure of the uncertainties influence over the quantities of 

interest.   

 

4.1.2. Sparse grid quadrature for solving multiple uncertainties  

 

In order to handle multiple uncertainties simultaneously, the NIPColM is usually applied with a full 

tensor product.  This eventually leads to an exponential number of CFD simulations which is referred 

in the literature by “the curse of dimensionality”, and therefore cannot be used at industrial scale. To 

solve this issue, Nigro et al. (2018) applied the sparse grid technique, based on Smolyak’s quadrature 

method, Smolyak (1963). 

  

The sparse grid technique consists in truncating dimensional function terms higher than a level of 

accuracy. Thus, Smolyak’s quadrature is not subject to the curse of dimensionality, and therefore 

offers a more efficient way of approximating function in high dimension, allowing so to make 

simultaneous treatment of many uncertainties in complex 3D CFD simulation. 
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Table III: Full tensor product grid with 3 points in each dimension vs Smolyak grids using a level 1 

Dimension 

(number of uncertainties) 

Tensor product grid 

(number of CFD) 

Smolyak grid Level=1 

(number of CFD) 

1 3 3 

2 9 5 

10 59049 21 

20 320 41 

 

4.1.3. Sensitivity analysis for understanding the relative uncertainty influence  

 

When facing multiple uncertainties, the analysis of the relative influence of each input uncertainty is 

an important element. This analysis is based on the scaled sensitivity derivatives, Borggaard et al. 

(2001), and is used to identify the most important uncertainty over an output quantity. 

 

In practice, the sensitivity derivative is defined as the partial derivative of the solution, from the 

system of uncoupled equations, with respect to the input uncertain parameter. The result is then scaled 

by multiplying the standard deviation of the same random input. The scaled sensitivity derivatives 

provide so the influence of each parameter separately, so no combined effects are taken into account. 

 

Moreover, by providing a measure of the influence of uncertainties over the output, this analysis 

allows to reduce the number of uncertain input, by removing input with little influence. This can have 

the positive effect of using less deterministic simulations. 

 

4.2. Robust design optimization  

 

The main difference between the deterministic and nondeterministic optimization is the definition of 

the objectives and the constraints. The prior considers single values, and the latter takes into account 

statistical moments, represented by the mean and the variance. The most direct approach is to apply 

the UQ method for every single design in the DoE, hence the surrogate model is constructed based on 

the statistical moments of each sample. However, the cost of the nondeterministic DoE corresponds to 

the cost of the deterministic one times the number of UQ simulations. For a usual hundred of samples 

in the DoE, this approach is beyond any industrial application. For this reason, Nigro et al. (2018) 

proposed the solution to build the DoE including both design parameters and uncertainties. 

 

Here is the example of 18 design variables and 4 uncertainties assuming the distribution is symmetric, 

it gives 9 deterministic simulations to run. Using 3 points in each direction of the DoE, we can obtain 

the following: 

 

• DoE with UQ simulations: 18 * 3 * 9  = 486 CFD simulations   

• Mixed DoE:               (18+4) * 3 =   66 CFD simulations 

 

This gain in the computational time is achieved at the expense of not having the statistical moments 

directly available in the surrogate model. In this manner, the surrogate is updated with UQ simula-

tions during the optimization procedure. 

 

5. Pre-optimization study 

 

5.1. Numerical modelling   

 

5.1.1. Grid generation and grid dependency study  

 

AutoGrid5™, used for the meshing, is an automated multi-block structured mesh generator, which 

gives a high-quality mesh on the surface, for a short generation time. In our case, a 5 million points 

mesh is generated in 2 minutes on 4 threads.   
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Moreover, templates can be used to project same topology grid into newly design geometry shape, 

which is a main advantage in the frame of an optimization. 

 

 
Fig.6: Template in AutoGrid5™ helps to keep the exact same mesh topology for different geometry 

shape. It can be seen the structured block topology is maintained for 2 different geometries. 

 

A O4H topology is used to generate a series of five nested meshes. The targeted y+ is 100, since the 

study is carried out on full scale. It gives a first layer size normal to the surface equal to 0.08 mm. 

The O4H grid topology consists in a O-block in the skin block of the blade and H-blocks around the 

main skin block. The quality of the nested meshes is summarized in Table IV. The meshes are ob-

tained by adjusting the number of points in the O4H topology without modifying the first layer thick-

ness. It shows that the meshing strategy has maintained the high-quality mesh and the y+ require-

ments. 

 

Table IV: Overview of the quality of the five nested meshes 

Mesh 1 2 3 4 5 

Million points 3.9 5.0 6.2 7.8 9.76 

Min. skewness [°] 10.4 10.4 10.4 10.4 10.4 

Max. exp. ratio 2.8 2.9 2.6 2.3 2.0 

 

 
Fig.7: Final mesh: blade-to-blade view at 0.2R (left) and mesh repetition (right9 
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At the end, we found that a mesh of 5 million points provides an excellent trade-off between accuracy 

and computation time, Fig.8. 

 

 
Fig.8: Grid convergence curve for the design operating condition 

 

5.1.2 Physics and boundary conditions  

 

The flow solver FINE™/Turbo has been validated for open-water computations, with excellent 

agreement with experiments, and also for cavitation patterns, Salvatore et al. (2009). FINE™/Turbo 

is a three-dimensional density-based structured multi-block Navier-Stokes solver using finite volume. 

Central-space discretization is employed along with multi-grid, local time-stepping and implicit 

residual smoothing, in order to speed-up the convergence.   

 

For the current propeller, the grid density allows to get a 4 levels grid and a V-cycle for the multi-grid 

method. In case of low Mach number incompressible fluid, time-marching density-based solvers lack 

efficiency and a low-speed preconditioning is often required to improve the convergence rate. The 

preconditioning method presented by Choi and Merkle (1985) is applied. 

 

Standard boundary conditions for a typical open-water computation are applied: 

 

• Static velocity profile and static turbulence conditions are specified at the inlet.  

• Atmospheric pressure is applied at the outlet. 

• A slip wall is set on the side wall of the cylindrical domain, which allows monitoring the internal 

mass flow for convergence behaviour. 

• Periodic conditions are used to simulate only one blade passage.  

• The fluid is set to be incompressible, with ρ = 998 kg/m3 and υ = 1.0453·10-6 m2/s. 

 

The choice of the input velocity distribution is dictated by the simulation of the ship at 10 km/h and 

11.5 km/h. It eventually gives the velocity profile at the propeller location, Fig.2.   

 

In order to take into account the highly non-uniform wake while assuming a steady state periodic 

computation, the wake is averaged in the circumferential direction over different radius locations. 

 

The radial component can be neglected, as shown in Fig.9, and the tangential one remains small. 

Hence only an axial profile is used at the inlet.  
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Fig.9: Circumferential averaging of the wake flow field 

 

The position of the boundary is also important and requires considerations.  

  

The inlet position should be selected in order to ensure an interaction between the velocity profile and 

the blade, without creating an upstream extrapolated lower pressure level.   

 

  
Fig.10: Meridional view of the simulation using the 11.5 km/h velocity profile, axial velocity (left) 

and extrapolated pressure (right)   

 

The distance is manually adapted and set to 1 diameter length, and 5 diameter length for the outlet. 

This configuration is used for both operating conditions (10 km/h and 11.5 km/h).  
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To simulate the three-dimensional environment, Spalart-Allmaras model of turbulence is selected. At 

the end, a single computation, for 1 operating condition, lasts 26 min on 48 cores. 

 

5.1.3 Cavitation inception 

 

Cavitation can have a significant influence over the open water characteristics of the propeller, and 

thus should be considered when designing and optimizing any marine propeller. The complexity of 

the physics is real, and designers often use costly cavitation model, to evaluate its presence and the 

impact of this two-phase phenomenon. In the frame of the optimization, the usage of cavitation model 

is source of higher CPU cost and can be contradictory with the expected short design process. Hence 

a meaningful way to predict the cavitation is to compare the pressure level on the blade with the 

vapour pressure. 

 

In our study, a 15°C fresh water is assumed with a vapor pressure equal to 1700 Pa.  

 

In order to monitor the cavitation, the cavitating volume, or cavity, must be extracted. As the 

propeller tip position is quite close to free surface position at the design condition, the column of 

water is neglected. Hence the cavity is computing by mean of an iso-surface of static pressure below 

the vapour pressure.  

 

This method has proved to give a first idea of the cavitation pattern, Salvatore et al. (2009), but must 

be validated by a more accurate model afterwards.  But in the case of the optimization, it is an 

excellent quantity to monitor. 

 

 
Fig.11: Static pressure isolines and cavitating cavity, represented by an iso-surface in blue, for the 

design condition (10 km/h) 

 

The cavity of about 400 ml remains small compared with the overall size of the propeller. Besides, 

Carlton (2012) indicates that a moderate level of cavitation may not affect the propeller hydrodynam-

ics performances, so the constraint on the cavitation volume should not be too strict during the 

optimization. 
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5.2. Selection of the uncertain parameters 

 

5.2.1. Geometrical uncertainties 

 

Manufacturing tolerances, for marine propellers, are ruled by ISO norms such as the ISO (2015) for 

any marine propeller between 0.80 and 2.50 m. The tolerances are usually expressed as a lower and 

an upper deviation from a nominal value. Those extrema are taken to represent a statistical tolerance 

by means of a probability density function, Fig.12. 

 

 
Fig.12: PDF and CDF for symmetric and non-symmetric distributions 

 

In this paper a beta-distribution is used and determined from the ISO extrema which is a percentage 

of the deviation compared to the nominal design value. 

 

Table V: Definition of each tolerance in case of an S-class accuracy 

 Plus tolerance Minus tolerance 

Radius 0.2% (not less than 1.5 mm) 0.2% (not less than 1.5 mm) 

Rake 0.5% 0.5% 

Blade thickness 2% (not less than 2 mm) 1% (not less than 1 mm) 

Blade chord 1.5% (not less than 7 mm) 1.5% (not less than 7 mm) 

 

Those extrema are globally prescribed by four accuracy classes, ranging from the most restrictive to 

the widest tolerances. In this test case, the S-class tolerance is used, which represents the most 

accurate and restrictive one. The tolerances definition is of importance, because the final parametric 

modeller of the propeller has to be defined taking into account the means of tolerance measurements.   

 

5.2.2 Operational uncertainty  

 

Inland vessels operate seldom at the same working regime. The ship may be navigating at different 

speeds, especially speeds higher than the design point, or with different loadings inducing different 

draughts, Fig.1.  Those variations might change the ship wake, influencing the operating regime of 

the propeller. 

 

In this manner, two resistance computations are performed with two different draughts, nominal and 

maximal draughts, Table I. The nominal wake is then computed. Fig.14 shows the difference in the 

velocity field at the propeller location. In order to enlighten the variation of the axial velocity, a radial 

averaging is performed, and shows a maximal variation of 3%. Hence, a symmetric PDF is defined 

using as extrema the maximal variation. The wake axial profiles, Fig.9, are going to be shifted by this 

variation during the UQ computations. 
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Fig.13: Streamlines, colored by the velocity magnitude, at the wake of the ship for different draughts 

 

  
Fig.14: Relative axial velocity at the propeller location for the design speed condition under two 

different draughts 

 

5.3. Parametric description of the propeller 

 

In order to construct the parametric model, the target is first sliced at different radius locations, 

Fig.15. From those sections, a parametric topology is used to define the section profile and camber. 

The stacking of each section, in other words, their relative positions, defines the rake in the 

meridional direction and the skewness in the tangential one. Both meridional and tangential laws are 

parametrized using a Bezier of 6 control points. The profile is defined using a B-spline curve of 6 

control points and the camber using a Bezier of 3 control points. This Bezier curve also defines the 

local profile pitch and chord. 
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Fig.15: Location of the slicing sections along the span 

 

The choice of the sections locations is determined by the ISO. Indeed, the ISO requests manufacturers 

to verify the deviation at different locations on the blade, i.e. 20%, 40%, 60% and 80% of the radius. 

Thus, it is better to control the uncertainty parameter and apply a correct evaluation of its impact 

when both manufacturing measurement and parametric modification are performed at the same 

radius. 

 

As suggested by Nigro et al. (2018), the parametrization induces modifications and deviations from 

the initial target geometry. In case of uncertainty study, it is crucial to represent the initial target 

geometry with a high accuracy, such that the previously discussed deviations are significantly lower 

than the geometrical uncertainty. 

 

This verification is performed on two levels: 

 

• First the parametric and the target geometry are visually compared;  

• Then the CFD simulations are juxtaposed. 

 

5.3.1. Accuracy of the geometry parameterization 

 

During the parametrization, a global visual inspection is performed, in order to detect strong 

deviations and therefore adapt the parametric topology to fit accurately the initial target geometry. 

 

The result of this process is demonstrated by figure 16. It can be seen that both geometries do not 

display significant differences. The parametric model respects globally the shape of the initial target 

one, so a close-up is performed on different sections of the blade. It eventually shows discrete 

geometrical deviations and amount locally up to 500 microns, Fig.17, where the uncertainty is equal 

to 2 mm for the thickness and 7 mm for the chord. 

 

In conclusion, the local modifications are in the overall lower than the manufacturing tolerances. 
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Fig.16: Comparison between the target (left) and the parametric geometry (right) 

  

 
Fig.17: Close-up at the leading-edge part at 60% of the span 

 

5.3.2. Influence of the parametric model on the deterministic results 

 

The influence of the error introduced by the parametric model on the CFD results must be assessed. 

This also allows validating the parametric model as starting design for the optimization. 

 

Eventually, the flow field does not show any serious difference, Fig.18, and the overall results are 

within 1%. It validates the parametric model and also implicitly confirms that even a small variation 

in the geometry discretely affects the performances. It is important to underline that the evaluation of 

the parametric model accuracy has an importance in the RDO framework. For deterministic 

optimization, this procedure can be more flexible, since the geometry is deformed in any case. 

 

Table VI: Comparison of the target and parametric geometry 

 Target Parametric Rel. Difference 

T 141.1 kN 140.2 kN -0.71% 

Q 29.59 kNm 29.85 kN +0.87% 

cavity 400 ml 398 ml -0.5% 
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Fig.18: Comparison of pressure field between target (left) and parametric geometry (right) 

 

6. Deterministic and non-deterministic optimization 

 

6.1. Deterministic optimization 

 

6.1.1. Overall formulation 

 

The design parameters consist in a total of 18 variables: 

 

• 4 for the sections profile law;  

• 2 for the chord law;  

• 3 for the local pitch law;  

• 3 for the camber law;  

• 6 parameters for the skewness and the rake laws.  

 

The thickness is kept constant, as the modification would induce a change on the structural 

computation of the bending moment. As suggested in section 3.2, the DoE is sampled by 90 designs. 

For each design in the DoE, the overall quantities Kt and Kq are automatically postprocessed, along 

with the cavitation volume and the open-water efficiency η: 

 

𝜂 =
𝐾𝑡
𝐾𝑞

∙
𝐽

2𝜋
 

 

Two operating conditions are considered and linked to the ship speeds, Table I, 10 km/h and 11.5 

km/h. The revolution rate of the propeller is kept constant. Thus, only the inlet flow condition is 

changed, Fig.9. The overall objectives and constraints are the following: 

 

• Improving the overall open water efficiency η by using an aggregated formulation of both 

operating conditions: 70% design speed + 30% off-design speed  

• Maintaining the axial thrust (as required for the contractual ship design speed): Kt = 0.58.  

• Not deteriorating the performance, by keeping similar cavitation behaviour. As this constraint 

should be flexible, it is decided to keep the volume below 800 ml;  

• Simulation should be converged. The criteria, to decide whether the simulation is converged 

or not, is based on the difference between the inlet and outlet mass flow. This deviation 

should not exceed 0.1%, otherwise the sample is rejected. 
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6.1.2. Optimization outcome 

 

The deterministic mono-objective optimization reaches an optimum meeting all constraints within 30 

iterations. The final optimum shows an increase in the weighted efficiency of about 2.26% relatively 

(i.e. almost 1% in absolute), while the thrust is maintained, and cavitation below the fixed threshold. 

 

 
Fig.19: Convergence history of the mono-objective deterministic optimization, model represents the 

surrogate model results 

 

 
Fig.20: Static pressure comparison between the baseline (left) and the deterministic optimum (right) 

 

Table VII summarizes the performances of the deterministic optimum compared to the baseline, the 

initial parametric geometry, and Fig.24 shows the geometrical differences. 

 

In the downstream velocity field, Fig.21, the tangential component of the optimum is less pronounced 

than the baseline. This indicates a more aligned flow and consequently a higher efficiency. 
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Fig.21: Tangential velocity behind trailing edge for baseline (left) and deterministic optimum (right) 

 

This is also implied by Fig.22, where the midspan profile drag of the baseline is higher. 

 

 
Fig.22: Midspan blade-to-blade view of turbulent viscosity ratio between baseline (left) and deter-

ministic optimum (right), at design condition 

 

 
Fig.23: Cavitation simulation for the baseline (left) and the optimum (right) 
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Table VII: Comparison of baseline and optimum performance 

  Baseline Optimum 

Design condition  

10 km/h 

Kt 0.58 0.58 

Kq 0.0720 0.0705 

η 0.390 0.401 

Off-design condition 

11 km/h 

Kt 0.506 0.505 

Kq 0.0680 0.0667 

η 0.419 0.428 

Weighted η 0.399 0.408 

Cavity [ml] 398 769 

 

For the cavitation modelling, it can be seen that the improvement in the propeller performances is 

highly constrained by the cavitation volume, Table VII, as the final optimum features a cavity close to 

the limit 800 ml. The optimizer cannot find a better optimum without exceeding this constraint. 

 

Two steady cavitation simulations are eventually run to validate the actual performances of the 

propeller, Fig.23, and demonstrate that both designs suffer minor losses in their respective perfor-

mances, validating the optimization procedure. 

 

However, both designs feature bubbles-like cavitation at the tip. This is problematic in terms of 

vibration and comfort. As it is suggested in Fig.11, the cavity is attached to the nozzle shape, which 

indicates that the interaction between the propeller blade and the duct influences strongly the cavity 

size. Thus the nozzle shape should be also optimized, which we did not do in this project. 

 

  
Fig.24: Overlapping of optimum (red) and baseline (black) for 3D and blade-to-blade (at 0.2R) views 

 

6.2. Non-deterministic optimization 

 

6.2.1. UQ simulations 

 

An initial UQ study is performed with 13 uncertainties: 

 

• 4 uncertainties for 4 different sections chord defined with a symmetric beta PDF;  

• 4 uncertainties for 4 different profiles thickness defined with a non-symmetric beta PDF;  

• 1 uncertainty for the rake, which represents the linear position of the tip compared to the root 

of the blade, defined with a symmetric beta PDF;  

• 1 uncertainty for the gap between the blade and the duct, defined with a symmetric beta PDF;  

• 1 uncertainty for the axial velocity 

 

By using a sparse grid level 1, 32 deterministic computations need to be run. Indeed, Nigro et al. 

(2017) proved that a level 1 already provides accurate results on the mean and the variance, which is 

sufficient for the RDO. 
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Fig.25: Scaled sensitivity derivatives of open-water efficiency for both operating points, with 13 

uncertainties 

 

Scaled sensitivity derivatives are then computed, and show that the main influencing components are 

the axial velocity and the gap between the duct and the tip. This analysis is quite logical, because the 

efficiency η is function of the advance ratio J, the blade diameter and the axial velocity. 

 

Moreover, the uncertainties for the thickness having the lowest standard deviation are clearly more 

important than those for the chord. This is also logical considering the fact the thrust and torque are 

directly influenced by each blade profile thickness. 

 

From that analysis, it is decided to merge all chord and thickness uncertainties together. The change 

in the shape of the blade profile is controlled by a single section. And the rake uncertainty is 

neglected. This reduces the number of uncertainties to 4, and the number of deterministic computa-

tions is now 10, for a single operating condition. 

 

 
Fig.26: Scaled sensitivity derivatives of open-water efficiency for both operating points with 4 

uncertainties 

 

The scaled sensitivity derivatives show similar trends between 13 and 4 uncertainties, Figs.25 and 26. 

Moreover, a normal distribution is reconstructed in order to display the difference in the mean and the 

variance, Fig.27. 

 

It can be concluded that the reduction of the number of uncertainties did not impact the statistical 

moments results. Hence, 4 uncertainties are used during the RDO. 
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Fig.27: Normal distribution using the mean and standard deviation for both operating conditions and 

13 and 4 uncertainties 

 

The scaled sensitivity analysis can also be useful for analysing the uncertainties influence over other 

key quantities, such as the cavitation volume, helping to identify critical variabilities. Indeed on 

Fig.28, it can be seen that all geometrical and operating conditions strongly impact the cavity size, 

and might increase its volume by 4% when decreasing the axial velocity and 3.5% when increasing 

the propeller duct gap distance. 

 

 
Fig.28: Scaled sensitivity derivatives of the cavity volume for design condition 

 

6.2.2. Robust optimization outcome and comparison with the deterministic optimum 

 

The same design parameters are used, with 4 additional uncertainties for the DoE generation. The 

same operating points are considered. 

 

However, the formulation of the RDO is as follows: 

  

• Improving the overall open water efficiency η by maximizing its mean value µ(η), using the 

same aggregated formulation for both operating conditions. 

• Also improving the robustness of the design by minimizing the standard deviation of the 

same efficiency σ(η).  

• Maintaining the mean axial thrust, µ(Kt) = 0.58. 

• Not deteriorating the performance, by keeping µ(cavity) below 800 ml.  

 

In consequence, it can be seen that the RDO formulation is multi-objectives and the outcome is the 

Pareto front. The same number of iterations is used. For each iteration, 10 deterministic CFD 

computations, per operating condition, are performed in order to compute the statistical moments. 
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Fig.29: RDO history and Pareto front outcome 

 

Fig.29 clearly displays a robust design among the nondominated samples, which manages to reduce 

the standard deviation by 6 % and the mean efficiency is increased by 2%.  

 

We selected a single robust design, because it features the best trade-off in terms of statistical 

moments enhancement.  

 

Moreover, a UQ study is performed on the deterministic optimum and also shows an increase of the 

mean efficiency, but also an increase of the standard deviation of about 7.4%, Fig.30. Hence, the 

deterministic optimum is consequently less robust, but is still located on the Pareto front. 

 

 
Fig.30: Normal distribution of the baseline, the robust and deterministic optima 

 

Moreover, the scaled sensitivity derivatives (cf. fig.31) reveal that the influence of the axial velocity 

and the diameter are still the largest. However, the geometrical uncertainties show a discrete 

reduction in their respective influences for the robust design. This explains the decrease of the 

standard deviation. 
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Fig.31: Scaled sensitivity derivatives at design condition for baseline, and robust and deterministic 

optima 

 

Fig.32 compares the propeller blade shapes, the deterministic and the robust. The robust design 

features a higher skewness in contrast to the deterministic optimum and the baseline, Fig.24. The 

explanation of the geometrical differences comes from the robust optimization formulation. 

 

Indeed, the deterministic optimization aims at localizing the best design for a single objective 

formulation, whereas the RDO proposes a set of non-dominated designs with the objective to improve 

both performances and robustness. 

 

 
Fig.32: Comparison between deterministic optimum (left) and robust design (right) 

 

6.2.3 Computational cost of robust design optimization vs deterministic optimization  

 

In both cases, 5 samples per dimensions are used in the initial DoE. The non-deterministic DoE have 

4 extra uncertainties, leading to an increase of 20 additional designs in the DoE.  

 

For the optimization, the same number of iterations is used. However, each robust iteration performs 

UQ simulations. At the end the robust optimization leads to a computational overhead of 3.42. 
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Table VIII: Detail of the computational cost comparing a robust design optimization and the 

deterministic optimization. The computation of the CPU Hours assumes that 1 CFD has 

a cost of 20.784 CPU hours (26 min on 48 cores). 

 Deterministic  

optimization 

Robust design  

optimization 

Number of samples in the DoE 90 110 

Total number of CFD runs for the DoE 180 220 

Number of CFD per optimization iterations 2 20 

Number of optimization iterations 30 30 

Total number of CFD runs for the optimization 60 600 

Total number of CFD runs 240 820 

Computational cost [CPU Hours] 4988.16 17042.88 

 

7. Conclusion 

 

In this paper, two design optimization studies were performed: a deterministic optimization and a 

robust optimization accounting for uncertainties. Since the investigated ducted propeller was subject 

to several operating conditions, two were considered: the design condition, which was used to draw 

the initial baseline geometry, and an arbitrary off-design condition based on the maximal cruising 

speed of the vessel. As the cavitation was also of importance, a low CPU cost modelling based on the 

pressure field was used and provided interesting information. 

 

Indeed, the first deterministic optimization indicated the relevance of considering cavitation 

modelling. Indeed, the optimization outcome demonstrated the trade-off between performances 

improvements and cavitation criteria.  

 

Strictly speaking, the optimizer was restrained in the search of a better design due to the constraint in 

the cavitation volume. However, the performances can be further improved by including the nozzle 

shape parameters in future optimizations.  

 

The second optimization was the robust design optimization that aimed at improving the 

performances while reducing the vulnerability of the design performances with respect to both 

operational and geometrical variabilities. The evaluation of those variabilities was performed by 

uncertainty quantification simulations. It was also observed that the UQ simulations can also play a 

major role in the design process for identifying critical manufacturing variabilities over key quantities 

of interest, such as cavitation or efficiency. Eventually, both deterministic and robust optimum were 

compared, and as expected the robust design increased the performances and the robustness.  

 

Moreover, the deterministic optimum was also located on the Pareto front, which might indicate that 

the inputted manufacturing variabilities were small enough to guarantee an acceptable stable 

behaviour, which was the expected results when using the most precise and costly S-class tolerance. 

Knowing the real-life performances can be assessed, the propeller designers can now try to apply 

coarser and less expensive manufacturing tolerance, and use the proposed approach to optimize the 

design accounting for several variabilities and operating conditions. 
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Abstract 

 

This paper delves into a highly innovative project aimed at revolutionizing vessel design methodologies. 

Our approach centers on the integration of cutting-edge multidisciplinary analysis, with digitalization 

serving as the cornerstone for this transformative process. The focal point is the strategic infusion of 

computer-aided engineering (CAE) throughout the entire design continuum, offering a distinct 

competitive advantage. Illustrated through the lens of a fast search and rescue vessel, this paper 

showcases the project´s avant-garde features. Furthermore, the paper discusses automated design 

exploration as the catalyst for achieving optimal hull structures. 

 

1. Introduction 

 

The pursuit of enhanced vessel performance is a perpetual endeavor driven by evolving technological 

advancements and increasingly diverse maritime operations. From cargo transport to naval defense and 

search and rescue missions, electrical vessels are expected to operate efficiently, safely, and with 

optimal performance characteristics across a spectrum of environmental conditions. Achieving these 

objectives necessitates a paradigm shift in vessel design methodologies, one that embraces innovation, 

integration, and digitalization.  

 

In response to these challenges, our research endeavors have been focused on pioneering an integrated 

approach to vessel design, leveraging cutting-edge multidisciplinary analysis techniques and digitaliza-

tion tools to optimize performance while maintaining safety and reliability standards. This paper 

presents the culmination of our efforts, highlighting the transformative potential of our approach 

through the lens of a fast search and rescue vessel. 

 

Traditional vessel design processes often rely on fragmented workflows, where different aspects such 

as hydrodynamics, propulsion, structures, and safety are addressed independently. This compart-

mentalized approach can lead to suboptimal solutions, as interactions between various components are 

not fully considered during the design phase. Moreover, the reliance on physical prototypes and testing 

can be time-consuming and cost-prohibitive, limiting the exploration of design alternatives and 

hindering innovation. In contrast, our integrated approach seeks to break down disciplinary silos and 

harness the power of digital tools to create a cohesive design environment. Central to this methodology 

is the utilization of Computer-Aided Engineering (CAE) software, which enables the simulation of 

complex interactions between different subsystems and facilitates rapid iteration and optimization of 

design solutions. By incorporating advanced simulation techniques such as Computational Fluid 

Dynamics (CFD), Finite Element Analysis (FEA), and multibody dynamics, it is feasible to gain 

insights into the performance of the vessel across various operating conditions with unprecedented 

accuracy. 

 

A fast search and rescue vessel serves as case study to illustrate the efficacy of our approach. In the 

design of such a vessel, Fig.1, high-speed manoeuvrability, stability in rough seas, and crew safety are 

paramount. By leveraging integrated multidisciplinary analysis, it is possible to evaluate systematically 

the impact of design decisions on these key performance metrics. For instance, CFD simulations can be 

used to optimize the hull form and appendages for minimum resistance and maximum maneuverability, 

while FEA helps ensure structural integrity under dynamic loads. 

mailto:rodrigo.fernandez@siemens.com
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Fig.1: Design of a Search and Rescue Vessel. Engineered to be fast and safe…because every second 

counts when saving lives. 

 

Furthermore, digitalization plays a crucial role in streamlining the design process and facilitating 

collaboration among stakeholders. Virtual prototyping allows designers to explore a wide range of 

design alternatives quickly, while digital twin technologies enable real-time monitoring and optimiza-

tion of vessel performance throughout its lifecycle. By embracing digitalization, it is possible to 

accelerate the pace of innovation and adaptability in the maritime industry, ultimately leading to more 

efficient, safer, and environmentally sustainable vessels. 

 

The integrated multidisciplinary analysis and digitalization approach presented in this paper represent 

a significant departure from traditional vessel design methodologies. By embracing innovation and 

leveraging advanced digital tools, it is viable to unlock new possibilities for enhancing vessel perfor-

mance while meeting the evolving demands of maritime operations. The fast search and rescue vessel 

serves as a tangible example of the transformative potential of this approach, paving the way for a new 

era of maritime engineering excellence. 

 

2. Integrated Multidisciplinary Analysis 

 

Central to our innovative approach is the integration of multidisciplinary analysis throughout the vessel 

design process. Traditionally, vessel design has been compartmentalized into distinct disciplines such 

as hydrodynamics, structural engineering, propulsion, and safety analysis. However, this siloed 

approach often leads to suboptimal designs, as the interactions between different subsystems are not 

fully accounted for. 

 

In contrast, our methodology employs a holistic approach, where various aspects of vessel performance 

are analyzed concurrently using advanced simulation tools and techniques. By integrating hydro-

dynamic analysis, structural analysis, propulsion system design, and safety assessment within a unified 

digital environment, it is achievable to capture the complex interdependencies between different design 

parameters and optimize the overall performance of the vessel. 

 

Hydrodynamic analysis forms the cornerstone of our integrated approach, as it provides crucial insights 

for hull and appendages. Using CFD simulations, it is practicable to predict accurately hydrodynamic 

forces such as resistance, wave-induced motions, and maneuvering performance under different 

operating conditions. This allows us to optimize the hull form including appendages for maximum 

performance, ensuring that the vessel performs optimally across a range of sea states. 

 

Simultaneously, structural analysis plays a vital role in ensuring the integrity and safety of the vessel´s 

hull and superstructure. FEA techniques are employed to evaluate the structural response to various 
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loads, including wave-induced loads. By iteratively refining the structural design based on FEA results, 

it is reasonable to minimize weight while ensuring a good margin of safety, thereby improving 

performance, and reducing construction costs. 

 

Propulsion system design is another critical aspect that is integrated into our methodology from the 

outset. By considering the interaction between the hull, propulsion system, and hydrodynamic forces, 

it is realistic to optimize the selection and configuration of propulsion components such as engines, 

propellers, and waterjets. Through advanced simulation techniques, it is practicable to evaluate the 

performance of different propulsion configurations and identify the most optimal solution for the 

vessel´s intended mission profile. 

 

Safety assessment is also paramount in our integrated approach, as the protection of crew and 

passengers is of utmost importance in maritime operations. Using virtual testing and analysis tools, it 

is workable to assess the vessel´s response to various safety scenarios, including collision, grounding, 

and capsize events. By incorporating advanced occupant safety features and emergency response 

protocols into the design, it is sufficient to mitigate risks and ensure compliance with regulatory 

requirements. 

 

The integration of multidisciplinary analysis within a unified digital environment enables us to 

overcome the limitations of traditional design methodologies and achieve superior vessel performance. 

By considering the holistic interactions between hydrodynamics, structures, propulsion, and safety, it 

is possible to optimize the design process, reduce development time and costs, and ultimately deliver 

vessels that are safer, more efficient, and more capable of meeting the demands of modern maritime 

operations. 

 

3. Digitalization as the Cornerstone 

 

At the heart of our integrated approach lies digitalization, which serves as the cornerstone for 

transforming the vessel design process. Digitalization encompasses the use of advanced computational 

tools, simulation techniques, and data-driven methodologies to streamline the design, analysis, and 

optimization of marine vessels. 

 

By leveraging digitalization technologies such as Automated Design Exploration, it is viable to iterate 

rapidly through design concepts, explore a wide range of design alternatives, and assess their 

performance characteristics with unprecedented accuracy and efficiency. This not only accelerates the 

design process but also enables us to identify and mitigate potential design flaws early in the 

development cycle, reducing costly design iterations and enhancing overall design quality. 

 

One of the key advantages of digitalization is its ability to facilitate seamless collaboration and 

communication among interdisciplinary teams involved in the vessel design process. Through digital 

platforms and virtual design environments, engineers, naval architects, and other stakeholders can 

collaborate in real-time, share design data, and exchange feedback, regardless of their geographical 

locations. This fosters greater innovation and creativity, as diverse perspectives can be integrated into 

the design process, leading to more robust and optimized solutions. 

 

Furthermore, digitalization enables the integration of data-driven methodologies and machine learning 

algorithms into the design process, allowing for predictive modeling, optimization, and decision 

support. By analyzing vast amounts of data collected from simulations, physical tests, and operational 

data, it is feasible to identify patterns, trends, and correlations that inform design decisions and improve 

performance predictions. This data-driven approach not only enhances the accuracy of our design 

models but also enables us to continuously learn and adapt, driving ongoing improvements in vessel 

performance and efficiency. 

 

Virtual prototyping is another critical aspect of digitalization that revolutionizes the way vessels are 

designed and tested. By creating digital replicas or digital twins of physical prototypes, it is achievable 
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to simulate and evaluate the behavior of the vessel under various operating conditions, without the need 

for costly and time-consuming physical testing. This enables us to explore a wider range of design 

alternatives, optimize performance parameters, and validate design solutions more efficiently, ulti-

mately accelerating the time-to-market for new vessel designs. 

 

Digitalization fundamentally transforms the vessel design process by enabling rapid iteration, seamless 

collaboration, data-driven decision-making, and virtual prototyping. By harnessing the power of digital 

tools and methodologies, it is practicable to unlock new possibilities for innovation and optimization in 

maritime engineering, leading to safer, more efficient, and environmentally sustainable vessels that 

meet the evolving needs of the maritime industry. 

 

4. Case Study: Fast Search and Rescue Vessel 

 

To illustrate the transformative potential of our integrated approach, a case study is introduced focusing 

on the design and optimization of a fast search and rescue vessel. It is a roughly 9.75 m. The weight 

with a standard diesel powerplant is approximately 3,494 kg. 

 

Search and rescue operations pose unique challenges for vessel design, requiring a delicate balance 

between speed, manoeuvrability, stability, and safety. Using an integrated multidisciplinary analysis 

framework, it is realistic to embarked on the design of a next-generation search and rescue vessel 

optimized for performance in diverse operating environments. Key aspects of the design process 

included: 

 

• Marine Propulsion System Design: Leveraging advanced simulation techniques, the design of 

the vessel´s propulsion system is optimized, including the selection of waterjet propulsion 

technology to maximize speed and maneuverability while minimizing fuel consumption and 

emissions. By simulating the hydrodynamic performance of different propulsion 

configurations, it is adequate to identify the most efficient and effective solution for the vessel´s 

mission profile. Additionally, computational models of the propulsion system were integrated 

with overall vessel dynamics to ensure seamless integration and optimal performance across a 

range of operating conditions. 

• Virtual Wave Tank Testing: Through virtual wave tank testing using CFD simulations, it is 

realisable to evaluate the vessel´s seakeeping performance under various sea conditions, 

ensuring superior stability and maneuverability for effective search and rescue operations. By 

simulating the interaction between the vessel and waves, it is meaningful to assess factors such 

as motion sickness, slamming loads, and overall ride comfort, optimizing hull form and 

appendage design to minimize wave-induced motions and maximize operational effectiveness. 

• Structural Integrity Assessment: Utilizing FEA simulations, the structural integrity of the 

vessel´s hull and superstructure was assessed, ensuring compliance with regulatory standards 

and safety requirements while minimizing weight and material usage. By subjecting the digital 

model of the vessel to simulated loads and environmental conditions, it is possible to predict 

accurately stress distribution, deformation, and fatigue life, allowing us to optimize structural 

design parameters such as material selection, thickness, and reinforcement to achieve optimal 

strength-to-weight ratios and ensure long-term durability. 

• Occupant Safety Evaluation: Employing advanced occupant safety analysis techniques, the 

vessel´s crashworthiness and crew survivability were evaluated in the event of a collision or 

capsize, incorporating features such as impact-absorbing structures and secure onboard 

systems. Through virtual crash simulations and human factors analysis, it is probable to assess 

the effectiveness of safety measures such as compartmentalization, seat restraints, and 

emergency egress pathways, ensuring the highest level of protection for crew and passengers 

in emergency situations. 

 

By integrating these key aspects of design analysis within a unified digital environment, it is promising 

to optimize the performance, safety, and reliability of the fast search and rescue vessel, demonstrating 
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the transformative potential of our integrated approach in revolutionizing maritime engineering 

practices. This case study (workflow in Fig.2) serves as a testament to the power of multidisciplinary 

analysis and digitalization in addressing the complex challenges of vessel design and ensuring the 

success of critical maritime operations. So, the main outcomes of this case study have been: 

 

• Identify how to efficiently share data between both internal and external colleagues. 

• Designing a propulsion system. 

• Validating the propulsion system through virtual sea trials in both calm water and waves. 

• Looking at a strength assessment and then optimizing the hull structures for weight. 

• As well as looking a passenger safety on real human models. 

 

 
Fig.2: Design of a fast and safe planning Search & Rescue vessel 

 

Electrifying a watercraft involves a meticulous process that integrates advanced technologies and care-

ful analysis to ensure optimal performance and efficiency. Let us delve into the key steps and 

technologies involved in electrifying a vessel. 

 

• Initial Analysis using CFD: The process begins with determining the estimated power 

requirements by analyzing the hull using a CFD tool such as Simcenter STAR-CCM+. This 

tool helps in understanding the hydrodynamic behavior of the vessel, including resistance, and 

flow patterns, which are crucial for estimating power needs. 

• Integration with system simulation: Utilizing the data from CFD analysis, Simcenter Amesim, 

a 1D systems tool, comes into play. This tool helps in integrating various components of the 

propulsion system, such as motors, batteries, and power electronics, to determine absorbed 

power and overall efficiency. By simulating the system in a virtual environment, engineers can 

optimize the configuration for maximum performance and energy efficiency. 

• Selection of Off-the-Shelf Components: Based on the absorbed power and mission profiles, 

off-the-shelf solutions for propulsion systems, battery packs, and other components are 

evaluated. This involves determining the appropriate sizing of battery packs and power 

requirements to meet the vessel´s operational needs while considering factors like weight, space 

constraints, and cost. 

• Validation and Iterative Analysis: After selecting components, the initial powering estimation 

is revalidated by running CFD analyses with updated weight configurations. This iterative 

process ensures that the chosen propulsion system and battery pack sizing align with the 

vessel´s requirements. Simcenter Amesim is used to validate the range and performance of the 

electrified watercraft under various operating conditions. 
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• Designing Customized Components: In cases, where off-the-shelf solutions may not fully meet 

the requirements, designing customized components becomes necessary. Tools are available to 

design high-fidelity battery packs and electric motors tailored to the specific needs of the 

watercraft. This involves optimizing parameters such as energy density, power output, and 

thermal management to achieve the desired performance and reliability. 

 

The key technologies and challenges involved are: 

 

• Battery Technology: Selecting the right battery technology is crucial for electric propulsion 

systems. Factors such as energy density, weight, charging time, and lifespan need to be 

considered to ensure sufficient power and range for the watercraft. 

• Electric Motors: Efficient electric motors are essential for converting electrical energy into 

mechanical propulsion. Designing motors with optimal power-to-weight ratios and torque 

characteristics is critical for achieving high performance and responsiveness. 

• Integration and Optimization: Integrating various components of the electrified propulsion 

system and optimizing their interactions pose significant challenges. Balancing factors like 

power distribution, thermal management, and system efficiency requires advanced modeling 

and simulation tools. 

• Range and Endurance: Ensuring adequate range and endurance for the watercraft under 

different operating conditions is a key consideration. Optimizing the energy management 

system and battery pack sizing is essential to meet the vessel´s mission requirements while 

maintaining reliability and safety. 

 

 
Fig.3: Virtual Towing Tank using Simcenter STAR-CCM+ 

 

The first crucial step, following the creation of a CAD model, involves employing our cutting-edge 

virtual Towing Tank approach using Simcenter STAR-CCM+, Fig.3, a powerful multi-physics CFD 

solver tailored for marine applications. There were harnessed a suite of tools to meticulously model the 

intricate physics of marine hydrodynamics. This includes the capability to accurately capture 

phenomena such as the free surface or the air-water interface, as well as dynamic vessel motions during 

propulsion. Whether it´s simulating waves, manoeuvring, self-propulsion, or calm water resistance, or 

any combination thereof. 

 

Furthermore, there were a complete parameterization of key inputs such as weight, centre of mass, 

speed, and even hull geometry. This allows for iterative simulations with varying inputs to assess their 

impact on performance and effortlessly generate resistance or powering versus speed curves. Such 
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parametric analysis enables engineers to fine-tune design parameters and optimize the vessel´s 

performance efficiently. 

 

The flexibility provided by Simcenter STAR-CCM+ allows for seamless design exploration through 

parameterization and easy updating of simulations. Using a bi-directional connectivity between the 

simulation and the CAD model, in this case Siemens NX, simulations can be swiftly adjusted to explore 

various design scenarios. 

 

 
Fig.4: Virtual Towing Tank Design Manager Post Processing, showing power and resistance vs. speed 

curve for a single design and operating condition 

 

Here´s how it is plausible to generate power and resistance vs. speed curve for our existing vessel using 

Simcenter STAR-CCM+, Fig.4: 

 

• Parameterization and Simulation Setup: The first step is to define key parameters within the 

simulation environment. This allows for easy adjustment of inputs to explore different design 

configurations. To get the power and resistance vs. speed curve for our existing vessel we only 

need to update the value for our speed parameter. But since the simulation setup also have 

parameters for the weight and centre of mass, we could analyse powering and resistance 

characteristics under various operating conditions, e.g., different drafts. 

• Design Exploration: The key for automated design exploration is the ability to easily update 

parameters within the simulation. Besides operating conditions like speed and mass these also 

includes modifications to hull geometry, so we can investigate changes in any aspect of the 

vessel design. 

• Generating Power and Resistance Curves: Simulations are run for each design iteration to 

generate power and resistance data at different speeds. By varying parameters and running 

multiple simulations, we can create comprehensive curves illustrating the relationship between 

power requirements, resistance, and vessel speed. 

• Data Analysis and Assessment: Once all simulations are completed, we have instant access to 

the required data. We can analyze individual design points to assess their performance 

characteristics, including power consumption and resistance. This allows us to identify optimal 

design configurations based on specific criteria such as efficiency, speed, or range. 

• Exporting Results for Propulsion System Design: The powering estimates obtained from 

simulations are exported into tables for further analysis and integration into the propulsion 

system design process. This data serves as valuable input for selecting components such as 

motors, batteries, and propellers, ensuring they meet the vessel´s performance requirements. 
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This paper facilitates a streamlined process for generating power and resistance curves, allowing for 

efficient design exploration and optimization of vessel performance. Parameterization and simulation 

capabilities enable rapid iteration and data-driven decision-making in the electrification of watercraft. 

 

The resistance data obtained from simulations developing a system-level model to assess energy losses 

within the entire propulsion system, working seamlessly integrating sea states, vessel performance, and 

different propulsion systems, allowing to quickly evaluate absorbed power and energy efficiency. 

 

The first step involved importing the ship model. With CFD data it is possible enhance the accuracy of 

the model by incorporating the resistance data obtained from simulations. For this paper, it was 

considered calm water conditions. The propulsion system, including the propeller model, was integrated 

into the simulation. 

 

The simulation allowed for the variation of propeller rotation rates to study their impact on vessel speed 

and energy consumption. By adjusting the rotation rates, it was possible to analyse the performance of 

different propulsion configurations and optimize for efficiency. 

 

As the rotation rate of the propellers is varied, it was calculated the corresponding vessel speed based 

on the resistance characteristics of the ship model and the applied propulsion system. This provided 

insights into how changes in propulsion parameters affect the overall performance of the watercraft. 

 

Using the developed model, the absorbed power within the drive train was computed, considering 

energy losses and inefficiencies. This absorbed power represents the actual power required to propel 

the vessel under specific operating conditions and serves as a critical metric for performance evaluation. 

 

The simulation ran quickly, allowing rapid exploration of different propulsion system configurations 

and operating scenarios. Engineers could iteratively adjust parameters and evaluate the impact on 

absorbed power and vessel performance, facilitating decision-making in the design process, Fig.5. 

 

 
Fig.5: Propulsion efficiency 

 

The seamless integration of sea states, vessel dynamics, and propulsion components allows 

comprehensive analysis and rapid iteration towards achieving energy-efficient marine propulsion 

systems. It explored alternative propulsor options, Fig.6. For instance, swapping traditional propellers 

for waterjets allows us to compare their respective efficiencies and performance characteristics. 

 

• Efficient Simulation: By substituting propellers with waterjets, we can assess how each option 

impacts vessel performance and energy efficiency. 
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• Propulsor Comparison: The simulation results reveal distinct differences between traditional 

propellers and waterjets. Traditional propellers demonstrate higher efficiency at slower speeds, 

whereas waterjets excel at higher speeds, as anticipated. This comparison provides valuable 

insights into the most suitable propulsor option based on the vessel´s intended operating speed 

range. 

• Optimal Speed Considerations: Analyzing the powering requirements across different speeds 

unveils important trends. We observed relatively low changes in power between 20-40 kn, 

followed by a significant increase in powering requirements as we approach 60 kn. Notably, 

there is a substantial power saving of almost 150 HP at 40 kn compared to higher speeds 

(compared to a conventional propeller). This suggests that aiming for a cruising speed below 

40 kn may be ideal for maximizing efficiency while balancing performance. 

• Efficiency-driven Design Decisions: In electric craft design, efficiency is paramount, and it was 

made informed decisions that optimize performance. By swiftly assessing how various design 

choices affect efficiency and power consumption, we can refine our design to meet performance 

targets while maximizing energy efficiency. 

 

 

 
Fig.6: Comparison of propulsive power 

 

Rapid simulation capabilities enabled us to evaluate alternative propulsor options, understand their 

performance characteristics, and make efficiency-driven design decisions. This iterative process 

ensures that our electric watercraft is optimized for performance, efficiency, and sustainability, aligning 

with the goals of electrification in marine transportation. 

 

Once we determined the most suitable propulsor for our electric watercraft, the next step is to analyze 

various configurations to determine the appropriate battery pack sizing, Fig.7. This involves expanding 

on the existing simulation model to incorporate electric motors, gear ratios, and electro-chemistry 

models to accurately convert electrical energy into power. Here´s how we approach this process: 

 

• Integration of Electric Motors: Electric motors, sized at 250 kW (335 HP) each based on 

propulsion analysis, are integrated into the simulation model. These motors serve as the primary 
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propulsion system, driving the watercraft forward. 

• Investigation of Gear Ratios: Different gear ratios are applied to explore how various couplings 

affect the powering of the vessel. This allows us to optimize the transmission system for 

maximum efficiency and performance. 

• Electro-Chemistry Models: Simple electro-chemistry models are employed to convert electrical 

energy from the battery pack into power for the electric motors. These models consider factors 

such as voltage, current, and energy consumption to accurately simulate the behavior of the 

battery system. 

• Voltage Supply Variation: To understand the impact of different voltages on performance 

metrics like peak amps and energy consumption, simulations are conducted with varying 

constant voltage supplies. This analysis helps in selecting an optimal voltage level for the 

battery system. 

• Mission Profile Integration: The calculations are tailored to the specific mission profile of the 

watercraft. By inputting parameters such as desired speeds and operating durations, a 

Proportional-Integral (PI) controller regulates the motor speeds accordingly. This ensures that 

the watercraft operates efficiently under different operating conditions. 

• Battery Pack Sizing: Based on the given mission profile and power requirements, the total 

battery pack size is calculated. This calculation considers factors such as energy consumption, 

desired range, and operational constraints to determine the optimal battery capacity for the 

watercraft. 

 

 
Fig.7: Battery pack sizing 

 

By iteratively adjusting parameters (automatically) and analysing simulation results, we can derive an 

optimal battery pack sizing to meet the performance and efficiency requirements of the electric 

watercraft. This comprehensive approach ensures that the vessel is equipped with an appropriately sized 

battery pack to support its mission profile while maximizing energy efficiency and range. 

 

Once a suitable propulsor is chosen, the next step is to determine the battery pack sizing by examining 

various configurations: 

 

• Model Expansion: Incorporating the full propulsion system, by including electric motors, gear 

ratios, and electro-chemistry models for converting electrical energy into power, the initial 

model has been enhanced adequately. 

• Gear Ratio Analysis: Different gear ratios are applied to investigate how various couplings 

affect the powering of the vessel. This allows us to optimize the drivetrain configuration for 

efficiency and performance. 

• Voltage Variation Analysis: Simple electro-chemistry models are used to study how different 

voltage levels affect performance metrics such as peak amps and energy consumption. By 
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varying the voltage supply, we can assess the impact on overall system efficiency and battery 

utilization. 

• Mission Profile Integration: We input a proposed mission profile into the model, specifying 

cruising speeds, durations, and periods of idle operation. For example, a typical mission profile 

might involve cruising at top speed for half an hour, near hump speed for another half hour, 

and at intermediate speed for half hour, while running idle for the remainder of the time, Fig.8. 

 

 
Fig.8: What battery is required for a specific mission profile? 

 

• Battery Pack Sizing: Based on the specified mission profile, the model calculates the total 

energy consumption and determines the required battery pack size. For instance, if the proposed 

mission requires just over 500 kWh of energy, we can size the batteries to be 600 kWh. This 

ensures sufficient energy reserves for the specified operation, Fig.8. 

 

 
Fig.9: How far and long can the vessel run at various speeds? 

 

• Range and Run Time Analysis: Using the model, we can analyze the range and run time of the 

vessel at constant speeds with the determined battery pack size. The simulation outputs provide 

insights into the vessel´s performance characteristics, including the distance it can cover at 

various speeds and the duration it can operate on a single charge, Fig.9. 

• Operational Considerations: The analysis also considers operational factors such as idle speed 

capabilities and emergency return to port scenarios. For example, the simulation might show 

that the vessel can operate for over 20 h at idle speed, providing important insights for design 

considerations and operational planning, Fig.9. 

 

By integrating mission profiles and evaluating different configurations, Fig.8, designers can optimize 

the electrification of watercraft for efficiency, range, and operational flexibility. 
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Once the battery pack sizing requirements are determined, the next step is to package it within a CAD 

program to obtain weight estimates and new Longitudinal Centre of Gravity (LCG) values. This 

information is crucial for updating the resistance vs. power curves to account for changes in vessel 

weight and balance. 

 

• CAD Packaging: The battery pack sizing data is integrated into the CAD model of the 

watercraft. Using the CAD program, we can accurately position and dimension the battery pack 

within the vessel´s structure to obtain realistic weight estimates and determine the new LCG. 

• Updating Parameters: With the revised weight and LCG values, the simulation model is updated 

accordingly. This includes adjusting parameters to reflect the changes in vessel configuration 

due to the added weight of the battery pack. 

• Identifying Stability Issues: The simulation results may reveal differences in behavior between 

loading configurations, indicating potential stability issues. For example, a rearward CG 

configuration may exhibit dynamic instability, leading to concerns about vessel safety and 

performance. 

• Regenerating Power and Resistance Curves: The simulation is rerun with the updated para-

meters to regenerate the power and resistance curves. The increased weight from the added 

battery pack will result in a higher powering requirement, affecting the performance character-

istics of the watercraft. 

• Insight into Dynamic Behaviour: In addition to static performance changes, the simulation 

provides insights into the dynamic behaviour of the vessel. By analysing the transient history 

of metrics obtained from CFD runs, such as trim angle and dynamic forces, we can identify 

potential dynamic instabilities caused by changes in weight distribution, particularly the LCG. 

• Iterative Analysis and Design Optimization: The simulation allows iterative analysis and design 

optimization to address stability issues and ensure the safe and efficient operation of the electri-

fied watercraft. By adjusting parameters and configurations, engineers can mitigate stability 

concerns while maximizing performance and efficiency. They key for automated design explo-

ration is a seamless connection between the CAD model and the different simulation tools. 

 

 
Fig.10: Revalidating Virtual Sea Trial 

 

Integrating battery pack sizing data into the CAD model and incorporating the propulsion system within 

the CFD simulation using a Functional Mock-Up (FMU) interface allow for a comprehensive 

assessment of the watercraft´s performance and stability. By leveraging simulation tools, Fig.10., 

designers can optimize the electrification process while ensuring the safety and reliability of the vessel 

in real-world operating conditions. 

 

In Fig.10, a sea trial was performed with CFD of the vessel with incorporated power train (FMU) where 

the vessel accelerates from rest with full power and will encounter waves after 40 s. Again, the full 1D 
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marine propulsion is included and hence thrust is modelled as two force vectors at the corresponding 

location of the waterjet, but no detailed water jet was modelled. It is feasible to see that 40 kn are 

achieved within 15.6 s and the top speed is 48.2 kn. It is also possible to visualize that the vessel slows 

down while moving in waves, Fig.11. In this case the full vessel including the waterjet propulsion comes 

out of the water while jumping on the waves hence no thrust is generated. 

 

 
Fig.11: Revalidating Virtual Sea Trial 

 

 
Fig. 12. Maximum stress from sea trial 

 

 
Fig.13: Structural model 

 

Fig.12 shows that CFD can map the impact of the waves to our structural model, Fig.13, consisting of 

shell and beam elements and do a strength assessment. 
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To illustrate the power of automated design exploration a quick mass optimisation of the hull structure 

was performed. The objective is to minimize the mass while keeping a positive margin of safety by 

modifying 29 geometric parameters for the thickness of hull and plates and the geometry of the 

stiffeners. The study was run on a simple laptop taking less than 2 days to run 150 designs. HEEDS is 

used for the design exploration. HEEDS contains a unique search strategy called. SHERPA, which 

stands for Simultaneous Hybrid. Exploration that is Robust, Progressive and Adaptive. During a single 

search, SHERPA uses multiple search methods simultaneously (not sequentially). This approach takes 

advantage of the best attributes of each method and reduces a method´s participation in the search 

if/when it is determined to be ineffective. Therefore, even though we had 29 variables it was able to 

achieve quite a significant performance increase within 150 design iterations. 

 

 
Fig.14: HEEDS is used for the design exploration 

 

The resulting accelerations from the CFD simulation when the vessel is in waves are used to simulate 

the dynamics of an occupant. To model the occupant, a co-called active human model was used, Fig.15. 

 

 
Fig.15: Passenger right, driver left 

 

In contrast to a passive behaviour, where no stabilization occurs and the model behaves as an 

unconscious human or Post-Mortem Human Subject (PMHS), a (re)active behaviour model stabilizes 

to its initial posture or moves to a user-defined position as an aware human would do. The active human 

model delivers dynamic data (forces and moments) of head, neck, chest, spine, femur, and tibias. Injury 

values calculated based on the dynamic loadings and definitions of the safety protocols in the industry. 

The point score below is based on the rather violent jumping on the waves and evaluated for the Frontal 

impact Euro NCAP, which is an automotive standard. The lifeboat standard would be a better set of 

criteria, but it does not generate this kind of pictures that everybody knows. Although the motions look 
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harsh there is no hard hit on critical parts. The seats have quite some energy absorption to get still some 

more descent kinematics. Something not evaluated by this Frontal impact Euro NCAP score are 

whiplash injuries, which might be more relevant in this case. Maybe a four-point belt would be better, 

and simulation can easily investigate these options and optimize for occupant safety. 

 

5. Results and Discussion 

 

The integration of cutting-edge multidisciplinary analysis and digitalization techniques yielded 

significant improvements in the design performance of the fast search and rescue vessel. By optimizing 

the vessel´s propulsion system, hull form, and structural configuration, we were able to achieve superior 

speed, maneuverability, stability, and safety characteristics compared to conventional designs. 

 

The propulsion system optimization was a key aspect of our approach, where we utilized advanced 

simulation tools to fine-tune the selection of waterjet propulsion technology. Through detailed computa-

tional models, we assessed the performance of different propulsion configurations, considering factors 

such as thrust efficiency. This optimization process resulted in a propulsion system that not only 

maximized speed but also minimized fuel consumption and emissions, enhancing the vessel´s 

operational efficiency and environmental sustainability. 

 

In addition to propulsion system optimization, our integrated approach enabled us to refine the hull 

form and appendage design to further enhance vessel performance. Using CFD simulations, we could 

analyze the hydrodynamic behavior of the vessel and optimize hull shape, keel design, and appendage 

placement to minimize drag and wave resistance. This led to improved speed, maneuverability, and 

seakeeping performance, allowing the vessel to operate effectively in a wide range of sea conditions 

while maintaining stability and comfort for crew and passengers. 

 

Structural optimization was another critical aspect of our design process, where FEA simulations were 

used to assess the structural integrity of the vessel´s hull and superstructure. By subjecting the digital 

model to simulated loads and environmental conditions, we could identify potential areas of stress 

concentration, deformation, and fatigue, allowing us to optimize structural design parameters for 

maximum strength and durability. This resulted in a lightweight yet robust structure that met stringent 

safety standards and regulatory requirements, ensuring the vessel´s long-term reliability and 

seaworthiness. 

 

Furthermore, the use of advanced simulation tools enabled us to explore a wider design space, identify 

innovative design solutions, and validate design performance with a high degree of confidence. This 

iterative design process allowed us to quickly iterate through design alternatives, assess their 

performance characteristics, and make informed decisions based on simulation results. As a result, we 

were able to significantly reduce design cycle times and development costs while enhancing the overall 

effectiveness and reliability of the vessel for search and rescue missions. 

 

In summary, the integration of multidisciplinary analysis and digitalization techniques enabled us to 

push the boundaries of vessel design, achieving unprecedented levels of performance, efficiency, and 

safety for the fast search and rescue vessel. By leveraging advanced simulation tools and methodologies, 

we were able to optimize every aspect of the design process, from propulsion system selection to 

structural configuration, resulting in a vessel that sets new standards for excellence in maritime 

engineering. 

 

6. Conclusion 

 

In conclusion, this paper has presented an innovative approach to vessel design that leverages integrated 

multidisciplinary analysis and digitalization for enhanced performance. Through the integration of 

advanced simulation techniques and digitalization tools, we have demonstrated the transformative 

potential of our approach in optimizing the design of marine vessels for diverse operational 

requirements. 
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By adopting a holistic approach to vessel design and embracing digitalization as the cornerstone of our 

methodology, we have been able to achieve significant improvements in vessel performance, efficiency, 

and safety. Our integrated approach breaks down traditional disciplinary silos and allows for a 

comprehensive understanding of the complex interactions between different aspects of vessel design. 

This holistic perspective enables us to optimize design decisions across multiple domains 

simultaneously, resulting in synergistic improvements in overall vessel performance. 

 

The benefits of our integrated approach are evident across various stages of the design process. During 

the conceptual design phase, advanced simulation techniques allow for rapid exploration of design 

alternatives, enabling us to identify innovative solutions that may have been overlooked using 

conventional methods. Virtual prototyping and simulation-based optimization techniques facilitate 

iterative design refinement, ensuring that the final design meets or exceeds performance targets while 

minimizing development time and costs. 

 

In addition to improving performance, our integrated approach also enhances safety and reliability. By 

incorporating advanced safety analysis techniques into the design process, we can systematically 

evaluate and mitigate risks associated with vessel operation, ensuring the highest standards of crew and 

passenger safety. Structural optimization techniques enable us to design vessels that are not only 

lightweight and efficient but also robust and resilient, capable of withstanding the harsh marine 

environment. 

 

Looking ahead, we believe that our integrated approach will continue to drive innovation in the field of 

maritime engineering. As technology continues to evolve and computational capabilities expand, the 

possibilities for design optimization and performance enhancement are virtually limitless. We envision 

the development of next-generation vessels that push the boundaries of performance, sustainability, and 

safety, setting new standards for excellence in maritime engineering. 

 

The seemless integration of multidisciplinary analysis and digitalization represents a paradigm shift in 

vessel design methodology, unlocking new possibilities for innovation and optimization. By embracing 

this integrated approach, we can create vessels that are not only more efficient and reliable but also 

safer and more environmentally sustainable, shaping the future of maritime transportation for 

generations to come. 
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Impact of Energy Saving Devices on EEXI and CII: Theory and Practice 

 

Alessandro Castagna, Becker Marine Systems, Hamburg/Germany, aca@becker-marine-systems.com 

 

Abstract 

 

The EEXI and CII requirements challenge shipowners to achieve compliance. While current 

technologies may not offer substantial savings, a 5-10% improvement can prolong compliance until 

alternative fuels or new propulsion concepts (e.g. WASP) emerge. Energy Saving Devices (ESDs) like 

ducts and fins offer cost-effective solutions. Their installation results in a speed gain (at same power) 

leading to an increased Vref for the EEXI calculation or a power saving (at same speed), which is 

reflected in fuel saving and consequently in an improved CII. Despite proven efficiency in CFD or 

model tests, scepticism persists among many shipowners. They argue that real-world variables such 

as data accuracy, weather conditions, hull condition, and crew awareness may adversely affect the 

performance of ESDs if not carefully considered and mitigated. 

 

1. The regulatory Framework 

 

The roadmap developed during the initial IMO strategy for the reduction of GHG emissions of ships, 

which was approved at MEPC 70, stated that the strategy adopted in 2018 would be reviewed and 

subsequently revised after 5 years. During the MEPC 80 session held in July 2023, the Revised IMO 

Strategy was officially adopted. 

 

Compared to the initial approach, the revised strategy enhances the targets, aiming to achieve net-zero 

GHG emissions by or close to 2050. This is supported by two intermediate checkpoints: the first one 

based on a reduction in the total annual GHG emissions from international shipping by at least 20%, 

striving for 30% by 2030 compared to 2008, and the second one by at least 70%, striving for 80% by 

2040 compared to 2008, Fig.1. 

 

 
Fig.1: Revised IMO Strategy, DNV (2023) 

 

The revised regulation represents a significant improvement over the IMO’s initial GHG strategy, 

which aimed to cut GHG emissions by only 50% by 2050 and contained no absolute emissions 

reduction targets for the intermediate years. 

 

While the focus has now shifted to the assessment (both technical and economical) of mid-term 

measures and related technologies, particularly alternative fuels and alternative propulsion concepts 

(e.g., WASP), the short-term measures introduced during MEPC 76 (Energy Efficiency eXisting Ship 

Index, EEXI, as a technical measure, and Carbon Intensity Indicator, CII, as operational measures) 

remain valid, as do the technologies associated with meeting these measures.  
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Additionally, during the MEPC 80 session, a discussion took place regarding the review of the 

effectiveness of the short-term measures, expected to be completed by January 1st, 2026. 

 

The requirements for EEXI and CII are effective since January 1st, 2023. All ships of 400 GT and 

above are required to calculate their EEXI and implement technical measures to improve their energy 

efficiency. Additionally, all ships of 5,000 GT and above must calculate and report their CII, which 

correlates CO2 emissions to the ship's capacity over the distance travelled. In 2024, ships will be rated 

(A, B, C, D, E, where A is the best) against a reference line and required reduction factors. Ships 

rated E or D for three consecutive years will have to implement a plan of corrective actions, 

demonstrating how the required index (C or above) would be achieved. 

 

Shipowners have various options for complying with the EEXI and CII. The easiest way is probably 

to reduce speed by adopting either engine power limitation (EPL) or shaft power limitation 

(ShaPoLi). These techniques are mostly used on older ships because they require minimal changes to 

the ship and do not alter engine performance. 

 

However, it's important to note that employing these techniques might compel many operators to 

significantly expand their fleets to meet the additional capacity demand that will arise. Consequently, 

not only does this potentially nullify the overall carbon savings, but it also results in a substantial 

increase in operational costs. 

 

Furthermore, one should bear in mind that a ship must not reduce its engine power below the 

minimum propulsion power guidelines set by IMO (2013a) ensuring that the installed propulsion 

power remains sufficient to maintain the ship's manoeuvrability also in adverse conditions. 

 

A good compromise, in terms of cost and efficiency gain, especially when neither EPL nor ShaPoli 

proves sufficient, is the installation of energy-saving devices (ESDs), also referred to as propulsion 

improving devices (PIDs). These devices are mainly intended for propulsion improvement or thrust 

augmentation. 

 

Other technologies, such as alternative fuels, air lubrication, or employing the Wind-Assisted Ship 

Propulsion (WASP) concept, come with either high costs (due to retrofit installation, modification of 

existing systems, etc.) or substantial uncertainties (such as a lack of model tests or sea trial data). 

Ultimately, early retirement of the ship can also be taken into consideration. 

 

2. Energy Saving Devices (ESDs) 

 

Hydrodynamically based propulsion-improving devices are proven technologies that began 

proliferating in the 1980s when oil prices peaked following the 1970s energy crisis. These devices 

can be considered operating in three basic zones of the hull (see Carlton (2019) for more details): 

some are located before the propeller (zone 1), some at the propeller station (zone 2), and some after 

the propeller (zone 3). 

 

 
Fig.2: Zones for classification of propulsion improving devices, Carlton (2019) 



 

91 

In zone I, the ESD reacts with the final stages of the growth of the boundary layer over the stern of 

the ship. This is either to gain direct benefits from the boundary layer or to present the propeller with 

a more advantageous flow regime, and in some cases, perhaps both. Devices in zones II and III work 

within both the hull wake field and modifications to that wake field caused by the slipstream of the 

propeller. In this way, they attempt to recover energy that would be lost otherwise. 

 

Well-known devices for reducing wake losses include the WED (Wake Equalizing Duct), 

Schneekluth (1986), and the SILD (Sumitomo Integrated Lammeren Duct), Sasaki and Aono (1997). 

Devices for reducing rotation losses include the SVA fin system, Mewis and Peters (1986), the 

Daewoo pre-swirl fin system, Lee et al. (1992), and the Hyundai Thrust Fin system fitted to the 

rudder, NN (2005). A well-known solution for reducing losses in the propeller hub vortex is the PBCF 

(Propeller Boss Cap Fins), Ouchi et al. (1990). The Kappel propeller utilizes a special tip fin 

integrated into the propeller blades to reduce tip vortex losses, Andersen et al. (1992). 

 

In 2008, a revolutionary hydrodynamic energy-saving device, the Becker Mewis Duct® (BMD) for 

full-form vessels, like tankers and bulk carriers, was introduced in the market, Fig.3 (left). This 

device operates within zone 1 and is characterized by a duct and a fins system targeting a combination 

of flow loss types. The working principle and the theory behind it are described in the next section. 

 

In response to customer demand, the application of the BMD concept was extended in 2012 to 

include faster vessels with lower block coefficients, such as container ships. This led to the 

development of a new product named Becker Twisted Fin® (BTF), Fig.3 (right). Conceptually, the 

BTF is similar to the BMD, consisting of a radial series of pre-swirl fins encased by an optimized pre-

duct. Additionally, there is a series of radial outer pre-swirl fins that are twisted for optimal pre-swirl 

generation. 

 

  
Fig.3: Becker Mewis Duct® (left) and Becker Twisted Fins® (right) after installation at the shipyard 

 

Both the BMD and the BTF, along with the devices listed above, have an impact on the EEXI and 

CII. These technologies are defined as Energy Efficiency Technologies (EET) of category A, IMO 

(2013b). This category groups all the technologies that shift the power curve, resulting in a change in 

the combination of Pp (Propulsion Power) and Vref (Reference speed). For example, when Vref is kept 

constant, Pp will be reduced, and when Pp is kept constant, Vref will be increased. 

 

Due to the relatively low return on investment (ROI) and the simplicity of the installation process 

during regular dry docking, without the need for propeller removal, many shipping companies are 

opting for such devices as a countermeasure for timely compliance with the new requirements. 

 

2.1. Becker Mewis Duct® and Becker Twisted Fin®  

 

The Becker Mewis Duct® (BMD), also called “pre-swirl duct” in the literature, is based on a 

combination of two fully independent working principles, Mewis (2009), Mewis and Guiard (2011). 
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• The contra-propeller principle, well known for more than 100 years, Wagner (1929). 

• The pre-duct principle, first published by Van Lammeren (1949). 

 

The design goal of the Mewis Duct® in comparison with other ESDs is to improve two fully 

independent loss sources, namely: 

 

• Losses in the ship’s wake via the duct. 

• Rotational losses in the slipstream via the fins. 

 

The duct's function is to straighten and accelerate the hull’s wake into the propeller, producing net 

forward thrust, while the pre-swirl fin system reduces rotational losses in the propeller slipstream. 

Additionally, the improved slipstream behind the duct significantly reduces hub vortex losses, and 

further positive effects are associated with less propeller cavitation (less noise, fewer vibrations), and 

improved course keeping. 

 

Over the years, and also thanks to the experience collected during several tank tests conducted in 

independent model basins and advanced CFD calculations, the geometry of the BMD evolved from a 

typical full ring duct to a semi-ring duct, leading to further benefits related to weight optimization and 

drag reduction. 

 

For the newest ship designs with already well-optimized hull lines, the shape of the duct is further 

optimized by using twisted fin profiles that extend the duct for more pre-swirl effect, Fig.4. 

 

 
Fig.4: Becker Mewis Duct® - newest design for well optimized hull lines 

 

For each ship design, the BMD is optimized through CFD calculations and finally tested in an 

independent model basin. Alternatively, an extended CFD analysis can substitute the tests in the 

model basin. During the optimization process, the design is further refined by choosing the best 

combination of fin angles. 

 

The design process is quite complex and iterative. It begins with the computation of the wake field 

evaluated at various planes and operating conditions. Then, a preliminary duct design is taken as a 

starting point, and up to 45 parameters can be optimized to find the best duct design in terms of 

performance (power savings). Typically, and also for time reasons, the parameters that are changed 

during the design optimization are limited to around 10-12: duct diameter, duct profile length, duct 

profile thickness, duct profile pitch, number of fins, fins circumferential location, fins profile 

thickness, fins pitch, and fins profile radial variation. 

 

An average power savings of 6% has been measured across approximately 200 different tested ship 

designs. Generally, the power saving remains constant over the speed range, and the occasional small 

fluctuations observed in the results are usually due to inaccuracies in the measurement system of the 

model basin. 
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The application of the BMD becomes increasingly challenging as the block coefficient of the vessel 

decreases, typically for high-speed vessels. Such vessels have finer hull lines, resulting in cleaner, 

more uniform nominal wake fields. Due to higher flow speeds, there is a greater risk of cavitation in 

the duct. Additionally, the duct and fins are subject to higher dynamic pressure loads, resulting in 

higher stress values and, therefore, a more challenging structural design. 

 

The Becker Twisted Fin® (BTF) is a logical development of the BMD that incorporates alternative 

and new design features designed to overcome the difficulties outlined previously. All fins are twisted 

in the span-wise direction, enabling a more uniform hydrodynamic fin loading and controllable pre-

swirl. For retrofit projects, due care must be taken to limit the degree of pre-swirl generated to 

minimize the reduction of shaft speed and consequent 'heavy' propeller running. 

 

The design process of the BTF is very similar to the BMD, including the selection of the best 

combination of various parameters and the optimization process based on finding the optimal fin 

angle (either in the model basin or through advanced CFD calculations). 

 

To date, more than 200 BTF units, corresponding to over 20 different ship designs, have been 

installed on various sizes of container ships, achieving an average power saving of about 3.5%. 

 

3. Energy Saving Devices for EEXI and CII compliance 

 
The influence of the ESDs, particularly the BMD and BTF, on the EEXI and CII is of different 

nature. The EEXI is improved through the increase in Vref resulting in a speed gain. Since the 

relationship between speed and power can be approximated with a cubic function: P ≈ V3, the speed 

gain (at the same power) is less than the power saving (at the same speed). In numbers, a power 

saving of 4-8% can be quantified as 1-2% speed gain, which also corresponds to the EEXI 

improvement as shown in Table I. The calculation of the Vref for a ship fitted with ESD is explained 

in section 3.2. 

 

In the CII calculation, the effect of the ESD is taken directly into account in form of fuel 

consumption. It can be noted that the improvement in CII roughly corresponds to the measured (or 

calculated) power saving, bearing in mind fuel and power saving may vary slightly as explained in 

section 3.4.1. 

 

Additionally, the CII relies on operational data from the IMO DCS, where fuel consumption data are 

stored. Consequently, the rating is sensitive to external factors not directly linked to vessel 

performance. These factors include the quality of the data, precision of onboard sensors, weather 

conditions, hull condition, and the crew's familiarity with the new systems and regulations. Further 

details can be found in sections 3.4.2 to 3.4.4. 

 

Table I: Improvement on EEXI and CII due to installation of ESDs like BMD and BTF 

Power reduction 4-8% 

Ship speed increase 1-2% 

EEXI improvement 1-2% 

CII improvement 4-8% 

 

3.1. Impact of the ESD on EEXI  

 

The reference speed Vref is part of the denominator of the EEXI formula, which can be simplified to: 

  
     (1) 
     

PME = engine power, SFC = specific fuel oil consumption, CF = CO2 conversion factor and Vref = 

reference speed. 
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Since the improvement of the EEXI due to ESD installation is limited to 1-2%, Table I, in the 

majority of cases, additional measures are required to achieve compliance. One common approach is 

Engine Power Limitation (EPL) as explained at the end of section 1. A further benefit of installing 

ESD combined with EPL is that, due to the resulting increase in speed, the EEXI is reduced. 

Consequently, the EPL can also be decreased, leading to an additional increase in speed. 

 

In the following case study, this behaviour is explained. 

 

• A 115000 dwt Bulk carrier is going to be fitted with a Becker Mewis Duct®.  

• At Pme = 75% MCR the reference speed Vref of the ship without Mewis Duct is 14.45 kn and 

the attained EEXI is 3.62. 

• The required EEXI for this ship is 2.97, so an EPL is needed in order to reach compliance. 

• After EPL, the new Vref is calculated as 83% of the limited engine power (Pme_lim). 

• The Becker Mewis Duct® results in a speed increase of 0.23 kn at 83% of Pme_lim 

• The speed gain improves the EEXI from 2.97 to 2.92. This results in a larger remaining 

engine power and thus in a further increased Vref (additional 0.11 kn, in total 0.34 kn) 

 

  
Fig.5: Impact of the BMD on EEXI and EPL for a 115000 dwt bulk carrier 

 

 
Fig.6: Speed gain obtained after the installation of the BMD for over 40 vessels. The green points 

represent additional speed gain, accounting for the larger remaining engine power. 
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A similar investigation was conducted on several other ship types and sizes confirming the  results 

seen in the above case study: the application of an ESD for a vessel with EPL results in a speed gain 

due to the ESD effect and a further speed gain due to the larger remaining engine power. 

 

Instead of limiting the engine power, or in cases where it is not allowed to further reduce the power 

due to regulatory or technical constraints, a combination of multiple ESDs can also be taken in 

consideration. In such case a comprehensive numerical calculation or dedicated model tests, including 

all fitted devices, must be conducted. 

 

3.2. Calculation of the Vref for a ship fitted with ESD 

 

As per MEPC resolution 333(76) the effect of the ESD on Vref can be calculated according to the 

following methods: 

 

• Sea trial 

• Dedicated model tests 

• Numerical calculations 

 

Since in most of the cases there is a time and cost constrain for dedicated sea trial or model tests, 

numerical calculations are preferred, especially for projects where the energy saving devices are 

installed as retrofit (and a reduced lead time is highly appreciated). 

 

Numerical calculations are intended as computer aided calculations in which the Navier-Stokes 

equations are resolved by means of a Computational Fluid Dynamics (CFD) software, which requires 

to implement at least Reynolds-Averaged Navier-Stokes equations as governing equations with the 

consideration of viscosity and in presence of free-surface (MEPC 78/INF.16). 

 

As per resolution MEPC.333(76), numerical calculations can be used in complement of model tests or 

as a replacement of the latter. The methodology and numerical model used needs to be 

validated/calibrated against parent hull sea trials and/or model tests, with the approval of the verifier. 

The mentioned resolution contains all the minimum requirements to be implemented in the numerical 

modelling and to be included in the final report: from a detailed description of the geometry of the 

hull and all appendages, to the turbulence model to be used (commonly the k-ω model). Additionally, 

the CFD 3D model must be validated through a mesh sensitivity analysis and convergence plots have 

to be included to assess the convergence of the calculations. 

 
The calibration of the results is a crucial part. In case model test or sea trials for the ship being fitted 

are available, the numerical models used are to be calibrated against the parent hull. For the 

calibration a factor is calculated as the ratio between the sea trial power and/or model tests and the 

numerical calculation found power. In case model tests and/or sea trials are not available, which is 

possible for very old ships, the calibration needs to be conducted against a similar ship or a set of 

comparable ships.  

 

3.3. Impact of the ESD on CII 

 

Starting in 2024, each ship will be assigned a CII Rating from A to E based on the prior year’s IMO 

DCS data. Each ship needs a rating of C or better, Fig.7. Vessels that achieve a D rating for three 

consecutive years or an E rating in a single year must develop an approved corrective action plan as 

part of the SEEMP. Otherwise, they risk becoming unattractive to the charter market or unable to 

trade internationally. 

 

In accordance with MEPC.352(78), the CII is derived from the Annual Emissions Ratio (AER), 

calculated as the annual fuel consumption multiplied by the CO2 emissions factor, divided by the 

transport work (distance sailed by a ship multiplied by capacity). Furthermore, correction factors for 

specific ship types are applied. 
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𝐶𝐼𝐼 =
𝐴𝑛𝑛𝑢𝑎𝑙 𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑥 𝐶𝑂2𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑠𝑎𝑖𝑙𝑒𝑑 𝑥 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑥 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟𝑠    (2) 

 

The attained CII must be documented and verified against the required annual operational CII. This 

enables the Recognized Organization to determine the operational CII rating. 

 

Thus, the CII is directly based on fuel consumption, influenced by how a specific ship operates in 

combination with its technical efficiency. Its value varies with the type of fuel used, the efficiency of 

the vessel, and operational parameters such as vessel speed, cargo transported, weather conditions, 

and the general condition of the vessel. 

 

 

 
Fig.7: CII rating and development over time, source: DNV 

   
As per the values in Table I, the improvement of the CII given by the energy-saving devices is 

directly related to the power saving. Again, it's important to note that power savings do not equate to 

fuel savings, as explained in section 3.4.1. 

 

3.4.  Challenges on using the ESDs for CII compliance 

 

Differently from the EEXI, the CII cannot be verified by numerical calculations, model tests, or sea 

trials, but is based on operational data from the IMO DCS, where fuel consumption data are stored. 

The CII is, therefore, sensitive to external factors not essentially related to vessel performance, such 

as the quality of the submitted data, the precision of onboard sensors, weather conditions, hull 

condition, and, last but not least, the crew's awareness of how to deal with the new systems and 

regulations. 

 

The first challenge, however, lies in the definition of the CII itself. While energy-saving devices are 

part of the solution to achieve a better CII rating, the influence of operational parameters, especially 

the distance traveled, plays a significant role. It is also worth noting that the current definition of CII 

is criticized by various stakeholders in the shipping industry, and changes may come in the near 

future. Several proposals are under evaluation, and even a complete abolition of the index is on the 

table. The next set of decisions will be made by 2026. 

 

3.4.1. Difference between power and fuel savings 

 

The CII rating is based on the annual fuel consumption, but the savings given by the ESD are mostly 

referred to as power or energy savings. Power savings and fuel savings are not identical, and 

converting between them requires careful consideration, especially regarding the difference in 

specific fuel oil consumption of main engine and generators. 

 



 

97 

In the following example, taken from a real case, the difference between power and fuel savings is 

explained. 

 

An MR Tanker fitted with a Becker Mewis Duct® is expected to achieve a power saving of about 6% 

over the full speed range. The engine shop test data provided by the engine manufacturer gives 

information in the table below about the Specific Fuel Oil Consumption (SFOC). 

 

Table II: SFOC vs Engine Load 

Engine load 

[%MCR] 

SFOC 

[g/kWh] 

50 177 

55 176 

60 175 

65 174 

70 174 

75 174 

80 174 

 

The effect of the Mewis Duct on the fuel savings in evaluated for the following two cases. 

 

Case 1: operation at 70% MCR and 6% power savings given by the BMD. 

 

In order to achieve the same speed without BMD a higher engine load is required: 

 

𝑃𝐷(𝑤𝑖𝑡ℎ 𝑀𝐷) = (1 − 0.06) 𝑃𝐷 (𝑤𝑜 𝑀𝐷) 

Or  

70% 𝑀𝐶𝑅 = 0.94 ∗ 74.5% 𝑀𝐶𝑅 

 

The SFOC is almost constant when changing from 74.5% to 70% MCR and the fuel saving is equal to 

the power saving. 

 

Case 2: operation at 50% MCR and 6% power savings given by the BMD. 

 

In this case the situation is different: 

50% 𝑀𝐶𝑅 = 0.94 ∗ 53% 𝑀𝐶𝑅 

 

The SFOC changes from ~176 g/kWh to ~177 g/kWh; the fuel saving is less that the power saving. 

 

𝑓𝑢𝑒𝑙 𝑠𝑎𝑣𝑖𝑛𝑔 = 1 −
𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑤𝑖𝑡ℎ𝑀𝐷 ℎ⁄

𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑤𝑜𝑀𝐷 ℎ⁄
= 1 −

50%𝑀𝐶𝑅 × 177 𝑔 𝑘𝑊ℎ⁄

53%𝑀𝐶𝑅 × 176 𝑔 𝑘𝑊ℎ⁄
 

 

= 1- [(1 − 𝑝𝑜𝑤𝑒𝑟 𝑠𝑎𝑣𝑖𝑛𝑔) ×
177 𝑔 𝑘𝑊ℎ⁄

176 𝑔 𝑘𝑊ℎ⁄
] 

 

= 1-[(1 − 0.06)𝑥177/176] = 0.055 𝑜𝑟 5.5% 

 

3.4.2. Data quality and accuracy 

 

The quality and accuracy of the data collected on board are of paramount importance. Historically, 

noon reporting has been the means of collecting data from vessels. Nowadays, while manual data 

input is still widely used, automatic data collection is being implemented on more and more ships, 

driven by the need to improve efficiency and reduce human errors. Unlike manual data collection, 

high-frequency data logging provides accurate data sets, making it easier to assess and verify the 

impact of operational changes on a vessel’s performance. 
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Since the monitoring system on board is fed by sensor data, the accuracy and precision of the various 

sensors installed on board plays a critical role. Each sensor has its accuracy in measurements; for 

example, fuel flow meter accuracy ranges between 0.05-3%, depending on the type, manufacturer, 

flow characteristics, and installation. Fuel readings by tank soundings are estimated to have an 

accuracy of 2-5%, Faber et al. (2013). Additionally, all other sensors on board have their accuracy, 

which depends on calibration and manufacturer, and errors can occur if the devices are poorly 

maintained or calibrated. Inaccurate sensors will lead to measurement errors that are inevitably 

reflected in the overall ship performance characteristics. 

 

In general, an overall measurement error of 5% is common, which, for the purpose of CII calculation, 

is significant. Therefore, particular attention should be given on having a reliable dataset based on 

calibrated instruments. 

 

3.4.3. Weather and hull condition 

 

Weather and hull conditions are external factors that are always present and difficult to control. 

Heavy weather and hull fouling increase ship resistance, resulting in more CO2 emissions and 

consequently, a worsened CII rating, Tables III and IV. 

 

Weather routing programs and anti-fouling hull coatings can mitigate operational risks and enhance 

fuel efficiency by optimizing vessel paths based on weather conditions and reducing the impact of 

marine growth on the hull, respectively. 

 

Table III: Estimated average increase in resistance for ships navigating the main routes, MAN (2018) 

North Atlantic route, navigation westward    25-35% 

North Atlantic route, navigation eastward 20-25% 

Europe-Australia 20-25% 

Europe-East Asia 20-25% 

The Pacific routes 20-30% 

 

Table IV: The Effect of hull fouling on ship performance, NN (2004) 

Slime 1~2% increase in vessel drag 

Weed up to 10% increase in vessel drag  

Shell  up to 40% increase in vessel drag  

 

Examining the above tables makes it clear that the positive impact of ESD on ship performance and 

CII becomes negligible when the hull is fouled or when the ship is navigating in regions impacted by 

heavy weather. 

 

3.4.4 Crew Awareness 

 

Ships are operated by technical managers on shore and crew members on board; thus, they are 

directly involved in implementing energy efficiency operational measures. 

 

The Master and Deck Crews are directly involved in implementing the ship’s navigation and port 

operation-related energy efficiency measures, such as speed optimization and weather routing. 

Meanwhile, the Chief Engineer and Engine Crews are responsible for all ship propulsion-related 

energy efficiency measures, including main engine performance monitoring, waste heat recovery, and 

propeller performance monitoring. 

 

Onshore Technical Managers hold responsibility for the technical and navigational operations of 

ships. They oversee 5 to 10 ships and supervise vessels’ Masters and Chief Engineers by providing 

technical and necessary support from the ship owner's side, Dewan and Godina (2023). 
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Many vessels are equipped with performance monitoring systems that transmit real-time data to the 

ship operating office onshore. This technology enables technical managers to check and analyse the 

vessel's data from their office, provide feedback to the onboard ship crews, and offer advice on 

improving the energy-efficient operation of the vessel. 

 

According to Dewan et al. (2018), the four main barriers to implementing energy efficiency measures 

are the lack of knowledge, awareness, and competence among seafarers, along with operational 

challenges. Raising awareness and understanding among seafarers is crucial for adopting and 

effectively implementing energy efficiency measures onboard ships. Providing necessary education 

and training for onshore managers and onboard seafarers should be facilitated and treated as a vital 

part of ship operations. 

 

When the ship is retrofitted with propulsion improving devices, such as ducts or pre-swirl devices, it 

is important that the onboard crew is trained on how to harness the benefits provided by these 

devices. It should be emphasized that these technologies can either increase speed with the same 

power or achieve power savings while maintaining the same speed. Additionally, the crew should 

receive adequate training on how to monitor the ship's performance, and the technical managers 

onboard should be equipped with the skills to analyse the received data and take the right decisions. 

 

4. Conclusions 

 

The shipping industry is actively working on enhancing its environmental sustainability by adopting 

strategies and implementing measures to improve energy efficiency. The focus on ESDs, such as 

BMD and BTF, indicates a practical approach to achieving short-term emission reduction targets, but 

several challenges need to be addressed for successful implementation. 
 

Unlike EEXI, CII relies on operational data from the IMO Data Collection System (DCS), making it 

sensitive to factors such as data quality and the accuracy of sensors installed on board vessels. 

Without a reliable performance monitoring system based on precise and well-calibrated sensors, 

obtaining trustworthy information about fuel consumption becomes difficult, potentially negatively 

impacting the CII significantly. 
 

The impact of external factors, such as weather and hull conditions, must also be considered, as they 

can completely nullify the benefits of energy-saving devices. A ship navigating in adverse weather or 

with a fouled hull experiences significantly higher resistance compared to normal conditions. 

Fortunately, mitigation measures like weather routing and low-friction coatings are available to 

enhance control over these external factors. 
 

Finally, the awareness of both onboard and onshore personnel plays a crucial role. A well-trained 

crew onboard can operate the vessel in the most efficient way, and the onboard technical managers, 

when properly instructed, can draw the right conclusions from the data received from the vessel. 
 

The upcoming assessment of the CII is scheduled for 2026. It will be insightful to observe the 

developments up to this date and assess the persistence of the existing challenges. 
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Maritime IoT: Onboard Energy Data as Key to Operational Optimization  
 

Klas Reimer, Hoppe Marine, Hamburg/Germany, k.reimer@hoppe-marine.com 

 

Abstract 

 

The integration of precise sensors and timeseries data acquisition through the Maritime Internet of 

Things (MIoT) paves the way for effective energy balancing and operational optimization. This 

approach focuses on installing flow meters for accurate fuel monitoring and sophisticated data trans-

mission systems, laying the groundwork for enhanced energy management. Such methodologies are 

relevant for adhering to CII guidelines and preparing for the challenges posed by the EU ETS from 

2025. The integration of Continuous Emission Monitoring Systems (CEMS) and energy measurement 

devices build the foundation for energy balancing. This allows operational optimization and validated 

reporting solutions and shows the critical role of data-driven decision-making and reporting in 

achieving sustainability and efficiency enhancements. 

. 

1. Introduction  

 

The maritime industry faces the dual challenge of improving its operational efficiency while simulta-

neously reducing emissions to comply with growing international regulations and environmental stand-

ards. Innovative technologies such as the Maritime Internet of Things (MIoT) allow new ways to meet 

these demands. In this context, Hoppe Marine, a leading maritime systems supplier, plays an essential 

role by leveraging MIoT to perform precise measurements and analyses of maritime operational data. 

This data is relevant for optimizing and promoting the sustainability of ship operations. 

 

Another important aspect in regulating maritime emissions is the introduction of the "CII Voyage ad-

justments and Correction Factor according to MEPC 355 (78) by the Marine Environment Protection 

Committee (MEPC). This regulation allows the exclusion and deduction of certain energy-intensive 

activities like cargo cooling and heating from the calculation of the Carbon Intensity Indicator (CII) in 

order to make vessels energy demand comparable. Although this helps achieve improved emission 

values, the practice is not merely about looking good on paper. Instead, it is essential to holistically 

understand, account for, and optimize ship operations to achieve genuine, sustainable improvements in 

efficiency and environmental compatibility. 

 

The efficiency and sustainability of ship operations significantly depend on the accuracy and availabil-

ity of operational data. For a long time, the traditional maritime industry relied on manual measurements 

and manual reported noon data. However, given the increasing emission regulations and a need for 

efficiency improvements, a paradigm shift is necessary. The saying "You cannot optimize what you do 

not measure" highlights the need to precisely capture operational data to make informed decisions. 

 

2. Energy Accounting  

 

With the introduction of the EU Emissions Trading System (EU ETS) in 2025, the focus on reducing 

CO2 emissions in the maritime industry will intensify. The Maritime Internet of Things (MIoT) plays 

a crucial role in measuring and optimizing ship operational processes to ensure compliance with new 

regulations while simultaneously reducing operational costs. A deeper look, where does the energy 

shows: 

• Energy Supply (100%): Fuel that is fed into the main engine and auxiliary generators.  

• Useful Work (~25-30%): The portion of energy that is actually converted into propulsion and 

electrical power. This value can vary depending on the efficiency of the engine and the entire 

propulsion system. 

• Waste Heat (~30-35%): A large part of the energy is lost as waste heat through the cooling 

system and exhaust system. 

mailto:k.reimer@hoppe-marine.com
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• Auxiliary Systems and Peripherals (~5-20%): Pumps, fans, auxiliary units Exhaust (~15-

20%) 

 

The exact percentage depends on the type of fuel, the efficiency of combustion, and the effectiveness 

of after-treatment systems. 

 

3. Balancing through Precise Measurement of Energy Input and Usage 

 

A central element in optimizing maritime operations and increasing energy efficiency is energy ac-

counting. It enables a profound understanding of how energy is generated, distributed, and consumed 

aboard a ship. Similar to a Sankey diagram, which visualizes energy flow through various systems, 

effective energy accounting requires precise data on energy input and usage. 

 

Fuel consumption as the primary energy input plays a crucial role in a ship's energy balance. Measur-

ing fuel consumption using flow meters provides direct data on the amount of energy supplied to the 

propulsion system and generators. This data is fundamental to assessing the efficiency of the main en-

gine and auxiliary generators and identifying optimization opportunities. 

 

Power measurement in various ship systems, including the main engine, auxiliary generators, and pro-

pulsion systems, enables an understanding of how energy provided by fuel consumption is transformed 

and utilized. Monitoring performance data helps identify losses, assess the efficiency of machinery and 

systems, and develop approaches to improve the overall energy efficiency of the ship. 

 

Exhaust measurement provides important insights into the efficiency of combustion processes and the 

environmental impact of ship operations. Continuous monitoring of exhaust composition not only en-

sures compliance with emission regulations but also assesses and optimizes combustion efficiency, 

Müller and Schmidt (2021). In particular, measuring CO2, NOx, SOx, and particle emissions helps 

relate energy consumption to emissions and develop strategies to reduce the ecological footprint. 

 

Integrating these measurement points into a comprehensive MIoT system enables detailed and dynamic 

energy accounting. Through the continuous collection and analysis of data regarding energy input and 

usage, vulnerabilities can be identified, operational adjustments can be made, and long-term strategies 

for increasing energy efficiency and reducing emissions can be developed. This precise form of energy 

accounting is key to achieving more sustainable and efficient ship operations. 

 

4. Reduction of Operating Costs through Energy Measurement - Theoretical Example of Energy 

Measurement 

 

The concept of energy data collection serves not only to optimize the Carbon Intensity Indicator (CII) 

to remain competitive and avoid disadvantages that could arise from the assessment of energy-inten-

sive goods but also enables smarter control of energy consumers. For example, a device with a power 

rating of 120 kW consumes approximately 190 tons of fuel annually, costing €155,000 and causing 

600 tons of CO2 emissions. 

 

Particularly in oil tankers, cargo heating and cargo transfer can account for up to 25% of the energy 

demand (Crude oil tankers utilize boiler energy to maintain the cargo in a liquefied state at about 50°C. 

Heat conduction depends on the temperature difference, surface area, and heat loss coefficient for each 

surface. The required heating rate depends on the cargo mass, specific heat constant, temperature dif-

ference, and target time for heating up). This can correspond to a difference of at least one energy class 

in the CII rating. 

 

This underscores the importance of more accurate measurement and adjustment in assessing energy 

consumption to ensure a more realistic assessment of environmental impact and efficiency. 
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Fig.1: Energy Intensity and possible Correction Factors for different vessel types (source: 

          MEPC.355(78) – Reefer, Reliquefaction & Refrigeration Plant) 

 

Integrating MIoT into the existing ship infrastructure presents technical and operational challenges, 

particularly in data collection and validation. Ensuring data quality and integrity is crucial for relia-

ble analyses and optimization strategies, Reimer (2020).  

5. Use Case Energy  

 

Energy measurement onboard merchant ships is trends towards the installation of energy measurement 

devices by Rogowski coil principle, which allows for contact-free current measurement via magnetic 

fields. The coils, Fig.2, can be easily clamped onto existing cables or busbars and are capable of meas-

uring currents up to 10,000 amperes. Connecting all energy measurement devices via a bus line enables 

centralized and efficient capture of electrical power, for both individual and combined consumers, 

such as individual fans or junction boxes of refrigerated containers. 

 

 
Fig.2: Retrofitted Energy Measurement Device (Rogowski Principle) 
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Numerous generators—from auxiliary generators to shaft generators, shore power connections (cold 

ironing), and modern energy sources like fuel cells or battery systems—as well as various consumers 

such as refrigerated containers, cargo pumps, and air conditioning systems can be precisely monitored. 

 

In addition to these advantages, the devices can be easily retrofitted in the switchboard room due to 

short connection paths. Communication via bus allows for cost-effective, efficient, and space-saving 

installation. This makes the system particularly valuable for all types of ships by enabling precise 

energy accounting for operational optimization and cost reduction. The cost for an energy measurement 

point with energy consumption and counter is ~500 € per measurement point. 

 

6. Reduction of Operating Costs through Optimization 

 

In terms of measurement and data acquisition of primary parameters for modeling, the use of flow 

meters to measure fuel consumption and sensors to monitor the performance of ships and generators 

enables the collection of precise real-time data. These measurements are essential to understand the 

actual energy consumption and identify potential savings. 

 

 
Fig.3.: Relevant Data Sources for Energy Balancing 

 

As shown in Fig.3 with the most important data sources, integrating MIoT into the existing ship infra-

structure presents technical retrofit possibilities, particularly in data collection and validation. Ensuring 

data quality and integrity is crucial for reliable analyses and optimization strategies. 

 

7. Data Transmission and Analysis 

 

A stable, cyber secure and bidirectional data transmission channel allows secure and efficient transmis-

sion of collected high quality data to shore, https://docs.hoppe-sts.com/docs/doc2#security, Harcke 

(2019). There, the data can be analyzed and used to support decision-making. This is particularly rele-

vant for planning structural measures to improve energy efficiency and comply with CII guidelines. 

 

 
Fig.4.: Data Processing with “Data Highway” 

 

 

https://docs.hoppe-sts.com/docs/doc2#security
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7. Examples for Operational Optimization 

 

In addition to energy accounting, operational optimization of ships through a variety of approaches 

offers potential for significant improvements. In addition to Fig. 4, trim optimization can lead to a 

decrease in speed by 5% or an increase in power requirement by more than 20% with just a few deci-

meters difference in draft.  

 

 
Fig.4: Different optimization potentials in vessel operation 

 

Optimizing the ship's alignment in the water minimizes resistance and can significantly reduce energy 

consumption. Fan control is another example where adjusted ventilation not only optimizes onboard 

comfort but also energy demand. This prevents ventilation systems from running unnecessarily, thus 

avoiding energy waste. 

 

Route optimization, which includes weather data and ocean currents in the planning, can also lead to 

substantial fuel savings, e.g. Brown and Johnson (2022). Choosing the most economically favorable 

route makes the journey more efficient without unnecessarily burning fuel. Setting an economical 

speed, the so-called "Economic Speed," ensures that the ship operates at the optimal speed that mini-

mizes fuel consumption relative to time and distance. Furthermore, rudder position optimization can 

lead to reduced fuel consumption by making the rudder work less against the direction of travel, thus 

reducing flow resistance. 

 

The influence of wind represents a significant factor. Wind-induced resistances can be responsible for 

an increase in fuel consumption of over 20%. Accurate weather data and adjusted navigation can min-

imize the impact of wind, White and Martin (2021). The operation of auxiliary engines in port often 

reveals that two generators are running simultaneously at 30% to 40% load. A detailed analysis of 

operating behavior can save fuel and increase efficiency through optimized load distribution or the 

shutdown of surplus generators, Green and Harper (2023). 

 

These examples demonstrate that significant savings in terms of both costs and environmental impact 

can be realized through intelligent control and analysis of ship operational data.  
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8. Conclusion 

 

This paper highlights the critical importance of capturing and analyzing precise operational data to 

achieve efficiency gains and emission reductions in the maritime industry. Hoppe leverages the Mari-

time Internet of Things (MIoT) to facilitate comprehensive measurement of ship operational parame-

ters, utilizing flow meters for fuel measurement and robust data transmission systems. This methodol-

ogy not only supports structural decision-making in line with CII guidelines but also addresses the 

upcoming challenges posed by the EU Emissions Trading System (ETS) set to take effect in 2025. By 

integrating energy measurement devices with the acquisition of operational data, the paper outlines a 

framework for reducing operational costs and CO2 emissions. It also sheds light on both the technical 

and operational challenges and opportunities that MIoT presents for the maritime sector. This approach 

illustrates how intelligent control and precise data analysis based on retrofitted sensor and measurement 

devices can lead to substantial cost savings and a lower environmental impact, underscoring the trans-

formative potential of digital technologies in maritime operations.  
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Abstract 

 
This paper presents a ship trim optimization strategy, employing user-friendly software tool integrating 

Computational Fluid Dynamics (CFD) and Artificial Neural Networks (ANNs). It evaluates parameters 

like brake power, shaft speed, and fuel consumption. The tool streamlines complex models into an 

accessible interface, providing optimized recommendations swiftly. CFD-informed ANN models ensure 

precise predictions. This advancement minimizes fuel usage, cuts operational costs, and promotes 

maritime sustainability. By bridging advanced computation and practicality, the tool enhances 

operational efficiency. The interdisciplinary integration of CFD, ANN, and user interface software 

underscores technology's role in advancing greener, cost-effective ship trim optimization for the 

maritime industry's future. 

 

1. Introduction  

 
Since the International Maritime Organization (IMO) introduced the Energy Efficiency Design Index 

(EEDI) in 2013, and later for existing ships (Energy Efficiency for Existing Ships Index - EEXI) in 

2023, the shipbuilding industry has been compelled to change. The primary goal of implementing these 

parameters is to reduce global CO2 emissions by 40% by 2030 and 70% or at least 50% by 2050, 

compared to 2008 levels. Energy efficiency criteria are based on nominal ship data and apply to all 

ships falling under MARPOL Annex VI and over 400 GT. Each ship has its attained EEDI/EEXI, which 

must be lower than the required EEDI/EEXI. The required EEDI is based on the formula a(DWT)-c, 

where a and c are parameters determined from the regression curve fit IMO (2013) of data from ships 

built between 1999 and 2009, depending on the type of ship. Over the years, the required EEDI 

decreases according to reduction factors shown in IMO (2011) through four phases. The required EEXI 

is based on the required EEDI, with a reduction factor shown in IMO (2021a), and the plan is for the 

required EEDI and required EEXI to match from 2025, with the EEXI criterion being slightly stricter 

until then. In addition to nominal efficiency parameters, there are also operational efficiency indicators. 

The idea of the Energy Efficiency Operational Indicator (EEOI) was first conceived in IMO (2009), but 

it never became mandatory, only voluntary. It was not until 2023 when the Carbon Intensity Indicator 

(CII) officially came into force, providing a real picture of pollution originating from ships. Similar to 

EEDI and EEXI, there are attained CII, IMO (2022a), and required CII, IMO (2022b), with the attained 

CII having to be lower than the required, and the required CII decreasing over the years, IMO (2021b). 

Based on this indicator, each ship falls into one of 5 energy efficiency grades (A, B, C, D, or E), with 

the boundaries between them and the method of determining them for each ship separately, depending 

on DWT, defined in IMO (2022c). The basic data considered when calculating CII are distance 

travelled, time spent underway, and the amount of fuel consumed over a one-year period. Recording 

these three pieces of information has been mandatory since 2019 under the Data Collection System 

(DCS) for all ships with 5000 GT or more, IMO (2016). Ships that achieve class D for three consecutive 

years or class E for at least one year must create a plan of measures to be taken in the next steps to 

reduce CO2 emissions and enter at least class C, IMO (2022d). 

 

Measures that can be implemented to reduce CO2 emissions and improve energy efficiency are diverse 

and can be divided into operational and technical measures. Operational measures are: improved 

voyage planning, weather routeing, “just in time“ voyage, speed optimization, optimized shaft power, 

optimum trim, optimum ballast, optimum use of rudder and heading control systems (autopilot)... 

Technical measures include: hull maintenance, propulsion system upgrading and maintenance, waste 

heat recovery, fuel type change, hull retrofit (bulb modification, stern modification, energy saving 

device installation), wind-assisted propulsion...  
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Trim typically refers to the variance between the draft at the aft and forward sections of a ship. Positive 

trim indicates that the stern is deeper in the water than the bow, while negative trim signifies the 

opposite. Achieving optimum trim minimizes the required propulsive power, a goal facilitated by 

careful planning and executing a ship ballasting plan. Adjusting ballast water and redistributing fuel 

between tanks can optimize trim, especially when the ship is fully loaded. The relationship between a 

ship's resistances and its trim is closely related to each other. Trim influences the ship’s wetted surface 

area and waterplane area, consequently impacting the forces impeding its movement through the water.  

The conventional method to find the best trim involves conducting model tests in still water to assess 

resistance across different drafts and trims, resulting in a set of curves highlighting the trim with the 

lowest resistance for a specific draft. This information is seamlessly integrated into onboard tools, with 

tests being commonplace and basins typically equipped with established procedures and recent insights 

to aid in their execution, aiming to measure slight power fluctuations within the anticipated range of 0 

to 4% of the total installed power, ABS (2013), or 2% to 4% reduction in fuel consumption, Ziarati et 

al. (2017). Today, advancements in accuracy have reached a point where trim tables derived from CFD 

software calculations can rival the outcomes obtained from traditional resistance model tests for less 

investements. Beside model test and CFD method there are another two ways to determine optimum 

trim: sea trials and machine learning method. Sea trials require a lot of time and amount of fuel to 

determine optimum balast, while machine learning method requires a massive amounts of data from 

ship past navigarional voyages, MTCC-Asia (2017). The scope of this study is focused only on trim 

optimization with CFD method applied on one RO-RO car carrier.  

 

Various studies already exist in the field of trim optimization using CFD methods applied to different 

types of ships. For instance, Sherbaz et al. (2014) demonstrated that optimizing the trim of a container 

ship like MOERI (KCS) can reduce total resistance by 2%, similar to the benefits seen in optimizing 

the trim of a US Navy ship, Le et al. (2021). Some studies even report greater benefits, such as 

Petursson (2009), highlighting potential fuel savings of up to 5%, Lee et al. (2014) showing a 6% 

reduction in delivered horsepower. Results from trim optimization can vary significantly depending on 

the trim condition; Lyu et al. (2018) emphasize that total resistance in the Series 60 varies by up to 11% 

between the worst and best trims. Even greater potential benefits are highlighted in Moustafa et al. 

(2015), where trim optimization of bulk carriers can reduce total resistance by up to 14%. Concerning 

RO-RO ships, savings of up to 10.4% in delivered power or 1.2t fuel/day can be expected, Demir 

(2019). In addition to the trim optimization calculations themselves, specialized software is often 

mentioned that can quickly determine the optimal trim based on input parameters, Lee et al. (2014), 

Reichel et al. (2014). 

 

2. Methodology 

 
The conducted work focused on Trim optimization of the RO-RO ship by using CFD simulations and 

guidelines ITTC (2014a,b), ITTC (2017), ITTC (2021a,b), IMO (2022e). Firstly, the focus was on the 

development of a 3D model of the RO-RO ship, utilizing the available documentation. The digital twin 

encompassed the hull, rudder, and propeller, aiming to replicate the ship's characteristics and behavior 

accurately. To ensure the fidelity of the 3D model as a representative digital twin, its hydrostatics were 

compared against data from the Trim & Stability booklet.  

 

In order to assess the performance of the ship's propulsion system, two simulations of open water tests 

(OWT) were conducted. The scope of the first simulation was to verify the calculation methodology. 

An analysis of an equivalent B series was carried out due to lack of original model test data. The CFD 

analysis results were compared against the expected performance curves of the subject B series 

propeller with the same geometry particulars as per IMO (2022e). The scope of the second set of open 

water tests simulations was to predict the performance curves of the original propeller. In both cases, 

the following methodology is aligned with IMO (2022e). 

 

Following the open water tests simulations, an analysis of steady resistance and self-propulsion with 

actuator disk tests at the design draft for three different speeds was completed. These simulation results 

were then compared against data from model tests. 
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Furthermore, the work included trim optimization simulations conducted for a range of speeds of 12.5, 

15 and 18 kn at 7.5, 8 and 8.7 m draft, and seven different loading conditions. The aim was to optimize 

the trim settings and assess their impact on performance parameters under calm water conditions. The 

results of these simulations were presented as percentage savings in brake power and estimated fuel 

consumption, based on the available data. 

 
3. Results 

 
Results of conducted open water test simulation with B series propeller have been compared with the 

available results obtained with mathematical model. As per IMO (2022e) guidelines, Kt, Kq, and η0 

evaluated in CFD simulation have to be no more than 3% different from the target values in the relevant 

propeller operating range. Graphical representation of CFD results from conducted OWT for original 

propeller, B series corresponded propeller with mathematical model data for that B series propeller is 

shown in the Fig.1. 

 

 
Fig. 1: Propeller characteristics – MM: mathematical model, CFD: simulated OWT 

 

As the results for each of the advance coefficients are within the prescribed 3%, the CFD calculation 

methodology is considered valid therefore, the OWT CFD results for original propeller are used in self-

propulsion simulations with actuator disk to estimate thrust, torque and shaft speed. Steady resistance 

simulations were used to obtain total resistance and nominal wake fraction coefficient. In the numerical 

simulations conducted for this study, the direct consideration of roughness effects and air resistance 

resulting from the presence of a superstructure is not included. However, these effects are accounted 

for in the post-processing stage by following the recommended procedures and guidelines outlined in 

ITTC (2017). The ITTC guidelines provide specific methodologies for incorporating the effects of 

roughness and air resistance into the analysis, allowing for assessment of the overall performance and 

characteristics of the ship. Hence the real propeller was not implemented in simulations just actuator 

disk, the relative rotative efficiency is adopted to be 1. The shaft efficiency coefficient is adopted to be 

0.99.  

 

Table I provides a detailed overview of the relevant parameters and their corresponding values 

estimated by CFD analysis for the speeds of 17, 19 and 21 kn because for these speeds model test data 

are available. 
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Table I: Results with included roughness effects and air resistance 

V [kn] Fp [kN] Fv [kN] Ft'[kN] t [-] w [-] T' [kN] Q [kNm] η0 [-] n' [rpm] PD [kW] PB [kW] 

17 125.454 292.216 475.936 0.1746 0.2487 576.644 466.316 0.6736 103.1 5032 5083 

19 178.852 366.869 622.133 0.1579 0.2479 738.831 595.864 0.6721 116.0 7236 7309 

21 321.762 438.076 857.035 0.1600 0.2458 1020.295 820.407 0.6656 132.8 11408 11523 

 

As per IMO (2022e) guidelines, shaft speed and brake power should not deviate more than 5% from 

model test or sea trials data for the same ship speed. In this case, the calibration factors are 1.05 for 

shaft speed and 1.04 for brake power, which means that obtained CFD results should be multiplied by 

these calibration factors. Calibrated power curves are presented in Fig. 2 and Fig. 3. 

 

  
Fig.2: Brake power vs ship speed Fig.3: Brake power vs shaft speed 

 

Trim optimization simulations were conducted for a speed of 12.5, 15 and 18 kn at 7.5, 8 and 8.7 m 

draft and -1.5, -1, -0.5, 0, 0.5, 1, and 1.5 m trim. Negative sign means trim by bow and positive sign, 

trim by stern. 

 

With available specific fuel oil consumption (SFOC) curve as a function of brake power, a possible 

reduction of fuel consumption was also calculated. Table II presents brake power change for each trim, 

speed and draft. Relative difference is calculated based on trimmed condition and even keel condition. 

Cells marked in green indicate areas of savings in the brake power, while red cells represent the zone 

to be avoided as greater power is needed compared to even keel condition. The biggest reduction in 

power can be achieved at 1.5 m trim by bow, 7.5 m draft and speed of 15 kn (11.5%), while for the 8 

and 8.7 m draft, the biggest reduction is at 12.5 kn (8.6%, 7.5%, respectively). Estimated possible fuel 

oil consumption reduction is presented in Table III. 

 

Table II: Brake power reduction 

                    trim [m] 

     V [kn]     
-1.5 -1 -0.5 0 0.5 1 1.5 draft [m] 

12.5 -8.1% -4.6% -3.1% 0.0% 6.3% 11.9% 16.0% 

7.5 15 -11.5% -7.6% -4.9% 0.0% 4.2% 11.3% 17.1% 

18 -7.5% -3.9% -1.5% 0.0% 3.5% 10.6% 16.1% 

12.5 -8.6% -5.8% -3.0% 0.0% 3.9% 13.0% 22.3% 

8.0 15 -7.3% -3.9% -1.3% 0.0% 5.3% 12.5% 19.9% 

18 -5.0% -5.4% -2.8% 0.0% 2.6% 13.5% 15.1% 

12.5 -7.5% -5.0% -3.0% 0.0% 3.5% 11.8% 23.0% 

8.7 15 -6.6% -5.4% -2.8% 0.0% 4.7% 13.7% 18.8% 

18 -5.9% -4.3% -3.7% 0.0% 5.0% 14.2% 17.0% 
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Table III: Fuel oil consumption reduction 

               trim [m] 

    V [kn]    
-1.5 -1 -0.5 0 0.5 1 1.5 draft [m] 

12.5 -7.6% -4.2% -2.9% 0.0% 5.8% 11.0% 14.6% 

7.5 15 -10.5% -6.9% -4.4% 0.0% 3.8% 10.3% 15.5% 

18 -7.1% -3.7% -1.4% 0.0% 3.4% 10.1% 15.4% 

12.5 -8.0% -5.4% -2.8% 0.0% 3.6% 12.0% 20.4% 

8.0 15 -6.7% -3.5% -1.2% 0.0% 4.8% 11.3% 18.0% 

18 -4.8% -5.2% -2.7% 0.0% 2.5% 13.0% 14.5% 

12.5 -7.0% -4.7% -2.8% 0.0% 3.2% 10.9% 20.9% 

8.7 15 -6.1% -4.9% -2.6% 0.0% 4.3% 12.5% 17.2% 

18 -5.7% -4.1% -3.6% 0.0% 4.9% 13.8% 16.4% 

 

For 7.5 m draft, up to10.5% of fuel can be saved by trimming the ship 1.5 m by bow and sailing at 15 

kn. For higher drafts, more fuel can be saved by sailing at 12.5 kn instead of 15 or 18 kn and even keel. 

By following the trend of the power curves as a function of trim, more fuel could be saved by going 

from trim by stern to the trim by bow. Maybe more amount of fuel could be saved by going to -2 m 

trim, but this condition on current ship cannot be achieved.  

 
4. Advanced mathematical model for ship performance prediction 

 
In the realm of modern engineering and transportation systems, the estimation of crucial parameters 

such as brake power, shaft speed, and daily fuel oil consumption plays a pivotal role in enhancing 

performance, optimizing efficiency, and minimizing operational costs. To address this imperative need, 

a sophisticated mathematical model has been developed, leveraging the power of ANNs. Unlike 

conventional approaches that primarily focus on simulated loading conditions, this innovative model is 

uniquely tailored to tackle the challenges posed by non-simulated loading conditions. By harnessing 

the capabilities of ANNs, this model promises to offer a reliable framework for estimating these critical 

parameters, thereby contributing significantly to the advancement of engineering solutions in real-

world scenarios. 

 

So far, ANN has been applied in predicting fuel consumption based on NOON reports Bal Besikci et 

al. (2016), Jeon et al. (2018) and for predicting ship speed Bassam et al. (2023). Additionally, research 

has been conducted on applying ANN for predicting both ship speed and fuel consumption based on 

data from sails, specifically for a barquentine, Tarelko et al. (2020). 

 

A feedforward artificial neural network (FFANN) is one of the most common and fundamental types 

of neural networks used in machine learning and deep learning. It is a basic architecture where 

information flows in one direction, from input to output, without any feedback loops or recurrent 

connections. It consists of layers of interconnected neurons, including an input layer, one or more 

hidden layers, an output layer, Fig.4, and biases. A bias is a learnable parameter associated with each 

neuron. It allows neurons to introduce an offset or shift in their output, making the network more 

flexible in modeling complex data patterns. By adjusting bias terms during training, the network can fit 

data better and learn non-zero outputs even when inputs are close to zero. In this network, data flows 

in one direction, from the input layer through the hidden layers to the output layer. Within an FFANN, 

neurons compute weighted sums of inputs, apply activation functions, and transmit results to 

subsequent layers. Activation functions introduce non-linearity, facilitating the modeling of complex 

data relationships. Connections between neurons are characterized by weights that govern connection 

strength. Backpropagation is an algorithm used for training FFANNs. This is named "backward 

propagation of errors" because it works by iteratively adjusting the weights and biases of the neurons 

in the network to minimize the error between predicted and actual outputs. 



 

 112 

 
Fig. 4: Layers of interconnected neurons (circles) and biases (squares) 

 

The training process involves two primary phases: the forward pass and the backward pass. During the 

forward pass, input data is fed into the network to make predictions. Subsequently, during the backward 

pass, the error is propagated backward through the network, with weights and biases being updated 

based on the gradient of the error. This iterative process continues until the network's error is 

minimized, enabling it to make accurate predictions. When a neuron receives input, it collects all these 

input values and multiplies each of them by their corresponding weights. These weighted inputs are 

then combined with the neuron's bias. After this, the sum is processed using an activation function to 

determine the neuron's output: 

 

𝑆𝑥,𝑖 = 𝑓 (∑ 𝑆𝑥−1,𝑖 ∙ 𝑤𝑥,𝑖 + 𝑏𝑥,𝑖

𝑖

) 

𝑓 – activation function, 𝑆𝑥,𝑖 – output signal, of 𝑖th neuron in 𝑥th layer, 𝑆𝑥−1,𝑖 – output of 𝑖th neuron in 

𝑥 − 1th layer, 𝑤𝑥,𝑖 – weights connected to neuron and 𝑏𝑥,𝑖 – corresponding bias. Two of the most 

frequently used functions are sigmoid and hyperbolic tangent functions; here we used sigmoid function: 

 

𝑓 =
1

1+𝑒𝑥 . 

 

The general form of the function is: 

 

𝑌𝑢 =
𝑓𝑝(𝑝 + ∑ (𝑃𝑤

𝑟
𝑤=1 ∙ 𝑓𝑝−1(… ∙ 𝑓2(𝑏𝑖 + ∑ (𝐵𝑖𝑗 ∙ 𝑓1(𝑎𝑗 + ∑ (𝐴𝑗𝑘 ∙ (𝑃𝑘 ∙ 𝑋𝑘 + 𝑅𝑘))))𝑛

𝑘=1 ) …𝑚
𝑗=1 ))) − 𝐺𝑢

𝐿𝑢

 

 

• 𝑋𝑘 – Input parameters (number of neurons in input layer); 

• 𝑌𝑢 – Output parameters (number of neurons in output layer); 

• 𝑓1, 𝑓2, … , 𝑓𝑝−1, 𝑓𝑝 – activation function; 

• 𝑘, 𝑗, 𝑖, … , 𝑣, 𝑤 – number of neurons in each layer; 

• 𝐴, 𝐵, … , 𝑃 – weights between layers; 

• 𝑎, 𝑏, … , 𝑝 – weights between neurons in each layer and bias.  

 

The software that has been used for training the ANN in this study is called aNETka, Zurek (2007), 
developed in LabVIEW. The output file from this software is not direct mathematical model, just 

weights coefficients and four additional parameters called Down offset Input (𝐷𝐼𝑘) , Down offset Target 

(𝐷𝑇𝑢), Up offset Input (𝑈𝐼𝑘) and Up offset Target (𝑈𝑇𝑢). 

 

𝐷𝐼𝑘 = min (𝑋𝑘); 𝐷𝑇𝑢 = min (𝑌𝑢); 𝑈𝐼𝑘 = max(𝑋𝑘 − min(𝑋𝑘)) ;  𝑈𝑇𝑢 = max(𝑌𝑢 − min(𝑌𝑢)). 

 

Therefore, the rest of parameters are calculated as follows: 
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𝑃𝑘 =
0.9

𝑈𝐼𝑘
;  𝑅𝑘 = −

0.9∙𝐷𝐼𝑘

𝑈𝐼𝑘
+ 0.05; 𝐿𝑢 =

0.9

𝑈𝑇𝑢
;  𝐺𝑢 = −

0.9∙𝐷𝑇𝑢

𝑈𝑇𝑢
+ 0.05. 

 

5. Mathematical model for brake power, shaft speed and daily fuel oil consumption assessment 

 
The output data derived from the CFD analysis in the trim optimization study, including parameters 

such as brake power, daily fuel oil consumption, shaft speed, were employed as input for training the 

ANN. Through this approach, the ANN establishes a unique mathematical correlation between draft, 

speed, trim, displacement, and the aforementioned performance parameters of brake power, daily fuel 

oil consumption, and shaft speed. 

 

Subsequently, the applicability range of this model is defined within the boundaries: T= 7.5 - 8.7 m, V 

= 12.5 – 18 kn, Trim = -1.5 - +1.5 m, D = 18079 – 22884 m3. The input dataset for training consists of 

a 63x7 matrix, where 63 represents the total number of conducted CFD simulations, and 7 denotes each 

parameter. Among these parameters, four are designated as the input layer, while the remaining three 

represent the output. 

 

In the initial phase, all data was automatically normalized within the range of 0.05 to 0.95 before the 

training process. This normalization step is essential due to the sensitivity of activation functions to 

input data values that are excessively small or large. 

 

For testing purposes, 8% (5/63) of the total input parameters were reserved, while the remaining data 

was allocated for training. The training process was programmed to do iteratively and stop when the 

target Root Mean Square (𝑅𝑀𝑆) percentage error reached 1%. 

 

𝑅𝑀𝑆 = √(∑ [(
𝑇 − 𝑂

𝑇
)

2

] /𝑁) 

 

where: 𝑇 – targets, 𝑂 – ANN outputs, 𝑁 – number of values.  

 

In the process of designing a neural network model, it is crucial to make informed decisions regarding 

the number of neurons in each layer and the quantity of hidden layers. These choices should align with 

the problem's complexity and the dataset's characteristics. Unfortunately, a single, unique mathematical 

model failed to achieve the desired 𝑅𝑀𝑆 within a reasonable timeframe and the necessary number of 

iterations for training. Consequently, two distinct mathematical models were developed: one for brake 

power and daily fuel oil consumption, and the second for shaft speed.  

 

The general form of the function for brake power is: 

 

𝑃𝑏 =
𝑓3(𝑐𝑃𝑏 + ∑ (𝐶𝑖

7
𝑖=1 ∙ 𝑓2(𝑏𝑖 + ∑ (𝐵𝑖𝑗 ∙ 𝑓1(𝑎𝑗 + ∑ (𝐴𝑗𝑘 ∙ (𝑃𝑘 ∙ 𝑋𝑘 + 𝑅𝑘)))))4

𝑘=1 )10
𝑗=1 ) − 𝐺𝑃𝑏

𝐿𝑃𝑏
 

 

The general form of the function for daily fuel oil consumption is: 

 

𝐷𝐹𝑂𝐶 =
𝑓3(𝑐𝐷𝐹𝑂𝐶 + ∑ (𝐶𝑖

7
𝑖=1 ∙ 𝑓2(𝑏𝑖 + ∑ (𝐵𝑖𝑗 ∙ 𝑓1(𝑎𝑗 + ∑ (𝐴𝑗𝑘 ∙ (𝑃𝑘 ∙ 𝑋𝑘 + 𝑅𝑘))))4

𝑘=1 ))10
𝑗=1 ) − 𝐺𝐷𝐹𝑂𝐶

𝐿𝐷𝐹𝑂𝐶
 

 

The general form of the function for shaft speed is: 

 

𝑛 =
𝑓3(𝑐𝑛 + ∑ (𝐶𝑖

5
𝑖=1 ∙ 𝑓2(𝑏𝑖 + ∑ (𝐵𝑖𝑗 ∙ 𝑓1(𝑎𝑗 + ∑ (𝐴𝑗𝑘 ∙ (𝑃𝑘 ∙ 𝑋𝑘 + 𝑅𝑘)))))4

𝑘=1 )8
𝑗=1 ) − 𝐺𝑛

𝐿𝑛
 

 

Configurations of neurons for both mathematical models are presented in Fig.5 and Fig.6. 
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Fig.5: Configuration of neurons for brake power and daily fuel oil consumption model 

 

 
Fig.6: Configuration of neurons for shaft speed model 

 

Standard deviations for relative differences between 𝑃𝑏 , 𝐷𝐹𝑂𝐶 and 𝑛 obtained with ANN and by CFD 

are 0.6%, 0.6% and 0.2%, respectively.  

 
6. Application for brake power, shaft speed and daily fuel oil consumption assessment 

 

The obtained formulas in this form are not suitable for easy use; therefore, an application in the form 

of a .exe file was created in the MATLAB software under App Designer package, where these formulas 

have been programmed. 

 

  

Fig. 7: Interface of developed application – Blank (left), Example (right) 

      

The application has interface as shown in Fig.7. In the same figure, one example is shown. After 

entering four input parameters, and by clicking the "Calculate" button, the output values estimated 
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based on the previous formulas, are displayed. This means that at a certain draft and desired speed, the 

main engine should be run at 82.8 rpm. At this speed, the estimated brake power is 2249 kW, and the 

estimated daily fuel oil consumption will be 10.7 t/day. 

 

7. Conclusions 

 
Efficiency optimization within maritime operations is paramount for both economic viability and 

environmental sustainability. This article presents an investigation into trim optimization for the one 

RO-RO ship, employing CFD simulations and adhering to established guidelines. The research aims to 

elucidate the potential for fuel savings through seven trim adjustments under calm water conditions. 

The methodology employed in this study underwent typical validation to ensure its alignment with 

recognized industry standards. Utilizing CFD simulations and OWT, researchers conducted an in-depth 

analysis of the ship's propulsion system performance across varying operational profiles.  

 

Trim optimization emerged as a main point of the investigation, offering a pathway towards significant 

fuel consumption reduction, up to 10.5%. Through systematic simulations at different speeds, drafts, 

and trim settings, researchers identified specific conditions convenient to substantial fuel savings. These 

findings underscore the significance of trim optimization as a strategic approach for enhancing 

maritime operational efficiency. 

 

Furthermore, the study went into the development of advanced mathematical models leveraging ANN. 

These models are tailored to predict parameters such as shaft speed, brake power and daily fuel oil 

consumption under calm water conditions. Despite initial challenges in creating a unified model, the 

development of separate models for distinct parameters demonstrates methodological adaptability. 

 

Looking ahead, the developed software tool will be put on a test to validate obtained predictive models 

to ensure its applicability in the real-world scenarios. Integrating this methodology into operational 

practices holds the potential to unlock substantial efficiency gains for this specific RO-RO ship and 

make a path beyond for the others. By embracing scientific innovation and leveraging data-driven 

optimization techniques, the maritime industry can chart a course towards enhanced efficiency and 

sustainability. 
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Abstract 

 

A telescopic type of hard sail solution for large vessels called Wind Challenger has been developed 

by Mitsui O.S.K. Lines and Oshima Shipbuilding Co. Ltd. through joint research with research 

institutions, and a classification society. The Wind Challenger has been installed on a large bulk 

carrier named Shofu-maru and has been successfully constructed and delivered for operation in 2022 

and has completed 8 voyages. In addition, there are plans to install it on various types of large 

vessels in the future, and development and design for this purpose are currently underway. This paper 

provides a general introduction to the Wind Challenger project, its technical background, the 

performance measurement, and evaluation of the Shofu-maru during actual seagoing, the lessons 

learned from the Shofu-maru installation, and future plans.  

 

1. Introduction of the Wind Challenger project and solutions using the Wind Challenger from 

Mitsui O.S.K. lines 

 
In April 2018, the IMO (International Maritime Organization) adopted a greenhouse gas (hereafter 

referred to as GHG) reduction strategy in the wake of ever-increasing efforts to prevent global 

warming since the entry into force of the Paris Agreement and decided to reduce total GHG emissions 

from ships by 50 percent by 2050. In recent years, the movement toward carbon neutrality has 

become more active around the world. 

 

 
Fig.1: Shofu-maru the 100,000 deadweight ton class bulk carrier installed the Wind Challenger 

 

A wind-assisted propulsion system uses sails to convert the renewable energy of the wind to provide 

thrust directly to a vessel. Large commercial vessels today depend on fossil fuels for almost all of 

their propulsion, but by adding wind power as direct propulsion, they can reduce fossil fuel 

consumption without changing speed. By maximizing and utilizing the sail installation, or technology 

mailto:changbae.jin@molgroup.com
mailto:yoichi.wakabayashi@molgroup.com
mailto:nobuyuki.onishi@molgroup.com
mailto:yoshihiko.sugimoto@molgroup.com
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of old sailing ships, with modern technology, we reduce fuel consumption and significantly reduce 

GHG emissions on large cargo ships. 

 

Since the start of the joint industry project organized by the University of Tokyo in 2009, an 

innovative telescopic hard-sail system has been proposed, and in 2015, its effectiveness was 

confirmed through tests on a 40% scale model. 

 

Mitsui O.S.K. Lines (hereafter referred to as MOL) partnered with Oshima Shipbuilding to take over 

this project. In 2019, the Approval in Principle certification was issued by Class NK, and finally, in 

October 2022, the first Wind Challenger vessel "Shofu-maru" was delivered from Oshima 

Shipbuilding. 

 

2. What is the Wind Challenger? 

 

 
Fig.2: The hard wing sail named Wind Challenger has been developed by MOL 

 

The mechanism for generating thrust with the sail is the same principle on a yacht. The hard wing 

sail, which combines fibre reinforced plastic (hereafter referred to as FRP) and steel frames, can 

always maintain an optimal wing shape, and lift is generated from that wing shape. The forward 

component of this lift and drag becomes auxiliary thrust. The sail is automatically controlled to 

maintain the optimal angle of attack relative to the wind direction. An illustrative diagram of thrust 

generation by the sail is shown in Fig.3. 

 

Thrust can be generated in the forward direction if the wind is blowing from any direction other than 

about 30° to the left or right of directly ahead. The most efficient wind comes diagonally from behind 

and contributes to both the lift and drag generated by the sail in the forward direction. 
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Fig.3: Wind-assisted thrust mechanism for Wind Challenger 

 

2.1. Technical features of Wind Challenger 

 

The sail is composed of rigid materials and structural components, and is designed as a hard sail that 

can maintain its wing shape at all times. It can be adjusted in stages at a time from one stage (reefed 

state) to four stages (full sail state). In addition, the angle and height of the sail are automatically 

controlled according to wind direction and wind speed. Even seafarers without sailing experience or 

knowledge can operate it just like a normal ship. 

 

2.1.1 Main materials and the symmetric wing section 

 

The material for the sail is made of glass fibre reinforced plastic (GFRP) because it is important to 

reduce the weight of the sail so that it does not affect the volume of cargo that can be loaded on 

merchant ships. The weight reduction allows for a larger total sail area and maximizes utilization for 

thrust, and the installation of sails minimizes the impact on the ship's balance and dramatically 

increases operational safety. 

 

 
Fig.4: Sail structure 

 

The Wind Challenger has a symmetrical wing section on its sail to maximize the operating angle 

range where wind propulsion can be generated. It also minimizes resistance from the sail at angles 

where propulsion cannot be generated. 
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Fig.5: Operatable wind directions and lift characteristics 

 

2.1.2 Telescopic structure 

 

The Wind Challenger has a telescopic structure to maximize wind-assisted propulsion depending on 

various sailing situations. In situations where it is necessary to maximize wind propulsion, it operates 

in "Extend Sail" mode, expanding the sail to its maximum size. In cases where wind propulsion is not 

needed, such as in-port navigation, it operates in "Reef Sail" mode, folding the sail to its minimum 

size and maintaining an angle to ensure the maximum field of view for the navigator. 

 

The control of the sail is not only about the angle of attack but also includes the control of the 

telescopic mechanism, which is an important feature of the sail of this ship. The purpose of this 

control is to control the overturning moment applied to the base of the sail. It can also be described as 

a kind of safety device. 

 

The sail receives two kinds of forces: the wind pressure, such as the lift generated by the wing, and 

the inertial force of the sail itself caused by the ship's motion. In order to detect both the ship's motion, 

which has amplitude and period, and the wind pressure simultaneously and comprehensively, a strain 

sensor is installed at the base of the sail, and the extension and contraction control of the sail is 

performed according to the strain level. 

 

 
Fig.6: Height controls for Wind Challenger 

 



 122 

Specifically, when the stress is high (i.e., the wind is strong or the ship's motion is large), the sail is 

shortened by one stage, and when the stress is low (i.e., the wind is weak or the ship's motion is 

small), the sail is extended. By controlling in this way, the stress on the base structure can be kept 

within a certain range, thereby limiting the range of risk in terms of operational strength. 

 

Since waves have a certain correlation with wind speed, Fig.6 shows a guideline for wind speed and 

the state of the sail on a certain assumed route. 

 

2.1.3 Automatic control system 

 

Sailing ships need to adjust the direction and tension of their sails depending on wind conditions 

(strength and direction) and require advanced knowledge and experience. The Wind Challenger 

automatically controls sails to make it easier for ordinary crew members to use wind power as 

efficiently as possible. Sails detect the strength and direction of the wind with sensors, extend 

(lengthen) the sail when the wind is weak, reef the sail when the wind is strong, and rotate the sail 

automatically. 

 

 
Fig.7: On-board sail status and control panel 

 

3. The first Wind Challenger vessel, Shofu-maru 

 

3.1 Design of the Shofu-maru 

 

The 100,000 deadweight ton (hereafter referred to as DWT) class bulk carrier Shofu-Maru, owned 

and operated by MOL, is equipped with a Wind Challenger, a wind-assisted, rigid-wing sail wind 

propulsion system that uses the wind received by the vessel while underway as propulsion. Shofu-

Maru was built at the Oshima Shipbuilding Co. Ltd., Nagasaki Prefecture, Japan in October 2022. 

The vessel carries coal from Australia, Indonesia, and North America for use in thermal power plants 

in Japan.  

 

As shown in Table I and Fig.8, the size of the sail is about 15 m in width, about 54m in height from 

the upper deck in the full sail state, and about 23 m in the reefed state. In the full sail state, it is 

approximately the height of an 18-story building. 
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Table I: Principal particulars of Shofu-maru 

Length (LOA)  235.00 m  

Breadth (Mid) 43.00 m  

Depth (Mld)  20.00 m  

Draft: Designed 12.80 m  

Draft: Scantling 13.80 m  

Deadweight 104,422 DWT  

  

 
Fig.8: General arrangements of Shofu-maru 

 
3.2. Effect of reducing GHG emissions by installing sails 

 

In this project, the computation fluid dynamics (hereafter referred to as CFD) and wind tunnel 

experiments have been conducted to estimate the thrust generated by sails, and polar plots were 

generated. 

 

 
Fig.9: Performance calculations for the Sail using CFD by Akishima Laboratory 
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By multiplying the polar diagram with the estimated wind conditions and ship speed, the total amount 

of wind assistance (auxiliary thrust) in the route was calculated and compared with the absence of 

auxiliary thrust by sail. Considering the size of the vessel, the auxiliary thrust is expected to be 

converted into fuel efficiency, and for Shofu-maru the 100,000 DWT class bulk carrier, it is validated 

to be reduced by 5% on the Japan-Australia route and 8% on the Japan-North America West Bank 

route on year-average basis. 

 

3.3. Impact on navigational performance 

 

The impact on navigational performance is directly related to operational safety and therefore 

requires careful consideration. There are two specific items to consider under navigational 

impact: impact on bridge visibility and impact on manoeuvring performance. Both items 

have international standards that should be met. 

 

After these reviews, a motion model and a 3D model of the harbour are used for a 

comprehensive review. A 360° bridge simulator, which is used for crew training, is also used 

to evaluate the port entry and exit simulation. 

 
3.3.1 Impact on bridge visibility 

 

The international standard for the range of visibility obstruction on ocean-going vessels is a 

total of 10° or less for an obstruction from the bridge observation position within 5°. On the 

proposed vessel, the angle of visibility obstruction by the sail from the bridge is 4.6°, which 

meets the standard. Ideally, there should be no obstruction angle, so an Augment Reality 

system with some cameras that can capture the front of the sail and confirm it from the 

bridge is equipped as an auxiliary monitoring device.  

 

 
Fig.10: Impact on bridge visibility 

 
3.3.2 Impact on manoeuvring performances 

 

A motion model of a 100,000 DWT bulk carrier without sails had already been created in 

previous simulations by MOL, and this motion model was calibrated with actual ship trial 
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information. Based on this motion model, a motion model for the Wind Challenger was 

created with modifications to account for the effect of the sails, and verification was 

conducted in standby mode. Standby mode is the mode used when navigating in harbours or 

narrow straits, and if the navigational impact is significant at that time, there may be 

restrictions on entering and leaving the harbour. Basic manoeuvring performance such as 

course-keeping performance, turning performance and zig-zag navigations were verified and 

confirmed to be equivalent to normal vessel operation. Operations such as leaving the berth 

with tug assistance and turning on the spot were also confirmed in various wind conditions. 

An example of the results of these considerations is shown in Fig.11. 

 

 
Fig.11: Turning ability simulations 

 
3.3.3 Bridge simulations 

 

A domestic port was used as a model port, the prevailing sea and wind conditions at that port 

were reproduced, and it was checked whether the ship could safely enter and leave the port 

using general navigational techniques, referring to standard pilotage guidelines, etc., from the 

pilot's association. 

 

First, as a method, a ship without sails was navigated into and out of the port, referring to the 

pilot's navigation guidelines, and then the Wind Challenger ship was navigated to track the 

course of that ship. Not only the navigational parameters of the ship, but also the changes in 

the performance of the tugboats that assist in entering and leaving the port were recorded by 

the simulator. This allowed the impact of the presence or absence of sails on navigation to be 

quantitatively extracted and verified. Especially pilots and a harbour-master from the Port of 

New Castle have been invited and validated to the bridge simulator. 

 

After several patterns were verified, it was confirmed that it could be handled with normal 

navigation techniques. These results were compiled into a report and more than 30 pilot 

associations, port authorities, loading and unloading terminals, both nationally and 

internationally, were visited. The project was explained, the impact on navigability 

associated with port entry was demonstrated, and port entry permits were obtained. 
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Fig.12: Full mission bridge simulator 

 
3.4. Construction and sea trials of the Wind Challenger on Shofu-maru 

 

As a wind propulsion system installed on actual ships, not only the FRP panel and steel framing parts 

of the optimized sail design for the Wind Challenger, but also the operating parts with pumps and the 

spar parts that bear the load of the sail were well designed and constructed, and successfully installed 

on the Shofu-maru. 

 

 
Fig.13: Wind Challenger construction for Shofu-maru 

 

After the construction was completed, various tests were carried out to verify whether it operated as 

designed and could withstand sufficient load. After launching, the wind assist effect was validated 

with numerical data through the actual sea trials. 

 

 
Fig.14: Load test carried out by Class Surveyor for strength verification 
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Fig.15: Performance trials running sequence 

 

4. Actual monitoring of ocean-going for Shofu-maru 

 

4.1 Summary of the maiden voyage 

 

As shown in Table II and Fig.16, the records and evaluations of the Wind Challenger during the 

maiden voyage have been summarized and reported. 

 

Table II: Summary of maiden voyage for Shofu-maru 

 
 

 
Fig.16: Route of the maiden voyage for Shofu-maru 
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4.2 Verification methodology of fuel savings for Wind Challenger 

 

A Classification Society has been asked by MOL to validate the fuel saving calculation method of the 

Wind Challenger project, which uses CFD and wind tunnel test data to estimate the performance of 

the wind-assisted ship propulsion. 

 

The validation method consists of the standard power calculation process with and without sail thrust, 

the adjustment of relative wind directions and wind speeds based on CFD analysis, and the calcula-

tion of the average performance for the wind-assisted ship propulsion based on 18 in-service trials. 

 

At the end of the validation, the Classification Society confirmed that the proposed method and the 

fuel saving calculation tool were appropriate and correctly defined and functional. They also noted 

that the method was in good agreement with the ISO 15016:2015 and ISO 19030:2016 standards. 

 

5. Future plans for installation to various kinds of vessels 

 

Since the installation and operation of the prototype Wind Challenger on the Shofu-maru, MOL is 

planning to install the Wind Challenger on various types of vessels, including VLCCs and LNGCs. 

The plans are in the process of developing optimal designs, and the appropriate number and size of 

sails will be optimized and applied to these different types of vessels. 

 

 
Fig.17: Installation example for VLCC (4 sails) 

 

 
Fig.18: Installation example for LNGC (2 sails) 
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The Wind Challenger project will be able to produce an average of 10 vessels per year and will be 

installed on three vessels by 2025 and on 25 vessels by 2030. In addition, after 2035, it is planned to 

develop a next-generation hull form specializing in wind power utilization with multiple MOL-

developed Wind Challenger sails beyond the wind-assist concept.  

 

A 1% reduction in GHGs means also a 1% reduction in fuel costs. Currently, fuel oil is being run on, 

however, with the use of next-generation fuels such as ammonia, methanol, and hydrogen in the 

future, the value of 1% will increase. 

 

 
Fig.19: Wind Hunter of the future concept vessel 

 

6. Conclusions 

 

MOL has successfully delivered the Shofu-maru, the first ship equipped with a new concept of wind-

assisted propulsion system named the Wind Challenger. It is successfully contributing to actual 

navigation, and we are monitoring and analysing it to reflect a more efficient improved design. In 

addition, a special weather routing system is being developed for the Wind Challenger to 

appropriately catch good winds, which will be applied to the next vessels. 

 

The second vessel equipped with the improved Wind Challenger design is scheduled for delivery in 

2024, and there are also plans to install units on an existing operational vessel as a retrofit design. The 

Wind Challenger enables significant fuel savings in the installation of multiple sails. It has the 

potential to solve fuel cost and tank space issues in the rapidly advancing transition to renewable 

energy. 

 

The Wind Challenger project is planning to install it on various types of vessels, and development and 

design for this purpose are currently underway. The appropriate number and size of sails will be 

optimized and applied to these different types of vessels. 
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Abstract 

 

This paper presents the application of new findings of fluid sciences in order to significantly reduce 

the overall ships’ resistance and to improve the propulsion. "AFT OPT" technology applied to ship 

hulls originates from the transfer and application of principles used in the design of aircrafts. The 

application of these physical principles to hydrodynamical and hydromechanical principles using 

proprietary CFD software leads to a new design approach for the aft hull. Hull shape and lower hull 

resistance lead to a much better filled propeller disk, wake flow and rudder characteristics. As a re-

sult, the main engine power may be reduced by more than 6%. 

 

1. Introduction 

 

Corporate responsibility for environmental protection, sustainability and IMO regulations to limit 

emissions from shipping require more measures than ever before for maritime stakeholders. 

 

For compliance w/IMO regulations, EEDI, CII, investors must apply all measures available to protect 

their investment on long-term basis. Besides fuel selection, design of ships’ hulls is an option for sus-

tainable compliance. Main unique selling points for the holistic AFT OPT solution include the facts 

that AFT OPT vessels always consume substantially less fuel – whatever fuel is used. AFT OPT ves-

sels therefore establish a new “best-in-class” benchmark. Substantial OPEX reduction increases the 

competitiveness of market participants. 

 

In order to generate OPEX savings already at the birthplace of ships evaluation of hull design and 

performance according to a speed profile must be added to the most important selection criteria in 

addition to “easy-to-evaluate” criteria “price + delivery time + performance at design speed”, LRSD 

had invited and involved a limited number of interested parties for joint development projects (JDP). 

World’s top container liner companies are involved in technology review, get access to model basin 

results to verify these new applied sciences. 

 

The first contract has been signed with a leading Chinese ship building and financing group in 2023 

for a series of container feeder vessels after technology verification and validation of superiority of 

AFT OPT. Ship model tests were executed, among others, at MARIN (NL). These vessels shall be 

built for a world leading container liner company.  

 

A joint development project (JDP) and with a Korean Shipbuilding Group for ultra large container 

vessels started in April 2024, model tests shall be done in Q3/2024 in South Korea. 

 

Earlier, the technology has been developed for and applied to optimize vessels at SVA Vienna (since 

2018) and a bulk carrier at HSVA (2022) for the purpose of validating the technology as such. Classi-

fication societies and flag states are usually invited to join the tests at site as impartial witnesses.  

 

2. Challenges in shipbuilding 

 

Due to the holistic U-shape - common in shipbuilding - with attached bow and stern, there are only a 

few development opportunities to generate cost-effective advantages for the shipyard and the ship-

owner or charterer to increase their competitiveness. LRSD with AFT OPT offers a new approach and 

extends progress in ship technology. 

mailto:r.lindinger@lr-ship-design.com
mailto:wff@movena-group.com
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The main problem is the increasing hull resistance due to the above proportion increasing block coef-

ficient (volume resistance of the submersible part of a ship when fully loaded) and the displacement 

pressure due to the speed. All this increases the power required exponentially and the fuel consump-

tion increases significantly while at the same time the propulsion efficiency is reduced. 

 

Historically, the analysis of fuselage flow, the flow of air around the wings of aircrafts, led to the 

question at LR-Shipdesign, whether with a specific new approach can be made to improve the flow of 

water underneath of the keel from bow to stern and to modify the stern region. Slight bow modifica-

tion allows to deliver best “starting point” for AFT OPT calculations and best results for the holistic 

approach as the water regime is interconnected from bow to stern. 

 

Based on shipbuilding theories, the basic design conditions in new buildings are regulated by validat-

ed rules. However, not all solutions based on physical possibilities of fluid dynamics and especially 

fluid mechanics are applied nowadays in shipbuilding. Applied physics offers several possibilities that 

have previously been only used in aviation, but not in shipbuilding. 

 

3. Original observations as basis for technology development of AFT OPT 

 

3.1. MIRAGE 2000, Fig.1 

 

The “area rule” (developed in 1943) influences the laminar flow through a negative pressure form on 

the wing/fuselage. This significantly postpones the separation of the flow of air from the aircraft’s 

body at a speed range close to speed of sound (transonic). 

 

3.2. Wing airliner, Fig.2 

 

Triangles and flaps used as vortex generators on the wing increase the resistance during normal flight 

operations only slightly. During take-off and landing, the angular position of the wing creates a very 

special type of vortex (“bag vortex”), which generates a higher lifting moment by compressing the 

flow and thus reduces the landing speed of an aircraft. This is necessary for safety reasons at slow 

landing speeds. 

 

  
Fig.1: Mirage Fig.2: Wing airliner 

 

4. AFT OPT technology 

 

AFT OPT is nothing less than a detailed analysis of the flow of water cells underneath of a ship’s hull 

– from bow to rudder – with a unique LRSD calculation and CFD approach with application of previ-

ously unutilised physical effects for ship design in order to create a more efficient hull form. 

 

The core result of AFT OPT technology application includes a slightly modified rear hull bottom area 

to keep the water flowing longer along the hull through displacement. This reduces energy losses and 

the energy gained is fed through the shape to the effectors of the propulsion comparable to a water jet.  
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The cascade effect: Less energy is lost from the hull, fewer waves are generated, and more water is 

directed towards the propeller disk. Furthermore, the wake field is more uniform, the better precondi-

tioned water pattern reaches the propeller disk, so that the entire disk surface is filled more evenly. In 

consequence, both, propeller and a twisted rudder – designed to deal with the vortex flow and to in-

crease propulsion – contribute to the much more efficient energy utilization. All this can be imple-

mented in ship newbuildings with minimum commercial engineering effort compared with the OPEX 

savings. Fig.4 shows a design example for a 76000 dwt bulk carrier. 

 

 
Fig.3: Influence of LRSD aft ship on the flow at the ship's hull. Original design (top) and LRSD de-

sign with narrower streamlines, closer in parallel to the x-axis 

 

 
Fig.4: Bulk carrier tested in 2022 at HSVA; special shape of AFT OPT hull modification with 2 pro-

peller options 
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4.1. Application of Coandă effect et al. to ship design 

 

LRSD has investigated how to use the findings of fluid sciences (such as the “Coandă effect”, etc.) to 

significantly improve the overall ships’ resistance and propulsion for ship propulsion while adhering 

to the given shipbuilding regulations. LRSD has developed an own CFD software for this, as even 

latest standard programs for CFD only partially cover possible improvements. LRSD utilises the aft 

bow in connection with the ramp to apply the Coandă effect, for example. 

 

LRSD always looks at the entire hull and on a holistic approach to record all parameters for an effi-

cient hull design. The result of AFT OPT® technology application is a precisely calculated shape for 

aft ship bottom area and stern, designed for maximum improvement of hydrodynamics and propulsion 

and for hydro-mechanical optimisation of propeller and rudder.  

 

4.2. Practical approach 

 

LRSD follows the design specification with regards to sailing speed, design draft, main engine per-

formance and the lowest ship construction effort while adhering to the freight volumes. The unique 

LRSD shape in the aft ships bottom area, the stern of the ship, improves the induced resistance and 

reduces energy losses due to displacement.  An additional adapted pressure impulse is transmitted to 

the propeller for higher propulsion efficiency. 

 

All this results in the following technical and physical advantages: 

 

• The overall resistance of the hull decreases by reducing the peaks of the pressure fluctuations 

along the hull (by minus 3 to 6 %). 

• The improved flow to the propeller means that more thrust can be generated at lower main 

engine speed, resulting in more efficient propulsion. The required power amounts to abt. mi-

nus 6-8% PD. 

• In some cases (mainly for tankers, bulk carriers) minor modifications of the main engine 

room might be necessary as an adaptation to the modified aft ship lines. This will be done in 

accordance with the main engine manufacturer's requirements. 

 

4.3. The physical effects, impressions, charts 

 

Induced by the special AFT OPT form and input edges of the ship’s bottom semi-circular form, the 

applied pressure is reduced, and the water flow is accelerated due to the indentation. Thus, energy 

losses are reduced and the flow pattern along the edge lines (shoulder) and stern as well as the trailing 

whirl are optimized. 

 

 
Fig.5: Bulk carrier, tested in 2022 at HSVA, Hamburg. 7.4 m propeller diameter 
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This system essentially improves the water flow to the propeller and rudder. The propeller gains more 

pressure due to a more uniform inflow, especially in the 12 o’clock position and by an adaption of the 

transmission and/or propulsion further savings are generated. 

 

The resistance of hull without attachments was improved for container vessels and bulk carriers, by 

more than 3-4% in full scale (4-5% in model scale). The overall result for the container vessel and 

bulk carrier reached much more than 6% improvement in full scale with propeller and rudder attached 

during first trial. Further minor improvements can be made possible and verified in future tests. 

 

Fig.6 shows of streamlines at the stern for a Panamax bulk carrier, as an example. Compare line 

thickness, smaller red zone in the aft area; reduced pressure regime, reduced resistance. Fig.7 shows 

the propeller wake for the same vessel, as determined in a steady-flow CFD analysis at model scale, 

Fig.8 the wave field. The better distribution of forces is recognizable already in model scale. The full-

scale vessel should have an even better predicted wake flow in the propeller disc. 

 

 
Fig.6: Streamlines in aftbody for original design (top) vs. LRSD AFT OPT (bottom) 

 

 
Fig.7: Wake field for bulk carrier at 14 kn, original hull (left) and AFT OPT (right) 
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Fig.8: Wave pattern for bulk carrier at 14 kn, original hull (left) and AFT OPT (right) 

 

Figs.9 and 10 show the hull geometries for another illustrative example, namely a 2900 TEU contain-

er ship. Figs.11 to 14 show CFD results for the full-scale ship. Note the equalizing effect of the AFT 

OPT design in each case. The new bow section improves the overall pressure distribution and thus 

wave formation, Fig.11. Fig.13 shows the very even wake distribution in the propeller disc, which 

enables high propeller efficiencies. Fig.14 shows streamlines in the aftbody, forming a slight vortex, 

but without stall. 

 

 
Fig.9: Side view 2900 TEU container vessel, LRSD design 

 

  
Fig.10: 2900 TEU container vessel designs, original vs. AFT OPT 
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Fig.11: Pressure distribution on bow area for 2900 TEU container vessel 

 

 
Fig.12: Velocity field 1 m upstream of propeller for 2900 TEU container vessel 

 

 
Fig.13: Wake distribution for 2900 TEU container vessel at 19 kn (AFT OPT dsign) 
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Fig.14: Aftbody streamlines for 2900 TEU container vessel (AFT OPT design) 

 

5. Resume 

 

The competitive advantages of the Patented Lindinger Hull are as follws: 

 

• Fuel reduction of more than 5% (up to 10 %) during regular operation just due to the innova-

tion AFT OPT; benchmark always: “best design” without AFT OPT 

• Substantial main engine power reduction accordingly 

• Lower main engine RPM at design speed 

• Better rudder efficiency, especially at a neutral steering angle of ±4° 

• Effectiveness of AFT OPT over the entire speed/draft range 

• No attachments or ESD required; therefore, no additional (ESD) maintenance expenses 

• Enhanced efficiency of the propeller due to increased thrust, reduced suction value and slip 

• Less vibration and lower noise level due to the smoother propulsion 

• Propeller with less weight is possible (smaller thickness possible) 

• Reduced drifting tendency of the hull during sailing 

• Functional for all semi-glider and displacement hulls 

• Applicable for single screw vessels and for twin screws as well 

 

6. Conclusions 

 

Ships are only sustainable future assets when combining all latest requirements of builder and user. 

Ship owners should not be shy to use their purchasing power to combine more economical ship build-

ing know-how with their own ship operational requirements. The cost for new merchant vessels is 

relatively low compared with the OPEX during a ships’ lifetime. AFT OPT helps the ship owner and 

the party paying for fuel to stay ahead of other market participants. The savings have been confirmed 

by renowned ship model basin and classification society DNV. 

 



 
 

139 

Result of AFT OPT application: 

 

• Reduction of main engine power demand for same cargo load, speed, draft, by at least 6% 

compared with so-called “latest optimised design” which was based on traditional or proprie-

tary design technologies.  

• Analysis of all ship model basin test result shows that full scale results for the real vessels will 

be better than in model scale. Here, however, we report model scale results only. 

• Statements of Fact (by class, flag state) and worldwide patents for hull lines issued including 

of China, South Korea, Japan, EU. 
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Abstract 

 

This article presents a digital energy twin for the design and optimization of a port energy system. First, 

the methodological approach is described and then the implementation and optimization results are 

presented using the example of shore power supply in a Baltic port. With the help of the Digital Energy 

Twin, complex relationships, and the optimal dimensioning of individual components in different future 

scenarios with changed energy requirements, costs and political framework conditions are investi-

gated. Based on the current state of the energy system, general optimization goals and boundary 

conditions are formulated as scenarios and iteratively refined. 

 

1. Introduction  

 

The EU's "Fit for 55" package addresses European ports with a requirement to provide sufficient shore-

side power for certain ships from 2030 onwards, and thus to supply the docking ships with energy with 

as low emissions as possible, BMDV (2015). This poses major challenges for the port infrastructure and 

requires a restructuring of the energy systems in ports. The Digital Energy Twin takes a holistic 

approach with the aim of sustainably transforming port energy systems. In the current phase of major 

changes, special attention must be paid to the planning phase of port energy systems. Digitalization, the 

digital twin, and intelligent optimization algorithms are key technologies for planning sustainable 

investments in port infrastructure, e.g., for shore power supply and future alternative fuels, as well as 

renewable energy systems. The digital twin also provides the basis for efficient and safe operation of 

the port energy system. The aim is to ensure a safe and reliable energy supply while at the same time 

achieving profitability for the port operator and meeting the specified EU emission targets.  

 

2. The challenges of energy supply in the ports  

 

The optimal energy supply in the ports is a very complex task due to the very individual requirements 

and framework conditions, which has become considerably more complicated by the directives of the 

European Union for achieving the climate targets, EC (2022). The climate targets and the associated 

political requirements involve the minimization of emissions. This in turn requires a precise analysis of 

the energy demands and the energy potentials for renewable energies (RE) and the conversion and 

storage of these. 

 

The availability of renewable energies is subject to large fluctuations due to the influence of weather 

(wind, sun, etc.), the annual and daily rhythm. This requires new concepts for energy storage and 

conversion. Which are the future energy sources? What storage requirements exist? How well equipped 

is the port infrastructure for this? How does the connection to power plants, decentralized generation 

systems and the public grid look like? Who are the various energy consumers in the port and how can 

a safe and efficient, but also economical, energy supply be sustainably implemented for the port 

operator? 

 

There are major changes in the pipeline, for which there is little or no experience to draw on. If 

experience is missing, it is even more important to use new technologies such as digital twins, 

simulations and optimization algorithms to support investment decisions. In this way, decisions can be 

made consciously and based on comprehensible data and facts. 
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3. The basis for a sustainable energy system 

 

By creating a digital twin for a port, all physical objects and systems in the real port can be digitally 

recreated and simulated under real-time information as well as designed and optimized in the planning 

phase under the influence of various framework conditions. The digital twin should also make it 

possible to collect and evaluate data during operation and to achieve the best possible operating 

objective defined based on artificial intelligence. In this paper, the focus is on the planning phase of the 

electrical energy systems for a reliable shore power supply of the docking ships. 

 

Fig.1 shows the typical real and virtual objects and their manifold relationships and interactions of a 

digital twin of a port. The respective characteristics for a specific port are very individual, even if 

individual objects such as a photovoltaic system or an energy storage unit can occur repeatedly as 

building blocks in the modeling. A port is a complex system consisting of energy, goods, and mobility 

flows and systems and can be controlled by a virtual system. 

 

 
Fig.1: The digital twin as a holistic energy approach from analysis to optimization 

 

3.1.  Analysis 

 

The analysis phase includes both the energy potential analysis and the energy demand analysis. For the 

creation of the virtual system as a representative of the real system, the energy potential analysis and 

the energy demand analysis are of particular importance. The development of information and data 

sources is a prerequisite and thus part of this phase. Data is checked for availability, relevance and 

quality and, if necessary, interfaces are established. 

 

The energy potential analysis aims to maximize the supply of renewable energy to the ports. This 

includes the potential of energy generation as well as the potential of energy storage. The consideration 

of energy generation in the port area and in upstream grids is initially limited to wind and solar energy, 

although other forms of energy (e.g. wave and tidal energy) could also be interesting in the future. In 

the potential analysis, geo-information data, information on the usability of areas, possible restrictions 

due to shipping, etc. and weather data such as wind speed and direction, temperature and solar radiation 

(global and diffuse) are considered, DWD (2023). In addition, initial technological decisions (e.g. power 

and number of suitable wind turbines) and corresponding load curves are obtained. 

 

Within the demand analysis, the relevant forms of energy and the respective demands are determined. 

The demand for shore power for the hotel operation, the energy for the port infrastructure and logistics 
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applications are differentiated and classified according to energy forms. The energy demands are 

quantified and resolved over time.  

 

3.2. Creation of the virtual system 

 

In the creation of the virtual system, the information and data gathered during the analysis phases are 

incorporated into the digital model of the port energy system and form the digital twin. In this context, 

the digital twin means a digital energy system, which is supplied with real-time data, capable of 

simulation and learning, and self-optimized, in which all associated components (energy sources, 

storage and consumption) are modelled, DEA (2023). 

 

Modelling the physical behaviour of the system offers the advantage that the interactions between the 

components are made transparent and the data collection effort is also reduced. Various system 

topologies are mapped, simulated, and evaluated using performance indicators such as total costs, 

energy efficiency, and self-sufficiency. The robustness and sensitivity of the system can also be 

assessed by varying the input parameters. This provides the basis for sustainable planning and optimal 

operation. 

 

3.3. Optimization 

 

The optimization of very complex systems, as in the case of the port energy system, usually includes 

large solution areas and often several conflicting objectives. Methods of artificial intelligence provide 

us with the appropriate equipment for mastering such problems, which are characterized by the fact 

that there is no global optimum. The multicriteria optimization provides the best possible solutions for 

these tasks. In addition, expert knowledge is used to optimize the port energy system and prioritize the 

objectives. 

 

3.4. Sustainability through digitalization 

 

As already mentioned, the digital twin makes a special contribution to sustainability, as it can be used 

for optimization in all phases of the life cycle of a port. Especially in the planning phase, the 

preliminary simulations support decisions on investments and construction measures for scenarios 

that are close to the future, but also those that are still far away in terms of time, among other things, 

by adding parameters for achieving the "Fit for 55" climate targets. In the planning phase, new 

technology and investment decisions can be modelled with the digital twin and then their impact can 

be estimated using AI forecasts. "First simulate then invest" is quite easy with a digital twin, even 

with highly individual requirements. Different scenarios can be simulated, and the respective benefits 

shown. Not yet identified forecasts can be derived from such model-based data analysis and 

developed and prioritized in the form of use cases. 

 

4. The concrete implementation on a port example scenario 

 

Our exemplary elaboration refers to a Baltic Sea port and focuses on a reliable and safe shore power 

supply for the docking ships. 

 

4.1. Electrical potential and demand analysis 

 

When planning and analyzing possible renewable energy generation plants, the usable areas for such 

generation plants are calculated from the evaluations and existing plants are included in the calculation. 

The potential analysis on the example scenario has resulted in a total usable area of approx. 40,000 m² 

that can be built with photovoltaic (PV). According to approximate projections, this results in a PV 

output of 4 MWp. For the simulations, we have selected different scenarios that represent the gradual 

expansion of renewable energy systems up to the maximum potential, which is limited by the available 

space. This variation in the share of renewable energy provides a good evaluation measure of total costs 

or the ratio of investment costs versus potential savings and profit through the sale of electricity. 
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In analyzing shore-based energy demands, historical data and real-time data are collected for the ships 

from online ship monitoring providers, so that nautical data as well as further data on the type, size, 

propulsion, etc. of each ship can be determined and thus the energy demands of the ships in the ports 

of call can be resolved over time. In addition, this data can be supplemented with information from the 

ships' schedules. This makes it possible to analyze the necessary shore power demand.  

 

By simulating energetic potentials and demands in terms of time, it is possible to calculate demands 

from the power grid, which can still deviate using storages or under further target variables through 

power purchase and sale. Fig.2 shows the potential energy generation and the onshore power demand 

for the hoteling of the ships over a period of one year. The potential of PV energy is significantly lower 

than the potential of wind energy when averaged relatively over the day due to its dependence on the 

sun. The demand for shore power is calculated in the average one-day cycle, firstly for all ships docking 

in port and secondly limited to the criteria of the "Fit for 55" package. The EU resolution stipulates that 

ships must be supplied with shore power if they are container or passenger ships, have a retention time 

of more than two hours and exceed a size of 5,000 GT. This results in an averaged energy over the 

whole year for the shore-side demand of about 3 MWh. 

 

 
Fig.2: Calculation of the potential RE generation (top) and the shore power demand of the ships a) 

for all docking ships b) for ships limited by the "Fit for 55" package (bottom) over one year. 

 

4.2. Scenario simulation for the electrical energy system 

 

For the simulation of the modelled energy system, various scenarios have been developed (see table 1), 

which optimize the overall system in the direction of different objective variables. Scenario 0 represents 

the basis without renewable energy generation plants with 100% energy grid supply. In comparison, 

the focus for scenarios 1 is on self-use of the renewable energy generated and the purchase and sale of 

energy on the electricity market. Scenario 1a assumes contractually fixed purchase and selling prices, 

while scenario 1b considers purchase and selling prices at current exchange prices. In scenarios 2, the 

increase in economic efficiency is analyzed by including electrical energy storage devices. Here as 

well, we assume contractually fixed purchase and selling prices in scenario a, and in scenario b that 

purchase and selling prices at current exchange prices. Scenarios 3-5 simulate the gradual exploitation 

of renewable energy potential. 
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Table I: Calculation of the potential renewable energy generation 
 PV rated output Wind              

rated output 
Grid purchase and 
grid sales costs 

Energy                       
storage capacity 

Scenario 0 - - variable - 

Scenario 1a 4 MWp 7.5 MW fix - 

Scenario 1b 4 MWp 7.5 MW variable - 

Scenario 2a 4 MWp 7.5 MW fix 3 MWh 

Scenario 2b 4 MWp 7.5 MW variable 10 MWh 

Scenario 3b 2 MWp 3.5 MW variable - 

Scenario 4b 4 MWp 3.5 MW variable - 

Scenario 5b 2 MWp 7.5 MW variable - 
 

 

Fig.3 shows the annual electrical energy shares to cover the demand for shore power as well as the sale 

of electricity to the public grid for variable electricity exchange prices based on historical data for 2022. 

Renewable energies have a visible impact on the amount of energy purchased and sold. Due to the 

weather conditions at the Baltic Sea port, wind energy has a significantly greater influence on the 

generation of renewable energies, which could be different at more southern latitudes. Including an 

energy storage system reduces the energy from the power grid (comparison 1b and 2b). The annual 

overall costs (right) show the energy costs, which add up over the year from the purchase and sale of 

electricity, as well as the annual investment costs for the installed technologies, which depreciate over 

25 years. By exploiting the full RE potential and without investing in electrical energy storage 

(scenario 1b), the lowest annual total costs are achieved in the example considered. 

 

 
Fig.3: Electrical energy shares from renewable energy generation as well as the energy flows between 

port and grid add up over a year for the scenarios with varying electricity exchange prices 

(left) and investment and energy costs of the scenarios (right) 

 

Fig.4 compares the scenarios with fixed and variable electricity exchange prices, taking full advantage 

of the RE potential, as energy costs can lead to an underestimated cost factor in energy system planning. 

The comparison of the determined energy costs for scenarios 1a and 1b shows that the consideration of 

variable electricity prices is important. The difference in costs makes it clear that the simplified 

assumption of fixed electricity prices leads to an incorrect evaluation of the scenario. Scenarios 2a and 

2b show, on the one hand, the positive impact of the installed energy storage systems through reduced 

energy costs since the demand for power can be limited at times of high grid load and the energy storage 

can be filled at low grid charges. In scenario 2a, an electric energy storage capacity of approximately 
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3 MWh and for scenario 2b a capacity of approximately 10 MWh is simulated. However, a look at the 

total costs shows that the investment costs to be incurred for energy storage are not offset by lower 

energy costs, so that under today’s technology costs, energy storage systems in these example scenarios 

are not profitable. 

 

 
Fig.4: Electrical energy shares from renewable energy generation as well as the energy flows between 

port and grid add up over one year for scenarios with fixed electricity prices and varying 

electricity exchange prices (left) and investment and energy costs of the scenarios (right) 

 

The annual CO2 emissions for the various scenarios with variable electricity exchange prices are shown 

in Fig.5. The emissions values for an electricity mix are included in the calculation for purchasing 

electricity from the grid. 

 

 
Fig.5: CO2 emissions in metric tons added up over a year for all scenarios 

 

The sale of electricity from renewable energies has a positive effect on the emissions generated, so that 

negative emissions result when renewable energies are fed into the grid. For grid purchase, emissions 

are calculated at 0.42 kgCO2/kWh, and for grid sale, emissions are calculated at - 0.42 kgCO2/kWh, 

BMUV (2022), Juhrich (2022). This results in climate-neutral operation of shore-side electricity supply 

for scenarios 1, 2, and 5, as more energy from RE generation is fed into the public grid than electricity 

is purchased. Comparing scenarios 1b and 2b, the scenario without energy storage proves to be the 

better performing in terms of emissions, as more energy is released to the grid. Due to the reduction of 

wind power output in scenarios 3 and 4, the annual emissions are in the positive value range, so that no 
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climate-neutral shore power supply is realized. Since the energy input of the PV systems in the example 

studied is rather low compared to wind power, the reduction of solar energy (scenario 5) has a 

correspondingly lower effect. 

 

5. Energy scenario outlook for the future 

 

By developing future scenarios and preliminary simulations, investments in energy infrastructure can 

be planned more sustainably, as the example calculations show. To assess these future scenarios, studies 

are used that make predictions about shipping volumes, shipping traffic, energy demand, energy 

generation, forms of energy, energy prices, etc. These can also be supplemented with expert interviews. 

 

 
Fig.6: Outlook for the number of ship calls to the exemplary port (top) and for the expected shore-

side energy demand of ships constrained by the "Fit for 55” package (bottom) based on 

assumptions from DNV, Region North Europe, Maritime Forecast to 2050, 2022 

 

Fig.6 shows the forecasts of the development of the annual port calls as well as the resulting annual 

energy for the shore power demand for the exemplary Baltic Sea port, Fintraffic (2023). The port calls 

relate to the ships limited by the "Fit for 55" package and show an increasing course until 2050 for 

container and passenger ships. For the annual energy demand, the extrapolations under current 

circumstances of energy consumption and ship volume of today's data are used. Based on these 

assumptions, an increase in shore power demand of approximately 34% is expected by 2050 from 

today's perspective. Contrary to these assumptions, shore power demand could be mitigated by 2050 

through increased energy efficiency, meeting demand from green fuels, and new technologies. 

 

6. Classification, opportunities and maturity level of the approach 

 

The concept presented represents an important contribution in the context of digitalization with the goal 

of a CO2-neutral port. Digitalization has already found its way into energy systems and their 

management in many areas. There are several projects that have overcome the first important hurdles 

and have thus established a basis to be used by collecting and monitoring data. We see our approach as 

a holistic method that can build on these foundations, if available. 
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In addition to the holistic approach, our approach is characterized by the combination of AI and physical 

modeling. This combination is the important basis for stable energy management. Compared to purely 

AI-based approaches, our approach is less dependent on existing training data. 

 

The application shown to an example port makes it clear how the necessary high investments can be 

planned sustainably through the analysis of energy demands and potentials and the subsequent 

simulation of future scenarios. In the example, a cost saving of more than 3 million euros can be 

achieved annually for the onshore power supply alone by exploiting the potential for renewable energy. 

In comparison, the simulation costs are negligible.  

 

A look at the emission values and the savings potential shows once again how important the expansion 

of renewable energies is. This applies to the climate and with increasing extent, it will also become 

increasingly visible on the cost side. 

 

The approach of the virtual intelligent port offers far more potential. By 2055, the ports will not only 

have to ensure the onshore power supply, but also plan and implement the supply of alternative fuels 

for the marine powertrain. The example shown is just a beginning that can be expanded and can grow 

with the requirements of the future. 

 

In addition, we can also apply the described method to the energy system of the ship, which includes 

both the propulsion engine and all other energy consumers on the ship. 

 

Here, too, we see the application in the design phase as well as for the development of suitable operating 

strategies and an optimized energy management during the drive and at the berth for very profitable. 

The proof of the carbon intensity index to be provided would also be included. 

 

ITK Engineering GmbH has been distinguished for almost 30 years by its methodical, technological 

and cross-industry expertise. The application of the described methodology in the context of the port 

energy system is good proof of this. Thanks to our many years of experience gained in similarly 

complex energy systems, we are the right partner for ports. 
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Abstract 

 

This article presents the concept of a twin contra-rotating propulsion system and determines its sus-

tainability for an ultra-large container ship. Its performance is assessed from a number of perspectives. 

These include the design phase and propulsion efficiency determined by means of towing tank tests and 

CFD calculations. Manoeuvrability and safety of navigation were evaluated using manned model trials 

on the lake. A cradle-to-grave life cycle analysis was carried out to determine the economic efficiency 

and environmental impact. The overall assessment is that the twin-CRP-pod propulsion system is a 

very promising solution, particularly in terms of manoeuvrability and navigational safety.  

 

1. Introduction  

 

The current requirements of the IMO, ambitious decarbonisation goals and the need to reduce the 

Green-House Gases emissions push the need to investigate the green ships' propulsion solutions. The 

research project "Application of hybrid CRP-POD propulsors on ultra-large twin screw containerships 

to increase propulsive efficiency, reduce GHG emissions and improve navigational safety" was 

established to answer this need and other related issues. 

 

Ultra Large Container Ships (ULCS) are those that, on the one hand, have the highest carbon footprint 

individually but, on the other hand, take advantage of economy of scale and transport a vast amount of 

goods worldwide. Therefore, this type of ship is a perfect target for taking action to investigate energy-

efficient solutions. The project's overall goal is to minimize fuel consumption, improve manoeuvring 

abilities, and increase navigational safety of an Ultra Large Container Ships by introducing three 

innovations: twin-propeller arrangement, pod propulsors, and contra-rotating propellers concept. All 

solutions investigated in the project are commonly known as separate means of high-efficient 

propulsion systems. However, never before three proposed solutions have been applied jointly on one 

ship. Thus the project goes beyond the state-of-the-art and opens new research fields on the topic. 

 

In general, the project takes a holistic approach to the life cycle of the ULCS with a novel propulsion 

system. All aspects, from the design and building process, including costs for possible retrofitting, 

through operation, i.e., manoeuvring and propulsion up to the ship handling by skilled masters and 

pilots, will be considered. 

 

2. Scope and aim of the project 

 

This paper aims to describe the project findings focussing on four aspects of twin-CRP-pod propulsion 

system. The analysis covered design phase, investigation into propulsion efficiency, evaluation of the 

manoeuvring properties and cost efficiency analysis. The project objectives were: 

 

• to recognize the increase of propulsive efficiency of the twin-propeller based propulsion 

configurations on the ULCS, including the development of model test set-up and results of 

mailto:hanna.pruszko1@pg.edu.pl
mailto:k.czerski@seatech.com
mailto:m.necel@seatech.com
mailto:bruens@hsva.de
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extrapolation method; 

• to identify the manoeuvring abilities of ULCS with the twin-propeller based propulsion 

arrangement configurations, including fulfilment of IMO standard tests and restricted waters 

navigation; 

• to summarise the technical and technological threats related to the design, production, and 

operation of ULCS with twin-propeller based propulsion configurations, including life cycle 

analyses; 

• to prepare masters and pilots for operational challenges regarding the handling of the ship with 

such an innovative and intricate steering system. 

 

Each of aforementioned aspects will be addressed, described and analysed in the further course of this 

paper.  

 

3. Project assumptions, limitations and description of methods 

 

3.1. Design Phase 

 

The vessel main particulars were elaborated based on the study of existing container ships of similar 

capacities described in Fehler! Verweisquelle konnte nicht gefunden werden..  

 

Table I: Main particulars of existing Ultra-Large Container Ships 

Vessel 

name 

TEU ca-

pacity 
Principal dimensions 

Service 

speed 
Propeller 

Engine(s) 

output 

Maersk-

McKinney-

Moller  

18 000 

LOA: 399.0 m 

LBP: 377.4 m 

Breadth moulded: 59 m 

Draught (scant.): 16 m 

Deadweight (scant.): 196 050 dwt 

23 kn 
2x FPP 

D =9.65 m 

2x 29 680 kW 

at 73.1 rpm 

Al Murabba  15 000 

LOA: 368.52 m 

LBP: 352.0 m 

Breadth moulded: 51 m 

Draught (scant.): 15.5 m 

Deadweight (scant.): 194 967 dwt 

21 kn 
1x FPP 

D = 10 m 

1x 54 900 kW 

at 84 rpm 

CSCL 

Globe 

 

19 000 

LOA: 400.0 m 

LBP: 383.0 m 

Breadth moulded: 58.6 m 

Draught (scant.): 16.0 m 

Deadweight (scant.): 183 800 dwt 

23 kn 
1x FPP 

D = 10 m 

1x 56 800 kW 

at 84 rpm 

CMA CGM 

Marco Polo 

 

16 000 

LOA: 396.0 m 

LBP: 378.4 m 

Breadth moulded: 53.6 m 

Draught (scant.): 16.0 m 

Deadweight (scant.): 186 470 dwt 

25.1 kn 
1x FPP 

D = 9.1 m 

1x 80 080 kW 

at 102 rpm 

 

After a deep insight into the existing solutions, the decision about the vessel's main dimensions was 

taken. It was assumed that the designed ship capacity would be 16000 TEU, and due to current design 

trends toward the slow steaming, the design speed would be equal to 21 kn. 

 

In the design of a new container vessel, present environmental regulations need to be taken into account, 

for example NOx - ECAs along US coastline and in Northern and Baltic Seas in Europe, which 

influences the choice of the fuel type. Therefore, as the main fuel for propulsion, LNG was applied. 

 

For podded contra-rotating propulsion, typically the shaft line propeller takes between 50% and 70% 

of the total power and azimuting pod takes the remaining 30% - 50%. Assumed for this project ratio is 
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60% for shaft line propeller and 40% for azimuthing pods. For the design of the power plant concept 

four following scenarios were considered: 

 

• seagoing mode; 

• slow steaming (pods only); 

• manoeuvring mode; 

• cargo loading / unloading. 

 

This design study included determination of the challenges, defining power balance, selection of the 

main engines, auxiliary systems and 3D design of the power plant. 

  

Design phase included also generation of the 3D model of the hull, pod housing and propellers 

proceeded by the study of current azimuth pods market solutions and desired geometric parameters of 

the propellers. The ratio of aft to front propeller diameters was assumed as 0.78. The ratio has been 

chosen based on simplified propeller momentum theory to achieve the highest utilisation of front 

propeller axial losses, thus to work most efficiently in a slipstream of the front propeller. 

 

The 3D model of the hull was done in four stages, as the final shape of the hull evolved in order to 

accommodate the parts of the machinery and have little resistance: 

 

• generation of the midship and bow section based on the lines plan of the reference vessel; 

• generation of the twin screw aft section based on the photogrammetric measurements of the 

existing manned model for manoeuvring training;  

• redesigning the aft section to accommodate the machinery; 

• second redesigning to lower the transom and reduce the resistance by elimination of the pod 

housing head boxes. 

 

The first two stages of the 3D model generation are described in detail by Bielski et al. (2021). The 

final 3D model of the ship hull is presented in Fig.1. 

 
Fig.1: 3D model of the final hull version of the ULCS with the twin-CRP-pod propulsion system 

 

Table II presents the selected main particulars for the new-designed ULCS with the twin-CRP-pod 

propulsion system.  

 

Table II: Table captions above table with roman numerals 

Length overall  LOA 399.90 m  Draught (scant.) Tscan 16.00 m 

Length between perpendiculars LBP 378.40 m  Container capacity  15 918 TEU 

Breadth moulded B 53.60 m  Service speed v 21 kn 
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The last phase of the design process included the design study of the retrofitting an existing ship into 

the twin-CRP-pod propulsion system. It was assumed that the retrofit process could be only favourable 

if the twin screw vessel is retrofitted. It was concluded that integration of the pod into single screw aft 

ship geometry within the retrofit process would lead to massive structural challenges and unfavourable 

hydrodynamic compromises. The retrofit design study included determination of the challenges, 

defining power balance selection of the main engines, auxiliary systems and 3D design of the power 

plant. Nevertheless, in our paper we will focus on presenting the solutions only for the new build, since 

the retrofit concept did not vary a lot form the new build concept. 

 

3.2. Hydrodynamic analysis 

 

Hydrodynamic analysis covered the primary numerical study for determination of the optimum 

propeller revolution, pod housing position and comparison of the calm water resistance between the 

single screw benchmark vessel and twin-screw ship. Further studies focussed on the numerical 

determination of the propulsive efficiency for the single screw ship, twin screw ship and twin screw 

ship with CRP-pod propulsion system. This study was performed in full-scale. For determination of the 

propulsion efficiency, it was necessary to assess the open-water propeller simulation for the separated 

propellers, and propellers operating in CRP-pod configuration. Finally, the multiscale analysis of geo-

sim models was done to determine the scale error and indicate possible advances in the extrapolation 

methods for the ship with twin-CRP-pod propulsion system. Parallel to that, the towing tank 

investigation was done. It included four campaigns: 

 

• resistance and propulsion (R&P) of the single screw benchmark vessel to determine the total 

delivered power; 

• R&P of the twin screw vessel to determine the total delivered power; 

• R&P of the twin-CRP-pod vessel to determine the total delivered power; 

• R&P of the twin-CRP-pod vessel with the redesigned aft part of the hull to determine the total 

delivered power. 

 

Fig.2 presents the hull model for the towing tank tests. It was manufactured in scale of 37.416. 

 

a) 

 
b) 

 
c) 

 
 Fig.2: Twin-CRP-pod hull model for towing tank experiments 
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The first approach to the hull design resulted in the aft part of the hull that had too little space inside to 

accommodate pod bearings. Therefore, they were inserted in very large head boxes, which produced 

significant amount of the drag (they are visible in Fig.2b). It was decided to redesign the aft part of the 

vessel by lowering the bottom and considerably decrease the head boxes size. It was decided that the 

shape of the pod housing remain the same. Fig.2c) presents the new pod head boxes. Table III presents 

the data of the propellers chosen for the hydrodynamic analysis. 

 

Table III: The operational states of the Twin-CRP-pod ULCS 

 Single screw Twin screw Twin-CRP-pod 

 Exp. CFD Exp. CFD Front propeller Aft propeller 

 Exp. CFD Exp. CFD 

Z 6 6 4 5 5 5 4 4 

D 9.121 9.09 9.50 7.68 7.63 7.68 5.99 6.00 

P/D 0.935 0.9368 1.002 1.0221 1.016 1.0221 1.062 1.016 

AE/A0 0.908 0.908 0.52 0.8014 0.849 0.8014 0.670 0.5184 

 

3.3. Life Cycle Analysis of the ship 

 

When new solutions or services wish to be used, the assessment is not only limited to the technical and 

operational feasibility but also to the cost and even further to the environmental impact. Based on the 

EU directive 2014/24/EU, “Life Cycle Cost (LCC) shall to the extent relevant cover parts or all of the 

following costs over the life cycle of a product, service or works:  

 

a) costs, borne by the contracting authority or other users, such as:  

 • costs relating to the acquisition;  

 • costs of use, such as consumption of energy and other resources;  

 • maintenance costs; 

 • end of life costs, such as collection and recycling costs.  

b) costs imputed to environmental externalities linked to the product, service or works during its 

life cycle, provided their monetary value can be determined and verified; such costs may 

include the cost of emissions of greenhouse gases and of other pollutant emissions and other 

climate change mitigation costs.”  

 

The Life Cycle Analysis (LCA) in the project will bring information about the emissions level and 

external costs caused by the emissions that could be reduced by applying innovative solutions for the 

propulsion system. In Twin-CRP-POD, the LCA will be used to assess the solutions proposed in 

newbuilding and retrofitting cases. To validate the integration of the innovative technology in the Ultra 

Large Container Ship (ULCS), in the LCA study a minimum of two ship models will be defined. They 

will be defined as reference ships and Twin-CRP-POD ships. Twin-CRP-POD ship will represent the 

state of the ship (the changes in terms of the propulsion system, weight, cost, etc.) after the integration 

of the innovative technology. Both ships will be modelled for three phases of the product life cycle: 

 

• Production Phase - ship is in production or retrofitting process at the shipyards; 

• Operational Phase - the ship is in its operation at sea;  

• End of Life Phase - the operational life of the ship is over, either will be scrapped or resale. 

  

For newbuilding project, an Ultra Large Container Ship (ULCS) called Twin-CRP-POD I is developed 

by using references from CMA CGM Marco Polo ULCS. While the hull lines are similar, the major 

difference between these two ships is laying on the propulsion system, the fuel type, and the design. As 

the Twin-CRP-POD I has twin screws with the POD system, there are significant changes on the aft 

part construction of the ship. For this project, it is expected the building process will be executed in the 

Asian shipyards as no ULCSs are built in Europe. 

 

The second model is focusing on the assessment of retrofitting projects. For this project, a ULCS called 
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Twin-CRP-POD II is developed by using references from Maersk Triple E. While the hull lines are 

similar, the major difference between these two ships is laying on the propulsion system. Same as 

newbuilding, as the Twin-CRP-POD II has twin screws with the POD system, there are significant 

changes on the aft part construction of the ship. Furthermore, it is assumed the retrofitting project will 

be executed in the European shipyards, not in the Asian shipyards.  

 

For LCA study, it is assumed the expected lifetime for newbuilding is 30 years and 15 years for the 

retrofit ship. To measure all operating expenses, it is assumed the ship averagely operates for 308 days 

a year. Furthermore, for the assessment, five different operational states (Table IV) will be used to 

define the fuel consumption during the operation. 

 

Table IV: The operational states of the Twin-CRP-pod ULCS 

No Operational state Percentage Duration (h) 

1 Sea going mode 30 % 554.4 

2 Manoeuvring mode  20 % 369.6 

3 Slow steaming mode 30 % 554.4 

4 Cargo load / unload  15 % 277.2 

5 Idle 5 % 92.40 

 

In LCA various scenarios was considered with the regard to the ambitions of CO2 and NOx reduction 

for the future as well as future fuel price.  

 

3.4. Manoeuvring and safety of navigation 

  

According to many authors, additional advantage of application of CRP-pod arrangement is 

improvement of manoeuvring abilities and redundancy in case of loss of power by one of propellers, 

Backlund and Kuuskoski (2000). In general, manoeuvring abilities of ships equipped with pod 

propulsors are extremely different from conventional propeller-rudder ships, Haraguchi et al. (2006), 

Reichel (2010,2017), thus masters and pilots have to be prepared for handling of such ship. The 

compliance of investigated ULCS with twin-CRP-pod propulsion system with International Maritime 

Organisation requirements has been checked through a set of standard manoeuvres like turning circle 

and zig-zag. 

 

Second part was to investigate the “human-machine” interaction, i.e. how the masters and pilot behave 

and perform on a ship with unusual steering-propulsion system. A specific programme for ship handling 

training has been elaborated with help of masters and pilots. Furthermore, experienced seafarers 

checked the perspectives on handling a twin-CRP-pod ULCS in various hydro-meteorological 

conditions, including wind, waves and current, both in unrestricted and restricted areas. 

 

 
Fig.3: Manned model of a ULCS 

 

Model used for the manoeuvring and ship handling tests was a manned model built to a scale 1:24,  

Fig.3. The manoeuvrability tests have been executed at open-air station at Ship Handling Research 

and Training Centre near Iława in Poland. The lake is 59 ha (146 acres) large and provides unique 
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opportunity to check manoeuvring abilities of ships both on deep and shallow water, Kobylinski 

(2011,2016). The model was fully equipped with all necessary navigational aids and the trajectory 

was measured with the use of a GPS system, with RTK reference station owned. The tracking system 

used gives a nominal position monitoring accuracy of 10 mm, while the heading is measured with the 

use of gyrocompass with 0.1° accuracy. 

 

3.4.1. IMO model tests programme 

 

The Standards for ship manoeuvrability have been adopted by IMO (2002). However, the specifics of 

pod propulsors or more general vectoring thruster devices has not been taken into consideration during 

preparation of these standards. Therefore, the procedures presented in these regulations are not fully 

suitable for pod-driven ships, however there are no alternative methods for pod-driven ships. 

 

Regarding the test parameters that relate to steering device settings, the Standards say: 

 

• Turning circle manoeuvre is the manoeuvre to be performed to both starboard and port with 

35° rudder angle or the maximum rudder angle permissible at the test speed, following a steady 

approach with zero yaw rate. 

• The 10°/10° zig-zag test is performed by turning the rudder alternately by 10° to either side 

following a heading deviation of 10° from the original heading  

• The 20°/20° zig-zag test is performed using the procedure given above using 20° rudder angles 

and 20° change of heading, instead of 10° rudder angles and 10° change of heading, 

respectively. 

 

According to IMO procedure, the approach test speed used in the standard manoeuvre tests is speed of 

at least 90% of the ship’s speed corresponding to 85% of the maximum engine output. Therefore, the 

model tests have been carried out for approach speed of 1.68 m/s, corresponding to 16 kn in full scale. 

 

3.4.2. Ship handling session programme 

 

The objective of this part of research was to understand better the complex physical phenomena 

affecting twin-CRP-pod ships manoeuvrability and to gain more detailed practical knowledge. The 

overall goal of this part was to provide pilots the knowledge on the difference between ultra large 

container ships with conventional twin-screw twin-rudder or single-screw single-rudder arrangements 

and twin-CRP-pod propulsion. The programme covered: 

 

• turning in restricted basin; 

• harbour basin entrance and departure; 

• harbour manoeuvres (use of bow thrusters in combination with twin screw propulsion 

arrangement and crabbing); 

• effect of wind on ship’s manoeuvrability: ship in ahead and astern motion, different directions 

of wind; 

• turning in current; 

• berthing and unberthing manoeuvres for different wind direction and force; 

• entering locks. 

 

4. Results 

 

4.1. Design Phase 

 

At the early design phase, it was estimated that the summarized power delivered to both propellers is 

35000 kW and is lower than in similar vessels, Table I. After taking into consideration sea margin, 

engine margin and shaft line efficiency total brake power of both main engines is ~50 000 kW.  
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According to available publications of CRP Azipod®, ABB (2012), we assumed that efficiency of CRP-

pod system comparing to conventional propulsion systems should ~10% higher. Based on evaluated 

power as main engines were selected 2-stroke dual fuel WinGD engines type 7X82DF with Contracted 

Maximum Continuous Rating (CMCR) of each engine equal 28 000 kW at 84 rpm. Power includes sea 

margin of 15% and engine margin of 10%. Therefore, among the others, this reduces NOx levels 

required by regulations, without the necessity to implement additional equipment like SCR. Carbon 

footprint could also be reduced compared to traditional HFO fuelled engines. 

 

The initial summary of the electric power balance assumed for the design of the power plant concept is 

presented in Fehler! Verweisquelle konnte nicht gefunden werden.V. 

 

Table V: Summary of the Power Balance 

Electric load 

definition  

Sea going mode  Slow steaming 

(only pods)  

Manoeuvring 

mode  

Cargo loading / 

unloading  

Machinery / 

general ships 

consumers  

2 329 kWe  1 810 kWe  7 016 kWe  1 873 kWe  

Azimuthing pods  12 454 kWe  7 326 kWe  7 326 kWe  0  

Reefer Containers  5 600 kWe  5 600 kWe  5 600 kWe  5 600 kWe  

TOTAL  20 383 kWe  14 736 kWe  19 942 kWe  7 473 kWe  
 

Propulsion system proposed for this project was based on unique concept of big shaft generators (one 

per each shaft line) directly coupled with main DF (dual fuel, diesel-gas) engines. The electric output 

of each of shaft generators was assumed to be equal to 12000 kWe. Selected shaft generators are high 

efficiency permanent magnet type which can be combined with the Energy Stored System (batteries 

modules). They have reduced fuel consumption and improved energy efficiency design index (EEDI). 

Further improvement could be achieved, e.g., when waste heat recovery equipment is installed (power 

turbine generator utilizing exhaust gases energy from main engines). Thanks to such solution, electric 

power needed for CRP-pod is generated, through shaft line, by main engine, which is also giving 

mechanical power for conventional propeller. Because in normal seagoing operations, when vessel is 

sailing with service speed, only 2 stroke engines are in operation, total fuel consumption is at very low 

level, compared with today’s vessels where main engines and also 4 stroke generators are in operation.  

 

Proposed solution with big battery pack for peak shaving of production of electric power became also 

very efficient in manoeuvring mode. During this mode, only main engine can operate and power from 

that main engine is “used” for powering shaft generator and that shaft generator is giving suppling 

power for CRP Pods used during manoeuvres (main propellers are disconnected). 

 

Low fuel consumption and also savings of CO2 emissions due to operations on LNG, gives final carbon 

footprint at level much lower than standard todays solutions for ULCS. Fig.4 presents the view at the 

engine room, including main engine, and pod machinery room.  

 

 
Fig.4: View at the engine room 
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4.2. Hydrodynamic analysis 

 

Within the scope of the hydrodynamic CFD calculations the optimum revolution rate and pod housing 

position was determined. It was concluded that the optimum thrust division between the propellers 

should be: 

 

• ~ 60% of the thrust generated by the front propeller; 

• ~ 40% of the thrust generated by the aft propeller. 

 

It is the similar result to what can be found in the literature. It was noticed that the right division of the 

power can cause the reduction of the delivered power up to 6% compared to the case when the thrust 

division is ~90% /~10%. Moreover, by means of full-scale CFD calculations five various pod housing 

positions were checked, and the most favourable one used for further towing tank experiments. The 

comparison of the total delivered power vs the position of the aft propeller vertical rotation axis with 

the regard to the aft perpendicular is presented in Fig.5. It can be noticed that it is more favourable to 

shift the propellers closer to each other than primary position. Further moving the pod housing to the 

front would result in collision with the front propeller. Optimisation of the pod housing position can 

bring the reduction of the delivered power equal to about 3%. 

 

 
Fig.5: Results of the pod housing position optimisation 

 

The optimisation of the position was done for the single-phase flow assumption, therefore, the total 

delivered power in Fig.4 should not be compared directly to the one in Fig.6.  

 

Towing tank tests were performed for two combinations of the propeller rotation direction: 

 

• Front propeller rotating inward / aft propeller rotating outward 

• Front propeller rotating outward / aft propeller rotating inward 

 

According to the results the more favourable from the propulsion point of view is the first combination. 

The potential savings in the delivered power were reported to be equal to 2%.  

 

Fig.6 presents the formation of the wave system during the experiments for the design speed of  

21 kn and the design draft of 14 m. During the self-propulsion experiment the thrust and torque of all 

four propellers was measured. 
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Fig.6: Wave system of the vessel during the towing tank test at speed corresponding to 21 kn 

 

 

 
Fig.7: Comparison of the effective power (top) and total delivered power (bottom) for the tested hull 

forms and propulsion systems  
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The results of the towing tank tests are presented in Fig.7, in which the comparison of the effective and 

delivered power are shown. The delivered power prediction takes into account also the hull roughness, 

air resistance and differences between wake fraction and open water propeller characteristic for full and 

model scale. The results present the comparison between single screw, conventional twin screw and 

two versions of twin-CRP-pod arrangement: before and after modifications. For twin-CRP-pod 

arrangement the results are presented for optimum propeller revolutions.  

 

The single screw ship is characterised by the effective power, which is directly related to the resistance. 

For the design speed the redesigned twin-CRP-pod hull has lower resistance than twin screw. The hull 

modification brought significant resistance reduction compared to the original twin-CRP-pod hull form, 

which also found the reflection in the reduction of the total delivered power. Nevertheless, according 

to towing tank experiments it turns out that conventional propulsion systems are more favourable for 

the entire range of analysed speed of the vessel when the delivered power is considered. With the single 

propeller vessel as the benchmark, the modified twin-CRP-pod vessel has 7.5% higher delivered power, 

and the twin screw vessel had 3.7% lower delivered power. There are several reasons for that, including: 

 

•  CRP-pod modified hull despite significant improvement still has 4.8% higher effective power 

than single-screw vessel; 

• the quasi-propulsive efficiency for the twin-CRP-pod vessel was 1.8% lower than of the single 

screw vessel; 

• the quasi-propulsive efficiency for the twin-CRP-pod vessel was 10% lower than of the twin 

screw vessel (twin screw vessel was equipped with the excellent efficiency propeller compared 

the twin-CRP-pod vessel). 

 

Therefore, it is clear that further improvements are possible, and the first to be included is the detailed 

design of the propellers for the twin-CRP-pod vessel. Krasilnikov (2022) shows that the propulsive 

power improvements are possible even if the high efficiency separate propeller is compared. 

 

 

 

Fig.8: Comparison of the normalised velocity magnitude flow field for full scale vessel (top) and 

model scale vessel (bottom)  
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Last important aspect to be considered is the scale effect and scale error, which has more sources for 

the twin-CRP-pod vessel. The two that are different from vessels with the standard propulsion system 

are scaling of the pod housing resistance and interaction of the propellers between each other. Fig.8 

shows the velocity magnitude scalar field normalised by the velocity magnitude in the free stream in 

the aft part of the vessel.  

 

It can be noticed that velocity of the flow in the stern part is much smaller for the model scale than in 

the full scale, and also pod housing is subjected to flow of the higher velocity. Multiscale analysis to 

assess the sources of the scale errors shown, that standard propeller characteristics scaling is sufficient 

in this case. However, the pod housing should not be treated as a part of the propulsion system, and its 

resistance should not be included only in the thrust deduction fraction. According to our calculations 

the thrust deduction fraction is significantly smaller in the full scale than in the model scale. Therefore, 

the towing tank including this fact should give slightly smaller values of the delivered power. 

Nevertheless, this requires some further studies.  

 

4.3. Life Cycle Analysis of the ship 

 

The two considered cases of a new build twin-CRP-POD and a retrofitting on twin screw vessel with 

conventional rudder arrangement were calculated based on properties of existing and replaced 

equipment and the hydrodynamic performance results received during the project. The variants with 

LNG as main propulsion fuel compared to those with classical MDO prime movers, provide a lot of 

advantages depending on scenarios of implementation, economic prosperity, fuel prices, restrictions 

and external costs for operation in emission control areas due to reduced GHG, SOx, NOx and particular 

matters. The newbuilding variant with its immediate cost and emission reduction potential is clearly 

the preferred solution. It is showing the best economic performance and receiving highest net present 

values due to earlier refinancing of higher investment cost in extra LNG engine equipment, fuel gas 

supply systems (FGSS) and more complex tank technology. The additional investment for the LNG 

fuelled variants differs from estimated 28mio Euro for a new build to 66mio Euro for a retrofitting. 

This includes resale/scraping of old components, extra docking costs for four weeks, adaption work, 

additional steel for pod foundations and hull adaptions. For the retrofitting also the loss of revenues for 

the conversion time were considered as well as a reduction of payload of about 350 TEU due to space 

consumed by the newly installed LNG tank. For the new build it was assumed that the tank is installed 

under the deckhouse with no loss of payload. 

 

Due to high profitability of the container vessel case in general, the return on invest of the different 

solutions varies in a range between a few months and about a year. But considering the net present 

value over the life cycle of the vessel the factors like the time of retrofitting, the development of fuel 

price and external cost play a major role for the economic success of such a project and make a large 

difference. A scenario of moderate fuel price economic, prosperity and external costs on GHG 

emissions was selected for comparison. In case of a new build, with higher investment for the LNG 

variant, the net present value performance improves compared to a vessel with standard diesel prime 

movers after about 5 years. For the conversion case – e.g. after 10 years operation – the values for the 

retrofitted LNG variant and a vessel remained fuelled with MDO equals much later approaching the 

end of the remaining lifetime. This might prevent ship owners from investment in LNG, if emission 

reduction is not considered as a major argument. Of course, the advantage of LNG increases with 

expected improved availability and larger price differences compared to MDO and its external costs on 

emissions that might give retrofitting a better economic perspective in future. 

 

4.4. Manoeuvring and safety of navigation 

 

Results of the tests show excellent manoeuvring abilities of investigated ULCS with twin-CRP-pod 

propulsion system. Both yaw-checking course keeping and turning abilities first of all satisfy the IMO 

requirements. The positive difference was especially visible in turning circles, where the analysed ship 

with twin-CRP-pod propulsion arrangement showed up to 40% smaller steady turning circle diameter, 

Fig.9. 
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Fig.9: Turning circle (twin-propeller twin-rudder to portside, twin-CRP-pod to starboard side) 

 

In the case of more usual manoeuvres the new ULCS with twin-CRP-pod propulsion system showed 

extraordinary handling capabilities. Test showing the lock passage record from the GPS is presented in 

Fig.10. 

 

 
Fig.10: Manoeuvring tests records - lock approach and a passage 

 

The subjective opinion from river and harbour pilots showed dozens of pros of the ULCS with twin-

CRP-pod arrangement: 

 

• vessel is easy to handle at slow speeds; even at speeds of less than 3 kn, the ship can keep its 

course / heading; 

• in light weather conditions, manoeuvres can be done without any assistance of a tugboat; 

• main engines are not needed while manoeuvring in port; all manoeuvres are carried out by pods 

only (electrical); 

• as the pods are electrically powered, any number of revolutions on the pod propellers can be 

achieved and thus there is no minimum manoeuvring speed; 

• even with the pod propellers not turning, the vessel is able to keep its course while sailing on 

main engines. 

 

It shows that the twin-CRP-pod propulsion system can be extremely beneficial from the manoeuvring 

and safety of navigation point of view. Additionally, it offers potential savings in harbour operation 

due to possibility of manoeuvring without the tugboats.  
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5. Conclusions 

 
This paper describes the results of the analysis of the twin-CRP-pod for ULCS propulsion solution. 

This novel propulsion concept was analysed from various perspectives: design, hydrodynamic 

performance, Life Cycle Cost and manoeuvrability and safety of navigation.  

 

The result of the design analysis was a concept of the pod housing, machine room concept, General 

Arrangement and initial power estimated. The proposed system was a dual-fuel engine with a unique 

concept of big shaft generators (one per each shaft line) directly coupled with main DF (dual fuel, 

diesel-gas) engines. Selected shaft generators are high efficiency permanent magnet type which can be 

combined with the Energy Stored System (batteries modules). Proposed system is characterised by the 

great flexibility suitable for all modes of operation, and additionally, by reduction of the EEXI. 

 

The results of the hydrodynamic analysis show that proposed twin-CRP-pod is less favourable than the 

conventional single and twin screw concept from the propulsion point of view. The differences in the 

total delivered power between twin-CRP-pod, single screw and twin screw vessel are equal to 7.4% 

and 10.5%, respectively. However, some actions can be taken to improve the efficiency. It was noticed 

that another 10% of the delivered power can be gained / lost if the right position, rotation direction and 

thrust division between propellers are found. Finally, the shape of the pod and propellers itself were not 

optimised, and that is believed to be the main source of further improvements. 

 
The results of the Life Cycle Analysis show that for the LNG fueled cases a cost benefit over life cycle 

is achievable which increases with larger price difference between conventional fuels and LNG if - due 

to better availability of LNG - prices will further drop. Different scenarios on rising external cost and 

improving economic prosperity show also further benefits on higher net present values and earlier 

return on invest for the LNG fueled variants. 

 

The highest gains are obtained from the safety of navigations point of view. The amount of control that 

can be used to manoeuvre and the possibilities to gain control over the vessel in emergency situations 

are optimal. Although the system is excellent to gain control of the ship, in unexperienced hands it will 

not come to his full potential. Therefore, we would like to emphasise the need for extensive training on 

staffed models and simulators, a combination of both training tools is the only correct way to gain the 

right amount of insight in these complex manoeuvring assets. 

 

To conclude, we believe that the twin-CRP-pod propulsion concept is a very promising one, but its 

complexity opens much more ways to optimise and improve the propulsion setup. Therefore, further 

studies are recommended to fully explore its’ full potential. 
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Abstract 

 

The thrust, torque, and efficiency of a marine propeller working within a partial accelerating duct is 

investigated. An elliptic half duct is placed over the propeller to induce partial flow acceleration and 

reduce wake non-uniformity. The specific duct profile allows the propeller blades to have a gradual 

transition from the fully ducted to open condition over a complete revolution. RANS-based CFD 

analyses indicate that the duct provides positive thrust at lower advance coefficients, resulting in a 

higher open water efficiency as compared to a non-ducted propeller. Nominal wake analyses with 

different partial duct designs on a benchmark propeller model indicate significant wake equalisation 

due to the partial duct. 

 

 

1. Introduction  

 

The shipping sector is one of the major contributors to global carbon emissions. Initiatives by the 

International Maritime Organization (IMO) aim to meet decarbonization targets of net zero by 2050. 

One method of achieving this is to improve the hydrodynamic performance of ships, which may be 

achieved by certain design modifications to optimize the efficiency of the ship-propeller combination. 

Certain complex effects associated with the flow in the stern of a ship can be alleviated to a certain 

extent by the use of devices aimed at improving the flow characteristics into the propeller, and 

therefore, the propeller’s efficiency.  

 

The working principles of such devices have been elucidated in multiple publications. A general 

description of the hydrodynamics of the working of Energy Saving Devices or Propulsion Improve-

ment Devices can be found in Terwisga (2013), where the  differences in momentum are assessed in 

terms of energy gains and losses. Pre-Swirl Stators and Wake Equalizing Ducts are among the most 

widely used and researched devices. Some of the popular pre-swirl duct designs are the Wake 

Equalising Duct, Schneekluth (1986), and the Becker Mewis Duct, Mewis (2009). It is evident that 

there are many such existing devices in the marine industry, each designed over years of research and 

optimisation, including combinations of multiple devices. With the advances being made in various 

Computational Fluid Dynamics (CFD) codes, the use of these solvers in the prediction of hydro-

dynamic performance of such devices has become a standard practice. 

 

In the present study, numerical methods solving the Reynolds-Averaged Navier-Stokes (RANS) 

equations have been employed using the commercial CFD Suite Siemens Star CCM+ to extensively 

investigate the hydrodynamics of flow associated with the use of a novel Partial Accelerating Duct, 

Bhattacharyya (2020), in conjunction with a marine propeller. The partial duct has an airfoil cross 

section with sectional geometry (AA’) similar to that of the Wageningen 19A duct, and is located in 

the propeller plane on the upper half of the propeller. The duct is configured in the form of a semi 

ellipse, such that the distance between the propeller tip and the duct is minimum at the vertical 0-

degree position and gradually increases to the maximum value at the horizontal or 90° position, Fig.1. 

The duct design was conceptualised with the idea that the flow acceleration is restricted to only the 

upper sections of the propeller plane where wake fractions are generally higher, thereby providing a 

“wake equalisation”. The elliptical design ensures that the blade transitions gradually from the fully 

ducted condition in its vertical position to the completely non-ducted condition over a quarter of a 

revolution. The free ends of the duct are faired to reduce the strength of end vortices and the resulting 

duct drag. 
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Fig.1: The Elliptic Partial Accelerating Duct 

 

In the analysis of open water characteristics, the partial duct is considered a part of the propulsion 

system, integrated with the propeller. A detailed study on the open water characteristics with a B-

Series propeller including associated vorticity fields and scale effects is given in Bhattacharya and 

Ramesh (2024). This is further extended in the present work with the open water characteristics of 

four different propellers within the partial accelerating duct being numerically investigated to arrive at 

certain common conclusions on the effects of the partial duct. A further effort has been made to study 

the effect of the partial duct on the nominal wake behind a KVLCC2 ship model, wherein the duct is 

considered as part of the ship’s hull. Finally, a few different iterations of the partial duct design are 

studied to arrive at certain conclusions regarding wake equalisation effects of the partial duct design. 

 

2. Geometry and Test Conditions 

 
2.1. Open Water Simulations 

 
The main focus of the present study is to understand the effect of the partial duct on the open water 

characteristics of different marine propellers. For the open water simulations, four propeller 

geometries have been used: a 5-bladed Wageningen B Series propeller, the PPTC 4-bladed propeller,  

a 7-bladed Kaplan Series Propeller, and the NMRI KVLCC2 propeller KP458. Whilst the first three 

propellers are studied at a model scale diameter of 0.25 m, the KP458 propeller is investigated at a 

diameter of 0.0896 m, due to published model test data from NMRI at the same scale. The principal 

parameters of the propeller geometries used for the study are as tabulated below:- 

 

Table I: Propeller geometries and operating conditions used in the open water simulations 

B-Series Propeller 

(B-5.75) 

Potsdam Propeller 

Test Case (PPTC) 

Kaplan Series Propeller 

(Ka-7.525) 

NMRI KVLCC2 

Propeller - KP458 

D = 0.25 m 

Z=5 

Ae/Ao =0.78 

P/D = 1.635 

Skew = 18.84o 

n =12 rps 

D = 0.25 m 

Z=5 

Ae/Ao =0.78 

P/D = 1.635 

Skew = 18.84o 

n =15 rps 

D = 0.25 m 

Z= 7 

Ae/Ao = 0.525 

P/D = 1 

n =12 rps 

D = 0.0986 m 

Z = 4 

Ae/Ao = 0.431 

P/D = 0.721 

rb/R = 0.155 

n = 43.62 rps 

 

The open water simulations involve running the propeller in open water at a fixed revolution rate and 

changing the inlet velocities so as to cover the range of advance coefficients (J) values required. For 

the ducted case, the open water characteristics can be defined as follows :- 

 

𝐾𝑇𝑃  (𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟 𝑇ℎ𝑟𝑢𝑠𝑡 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡) =  
𝑇𝑃

𝑛2𝐷4          (1) 

𝐾𝑇𝐷 (𝐷𝑢𝑐𝑡 𝑇ℎ𝑟𝑢𝑠𝑡 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡) =  
𝑇𝐷

𝑛2𝐷4            (2) 

𝐾𝑄  (𝑇𝑜𝑟𝑞𝑢𝑒 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡) =  
𝑄

𝑛2𝐷5             (3) 

𝜂𝑜 (𝑂𝑝𝑒𝑛 𝑊𝑎𝑡𝑒𝑟 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) =  
𝐾𝑇𝑃+𝐾𝑇𝐷

𝐾𝑄
 .

𝐽

2𝜋
            (4) 
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TP and TD are the thrusts from the propeller blade and the partial duct, respectively,  is the density of 

water and n is the revolution rate in rps. 

 

2.2. Nominal Wake Analysis 

  

The benchmark ship model KVLCC2 (KRISO Very Large Crude Carrier) has been used as the hull 

geometry for investigating the effects of the partial accelerating duct on nominal wake. KVLCC2 is 

the second variation made from the initial benchmark model- the MOERI tanker, and has been 

modified to have more U-shaped lines towards the stern. The hull form has been extensively used for 

various model tests and CFD studies around the world. A scaled down CAD model with scale ratio        

 = 1:100 has been used in the simulations. The main particulars of the KVLCC2 hull are given in 

Table II. The analysis involves validating the bare hull resistance of the KVLCC2 with published 

model test data and then investigate the variations in the nominal wake field caused by the presence 

of the partial duct, now considered as part of the hull. All simulations are undertaken at the operating 

Froude Number of 0.142. 

 

Table II: Principal particulars of the full scale KVLCC2 hull, Stern (2008) 

Length Between Perpendiculars (LBP) (m) 320 

Breadth (B) (m) 58 

Depth (D) (m) 30 

Draft (T) (m) 20.8 

Block Coefficient (CB) 0.8098 

Volume Displacement () (m3) 312662 

Wetted Surface Area (excluding rudder) (S) (m2) 27194 

Longitudinal Centre of Buoyancy (LCB), % (fwd+) 3.48 

 

3. Numerical Setup 

 
3.1. Governing Equations 

 
Computational Fluid Dynamics (CFD) codes use the Reynolds-Averaged Navier Stokes (RANS) 

equations with closure turbulence models to solve the complex flows of Newtonian fluids. The 

governing equations in integral form are (continuity and momentum equations, respectively): 

 
𝜕

𝜕𝑡
∫ 𝜌 𝑑𝑉

𝑉
+ ∫ 𝒗. 𝒏 𝑑𝑆

𝑆
= 0         (5) 

𝜕

𝜕𝑡
∫ 𝜌

𝑉
𝒗 𝑑𝑉 + ∫ 𝜌𝒗𝒗. 𝒏 𝑑𝑆 = ∫ 𝑻. 𝒏 𝑑𝑆 + ∫ 𝜌𝒃𝑑𝑉

𝑉𝑆𝑆
       (6) 

 

V denotes the control volume bounded by surface S and n is the normal vector outwards. Body forces 

are given by b, v is the velocity vector and T is the stress tensor. 

 

Spatial and temporal discretization schemes are used to obtain iterative numerical solutions using a 

Finite Volume Method (FVM), with suitable pressure velocity coupling algorithms. A combination of 

the Boussinesq Hypothesis and the Menter’s k- Shear Stress Transport (SST) model have been used 

in the simulations with a Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm 

being used for the pressure-velocity coupling. The commercial CFD suite Siemens’ Simcenter STAR-

CCM+ v13.06 has been used for undertaking all CFD simulations in the present work. 

 
3.2. Open Water Simulations 

 
A cylindrical domain with a hemispherical inlet (radius = 5D, outlet length =13D from propeller) has 

been defined for the fluid domain and a rotating domain has been defined around the propeller so as 

to ensure a clearance of 2 mm from the inner surface of the duct, Fig.2.  
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Fig.2: Domain definition for Open Water Simulations 

 

The core mesh consists of polyhedral cells within the rotating domain, with prism layers defined 

around the propeller and duct for capturing complex flow gradients. The fluid domain is made of 

trimmed cell giving a Cartesian octree mesh. The final mesh has a wall y+ < 2 over the propeller and 

duct, and has been obtained based on a grid refinement study undertaken as per ITTC recommen-

dations for the B-5.75 propeller using convergence of KT and 10KQ values at J=0.2 being compared 

with published open water model test data, Fig.3. A geometrically similar mesh is obtained by 

adopting the same meshing methodology for the other three propeller designs, thereby reducing errors 

that may originate from different simulation setups.  

 

  
Fig.3: Grid Refinement Study and resulting final core mesh around propeller and partial duct 

 

Propeller rotations have been simulated using the Moving Reference Frame (MRF) technique and for 

transient solutions, the sliding mesh technique with body rotation has been used 

 

3.2.2. Nominal Wake Analysis 

 
The simulations for analysing the nominal wake behind the KVLCC2 hull involve definition of a 

cuboidal towing tank (1L forward, 3L behind 1L below and 1.5L from the hull where L is the model 

length), and then moving the fluid inside it at the intended ship’s speed. Due to port-starboard 

symmetry, undertaking simulations over half of the ship’s hull, cut along its centre plane, and hence 

half of the numerical tank is sufficient. There is very little influence of the free surface and motions 

like sinkage and trim on the flow at the propeller disc and therefore, these effects can be considered 

negligible for wake predictions in ships running at such low speed regimes. The double-body model 

is used treating the free-surface as the symmetry plane to save computational effort. 

 

The mesh for nominal wake analysis consists of a trimmed cell octree mesh with prism layers defined 

on the hull and duct surfaces. Further mesh refinements are provided near the ship bow, ship stern and 

the propeller slipstream to accurately capture possible flow separation phenomena and flow gradients 
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in these critical regions with a resulting y+ on the hull and duct less than 2. The final mesh for 

nominal wake analyses is obtained using a similar grid refinement study undertaken for the 

convergence of bare hull resistance at the model scale.  

 

The velocity inlet has only x velocity component defined, the outlet is a pressure outlet; the top, 

bottom and sides are defined as symmetry planes and the hull and duct are defined as no slip walls. A 

steady simulation with the SIMPLE algorithm is used for Pressure Velocity Coupling with a 

segregated solver, which has more approximations but offers faster convergence. Again, the k- SST 

model with an all-wall y+ treatment have been employed in these simulations. 

 

4. Results and Discussions 

 
4.1. Effect of the Partial Duct on Open Water Characteristics 

 
The open water simulations are undertaken in the model scale wherein the Reynold’s number is in the 

range 2 x 105 to 1.6 x 106 over the range of J values. The results obtained for the B-5.75 propeller is 

validated with published results, Fig.4, and the average deviation is found to be within 2-3%, the 

errors found to be greater at higher J values.  

 
Fig.4: Validation of simulated Open water results of B-5.75 propeller with published model test data 

 

Bhattacharyya et al (2015) compared the use of the -Re transition model in open water simulations 

with the results of a standard k- SST model. The detailed implementation of the γ-Reθ transition 

model in Star CCM+ involves defining custom turbulence intensity and turbulence viscosity ratio, 

through the definition of a kinetic energy source in the form of ambient or specified turbulence 

sources. The use of transition modelling has a definite influence over the flow patterns and the 

pressure and friction components of the propeller forces in model scale, especially at lower Reynolds 

numbers where flow transition occurs. For the B-5.75 propeller, it was observed that the use of the -

Re transition model for the given range of Reynolds numbers resulted in nearly the same results as 

predicted with a standard k- SST model, with average deviation in the CFD results being less than 

around 3% at the J value of 0.7. Therefore the standard model without transition capturing has been 

used in all open water simulations, including within the partial duct for all four propeller cases, to 

avoid the associated complexities in definitions of turbulence parameters. As an example, the open 

water characteristics of the B-5.75 propeller within the partial duct is shown in Fig.5.  

 

The thrust generated by the partial duct in open water is found to be quite insignificant as observed in 

the open water diagram. The duct thrust is only 3.5% of the propeller thrust at J=0.1, and decreases 

steadily at higher J values. This may be attributed to the flow around the elliptical geometry as well as 

the higher drag due to the end vortices. 
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Fig.5: Open Water Characteristics of the B- 5.75 propeller within the partial duct 

 

A detailed study on the effects of the partial duct for a B-Series propeller, in terms of pressure 

coefficient plots over blade and duct sections, including unsteady simulations and scale effects on 

duct are elucidated in Bhattacharyya and Ramesh (2024). The percentage variations in open water 

efficiency 0 for all the four propellers, from their respective non-ducted cases, are shown for three 

representative J values of 0.1, 0.2 and 0.4 in Fig.6. With the partial duct fitted, the thrust and torque 

are found to reduce from the non-ducted case, due to acceleration of the flow, which consequently 

also affects the open water efficiency. The change in open water efficiency that is observed depends 

on the relative changes of propeller thrust and torque and also depends on the contribution to thrust 

from the partial duct. The small improvements in open water efficiency that has been observed are 

restricted to the heavy propeller loadings. 

 

 
Fig.6: Variation of Open Water Efficiency with J for the various propellers within the partial duct 

 

The pressure coefficient plotted over a representative blade section taken at 0.7R provides further 

insight into the effect of the partial duct. The resultant flow velocity VR comprising of axial and 

rotational components is used to non-dimensionalise the pressure and the blade chord is used to non-

dimensionalise the chordwise position over the blade section. At a low J value of 0.2, all four 

propellers show a similar decrease in pressure difference between the face and back in the presence of 

the partial duct, resulting in a minor reduction in propeller thrust and torque at these heavily loaded 

conditions. The maximum change is observed in the Kaplan propeller, possibly due to the wider tip 

design, Fig.7. 
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Fig.7: Effect of the partial duct on pressure coefficient over a blade section at 0.7R at J=0.2 

4.2. Effect of variations in duct design  

 
Three different variations of the partial duct design have been generated for understanding the effect 

of variation in duct design on open water characteristics. Duct 1 is the elliptic partial duct design with 

axis ratio 1.5. Duct 2 is a semi-circular partial duct with the same 19A section and Duct 3 is a modi-

fied version of Duct 1 extending only 60 on either side of the vertical along the same elliptic gene-

rating line and is hereby termed as the 60/60 partial duct. The three duct designs are shown in Fig.8. 

 

 
Duct 1 -Elliptic Partial Duct 

 
Duct 2 – Semi Circular Duct 

 
Duct 3 – 60/60 Partial Duct 

Fig.8: Variations in partial duct design 

 

A comparison of the percentage variation in thrust, torque and open water efficiency and the total 

duct thrust in model scale for the KP458 propeller within the three different duct designs over a range 

of low J values (0.05-0.25) is shown in Fig.9. All three duct variants decrease the propeller thrust and 

torque due to flow acceleration as expected. However, the maximum open water efficiency at higher 

propeller loading is found to be given by the elliptic partial duct. A comparison of the contribution to 

total thrust by the partial duct indicates that the semi-circular duct generates maximum duct thrust.  

 

The effect of the partial duct design is investigated further by plotting pressure coefficient over duct 

sections cut at 30 and 45 from the vertical blade position at J=0.1, Fig.10. At the vertical section 

(0), the propeller blade is passing closest to the duct in the elliptic and 60/60 configurations, and this 

distance increases with increases distance from the vertical position. The rpm-based velocity ‘nD’ is 

used to compute CP and the position on the duct is non-dimensionalised using duct chord with leading 

and trailing duct edges at -0.5 and 0.5, respectively. 
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Fig.9: Percentage Variation in Propeller Thrust, Torque, Efficiency and Duct Thrust for the KP458 

propeller within different partial duct designs, as compared to the non ducted condition in open 

water (positive % indicate higher value wrt non-ducted condition and vive-versa) 

 

  
Fig.10: CP over the duct sections at 30 (Left) and 45 (Right) for the three partial duct designs 

 

As the proximity from the blade increases at 45 for the two elliptic designs, there is a reduction seen 

in the difference between pressure and suction side peaks. The semi-circular duct has maximum 

negative suction, and the value remains more or less unchanged with distance from the vertical, as the 

clearance from the blade tip remains the same. 

 

4.3. Effect of the Partial Accelerating Duct on Nominal Wake behind a KVLCC2 hull 

 

Any device which is placed in the ship stern adds to total vessel resistance due to its own drag as an 

appendage. The idea behind the partial duct is to obtain certain hydrodynamic advantages over and 

above its drag due to its geometry and positioning with respect to the propeller. Hence, the net 

intended effect including the increase in drag should be a reduction in the powering requirement. This 

requires undertaking a self-propulsion analysis and powering calculations based on the results on the 

self-propulsion tests, which have not been performed in the present study. Resistance tests form a pre-

requisite for the powering calculations and the resulting nominal wake field is useful in tailoring the 
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duct design for improved wake characteristics and powering performance. The design of the partial 

duct is based on its primary intended function of is to provide flow acceleration on the propeller plane 

in the region above the propeller axis where the wake fraction is higher.  

 

 
Fig.11: Nominal Wake Fields behind the KVLCC2 hull with and without the partial duct 

 

As the partial duct is located at the propeller plane, the hydrodynamic interaction between the duct 

and propeller is expected to be stronger, and it becomes important to understand the effect the partial 

duct can have on the ship’s nominal wake field. The comparison of nominal wake plot obtained with 

and without the partial duct behind a KVLCC2 hull is shown in Fig.11. The resulting nominal wake 

plot displays significant wake equalization, therefore verifying its intended advantage for the given 

hull configuration, with the wake fraction �̅� = (1 −
𝑉𝑎

𝑉
)= 0.4995 without duct and 0.4695 with the 

partial duct, where Va is the axial velocity and V is the inflow velocity. 

 

4.4. Effect of different duct designs on nominal wake 

 

The three partial duct designs used for the open water simulations with the KP458 propeller are used 

for understanding the extent of wake equalisation caused by these different ducts. The nominal wake 

fields behind the KVLCC2 hull for the elliptic partial duct, the semi-circular duct, and the 60/60 

partial duct are shown in Fig.12. Comparison of the contour plots indicates that the maximum wake 

equalisation for the present hull configuration is provided by the elliptic partial duct design. To 

understand this effect, further qualitative analyses of the nominal wake fields are conducted. 

 

 
Fig.12: Nominal Wake Fields behind the KVLCC2 hull with different partial duct designs 
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4.5. Wake Quality Analysis 

 
Two methods have been followed for the analysis of the nominal wake that provides a qualitative 

picture of the improvement in the wake field effected by the presence of the partial duct designs. 

Though evident in the contour plot in Fig.12 as an obvious reduction in wake fraction in the propeller 

disc, a better interpretation for wake equalisation can be obtained by these methods. 

 

4.5.1. Basic Wake Quality Analysis 

 

The first basic method involves plotting the axial (Va) velocity components at the propeller plane, 

non-dimensionalised by the inlet velocity or the ship’s speed (V), to obtain the axial velocity ratio. 

Axial velocity ratio has port starboard symmetry for a symmetric hull and the plots from the half body 

simulations can be mirrored to obtain variations over the full 360 peripheral disc angle. In this, the 

axial velocity ratio distributions are analysed to give the following parameters at each radial position. 

 

Maximum velocity variation-   ∆ (
𝑣𝑎

𝑣
)

𝑟
=  (

𝑣𝑎

𝑣
)

𝑟,𝑚𝑎𝑥
−  (

𝑣𝑎

𝑣
)

𝑟,𝑚𝑖𝑛
   (7) 

Averaged velocity ratio-  (
𝑣𝑎

𝑣
)

𝑟

̅̅ ̅̅ ̅̅ ̅
=  

1

∆𝜑
 ∫ (

𝑣𝑎

𝑣
)

𝑟

𝜑𝑚𝑎𝑥

𝜑𝑚𝑖𝑛
𝑑𝜑                 (8) 

 

r is the radius being evaluated, and  is the peripheral angle. Fig.13 shows the basic wake quality 

assessment undertaken the three different duct designs.  

 

 

 
Fig.13: Comparison of maximum wake variation and mean wake fraction at different radial locations 

for the different cases with and without the partial duct designs 

 

The elliptic partial duct, in general, provides maximum improvement in axial velocity in the ducted 

region (-90 to +90) over the propeller disc, in comparison to the other two duct designs. In the 

outermost radii of the disc, the effect of the semicircular duct is more pronounced view proximity of 

the propeller plane to the inner surface of the duct. 
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Fig.14: Variation of axial velocity ratio over peripheral angle for r/R =0.2, 0.5, 0.7 and 1.0 for 

different partial duct designs 

 

4.5.2. BSRA Wake Quality Criteria (Odabasi and Fitzsimmons, 1978) 

 

During their time in BSRA (British Ship Research Association), Odabasi and Fitzsimmons proposed 

five criteria to examine wake quality, with main focus being on the top dead centre region of a 

propeller disc, Maasch et al. (2018). The measurement points for the quality analysis requires the use 

of polar coordinates to depict propeller nominal wake, so that the results are available in the form of 

velocity distributions in radial and circumferential directions also, and an overall picture of the 

velocity vector faced by the propeller can be adjudged. Several criteria values were specified based 

on the top dead centre region and the ship hull form parameters and operational conditions to evaluate 

the wake field quality. In the present study, these criteria have been evaluated with and without the 

partial duct (including different duct designs) to understand the extent by which the partial duct 

influences the wake field quality. The results of the wake quality analysis with and without the partial 

duct designs are summarised in Table III.  

 
Table III: BSRA Wake Quality Criteria Check 

Criterion Without Duct Elliptic Partial 

Duct 

Semi-Circular 

Duct 

60/60 Partial 

Duct 
�̅�𝒅𝒊𝒔𝒄 0.4995 0.4659 0.4976 0.5045 

𝒘𝒎𝒂𝒙,∅𝑩
< (𝟎. 𝟕𝟓, 𝑪𝑩)𝒎𝒊𝒏 0.725 (0.75) 0.705 (0.75) 0.743 (0.75) 0.751 (0.75) 

𝒘𝒎𝒂𝒙,𝒅𝒊𝒔𝒄 < 𝟏. 𝟕 𝒘𝟎.𝟕𝑹̅̅ ̅̅ ̅̅ ̅ 1.021 (1.1609) 0.9911 (1.121) 0.9907 (1.1759) 1.0067 (1.1999) 
Width of Wake Peak at 

r/R=1 > Wake Shadow 

Area 

39 (50) 36 (50) 40 (50) 32 (50) 

Intersection of Wake 

Non-Uniformity and Tip 

Cavitation in Acceptable 

Region 

Fulfilled 

(> 0.26) 
Fulfilled 

(> 0.25) 

Fulfilled 

(> 0.27) 

Fulfilled 

(> 0.25) 

 
Limits are specified within parentheses and criteria that are fulfilled are shown in green and those not 

fulfilled are shown in red. The fourth criterion indicates extent of excitation forces on the hull by 
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finding the intersection point between the tip based cavitation number and the wake non-uniformity at 

r/R=1.0, and requires this value to be above a threshold line. Though the third criterion is not satisfied 

in any of the cases, the partial elliptic partial duct shows maximum improvement in the wake quality 

parameters. 

 
5. Concluding Remarks 

 
A systematic investigation has been conducted on the hydrodynamic performance of a patented 

partial duct design with different propeller designs and a benchmark ship model. Due to flow 

acceleration by the partial duct, the propeller thrust and torque are reduced and a combination of these 

gives rise to marginally higher propeller open water efficiency, restricted however to high propeller 

loadings. A parametric study on the variation of the elliptical geometry indicates that the optimal 

influence on propeller characteristics in open water is provided by the duct with the axis ratio of 1.5. 

The elliptic partial duct design also provides best wake equalisation as indicated by the values in the 

BSRA Quality criteria. It is important to mention that the present study provides only some 

preliminary estimates of the hydrodynamic influence of a partial accelerating duct on the open water 

performance of a marine propeller and the nominal wake behind a benchmark hull form. Practical 

applications of this study would also need to encompass stern designs, support structures for the 

partial duct and clearances from the hull.  

 
Further investigations need to estimate the hull-propeller interaction parameters due to the partial duct 

designs to provide a better picture on the performance of the propeller in conjunction with the partial 

duct. This would necessitate conduct of self-propulsion simulations with and without the partial duct 

and validation of the same with model tests in a towing tank. Also, considering the complexities 

involved while assessing Reynolds scale effects for such devices, it is envisaged that full scale CFD 

simulations need to be performed to better understand the hydrodynamic impacts on ship 

performance.  
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Abstract 

 

This paper describes the concept of Ocius’ Uncrewed Surface Vessels (USVs), the ‘Bluebottles’. The 

drones are autonomous robots powered by solar, wind and wave energy making them also 

autonomous in terms of energy, allowing long periods of operation covering vast areas. The drones 

are team capable and approved by AMSA for operating in Australia’s EEZ to conduct long-duration 

autonomous surveillance missions. Ocius is currently deploying Bluebottles for defence, oil & gas, 

and oceanography missions around Australia.  

 

1. Our story – The long enjoyable road towards the “Bluebottles” 

 

The Bluebottle range of USVs (Unmanned Surface Vehicles) are innovative unmanned drones 

designed to provide long-term autonomous surveillance and communications for defence, offshore, or 

oceanographic applications, Fig.1, https://ocius.com.au/. They represent a unique combination of 

technologies making them “doubly autonomous”: 

 

• The drones are “intelligence autonomous” in some decision-making, e.g. using Artificial 

Intelligence for autonomous collision avoidance and team capability. This is the normal 

autonomy that people have in mind when talking about autonomous underwater vehicles or 

autonomous (future) surface ships, e.g. Bertram (2016). 

• The drones are also “energy autonomous” using wind, solar and wave power, with 

rechargeable batteries to ensure propulsion and manoeuvring at all times. Sustainably 

powered USVs like the Bluebottle drones could stay at sea indefinitely, in theory. A current 

practical limitation can be accumulating biofouling. Classical biocidal antifouling solutions 

have typical life cycles of 5 years before requiring replacement, but some of the evolving 

innovative solutions for biofouling, Bertram (2023), may overcome the issue with biofouling 

limiting deployment times. 

 

 
Fig.1: Bluebottle drones at sea 

 

mailto:robert@ocius.com.au
mailto:nick.rozenauers@ocius.com.au
mailto:ian.milliner@ocius.com.au
https://ocius.com.au/
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The Bluebottle solution is unique in its combination of intelligence and energy autonomy. It is the 

product of an evolution that spans almost 30 years (of trials and tribulations, as well as triumphs): 

 

• 1997-2000 

- Winner of Advanced Technology Boat Race in Canberra with a boat with solar panels, 

Fig.2, that could angle to the sun and wind and fold away.  

- Formation of SolarSailor Holdings Limited. 

 

• 2001-2014 

- Built solar ferry for Sydney Olympics, Fig.3, which won 2001 Australian Design Award 

of the year 

- Six hybrid ferries sold to Australia, China and Hong Kong carrying 10s of thousands of 

passengers 

 

• 2015-2021 

- Enquiry from USA for building a platform that could go to sea ‘forever’ 

- Three successive defence innovation contracts 

- Seven USVs built and completed successful missions with Australian Border Force, 

RAN, Army, Ops Sovereign Borders and Marine Parks Australia, Fig.4 

 

• 2022-Current 

- Contract for five Bluebottles for $5M with Warfare Innovation Navy (WIN) branch 

- Royal Australian Navy (RAN) operations contract 

- JAMSTEC contract, mapping underwater volcanoes off Japan 

- Marine Parks Australia 

- Oil and Gas trial 

- Trials for Royal New Zealand Navy 

- Named as a program of record by Australian Navy 

- Sold two Bluebottles to US company Thayer Mahan. 

 

  
Fig.2: Boat Race winning solar-sail boat Fig.3: SolarSailor, Dane (2006) 

 

  
Fig.4: Bluebottle for Royal Australian Navy Fig.5: Bluebottle trials in San Diego, USA 
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2. Bluebottle technology 

 

Ocius’ Bluebottle drones operate on energy harvested at sea. Thus, the ‘Beth’ type Bluebottle requires 

no fuel and no crew, hence no supplies. The ‘Bathy’ type Bluebottle offer enhanced power options at 

night and wind-still conditions using diesel hybrid propulsion. See Appendix I for technical 

specifications. Both Bluebottle types are self-deploying and self-retrieving and can roam widely or be 

kept on station virtually indefinitely. The following will focus on the ‘Beth’ type. 

 

2.1. Persistent long-range ISR (Intelligence, Surveillance and Reconnaissance) 

 

The ultimate objective of the development of the Bluebottle drones was to showcase an affordable, 

persistent, long-range detection capability, primarily to bolster the ability of navies and border forces 

to identify and monitor potential threats (e.g. submarines) from practical distances. 

 

The “persistent” part requires rechargeable batteries for power supply when the mix of solar, wind, 

and wave energy was insufficient. As illustrative example, Bluebottle drones off the coast of 

Australia operated for 35000 nm over two years, on a long-term ISR mission, Fig.6. 

 

The “long-range detection” is based on an array of low-cost, low-power sensors. Mission-specific 

sensor suites can be installed in the modular concept, fitted inside the hull and on the aft 

communications mast. An integrated and networked communication system supports live tracking 

and monitoring of the drones. They may be operating autonomously or under remote control. 

 

  
Fig.6: Long-term Bluebottle deployment for ISR 

missions in Australia and New Zealand 

Fig.7: Bluebottles operating in a team 

 

The drones have some “thinking” and decision autonomy including team capabilities, Fig.7, where 

Bluebottle drones communicate in a team and e.g. reconfigure location, selecting one vessel in a team 

to inspect a suspicious object, while the others continue to patrol a given area, etc. 

 

The Bluebottle capabilities allow a variety of missions: 

 

• Maritime Domain Awareness - Proven ISR capability with Australian Border Force, Regional 

Force Surveillance Group, and AMP (Australia Marine Parks). 

• Enhanced ISR - Improved Radar, cameras, plus acoustic sensors and better Artificial Intelli-

gence 

• Anti-Submarine Warfare – Bluebottle equipped with a winch for a thin line array that detects 

and locates underwater vessels 

• Communication Gateway - Bluebottle used as platform to connect with underwater assets 

• Electronic Warfare - Monitoring of electromagnetic signals and spoofing 

• Mine Counter Measures - Demonstrated with DST (https://www.dst.defence.gov.au/) Auto-

nomous Underwater Vehicles 

  

https://www.dst.defence.gov.au/
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• Bathymetry - Single and multi-beam echo sounders can be fitted to Bluebottles to map 

underwater topography, Fig.8 

• Offshore oil & gas/windfarms - Environmental monitoring, security and wildlife surveillance, 

Fig.9 

 

  
Fig.8: Bathymetric detection of wreck on seabed Fig.9: Offshore underwater inspection 

 

2.2. Interoperability 

 

Autonomous USVs like the Bluebottles can and should be part of a larger (defence) eco-system, 

collaborating with other Bluebottles, other robotic systems (e.g. underwater drones), or crewed 

vessels. Especially for countries with long coasts and sparse populations/harbours, Bluebottles can act 

as “satellites of the sea” with permanent surveillance of territorial waters. The combination of 

autonomous eyes on the front together with rapid response forces of manned vessels is an effective 

and also cost-effective approach to protection of security and economic interests for coastal states, as 

proven by the Australian Border Force, Fig.10. 

 

   
Fig.10: Typical application cases for Bluebottles in ABF service 

 

2.3. Deployability 

 

The Bluebottle is easily deployable, using a choice of options, Fig.11: 

 

  
Fig.11: Launch from a boat ramp Fig.12: Launch by crane from ship 
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• Launch and recovery from a boat ramp, transport with road trailer, Fig.11 

• Launch by helicopter from a ship 

• Launch by crane from a ship, Fig.12 

 

Only an area of 900 m2 of hardstand is required. The containerised logistics support makes the 

Bluebottle easily deployable and operational.  

 

2.4. Management 

 

Support USV operations requires a skilled workforce of pilots and technicians. Ocius has supported 

customers with a flexible approach to vessel management, depending on their ability to support such 

a workforce. For customers who wish to own the platform, Ocius has sold boat and can support their 

operations with training, spares and maintenance. However, noting the personnel problems that navies 

are experiencing, Ocius developed an operational ‘capability as a service’ model, Fig.13, where Ocius 

supports depot level maintenance and operations up to the operational area, where it then hands 

control to a uniformed member of the navy. This model minimizes the resources needed and skilled 

personnel by navies to support uncrewed operations. This model is similarly used by Ocius for 

commercial applications of the Bluebottle, where it provides vessel time or data as a service. 

 

 

 

Fig.13: Example management style  

 

3. Conclusions and outlook 

 

The successful adoption of the Bluebottle USV by the Royal Australian and Royal New Zealand 

Navies for offshore surveillance validates the concept of USVs as force multipliers in border 

protection. However, the Bluebottle's impact extends far beyond military applications. Its long-range 

autonomy, low operating costs, and robust design make it ideally suited for growth industries like 

hydrographic surveys, environmental monitoring, and even anti-submarine warfare in a support role. 

Across these diverse sectors, operators are drawn to the Bluebottle's ability to minimize risk by using 

unmanned vessels, its alignment with environmental concerns through low emissions, and its cost-

effectiveness compared to traditional methods. The Bluebottle USV is not just a technological 

advancement; it is a disruptive force transforming the landscape of maritime operations. 
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Appendix I – Bluebottle technical specifications 

 

 “Bathy” “Beth” 

Power Solar, Wind, Wave, Diesel Solar, Wind, Wave 

Length 6.9 m 

Beam 1.3 m 

Draft 1.7 m 

Air draft – mast up 6.0 m 

Air draft – mast down 2.4 m 

Displacement 1500 kg 1100 kg 

Top speed 6.0 kn 

Average speed 1.5 kn 3.0 kn 

Sailing speed in 5 kn wind 1.4 kn 

Sailing speed in 15 kn wind 3.5 kn 

Sailing speed in 25 kn wind 5.5 kn* 

Operating sea state 5 

Max. sea state 7 

Wave powered speed 0.5-15 kn 

Energy storage Battery 14-21 kWh 

Diesel 750 kWh 

Battery 14-21 kWh 

 

Solar power Up to 1.5 kW 

Power allocated for payload Average 0.85 kW for 30 days 

Max: 4 kW 

Average 0.15 kW for 8 h sun 

Min: 35 W 10 days no sun 

Max: 2 kW 

Payload 100 kg off sensor mounting  

bracket incl. MBES, sidescan  

sonar, sub-bottom profiler 

150 kg dry in payload bay 

150 kg wet in keel cassette  

module or winch 

LARS Boat ramp, or ship 

Keel winch diameter n/a 1780 mm 

Winch torque n/a 120 Nm 

Shipping Two per 40’ ISO shipping container 

* Depending on angle of attack 
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Abstract 

 

This article investigates the feasibility and optimization of battery systems in hybrid cruise vessels, 

focusing on environmental and economic impacts. Using literature review, qualitative interviews, data 

simulation, and statistical analysis, the study explores integrating Battery Energy Storage Systems 

(BESS) into cruise power supply. Digital twin simulations suggest that battery integration can achieve 

OPEX savings of 0.6% - 1.6%. Key challenges include high initial costs and long payback periods, 

while sensitivity analysis highlights the impact of fuel prices, battery costs, and financial conditions. 

Despite these hurdles, battery systems can enhance fuel efficiency and reduce emissions, requiring 

technological advancements and regulatory support.

 

1. Introduction 

 

In the 2020s, driven by digitalization, increasing environmental awareness, and tightening emission 

regulations, the traditional maritime industry faces an imperative transformation. Tens of thousands of 

vessels sail the seas daily, with hundreds of new vessels ordered and built yearly. Maritime transport 

accounts for nearly 90% of global trade and freight movements, significantly impacting both the world 

economy and the environment, Alnes et al. (2017). In 2018, shipping alone produced around 1076 

million tons of Greenhouse Gases (GHG), representing 2.5–3% of global emissions, which marked an 

increase of almost 10% since 2014, IMO (2020). 

 

Despite being a major polluter, the maritime industry can take critical decisions and actions across the 

entire lifecycle—from ship design to end-of-life recycling—to combat climate change. Environmental 

concerns have increasingly gained attention in the maritime business, where most vessels still operate 

on non-environmentally friendly fossil fuels. The International Maritime Organization (IMO), under 

the United Nations, regulates and controls maritime business, setting global short and long-term 

emission reduction targets and energy efficiency regulations for both newbuild and existing vessels. To 

meet these goals and challenges, the maritime industry needs efficient and environmentally sustainable 

innovations and solutions to reduce its carbon footprint. 

 

One such solution is the introduction of onboard batteries. Operating a fully electric battery-powered 

vessel produces zero emissions during the voyage, offering a 100% operating emission savings 

potential compared to traditional vessels. However, the weight, capacity, and cost of current battery 

systems make it unfeasible for certain types of vessels to become fully electric. Implementing a battery 

system as a secondary power source supporting combustion engines has proven to reduce fuel 

consumption, emissions, and operating expenses by up to 30%, depending on the vessel type and 

operating profile, EMSA (2020). 

 

To fully utilize the benefits of hybrid power supply, operational vessel data must be collected and 

analyzed. This data provides insights into the optimal propulsion configuration, battery characteristics, 

energy control strategy, and other factors contributing to the vessel's efficiency. Energy Storage 

Systems (ESS) and the hybrid vessel concept are well-studied fields, with research on multiple pilot 

vessels and various ESS technologies. However, vessel batteries have not been studied as intensively 

e.g. as their automotive and stationary energy storage counterparts. Previous studies on cruise vessels 

with battery systems are limited and often lack comprehensive data to support feasibility estimations. 

 

This article is based on Kuusisto (2023) master’s thesis, aiming to fill the gap in research by providing 

a detailed examination of the feasibility and optimization of battery systems on hybrid cruise vessels. 

mailto:teemu.kuusisto@wartsila.com
mailto:mona.kanafi@wartsila.com
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2. Methodology 

 

This study employs a mixed-methods approach, integrating both qualitative and quantitative research 

methodologies to provide a comprehensive understanding of the feasibility and optimization of battery 

systems on hybrid cruise vessels. The research design includes four primary methods: literature review, 

qualitative interviews, data simulation, and statistical data analysis. 

 

2.1. Literature Review 

 

The literature review forms the theoretical foundation of this study, involving a systematic examination 

of peer-reviewed publications to gather existing knowledge on battery energy storage systems in 

maritime applications, particularly for cruise vessels. Although the concept of a battery hybrid vessel 

has been studied for decades, research focusing on the cruise segment has been lacking, justifying the 

need for this study. Therefore, literature from other maritime segments and industries is also examined 

to explore the possibilities in the cruise market. 

 

2.2. Qualitative Interviews 

 

Qualitative data were collected through semi-structured interviews with key stakeholders in the 

maritime industry, including representatives from cruise lines, shipyards, and system solution 

providers. The interviews aimed to capture insights on the current and future market situations of hybrid 

cruise vessels, drivers for implementing alternative power sources, and the potential benefits and 

challenges associated with these technologies. 

 

2.3. Data Simulation 

 

The potential cost savings and operational efficiencies of battery systems were assessed using data 

simulation. Digital twin models of selected case vessels' power systems were developed and input with 

real cruise data. These simulations aimed to analyze the operating cost reduction potential of specified 

onboard battery systems under various scenarios. The results from these simulations were compared 

with baseline data from the literature to estimate the economic and environmental benefits of battery 

investments. Sensitivity and scenario analyses were conducted to evaluate the robustness of the 

simulation results against critical variables. 

 

2.4. Market analysis 

 

To understand the current and future market situations of hybrid vessels, statistical data from public 

vessel registers, such as the Det Norske Veritas (DNV) and Clarksons database, were analyzed. This 

analysis provided insights into market trends and the adoption rates of hybrid power systems in the 

cruise industry. The hybrid vessel market development was analyzed with publicly available IMO-

listed vessel characteristic data. Additionally, the data from the interviews were analyzed to triangulate 

findings and validate the qualitative insights with quantitative data. 

 

3. Results and discussion 

 

The primary advantage of energy storage systems in maritime vessels is engine optimization, 

independent of power demand. This disconnection enables various opportunities for total onboard 

energy management. Cruise vessels, however, face unique challenges compared to ferries and merchant 

ships, resulting in slower adoption of battery technology. Despite strong drivers like regulation, brand 

image, and customer values, the wider adoption of batteries depends on economic feasibility. This 

involves comparing Capital Expenditures (CAPEX) and Operating Expenses (OPEX) of the battery to 

potential OPEX savings from reduced fuel consumption. Estimating battery costs is straightforward, 

but savings potential requires advanced approaches such as data simulations. 
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3.1. Battery possibilities on cruise vessels 

 

Batteries enable multiple approaches for vessel performance and efficiency improvement, categorized 

into power load levelling, zero emission operations, and battery as an enabler, Fig.1. 

 

 
Fig.1: Cruise battery possibilities 

 

Power load levelling is the primary use case of onboard batteries, directly creating OPEX savings. It 

involves strategic engine loading and shaving power demand peaks. To keep the vessel powered, the 

power demand must be met, often leading engines to run inefficiently in traditional systems. This can 

be avoided with strategic loading, either charging or discharging the battery to maintain optimal engine 

loads, typically around 85% of Maximum Continuous Rate (MCR), Baldi et al. (2022). Additionally, 

the number of running engines affects total fuel efficiency. For example, during manoeuvring, power 

demand fluctuates rapidly due to thruster use, necessitating quick power availability for safety. 

Batteries can serve as a spinning reserve, enabling optimal engine load and number. 

 

Another element of power load levelling is peak shaving, which focuses on power consumption. During 

manoeuvres or sudden power demands, engines may deviate from optimal load or require starting a 

new engine, incurring high costs and emissions. Batteries can smooth these peaks, avoiding inefficient 

engine use and new engine starts. Batteries also absorb small, rapid power peaks on cruise vessels 

caused by unpredictable electricity consumers. 

 

Zero emission operations offer indirect benefits by operating the vessel engine-free on battery power 

for short periods, producing no emissions, noise, smoke, or vibration. This is feasible during 

manoeuvring and port stays. Batteries can supply service power or charge while cold ironing if shore 

power is available, enhancing brand image and regulatory compliance. For example, Norway plans a 

zero-emission requirement in its heritage fjords by 2026, which could restrict access to compliant 

vessels, NMA (2023). 

 

Batteries also enable energy harvesting from renewable sources or waste heat, storing energy for later 

use. This supports renewable energy sources and optimal engine operation. Lastly, batteries can 

function as Uninterruptible Power Supply (UPS), avoiding power shortages and blackouts, improving 

safety, controllability, and efficiency. This could lead to optimized onboard engine configurations, 

potentially reducing CAPEX and maintenance costs, and making battery investments more feasible. 

 

3.2. Onboard battery limitations and challenges 

 

While offering a variety of benefits through several use cases, battery technology faces notable 

challenges when applied into maritime power supply, especially on cruise vessels focusing on 
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passenger entertainment and safety. The key challenges of hybrid cruise power supply can be divided 

into operational and business categories. 

 

 
Fig.2: Hybrid power supply challenges 

 

3.2.1. Operational Challenges 

 

The primary concern is safety. Batteries can enhance vessel safety by providing backup power during 

blackouts. However, they pose risks like thermal runaway (fire hazard) and electrolyte off-gassing 

(explosion risk), which must be addressed in the design phase. These risks stem from operational or 

design issues such as overcharging, short circuits, mechanical damage, or external fire. Safety 

regulations and standards are continuously evolving to ensure battery safety onboard passenger vessels. 

 

Batteries also increase the complexity of the vessel’s power supply configuration, necessitating 

additional Battery Management Systems (BMS) and upgrade to Energy Management System (EMS). 

Effective battery optimization relies on seamless data flow between vessel systems. The availability 

and quality of data influence the viability of advanced microgrid control strategies. While simple rule-

based control strategies do not fully optimize batteries, real-time multi-objective optimization strategies 

are complex to develop and implement. Increased data dependency also raises cyber security concerns 

as vessels continuously share and receive data via satellite connections. 

 

3.2.2. Business Challenges 

 

These challenges directly affect the feasibility of battery investments. Factors like weight, volume, and 

battery lifetime depend on the technology. Battery weight affects draft and stability, while volume poses 

a challenge as cruise vessels optimize space for revenue generation. Newbuild vessels can more easily 

accommodate batteries during design but retrofit projects face challenges in finding suitable space. 

Battery lifetime, impacted by technology and operating profile, also affects feasibility. For example, 

lithium-ion batteries can last up to 20 years with optimal usage but may last less than half of that with 

rapid charging and discharging at high C-rates, Perry (2022). 

 

Battery investment cost and lifetime are directly linked to life cycle feasibility. Although data-driven 

battery usage can improve fuel efficiency in the cruise segment, estimated OPEX savings are unlikely 

to cover high installation costs, especially given limited battery lifetimes. Trends of increasing fuel 

prices and decreasing battery costs could drive wider adoption by improving life cycle feasibility. 

Another potential motivator is the global availability of shore power. Batteries enable efficiency 
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optimization, such as strategic loading and peak shaving, independently of shore power. Charging 

batteries during port stays with shore connections can utilize green onshore energy, enabling zero-

emission operations during departures and arrivals. Although few ports currently offer shore power, the 

number is expected to increase due to more shore power-capable vessels and tightening emission 

regulations. 

 

3.3. Hybrid vessel market trends and stakeholder insights 

 

Hybridization, among other decarbonization trends, has attracted significant interest in recent years. 

Even though today’s battery modules and energy management solutions are relatively new, the concept 

of hybrid power supply was introduced already in the late 1990s. The ferry segment was a natural 

starting point for onboard batteries, as they travel short distances between the same ports, making 

charging from shore easy and stable. After ferries, other small vessels with low power demand, like 

tugs and fishing ships, incorporated batteries in their power supply. The first larger vessels from the 

merchant segment were introduced with hybrid power supply in the early 2010s, after which it took 

almost a decade for the cruise segment to pilot onboard batteries. Fig.3 visualizes the growth in the 

number of battery-hybrid vessels per vessel category, with “other” including tugs, fishing ships, and 

inland vessels, Clarksons Research (2023) 

 

 
Fig.3: Battery installations by vessel category, Clarksons Research (2023) 

 

The pace of the market adoption of hybrid power supply is steered by the pushing and pulling factors 

originating both from the operating environment and business perspectives. These drivers and barriers 

differ between vessel categories and continuously evolve, making the prediction of future market 

development challenging. Fig.4 summarizes the main factors for and against hybridization in the cruise 

segment. Cruise differs from other segments particularly on the opposing factors. The previously listed 

challenges of high investment cost, and weight and volume constraints due to high energy and power 

demand, are against battery adoption, especially when combined with low estimated savings potential 

and long payback time of the investment. Slowing factors on the other hand consist of technological 

challenges, like battery lifetime, safety, and shore power unavailability, and concerns from the 

operating environment, like global economic challenges and battery material availability. 

 

Knowing that battery-hybrid cruise vessels have started to emerge, the drivers of adoption have been 

valued higher than the barriers. The pushing factors, especially emission targets and regulations like 

the Carbon Intensity Indicator (CII) and Energy Efficiency Existing Ship Index (EEXI), are seen as the 

main driver for cruise hybridization. The maritime field, often considered a relatively conservative 

industry, finds the most effective boost towards decarbonization through regulation. Regulation is not 

only a strict pushing factor but also linked to monetary feasibility. The new EU Emission Trading 

System (ETS) directly impacts financials.  
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Fig.4: Drivers and barriers of cruise hybrid power supply 

 

For vessels with poor fuel efficiency, the EU ETS means increased cost of operation, but for an efficient 

hybrid vessel, it can even mean extra income through selling part of their EU Emission Allowances 

(EUA), EC (2024). Both scenarios promote the adoption of batteries, lowering the relative installation 

cost and making the investment more justified. Other pulling factors include reduced engine running 

hours and maintenance costs, supporting other onboard systems, and better brand image responding to 

increasingly green customer values. As a conclusion from the comparison between the hybridization 

drivers and barriers, batteries are expected to become more common in the cruise segment in the near 

future. 

 

The interviews provided a comprehensive picture of the current and future market situations for hybrid 

cruise vessels, highlighting drivers for development. Insights into alternative power supply options, 

such as batteries, fuel cells, shore power, and alternative fuels, were well recognized. The shipyard 

demonstrated an understanding of the physical challenges of various energy storage systems, while 

Wärtsilä and cruise lines focused on technologies likely to offer the best efficiency. Major business-

related drivers included regulations, brand image, and financial considerations. The main challenges 

identified were the added volume and weight due to high power and energy demand, high costs, global 

shore power availability, and the conservative nature of the maritime industry. Despite varied opinions 

on battery feasibility, BESS was generally viewed as beneficial for supporting power supply and 

improving vessel performance. 
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Most interviewees believed in the future potential of batteries in the cruise segment, predicting several 

pilot projects and wider adoption as a supportive power source post-2030. Combustion engines were 

still seen as the main power source in the long run, albeit powered by green fuels. Fuel cells and shore 

power were expected to see future piloting and adoption due to their environmental benefits and 

possible tightening of port emission regulations. Fully electric power supply was deemed impractical 

for large ocean-going ships, though future technological advancements could alter this perspective. 

These insights are summarized in Fig.5. 

 

 
Fig.5: Diffusion of cruise power supply technologies 

 

3.4. Feasibility analysis through battery simulations 

 

The wider adoption of batteries in the cruise segment hinges on their overall feasibility, which involves 

a combination of multiple factors, as illustrated by the drivers and barriers comparison. Given that the 

market has only recently begun to see battery-hybrid cruise vessels, there is insufficient data, proof, 

and research on their usability and feasibility in the cruise segment. The greatest uncertainty concerns 

the potential magnitude of OPEX savings achievable through power load levelling. While some general 

estimates of the fuel consumption reduction potential of batteries have been presented in academic 

literature, they often indicate the cruise segment has the lowest savings potential among all vessel 

categories, with a maximum of 5%, EMSA (2020). This savings potential is inherently vessel-specific, 

depending on the power supply configuration, operating profile, and installed battery energy storage 

system. 

 

One data-driven approach to estimating the feasibility of batteries onboard a cruise vessel involves 

performing digital twin simulations using actual cruise operation data. In essence, this method estimates 

fuel savings potential by creating a digital replica of a real cruise vessel, enhancing it virtually with the 

chosen battery system, and then comparing performance on real-life leg examples by simulating the 

digital twin with and without the battery onboard. This approach is suitable for assessing the impact 

and feasibility of battery installations in both newbuild and retrofit projects, aiding decision-making for 

fleetwide hybridization to meet upcoming regulatory emission requirements, Fig.6. 

 

3.4.1. Case Study: Digital Twin Simulation for Battery Feasibility 

 

The simulation process begins with the creation of the digital twin model of the case vessel, which 

involves digitally configuring the current onboard power supply system from tank to wake. The virtual 

battery system is also configured with chosen characteristics. After creating the digital twin, the 

simulation parameters are defined, and vessel and battery control strategies are selected, such as 

limiting battery usage to peak shaving or enabling charging with shore power. Finally, actual high-

frequency operation data of the case vessel is input into the simulator, which optimizes the power supply 
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and fuel consumption for the given data with the configured digital twin. The results of simulations 

with and without the onboard battery system can then be compared in terms of fuel consumption, 

emissions, and operating expenses, providing an estimate of the battery savings potential. 

 

 
Fig.6: Digital twin simulation process 

 

The idea of the simulation can best be demonstrated with a single-leg example. Fig.7 visualizes a sailed 

route from Road Town to Nassau. Despite being a rather straightforward route, it can illustrate all cruise 

operation modes (at port, manoeuvring, and sailing) and all battery use cases (peak shaving, strategic 

loading, all-electric manoeuvring, and shore power charging) incorporated in the simulation. 

 

 
Fig.7: Case example route 

 

The operating profile of the case vessel for the example leg is visualized in Fig.8. The first graph 

presents the vessel’s power demand, divided into power consumers (propulsion, thrusters, hotel). 

Propulsion accounts for most of the power, thruster usage is seen as power demand peaks during 

manoeuvring, and the hotel load is continuously present, even during port stays. The second graph 

illustrates the corresponding hybrid power supply, addressing the given power demand. The case vessel 

has two large engines, two medium engines, and one small engine. Additionally, the digital twin model 
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of the vessel is virtually enhanced with shore power capability and a battery with a 6 MWh capacity. 

At port, the hotel load is supplied by the shore power connection, which in this example is assumed to 

be available in both ports. Shore power is also used for charging the battery at the beginning, as 

visualized in the third graph below. The beginning of the manoeuvring is performed fully on battery 

power, but quickly switches to run on three engines while balancing load fluctuations with battery 

power. The high-speed sailing is performed with three optimally loaded main engines and is supported 

by battery-powered load leveling. Upon arrival in Nassau, batteries are used for peak shaving and are 

again charged with shore power at the destination port. 

 

 
Fig.8: power demand and supply of the case vessel 

 

3.4.2. Evaluating Battery Savings Potential: A Digital Twin Case Study 

 

Digital twin simulations, similar to the case example demonstrated above, were conducted for two 

large cruise vessels with varying battery configurations. Many assumptions were necessary in the 

configurations, such as costs of engine running hours and maintenance, as well as constant prices and 
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emission factors for fuels and shore electricity. While more reliable results could be achieved by 

reducing these assumptions and increasing the amount of data, these case examples provided 

sufficient insights for estimating the general range of cruise OPEX savings potential from batteries. 

 

 
Fig.9: Cruise battery savings potential 

 

Fig.9 summarizes the simulation results in terms of OPEX savings potential, which include fuel and 

running hour costs, shore power, and battery maintenance costs. The average savings potential varies 

between 0.6 – 1.6%, with larger battery capacities and higher C-rates providing greater savings. For 

case vessel Y, it is observed that beyond a 6 MWh battery with a C-rate of 2, further upgrading the 

battery does not yield additional savings but would increase the investment cost. On large cruise 

vessels, depending on the operating profile and cost elements, the OPEX reduction of 0.6 – 1.6% 

translates to annual savings of 100 – 600 k€. These savings must be assessed over the full battery 

lifetime to evaluate the monetary life cycle feasibility of the battery investment. 

 

 
Fig.10: Battery investment life cycle feasibility 

 

Fig.10 provides an example of the life cycle feasibility in absolute cash flow for a 10 MWh 2C battery 

investment on case vessel Y. Here, the hybridization investment cost is estimated to be 9 MEUR. The 

simulation results indicate approximately 500 k€ in annual OPEX savings, assumed to remain 
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constant throughout the estimated 15-year battery lifetime. When the battery reaches its end of life 

after performing over 7000 cycles, it can be resold to the secondary market at an assumed value of 

40% of the original price. Considering all assumptions and ignoring the effect of the interest rate, the 

investment generates a profit of ~2.5 MEUR. However, the payback occurs in the 15th year and is 

heavily dependent on the battery's resale value, as the OPEX savings are relatively small compared 

to the substantial investment cost. Additionally, the interest rate's impact on the investment’s net 

present value is significant, given that the largest positive cash flow is realized after 15 years. 

 

 
Fig.11: Battery investment life cycle feasibility 

 

Net Present Value (NPV) analysis was conducted to evaluate the long-term financial feasibility of 

battery investments in hybrid cruise vessels. By discounting future cash flows associated with the 

investment, the NPV provides a clear picture of the potential profitability over the battery's lifetime. 

Typical Weighted Average Cost of Capital (WACC) in the cruise industry was considered as the 

Required Rate of Return (RRR) for the battery investment. The results showed that the battery NPV 

is highly sensitive to the discount rate used, especially due to the major cash flow coming from the 

battery resale in the end of the investment life cycle. Continuing the same example in Fig.11, for a 10 

MWh 2 C battery investment with an initial cost of 9 MEUR, despite the positive absolute cash flow, 

the discounted NPV was negative under current market conditions and typical cruise RRR. To assess 

the full picture of the hybridization investment, it should be viewed from the vessel life cycle 

perspective, including potential battery pack replacements. 

 

Sensitivity and scenario analysis were conducted to evaluate how changes in key variables impact the 

financial feasibility of battery investments in hybrid cruise vessels. Key variables considered in this 

analysis include battery price, fuel cost, shore power availability, and battery lifetime. An example of 

this analysis is depicted in Fig.12, which illustrates the impact of varying battery prices on the NPV 

of different simulated battery options. The analysis shows that lower battery prices significantly 

increase the NPV, making the investment more attractive, as the initial investment cost is reduced. 

The sensitivity and scenario analysis thus provides crucial insights into the conditions under which 

battery investments in hybrid cruise vessels are likely to succeed or fail, aiding stakeholders in making 

informed decisions. 

 

Even though monetary feasibility is a key driver in maritime hybridization, the role of emissions is 

rapidly increasing. Reducing fuel consumption lowers operating costs, also reducing Greenhouse Gas 

emissions. Fig.13 summarizes the carbon emission savings potential with and without shore power 

for different battery capacities on the simulated case vessels. With shore power, the emission savings 
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potential increases linearly with battery capacity, as more shore electricity can be used instead of 

running engines on fossil fuels. Recent changes in maritime emission regulations, such as the EU ETS 

and FuelEU, are linking emissions with additional costs for cruise lines. Avoiding additional emission 

fees will significantly increase the monetary savings potential of batteries in near future, making the 

investment more justified. 

 

 
Fig.12: Battery price sensitivity 

 

 
Fig.13: Battery emission savings potential 

 

 

4. Conclusion 

 

This article explored the feasibility and optimization of battery systems on hybrid cruise vessels, 

addressing environmental and economic challenges. Through literature review, qualitative interviews, 

data simulation, and statistical analysis, the study highlighted the potential and challenges of battery 

hybridization in the cruise segment. 

 

Digital twin simulations indicated OPEX savings from cruise battery integration ranging between 0.6% 

and 1.6%, translating to significant annual savings depending on the vessel's operating profile and 
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battery capacity. Despite these benefits, high initial investment costs and long payback periods remain 

critical barriers for wider adoption of batteries. Sensitivity and scenario analyses underscored the 

importance of increasing fuel prices, decreasing battery costs, and favourable financing conditions to 

enhance the investment's net present value and Return On Investment (ROI). 

 

In conclusion, while battery systems offer substantial benefits for cruise vessels, their economic 

viability depends on technological advancements and supportive regulatory measures. As the industry 

evolves, batteries are expected to play a crucial role in the decarbonization and efficiency improvement 

of maritime operations, contributing to future sustainable shipping strategies. 
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Abstract 

 

Seaborne transportation, vital for global trade, faces challenges from rising greenhouse gas (GHG) 

emissions. To align with International Maritime Organization GHG reduction goals, this study 

investigates trim optimization, an effective method to enhance ship energy efficiency. Utilizing model 

tests, CFD, and full-scale data analysis, the research underscores the pivotal role of full-scale CFD in 

cost-effectively predicting trim trends with reasonable accuracy. Both CFD and extrapolated model 

test results replicated real-time ship data with acceptable accuracy when appropriate methodologies 

were selected, highlighting their effectiveness in predicting trim trends. 

 

1. Introduction 

 

Seaborne transportation is a cornerstone of global trade, mobilizing over 80% of the world's cargo while 

accounting for nearly 3% of global greenhouse gas (GHG) emissions (IMO, 2021). The International 

Maritime Organization (IMO) predicts a potential 90-130% increase in shipping emissions from 2008 

levels by 2050 if no mitigating actions are taken (IMO, 2021). To address these challenges and align 

with the IMO's GHG reduction goals, enhancing the energy efficiency of ships has become paramount. 

Among various initiatives, the IMO's Energy Efficiency Design Index (EEDI) plays a critical role by 

promoting energy-efficient ship designs and discouraging inefficient ones. Calculating the EEDI is 

mandatory during the design phase of new ships, emphasizing the importance of incorporating energy-

saving solutions such as hull form optimization and energy-saving devices early in the design process, 

IMO (2011). 

 

In 2023, the IMO introduced two additional regulations: the Energy Efficiency Existing Ship Index 

(EEXI) and the Carbon Intensity Indicator (CII). The EEXI assesses the energy efficiency of existing 

ships, while the CII measures operational carbon intensity, defined as GHG emissions per unit of cargo 

carried over distance. The CII targets a 40% reduction in carbon intensity by 2030, a goal that can be 

achieved through operational measures like speed and route optimization, hull and propeller cleaning, 

and trim optimization, IMO (2022a,b). 

 

Trim optimization is a widely applicable and effective method for improving ship energy efficiency, 

potentially reducing fuel consumption by 0.5-5% without requiring structural modifications, IMO 

(2013). Trim adjustments can be made by altering the vessel's loading, ballasting, or shifting ballast 

water between tanks. Medium and slender vessels, often operating in partial load conditions, stand to 

benefit the most from trim optimization. Each ship's unique design and propulsion arrangement 

influence the energy savings achievable through trim adjustments, Sames et al. (2012), IMO (2023).  

 

The principle behind trim optimization is that ship resistance and propulsive efficiency vary with 

different trim angles at a given displacement and speed. During the design phase, hydrodynamic 

performance is typically optimized for specific loading conditions and speeds. However, in actual 

operations, ships often encounter a wider range of conditions. Consequently, the optimal trim angle 

varies, and the minimum propulsive power may not occur at an even keel or fixed trim value for all 

displacements and speeds. Hence, it is essential to evaluate the ship's performance across various 

displacements, trims, and speeds to identify the optimal trim for minimizing delivered power in real-

world operations. 
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Trim optimization data can be derived through experimental methods, computational methods, or 

analysis of real operational data. Experimental methods involve model testing in towing tanks, but 

uncertainties in testing and scaling can affect the accuracy of full-scale predictions. The 1957 and 1978 

ITTC Performance Prediction Methods, for instance, differ significantly in their approach to scaling 

resistance and propulsion results, ITTC (2021a). Simplified extrapolation methods might reduce testing 

scope but at the cost of accuracy, Reichel et al. (2014). 

 

Computational methods, particularly the Reynolds-averaged Navier-Stokes (RANS) approach, are 

prevalent for studying trim optimization trends. These methods have matured to provide reliable trim 

trend predictions at model scale, and recent studies have expanded their application to self-propulsion 

simulations, Chen et al. (2019), Islam et al. (2019), Mahmoodi et al. (2022,2023), Sun et al. (2016), 

Shivachev et al. (2017). Potential flow methods offer another computational approach, though they may 

struggle with highly viscous effects and wave deformation issues, Hansen (2010), Lemb Larsen et al. 

(2012), Korkmaz (2023). More advanced numerical methods like Detached Eddy Simulation (DES) 

and Large Eddy Simulation (LES) are less common due to their high computational demands, Kanninen 

(2022). 

 

Finally, real operational data, or ship monitoring data, provides a valuable resource for understanding 

trim optimization trends. This data-driven approach can predict ship behaviour under various conditions 

and extract vessel performance at different trims, offering insights directly applicable to operational 

decision-making, Coraddu et al. (2017). Huffmeier (2020). 

 

The present research addresses the knowledge gap in trim trend extraction methods by conducting a 

comprehensive comparison. It investigates trim optimization trends for a RoPax vessel utilizing 

experimental, computational, and full-scale data analysis techniques. The investigation includes 

resistance and self-propulsion model tests, comparing model-scale trim trends with free-surface RANS 

computations. Additionally, full-scale power predictions are derived from multiple extrapolation 

methods and contrasted with both CFD predictions and ship monitoring data. This analysis provides a 

deeper understanding of the physics behind trim optimization trends and offers practical guidance for 

selecting the most suitable methods for trim trend extraction. 

 

2. Trim Optimisation methods 

 
2.1. Experimental method 

 
In this study, two model-to-full-scale extrapolation methods are utilized: the standard 1978 ITTC 

Performance Prediction Method, ITTC (2021a), and the 1978 ITTC Performance Prediction Method 

with an empirical transom correction, Korkmaz (2022). The same towing tank test results are employed 

for different extrapolation methods to predict full-scale speed-power relations. 

 
The standard 1978 ITTC Performance Prediction Method, or ITTC-78 method, extrapolates towing 

tank test results to full scale without modifications. Tests for resistance, self-propulsion, and propeller 

open water are performed to predict delivered power and propeller turning rate. The ITTC-57 model-

ship correlation line, ITTC (1957), is used for resistance extrapolation, with form factors determined by 

CFD, Korkmaz (2021a,b), ITTC (2021), and the Prohaska method, Prohaska (1966). The resistance 

scaling assumes identical form factors at model and full scales, despite partial transom wetting in some 

conditions, Hughes (1954). 

 

The second extrapolation method, ITTC-78 Method with Empirical Transom Correction, is similar to 

the standard ITTC-78 method but includes an empirical correction for resistance scaling. Substantial 

transom submergence in some loading conditions causes flow separation, invalidating the form factor 

approach. Therefore, different form factors are used for model and full scales, with the full-scale form 

factor adjusted using Korkmaz's empirical correction, Korkmaz (2022). 
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2.2. Computational method 

 
The computational simulations utilized the FineTM/Marine computing suite version 10.2 for conducting 

free-surface Reynolds-Averaged Navier-Stokes (RANS) computations. The incompressible RANS 

equations were solved using the ISIS-CFD flow solver, which employs the finite volume method. This 

solver is capable of handling a variety of grid types, including three-dimensional unstructured grids. 

The velocity field was derived from the momentum conservation equations, while pressure was 

determined from the continuity equation. Turbulence modelling was achieved through the discretization 

and solution of the transport equations, employing the AVLSMART discretization scheme for both 

momentum and turbulence transport equations. All free-surface RANS computations were conducted 

in steady-state conditions, utilizing the k-ω SST turbulence model proposed by Menter (1993). 

 

The free surface was modelled using a Volume of Fluid (VOF) multi-phase flow approach. Within the 

ISIS-CFD framework, the Blended Reconstructed Interface Capturing Scheme (BRICS) was employed 

for multi-fluid discretization. Further details on the surface capturing method can be found in the work 

by Wackers et al. (2011). 

 

Unstructured hexahedral grids were generated using the HEXPRESSTM module of the FineTM/Marine 

suite. The volume-to-surface approach was employed to generate non-conformal body-fitted full 

hexahedral unstructured grids around the hull and appendages. Boundary layers were inserted between 

the no-slip wall and surrounding hexahedral grids. These grids were refined with a local zone near the 

free surface to ensure consistent grid spacing in the z-direction. In cases involving self-propulsion, 

additional refinement regions were added around the actuator disc to minimize interpolation errors. 

Adaptive Grid Refinement (AGR) was employed during computation to further refine the grids. The 

AGR criterion used for all computations is based on Hessians of both pressure and velocity, which are 

weighted as they appear in the flux. In terms of trim optimization computation, the main advantage of 

the flux-component Hessian (FCH) criterion is that shear layers, wakes, boundary layers, and pressure-

based flows (waves, vortices) can be tracked, and grids are refined precisely where needed. As a result, 

rather than generating separate grids for each loading condition and speed, one grid was generated per 

speed. Mesh deformation techniques were employed to adapt the initial grids for various loading 

conditions and then further refined by the AGR algorithm, allowing for efficient computation.  

 

Computational domains were configured as rectangular prisms, with specified distances between the 

inlet and outlet boundaries. Solid wall boundaries, including the hull and appendages, were modelled 

using a wall-law boundary condition. For full-scale self-propulsion computations, roughness effects 

were incorporated using a wall function approach with the sand-grain roughness height of 30 μm as 

recommended by, Schultz (2007). 

 

Propeller effects were simulated using the actuator disc model within the ISIS-CFD solver. The actuator 

disc's influence was included in the momentum equations of relevant cells. Thrust, torque, and propeller 

turning rate were updated at each time step based on the predicted values obtained from the propeller 

open water curve (POW). The thrust of the actuator disc was determined by considering drag and 

external force vectors, such as the towing force in model scale and air resistance in full scale. 

 
2.3. Full-scale data 

 
The vessel is outfitted with a diverse array of sensors designed to monitor and record various aspects 

of its operation. These sensors capture data pertaining to the vessel's condition, including draught at 

fore and aft perpendiculars, heel angle, speed over ground, and speed through water. Additionally, 

environmental factors such as current, depth below keel, water temperature, apparent and true wind 

speed and direction, as well as now-casting based swell, wave height, and period, are continuously 

monitored. Furthermore, the performance of the vessel is monitored through the tracking of propeller 

turning rate, shaft torque per propeller, and fuel consumption. 
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Data collection spans from 2015 to 2022, with measurements logged at regular 10-minute intervals. 

The installation of these sensors and subsequent data collection are overseen by the ship owners. 

Therefore, this study focuses solely on the analysis of the data collected within this timeframe. 

 
3. Test case, experimental and computational conditions 

 
The test case for this study involves a RoPax vessel with over a decade of operational history. Operating 

exclusively between two harbours, the vessel's route remains consistent. Equipped with a twin-screw 

propulsive arrangement, each shaft line is supported by shaft bossing, an I-bracket, and a V-bracket. 

The rudders are positioned transversely near the same y-coordinate as the shaft line. While the vessel's 

hull lines, shaft arrangement, propulsion setup, and propeller design are typical of a RoPax vessel, 

confidentiality prohibits the sharing of images or drawings in this paper. 

 

Trim optimization parameters are determined through statistical analysis of ship monitoring data. 

Consequently, three speeds and two displacements—referred to as light (L) and heavy (H)—are 

selected. Model tests encompass three trim conditions: 1.5 m bow trim, even keel, and 1.5 m stern trim. 

Trim is calculated as the difference between the draught at the fore perpendicular (𝑇𝑓) and the draught 

at the aft perpendicular (𝑇𝑎). As the calculation of the trim (𝑇𝑟𝑖𝑚 =  𝑇𝑓 −  𝑇𝑎) implies, positive trim 

values indicate bow trim, while negative values indicate stern trim. 

 

Experimental conditions and measurement uncertainties are detailed in Korkmaz (2023), with model-

scale computations replicating identical conditions including speed, temperature, viscosity, salinity, 

and model geometry. Full-scale computations are conducted for seawater at 15℃. The vessel's 

superstructure is omitted, and the same geometry as the model is used. Air resistance is factored in as 

an external force in full-scale computations, calculated according to ITTC (2021c) for each loading 

condition (two displacements and three trims). All computations assume calm, deep, and unconstrained 

waters. 

 
3. Trim optimisation trends in model scale 

 
This section discusses results of the trim optimization tests, for 2 displacements, 3 trim conditions, and 

3 speeds. The evaluation is based on towing tank test results and free-surface RANS computations in 

resistance and self-propulsion modes. The change in the quantity of interest, such as resistance force, 

between trimmed and even keel conditions for each displacement and speed is calculated as follows: 

 

∆𝑅𝑇𝑀 =
𝑅𝑇𝑀(𝑡𝑟𝑖𝑚) − 𝑅𝑇𝑀(𝑡𝑟𝑖𝑚 = 0)

𝑅𝑇𝑀(𝑡𝑟𝑖𝑚 = 0)
× 100 

(1)  

 

where ∆𝑅𝑇𝑀 represents the relative change in resistance force for a given trim condition, 𝑅𝑇𝑀(𝑡𝑟𝑖𝑚), 
as a percentage of the resistance at zero trim condition 𝑅𝑇𝑀(𝑡𝑟𝑖𝑚 = 0). Although this section only 

presents model tests and computations performed at model scale, the vessel's speed is always indicated 

using the corresponding full-scale speed in kn. This approach is adopted because the same full-scale 

speed under different loading conditions cannot be addressed with a single Froude number, due to 

significant variations in waterline lengths between loading conditions. 

 
3.1. Resistance 

 
The results of the trim optimization towing tank tests are shown in Fig.1. Black markers represent 

measured data, error bars indicate the measurement uncertainties, Korkmaz (2023). Each sub-figure in 

Fig.1 illustrates the relative change in resistance under trimmed conditions compared to even keel 

condition for a specific displacement and speed, as noted in the titles on top of the plots. 
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Fig.1: Change of total resistance with respect to trim relative to even keel condition, ∆𝑹𝑻𝑴, for model 

tests and CFD computations. 

 

An overall analysis of the ∆𝑅𝑇𝑀 trends in Fig.1 suggests that trimming the bow provides negligible 

resistance reduction at 19 kn, modest reduction at 17 kn, and limited reduction at 15 kn. Conversely, 

trimming the vessel by the stern results in increased resistance across all displacements and speeds. The 

potential gains are overshadowed by the resistance penalties incurred when operating the vessel under 

non-optimal conditions, amounting to as much as 15%. 

 

Comparing the light (top row) and heavy displacements (bottom row) in Fig.1 at their respective speeds 

reveals little difference, despite the 10% difference in displacement volumes. This similarity can be 

partially attributed to the forebody design. The bulbous bow was optimized for narrow operational 

conditions, with its volume centre close to the water surface and its forward end near the tip. 

Consequently, loading conditions where the bulb is too close to the water surface (trim < 0) and low 

Froude numbers result in unfavourable wave patterns, occasionally leading to breaking waves as seen 

in Fig.2(a), (b) and (d). Additionally, significant flare and a relatively blunt waterline entrance angle 

above the design waterline cause the water surface to rise along the hull as a thin sheet (up to 30% of 

the draught from the water surface) before rolling off the sides when trimmed by the bow (trim > 0) at 

higher speeds as seen Fig.2 (c) and (d). Furthermore, aft body characteristics, such as the transom flow 

regime, exhibit significant variation depending on trim and speed conditions. The similarity in ∆𝑅𝑇𝑀 

trends for each speed in different displacements can largely be explained by the fact that similar flow 

phenomena, albeit with varying intensities, are observed in both displacements rather than entirely 

distinct wave patterns. 

 

The flow regime behind the transom varies significantly with trim and speed conditions, including dry-

transom, wetted-transom, and partially dry-transom flows observed in the model tests. However, 

regular transom flow, Larsson and Raven (2010), was not observed as the wave crest at the stern 

consistently reached the transom edge under all conditions. Dry-transom flow, with the flow smoothly 

leaving the transom edge tangential to the buttocks, was observed at light displacement, even keel and 

trim by bow, while heavy displacement exhibited dry transom only in trim by bow, while heavy 

displacement exhibited dry transom only in the trim by the bow conditions as seen in Fig. 3. 
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(a) L-1.5m, 15 kn (d) H-1.5m, 15 kn 

  
(b) L, 15 kn (e)  H, 15 kn 

  
(c) L+1.5m, 15 kn (f) H+1.5m, 15 kn 

  
Fig.2: Wave patterns at the bow for light and heavy displacements at 15 kn 

 

(a) L-1.5m, 17 kn (d) H-1.5m, 17 kn 

  
(b) L, 17 kn (e)  H, 17 kn 

  
(c) L+1.5m, 17 kn (f) H+1.5m, 17 kn 

  
Fig.3: Wave patterns at the bow for light and heavy displacements at 17 kn 

 

Most other trim conditions and speeds resulted in partially dry transom flows with the increasing 

intensity of flow separation and spill breakers with the increasing transom submergence; hence, 

explaining the high resistance penalties with trimming by the stern. The wetted transom flow regime 
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was observed only with the high displacement stern trim and the slowest speed (𝐹𝑛 = 0.166 and 

𝐹𝑛𝑡𝑟 = 2.75). 

 

Computational Fluid Dynamics (CFD) method is employed to analyse trim optimization, and its results 

are compared to those from towing tank tests. The ∆𝑅𝑇𝑀 values, represented by blue markers in Fig.1, 

demonstrate that CFD predictions closely match the towing tank measurements. Additionally, the 

comparison error between the CFD predictions and the model tests are calculated as 

 

𝐸%𝐷 = (𝐷 − 𝑆)/𝐷 × 100 (2)  

 

where 𝐷 is the experimental value and 𝑆 denotes the value obtained from CFD.  

 

As seen in Table I, half of the loading conditions and speeds resulted in comparison errors less than 

±1%. When these cases were cross-checked with the flow features, it was observed that the flow is 

mostly free from complicated and unsteady phenomena, such as flow separation, breaking waves, and 

spill breakers. On the other hand, the comparison error tends to be larger especially when the transom 

features wetted transom and partially dry transom flow. Even though the prediction accuracy is 

relatively high in general, as evidenced by the mean absolute comparison error of 1.2%, the prediction 

accuracy for the trim trends can be significantly worse (up to 3.5%) for certain loading conditions as 

also seen in Fig.1. 

 

Table I: Total resistance comparison error, 𝑬%𝑫 

Loading 
Condition 

Speed 

15 kn 17 kn 19 kn 

L-1.5m 0.57 1.55 1.68 

L 0.77 0.16 -0.71 

L+1.5m -1.23 -1.23 -0.74 

H-1.5 3.51 3.43 1.96 

H 0.84 -0.15 -1.62 

H+1.5m -0.54 -0.67 -0.40 

 

3.2. Self-propulsion 

 
This section presents the results of self-propulsion towing tank tests and Computational Fluid Dynamics 

(CFD) simulations. The same trim optimization conditions used in the resistance tests (two 

displacements, three trims, and three speeds) were applied in the self-propulsion tests. Delivered power 

in model scale was calculated from measured torque and propeller rotation rate, with measurement 

uncertainties predicted as described in Korkmaz (2023). The change in delivered power, 𝑃𝐷𝑀, between 

trimmed and even keel conditions is calculated using: 

 

∆𝑃𝐷𝑀 =
𝑃𝐷𝑀(𝑡𝑟𝑖𝑚) − 𝑃𝐷𝑀(𝑡𝑟𝑖𝑚 = 0)

𝑃𝐷𝑀(𝑡𝑟𝑖𝑚 = 0)
× 100 

(3)  

  

Fig.4 displays the relative change in delivered power (𝑃𝐷𝑀) across different trims, displacements, and 

speeds. Black markers represent measured data, with error bars indicating measurement uncertainties. 

Trim trends from resistance tests, Fig.1, and self-propulsion tests, Fig.4, show similarities across 

various conditions, with stern trims resulting in significant power penalties, while bow trims yield 

variable outcomes based on displacement and speed. 

 

The primary distinction between resistance and self-propulsion tests lies in the magnitude of potential 

gains or losses from trimming. For instance, at L-1.5m and 15 kn, ∆𝑅𝑇𝑀 = 13.0% and ∆𝑃𝐷𝑀 = 24.5%. 

This disparity arises not only from propulsive efficiency differences but also from the differing test 
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setups. In self-propulsion tests, a towing force (𝑅𝑎) unloads the propeller, addressing frictional 

resistance and roughness allowance discrepancies between model and full scale, ITTC (2021). Hence, 

a direct comparison between the resistance and the delivered power in model scale is inappropriate. 

Instead, the towing force from self-propulsion tests should be subtracted from total resistance for an 

accurate comparison. 

 

   

   
Fig.4: Change of delivered power with respect to trim relative to even keel condition, ∆𝑷𝑫𝑴, for model 

tests and CFD computations. 

 

Table II: Comparison between adjusted resistance and delivered power at 19 kn 

Loading Condition 

Speed 

19 kn 

∆(𝑅𝑇𝑀 − 𝑅𝑎) ∆𝑃𝐷𝑀 

L-1.5m 12.9 15.7 

L+1.5m 4.3 1.9 

H-1.5 13.6 15.5 

H+1.5m 2.1 -2.8 

 

 

Table II presents trim trends at 19 kn, showing adjusted total resistance (∆(𝑅𝑇𝑀 − 𝑅𝑎)) and delivered 

power (∆𝑃𝐷𝑀). Even after the adjustment, the gains, or losses due to trimming by bow or stern are 

substantially different, Table II. In the case of heavy displacement trim by the bow (H+1.5m), the trim 

trends do not even agree, resistance mode indicating 2.1% penalty while the self-propulsion mode 

suggests 2.8% reduction. Further investigations on the propulsive coefficients indicated that, aft trims 

(L-1.5m and H-1.5m) exhibit lower thrust increases than adjusted resistance, signifying reduced thrust 

deduction but a notable increase in propeller rate, leading to decreased wake fraction and hull 

efficiency. Aft trimming reduces hull efficiency and propeller efficiency due to increased resistance 

and altered propeller loading (𝐾𝑇𝑀/𝐽𝑇𝑀
2 ) substantially. Conversely, bow trims increase hull efficiency, 

particularly in heavy displacement, as they increase wake fraction and overall efficiency, highlighting 

gains in self-propulsion over resistance tests.  
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CFD computations for self-propulsion towing tank tests were conducted using the same conditions, and 

∆𝑃𝐷𝑀 values are illustrated in Fig. 3 where blue markers denote CFD results. The CFD method 

accurately replicated trim trends for delivered power, with a mean absolute comparison error of 2.2% 

compared to model tests. The simple propeller model used in CFD effectively captured thrust 

deduction, wake fraction, and propeller loading changes across trim conditions. 

 

However, CFD predictions under-predicted ∆𝑃𝐷𝑀 by 1.5% to 5.4% for stern trims, similar to 𝑅𝑇𝑀 

predictions from resistance computations. This under-prediction is attributed to modelling errors in 

complex aft trim conditions involving breaking waves and unsteady eddies. Consequently, the under-

prediction in self-propulsion computations likely stems mostly from resistance under-prediction and 

partially from the simple propeller modelling. CFD predictions were more accurate for bow trims, 

where flow conditions are less complex, again pointing towards modelling errors, such as time-

averaging and turbulence modelling. 

 
3.3. Comparison of resistance and self-propulsion results 

 
As explained in Section 3.2, propulsive efficiency significantly impacts trim trends. Unlike resistance 

tests, self-propulsion tests closely resemble full-scale ship operations since the effect of the propeller is 

included. The operating propeller induces notable variations in pressure distribution at the aft body and 

modifies the local flow both upstream and downstream of the propeller. In self-propulsion tests, the 

pressure drop caused by the propeller at the hull and appendages, such as the rudder, increases dynamic 

sinkage at the aft body and alters the wave pattern in the hull’s wake compared to resistance tests. 

Additionally, the propeller jet introduces significant flow variations downstream, extending up to the 

free surface and affecting the flow behind the transom. 

 

(a) Resistance (b) Self-propulsion 

  
Fig.5: Wake behind the transom from the CFD computations in model scale, heavy displacement even 

keel condition, 19 kn. 

 

Due to confidentiality constraints, specific pressure distributions on the hull and appendages are not 

disclosed. Instead, the wave pattern and non-dimensional longitudinal velocity (𝑢/𝑈, where 𝑢 is the 
longitudinal velocity and the 𝑈 is the free-stream velocity) at the free surface for resistance and self-

propulsion computations at heavy displacement and 19 kn are presented in Fig.5. The negative 𝑢/𝑈 

values indicate that water on the free surface is moving in the same direction as the model, trailing the 

hull. The contour lines on the iso-surface representing the wave elevation in Fig.5 mark the 𝑍/𝐿𝑃𝑃 

(where 𝑍 represents the wave elevation and 𝐿𝑃𝑃 is the length between perpendiculars) with an interval 

of 0.001. The profound changes in the wave pattern behind the transom and the momentum loss in the 

wake due to the propeller's influence are visualised in Fig.5. The resistance computation, Fig.5(a), the 

rudder's trace is visible as a longitudinal wave crest followed by a recirculating flow region. In contrast, 

the self-propulsion computation (Fig.5(b)), this trace is absent, and the recirculating flow is eliminated 

both behind the propeller and at the wave crest along the centreline. 

 

To further clarify these differences, longitudinal wave cuts at three transversal positions —centreline, 

propeller centre, and 𝑦/𝐿𝑃𝑃 =  0.08 (where 𝑦 is the transversal distance from centreline) — were 

generated, Fig.6. Solid red lines represent resistance computations, while blue dashed lines denote self-
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propulsion computations. The vertical black dotted line marks the transom's longitudinal position. 

These wave cuts reveal a significant difference in the steepness and shape of the first wave crest in self-

propulsion tests compared to resistance tests. In addition, the wavelength of the transversal wave behind 

the transom is longer in self-propulsion compared to resistance computation. The diverging waves 

emitted from the edge of the transom shows significant differences while the wave pattern upstream of 

the aft body remains largely unchanged, as indicated by the wave cuts at 𝑦/𝐿𝑃𝑃 =  0.08. 

 

 

 

 
Fig.6: The longitudinal wave cuts from CFD computations in model scale, heavy displacement 

even keel condition, 19 kn. 

 

As evidenced by the differences in the trim trends between the resistance and self-propulsion, the 

differences are not limited one or two loading conditions and speeds, but similar observations were 

made nearly for all combinations of speeds and loading conditions underscoring the importance of 

considering propeller effects for accurate ship performance predictions, i.e. trim trends. 

 
4. Trim optimisation trends in full-scale 

 

This section discusses the trim trends based on two different methods of extrapolation of trim 

optimization towing tank tests and self-propulsion computations in full scale. The methods for this 

extrapolation are detailed in Section 2.1. Unlike model scale experiments, where towing tank tests 

include uncertainty estimations, there is no experimental data with uncertainty estimations for full-

scale. Although less accurate than speed trials, ship monitoring data can still be used to verify the trends 

predicted by different methods. 

 

4.1. Analysis of the experimental and computational results 

 
This section presents the trim optimization results for delivered power using the ITTC-78 and ITTC-

78tr methods, and full scale self-propulsion CFD simulations. Fig.7 presents the trim optimization 

results of the delivered power. Similar to earlier plots, Fig.1, the non-dimensional delivered power 

predictions at the trimmed conditions are presented with respect to the even keel loading at each speed 

and displacement. 
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Fig.7: Change of predicted delivered power in full scale with respect to trim relative to even keel 

condition, ∆𝑷𝑫𝑺, for extrapolated model tests and CFD computations. 

 

As seen in Fig.7, the results from ITTC-78 and ITTC-78tr are identical for the bow trim, as there is no 

transom submergence at trim by the bow for both displacements. On the other hand, the agreement in 

∆𝑃𝐷𝑆 predictions from the two extrapolation methods are less for aft trim (trim < 0) compared to trim 

by the bow. The ∆𝑃𝐷𝑆 predictions differ up to 2.2% in the light displacement aft trim conditions. 

However, significant discrepancies emerge when the transom is submerged, notably in heavy 

displacement at 15 kn, leading to differences of up to 8.5% between ITTC-78 and ITTC-78tr. At this 

condition, wetted transom flow was observed in the towing tank tests. If the flow pattern behind the 

wetted transom is similar in the model and full scale, the ITTC-78 method is unsuitable, since the 

scaling of the viscous pressure resistance leads to under-prediction of the total resistance and delivered 

power, Korkmaz (2023). This under-prediction stems from the flow recirculation (i.e., separated flow) 

behind the transom, which violates the form factor assumptions used in scaling the resistance. To 

address this limitation, the ITTC-78tr method introduces a correction, assuming that flow separation 

occurs both in the model and full scale, resulting in the ∆𝑃𝐷𝑆 predictions between ITTC-78 and ITTC-

78tr differing as much as 8.5%. Other speeds (17 kn and 19 kn) at heavy displacement and aft trim 

indicated partially dry transom flow in model scale. Therefore, the ITTC-78tr method includes a 

correction for the submerged transom, assuming a wetted transom both in the model and full scale. The 

wetted transom assumption does not hold in model scale and probably in full scale; therefore, the ITTC-

78tr method likely over-predicts the delivered power in trim by the stern in heavy displacement, 

especially at the fastest speed. 

 

There is no true reference in full scale to compare the ∆𝑃𝐷𝑆 predictions from the full scale self-

propulsion computations. However, the prediction accuracy of the CFD in model scale self-propulsion 

can be informative when full-scale predictions from the extrapolation methods and CFD are compared. 

The prediction pattern of CFD shows similarities in model and full scale for the loading conditions 

where the transom submergence is either zero or insignificant. For example, the model scale ∆𝑃𝐷𝑀 

predictions from the CFD were always under-predicted for the trim by the bow condition compared to 

the model tests, Fig.4. Similarly, in Fig.7, the full-scale CFD predictions are 3-4% higher than the 

predictions from extrapolation methods in trim by the bow condition.  
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At heavy displacement and aft trim conditions, the transom is substantially submerged, and the 

predictions from all methods, including CFD, diverge significantly, especially at the slowest speed of 

15 kn. The contrast between the agreement of predictions from different methods for the light and heavy 

displacements with aft trim at 15 kn is significant. As argued earlier, the flow separation complicates 

the scaling procedure for the extrapolation methods. As a result, different extrapolation methods predict 

vastly different ∆𝑃𝐷𝑆 values at the aft trim condition. Notably, CFD predictions align closely with 

ITTC-78tr, especially evident in heavy displacement conditions with substantial transom submergence. 

As speed increases, discrepancies diminish, especially in heavy displacement conditions at higher 

speeds, reflecting a shift in transom flow regime from wetted to partially dry and dry transom. 

 

4.1.1. Comparison between model and full scale trim trends 

 
Free-surface RANS self-propulsion computations were employed to compare the flow features between 

the model and full scale. Such comparisons are crucial since numerous loading conditions and speeds 

yielded partially dry or even wetted-transom flows, alongside dry transoms. Partially dry transoms are 

subject to large-scale effects, Starke et al. (2007), potentially causing different flow regimes in model 

and full scale. 

 

(a) Light displacement, 15 kn (b) Heavy displacement, 15 kn 

  
Fig.8: Comparison of the change of predicted delivered power between the model and full scale from 

the CFD computations. 

 

To demonstrate the scale effects on the trim trends and the flow especially behind the transom, the 

speed of 15 kn has been selected. As in Fig.8(a), the model scale and full scale delivered power trends 

with bow and stern trims are nearly identical for light displacement. The flow is visualised in in Fig.9 

through surface elevation coloured by the non-dimensional longitudinal velocity, and the wave cut at 

the centreline for the even keel condition at light loading condition. As seen in Fig.9, both model and 

full scale have dry transom flow where the flow leaves the transom edge smoothly, and no traces of 

flow separation can be observed in the wake. Additionally, the wave cut shown in Fig.9, suggests only 

limited differences between the two scales. 

 

Similar comparisons were conducted for aft trim conditions in light displacement (L-1.5m), indicating 

nearly identical trim trends in both scales, Fig.8 (a). The flow for the L-1.5m condition is visualised in 

Fig.10 similar to the earlier Fig.9. As seen in Fig.10, both model and full scale have dry transom flow. 

However, the longitudinal velocity at the free surface shows significant flow retardation, even pockets 

of flow recirculation zones exist in both scales. Additionally, wave pattern shows considerable 

differences as shown in Fig.10 by the surface elevation and the wave cut at the centreline. However, a 

neither a major recirculation region nor a significant change is observed in both even keel and aft trim 

conditions; hence, the trim trends remained relatively similar in both scales. 
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(a) Model Scale (b) Full Scale 

  
(c) Wave cut at the centreline 

 
Fig.9: Non-dimensional longitudinal velocity on the free surface from CFD computations in model (top 

left) and full scale (top right) at 15 kn and L loading condition. 

 

(a) Model Scale (b) Full Scale 

  
(c) Wave cut at the centreline 

 
Fig.10: Non-dimensional longitudinal velocity on the free surface from CFD computations in model 

(top left), full scale (top right) and wave cuts at 15 kn and L-1.5m loading condition. 
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(a) Model Scale (b) Full Scale 

  
(c) Wave cut at the centreline 

 
Fig.11: Non-dimensional longitudinal velocity on the free surface from CFD computations in model 

(top left) and full scale (top right) at 15 kn and H loading condition. 

 
(a) Model Scale (b) Full Scale 

  
(c) Wave cut at the centreline 

 
Fig.12: Non-dimensional longitudinal velocity on the free surface from CFD computations in model 

(top left) and full scale (top right) at 15 kn and H-1.5m loading condition. 

 

Moving on to the next loading condition, heavy displacement at 15 kn, Fig.8(b) indicates nearly 15% 

difference in the trim trends for the aft trim condition, while the bow trim trend remained nearly 

identical for both scales. To scrutinise the large scale effect for at the aft trim, the flow is visualised in 

Fig.11 through surface elevation coloured by the non-dimensional longitudinal velocity, and the wave 

cut at the centreline for the even keel condition at the heavy loading condition. As seen in Fig.11, the 
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full scale computation shows dry transom flow where the flow leaves the transom edge parallel to the 

buttocks, and trace of excessive flow retardation can be seen on the free surface, The transom in the 

model scale computation is also dry; however, the transverse wave following the transom is steep as 

seen in Fig.11(c), and the wave crest is occupied by significant separated flow. As a result of the 

changed flow regime (disappearing recirculation zone) between the two scales, significant scale effects 

are observed in the even keel heavy displacement at 15 kn. 

 

Unlike the even keel condition at the heavy displacement, the flow observations for the trim by the 

stern shows less differences between the model and full scale as seen in Fig.12, where free surface and 

wave cuts are visualised in a similar fashion to the earlier ones e.g. Fig.11. As seen in Fig.12(a) and 

(b), both model and full scale has wetted transoms. The negative non-dimensional longitudinal 

velocities immediately downstream of the transom for both scales indicate large flow recirculation 

zones. Additionally, a closer inspection on the extend of flow retardation behind the transom and the 

wave cut suggests little change in terms of flow recirculation zone between the model to full scale. As 

argued by Korkmaz (2022), the resistance caused by the flow recirculation zone, i.e. wetted transom, 

becomes much more prominent in full scale as the frictional resistance coefficient and viscous pressure 

resistance coefficients (excluding the transom resistance) reduces with the increasing Reynolds number, 

while the part of the pressure resistance coefficient due to wetted transom remains relatively similar in 

both scales. Since the trim trends highlight the difference between the even keel and trimmed 

conditions, the difference between the model and full scale widens for the heavy displacement aft trim 

condition. 

 
4.2. Preparation of the ship monitoring data and full-scale predictions for comparison 

 
4.2.1. Experimental and computational methods 

 
Full-scale predictions were generated for two displacements, three trims, and three speeds. However, 

the ship's actual operating conditions surpass these 18 CFD and EFD predicted scenarios. Therefore, a 

surrogate model is necessary to estimate conditions between the predictions. 

 

The polynomial response surface approach was chosen to build the surrogate model. In this approach, 

the independent variables—draught at midship (𝑇𝑀), trim, and ship speed—were used in a regression 

analysis to predict the dependent variable, delivered power. However, the limited data points for each 

independent variable posed challenges in selecting the polynomial degree. Initially, a linear regression 

was employed due to the availability of only two draughts, but it produced unsatisfactory results. To 

enhance the accuracy of the model, the number of data points was artificially increased through linear 

interpolation for draught and trim. Subsequently, quadratic and cubic polynomials were fitted to each 

data set (ITTC-78tr, model scale resistance CFD, full scale self-propulsion CFD), yielding maximum 

standard deviations of approximately 1.0% and 0.7%, respectively. The cubic fit was preferred due to 

its qualitative alignment with the observed trends in trim across different speeds and its lower standard 

deviation. 

 

4.2.2. Ship monitoring data 

 
Relevant variables were carefully chosen from the sensor data to characterize various aspects of the 

ship's operating environment. These included parameters describing the ship's loading condition 

(draught at fore and aft perpendiculars), environmental factors (such as current, depth below keel, 

apparent and true wind speed and direction, swell, wave height, and period), and speed-power 

performance (including propeller turning rate, shaft torque, speed over ground, and speed through 

water). Once the dataset was verified to ensure the existence and integrity of all selected variables for 

each reading, filters were applied to approximate calm and deep water conditions. Speed through water 

(STW) was prioritized over speed over ground (SOG) based on feedback from ship operators. Data 

points with STW less than 14.5 kn or greater than 19.5 kn were eliminated to align with the range of 

predictions from CFD and EFD. 
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Given that the vessel navigates through areas with shallow water sections, measures were taken to 

exclude the effects of shallow water. This involved calculating parameters such as the depth Froude 

number (𝐹𝑟𝐻), ℎ/𝑇𝑀 ratio (where ℎ represents the water depth), and Raven's shallow water correction, 

Raven (2019). Data points with 𝐹𝑟𝐻  > 0.6, ℎ/𝑇𝑀 < 5, or Raven's correction exceeding 3% were 

filtered out accordingly. 

 

The twin-screw propulsive arrangement allows operational flexibility, leading to unequal shaft line 

loads. Data points where either shaft bore less than 30% or more than 70% of total power were removed 

to match prediction conditions of equal propeller loading. 

 

Wind conditions were cross-referenced with wave data due to the consistent wind direction and 

sheltered operations. Data points with apparent wind speeds exceeding 18 m/s were excluded. 

Additionally, draught and trim values beyond the scope of the towing tank tests were eliminated. 

 

Following the filtering process, approximately 9.5% of the original dataset remained, closely 

approximating the conditions for full-scale CFD and EFD predictions. Each subset of data, roughly 

corresponding to the full-scale prediction conditions, underwent regression analysis with ship speed, 

midship draught, and trim as independent variables, while total power was designated as the dependent 

variable. 

 
4.3. Comparison between the predictions and the full scale data 

 
The final step of the full-scale analysis involves comparing measured and predicted power. As 

explained in Sections 4.2.1 and 4.2.2, two regression models—one for predictions and one for 

measurements—are utilized to approximate trim optimization trends across various scenarios, 

including light and heavy displacements, three speeds, and a suitable range of trim values within each 

dataset subset. The predictions from extrapolation method (ITTC-78tr) and CFD (model scale 

resistance and full-scale self-propulsion), along the trim trends from ship monitoring data (denoted as 

data fit), are compared in Fig.13. A reference band of ±5% is placed around the data fit curve, and 

histograms of trim values are shown above each plot to indicate frequency and skewness in each data 

selection. The x-axis alignment enables a clear comparison of trim value frequencies, while the y-axis, 

representing either ∆𝑃𝐷𝑆 or ∆𝑅𝑇𝑀, depicts the percentage change in power or resistance, respectively, 

with varying trim values.  

 

The comparison, limited to data with sufficient trim values, shows that all predictions from ITTC-78tr 

method and full-scale self-propulsion computations fall within the 5% reference band, as observed in 

Fig.13. Although most conditions fall within this band, in some cases, the trim trends from model scale 

resistance computations lie outside of it. This agreement, despite uncertainties in ship monitoring data 

collection and curve fitting, indicates high similarity between predictions and measurements across all 

loading conditions and speeds.  

 

As observed in Fig.13, all predictions and data fit of the measurements agree that trimming by the stern 

increases power demand. While predictions and measurements largely align for trim by the bow, the 

data fit from ship monitoring data suggests an optimum trim at smaller values compared to prediction 

methods. However, the trim trends from ship monitoring data exhibit some inconsistencies. For 

example, the data fit suggests ∆𝑃𝐷𝑆 values of approximately -6%, -1%, and -4% for heavy displacement 

at ~0.75m trim for speeds of 15 kn, 17 kn, and 19 kn, respectively. This trend is not supported by towing 

tank tests and CFD computations, which suggest a monotonic change. Therefore, the trim trends from 

ship monitoring data should be interpreted cautiously, with a significant reference band to account for 

unrealistic fluctuations in data curve fits. 
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Fig.13: Comparison between trim trends from ship monitoring data, extrapolations methods and CFD 

 

Despite observed fluctuations in the trim trends from ship monitoring data, further analysis was 

conducted to compare the trim trends from full-scale measurements and various prediction methods. 

The comparison error, denoted as 𝐸%𝐷, quantifies the discrepancy between the data fit and prediction 

methods, namely ITTC-78tr, CFD self-propulsion full-scale, and CFD resistance model-scale. 
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Table III summarizes the mean comparison error (𝐸%𝐷̅̅ ̅̅ ̅̅ ̅) and the mean absolute comparison error 

(|𝐸%𝐷|̅̅ ̅̅ ̅̅ ̅̅ ̅) for light loading (L) condition, heavy loading (H) condition, and the combined loading 

conditions. The 𝐸%𝐷̅̅ ̅̅ ̅̅ ̅ values indicate the mean bias between the predictions and the actual 

measurements. For the ITTC-78tr method, the mean errors are relatively small, with the combined 

loading condition showing a minor positive bias of 0.09%. The CFD self-propulsion full-scale 

predictions display a larger negative bias in the light loading condition (-0.69%) and a smaller negative 

bias in the combined condition (-0.29%). In contrast, the CFD resistance model-scale predictions 

exhibit a consistently negative bias across all conditions, with the heaviest bias observed in the heavy 

loading condition (-0.96%).  

 

In other terms, predictions of trim trends from ITTC-78tr are on average in good agreement with the 

full-scale measurements, while the full-scale CFD computations closely follow this level of agreement 

but with a small negative bias, indicating a general underprediction of trim trends. On the other hand, 

the model-scale CFD computations systematically underpredict the trim trends, which is expected in 

light of the investigations on scale effects (see Sections 3.3 and 4.1.1). 

 

Table III: Comparison error between ship monitoring data and full-scale predictions 

Error 
ITTC-78tr CFD self-prop. full-scale CFD resistance model-scale 

L H Combined L H Combined L H Combined 

𝐸%𝐷̅̅ ̅̅ ̅̅ ̅ -0.23 0.41 0.09 -0.69 0.12 -0.29 -0.60 -0.96 -0.78 

|𝐸%𝐷|̅̅ ̅̅ ̅̅ ̅̅ ̅ 0.88 1.07 0.98 1.52 0.96 1.24 1.77 1.95 1.86 

 

The |𝐸%𝐷|̅̅ ̅̅ ̅̅ ̅̅ ̅ values provide insight into the magnitude of the prediction errors regardless of their 

direction. The absolute errors are highest for the CFD resistance model-scale method, indicating larger 

deviations from the full-scale measurements, particularly in the heavy loading condition (1.95%), 

where the scale effects are the most prominent due to substantial transom submergence. The ITTC-78tr 

method shows a balanced error distribution among different loading conditions, while indicating the 

smallest overall error. The CFD self-propulsion full-scale method, closely following the ITTC-78tr 

method, gives the lowest absolute error in the heavy loading condition (0.96%). 
 
In summary, while all prediction methods exhibit some degree of error when compared to full-scale 

measurements, the ITTC-78tr method generally provides the most accurate predictions, evidenced by 

the smallest absolute error magnitudes. The CFD self-propulsion full-scale method, though having 

larger biases, offers a balanced performance with moderate absolute errors. The CFD resistance model-

scale method, despite having the highest errors, offers only a crude understanding of the trim trends 

due to its significant deviations from full-scale measurements especially. 

 
5. Conclusions 

 
In this study, the trim optimization trends of a RoPax vessel have been investigated using both 

experimental and computational methods. The accuracy of different CFD methods in the model scale 

was assessed through comparisons with towing tank tests, and full-scale predictions were compared to 

ship real-time recorded data. 

 

The free-surface RANS computations generally replicated towing tank resistance tests accurately, 

particularly for trim by the bow conditions. However, its accuracy is reduced with increased transom 

submergence, especially for trim by the stern conditions, due to the complex flow phenomena. The use 

of a simple actuator disc model in self-propulsion simulations demonstrated that while the prediction 

accuracy for power was slightly lower than for resistance, it was sufficient to capture variations in 

propulsive efficiency and local flow differences in model scale. The propulsive efficiency variation 

with trim was found to be significant, emphasizing the necessity of self-propulsion tests or 

computations to accurately quantify the potential gains and losses of trim optimization. 

The comparison of different extrapolation methods for full-scale predictions revealed significant 
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insights. The ITTC-78 method with transom correction demonstrated the closest alignment with full-

scale CFD predictions, offering consistent performance across various loading conditions. Conversely, 

disparities were noted among different prediction methods in conditions characterized by substantial 

transom submergence, particularly evident in trim by stern scenarios. 

 

Through comparisons between measured and predicted power, facilitated by regression models, the 

study evaluates trim variations across different loading conditions and speeds. Notably, the ITTC-78 

method with transom correction (ITTC-78tr) and CFD simulations (model scale resistance and full-

scale self-propulsion) generally align within a ±5% reference band around the ship monitoring data 

curve, indicating substantial similarity across various operating conditions. However, deviations are 

observed, particularly in conditions involving substantial transom submergence, where model scale 

resistance computations diverge from the reference band. Despite uncertainties in data collection and 

curve fitting, the agreement between predictions and measurements underscores the robustness of 

prediction methods. Notably, the ITTC-78tr method demonstrates the smallest absolute error 

magnitudes, suggesting superior accuracy compared to other prediction methods. Conversely, the CFD 

resistance model-scale method, characterized by larger deviations from full-scale measurements, offers 

only a rudimentary understanding of trim trends.  

 

In conclusion, the full-scale self-propulsion CFD method is a reasonably accurate and cost-effective 

approach for determining trim trends, though thorough verification and validation studies are advised 

due to potential discretisation and modelling errors in some loading conditions. When performing 

towing tank tests, it is recommended to use an extrapolation method that includes corrections for 

substantially submerged transoms to ensure more accurate full-scale predictions. Future research should 

investigate the effects of shallow waters and waves on trim trends, as the current study's conclusions 

are limited to deep and calm sea conditions. 
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Abstract 

 

This paper presents the influence of the hull design on the sailing balance, i.e. the centre of lateral 

resistance (CLR), of a wind assisted propelled (WASP) ship. The importance of the CLR on the 

performance of a WASP ship is discussed using results from a generic performance model. On the 

example of a case study ship and using fully viscous CFD computations, the influence of hull design 

features (e.g. forward shoulders and bulbous bow design) and the influence from additional 

appendages in the skeg region are presented.  

 

1. Introduction  

 

Wind-assisted ship propulsion continues to be one of the most important and most discussed option to 

reduced greenhouse gas emissions from shipping. While multiple WASP technologies have been 

proven to give good fuel savings, WASP (2023), the effect of WASP on ship design is not yet discussed 

much. Recently, studies on propeller design for WASP ships have been conducted and discuss the 

special requirements due to large load variations due to different propulsion thrust from the sails and 

oblique inflow, Gypa et al. (2023). In Renzsch and Thies (2023) the effect of hull form modifications 

on the added resistance due to drift has been discussed, which becomes important due to the large side 

forces implied by the sails. As a follow up, this paper investigates the effect of hull form on the centre 

of lateral resistance (CLR), i.e. the point where the side force generated by the hull acts. The importance 

of the CLR has already been discussed during the early rise of WASP technologies, van der Kolk 

(2016), but few studies on suitable hull modifications to influence the position of the CLR have been 

conducted.  

 

2. The case study ship 

 

This study is based on the well-known KVLCC2, a common test and verification ship hull representing 

a very large crude oil carrier, Van et al. (1998). The dimensions of the ship are presented in Table I. 

 

Table I: Main dimensions of the KVLCC2 

 Full scale Model scale 

Lpp 320.0 m 7.0 m 

B 58.0 m 1.269 m 

T 20.8 m 0.455 m 

cB 0.8098 0.8098 

 

In an exemplary study, the effects or a CLR variation on the fuel savings from a WASP system are 

presented in Section 3. For this study, the KVLCC2 is equipped with 6 Flettner Rotors (5 m x 30 m), 

arranged as presented in Fig.1. 

 

 
Fig.1: Arrangement of 6 Flettner rotors on the KVLCC2 
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3. The importance and typical position of the CLR 

 

In contrast to a conventional propeller, a sail introduces large side forces into the system, which must 

be compensated by the hull and propeller. In a static sailing condition one can formulate a system of 

equations by: 

 

0 = 𝑌𝑠𝑎𝑖𝑙 + 𝑌ℎ𝑢𝑙𝑙 + 𝑌𝑟𝑢𝑑𝑑𝑒𝑟 

0 = 𝑀𝑧𝑠𝑎𝑖𝑙 +𝑀𝑧ℎ𝑢𝑙𝑙 +𝑀𝑧𝑟𝑢𝑑𝑑𝑒𝑟 = 𝑌𝑠𝑎𝑖𝑙 ∗ 𝑥𝑠𝑎𝑖𝑙𝐹𝑜𝑟𝑐𝑒 + 𝑌ℎ𝑢𝑙𝑙 ∗ 𝐶𝐿𝑅 + 𝑌𝑟𝑢𝑑𝑑𝑒𝑟 ∗ 𝐿𝑝𝑝 

 

Mz denotes the yaw moments and Y denotes the side forces. This shows that the balance between the 

side force created by the hull and the rudder, i.e. the rudder angle and drift angle, are defined by the 

position of the CLR. The further forward, the more of the side force must be taken by the rudder since 

the hull yaw moment decreases. This must be considered to (a) ensure course keeping capabilities, and 

(b) improve overall performance. To ensure course keeping capabilities, the static rudder angle should 

be limited, which calls for a CLR further back. From a manoeuvring and course keeping point of view, 

a CLR at the centre of the sail force would be ideal, meaning that the static rudder angle becomes zero. 

However, as shown in Renzsch and Thies (2023), the added resistance due to drift can vary largely. It 

is not uncommon, that the added resistance from drifting is much higher than the added resistance 

caused by a rudder angle. In such case, it would be beneficial to load as much of the side force on the 

rudder as possible, i.e. moving the CLR as far forward as possible. As soon as the added resistance 

from drifting becomes lower (some variants in Renzsch and Thies (2023) even showed a negative added 

resistance), the rudder should be unloaded. 

 

Fig.2 presents the influence of the CLR on the resulting sail net thrust (i.e. the thrust deducted with the 

added resistance from drift and steering) of the case study ship with the sail arrangement presented in 

section 2. The analysis was done at a true wind angle of 50 degrees, a true wind speed of 20 kn and a 

ship speed of 15.5 kn. The prediction was performed using the generic four degrees of freedom model 

ShipCLEAN, Tillig and Ringsberg (2020). The CLR is moved back (positive values) and forward 

(negative values), by 6% Lpp. Results show an increase of the net thrust when the CLR moves forward, 

which is due to a higher rudder loading, which for this hull reduces the total added drag. However, 

moving the CLR forward with more than 1% Lpp from the original value causes the rudder angle to 

reach the defined maximum value (5° in this case), in which case the sails must be depowered causing 

a decrease of the net thrust.  

 

 
Fig.2: Relative net thrust with varying CLR position. 

 

In summary, the position of the CLR influences the relation of the side force taken by the hull and the 

rudder. Thus, it directly influences the added resistance and course keeping capabilities and the 

efficiency of the WASP system. 

 

As discussed in Tillig and Ringsberg (2020), the side force generation of a ship hull is dominated by 

the cross flow drag. The centre of this cross flow drag force is close to the geometric centre of the lateral 

plane of the hull. However, due to the pressure distribution along a slender body in oblique floe, an 

external moment is implied to the hull, the so called Munk moment, Nomoto and Tatano (1979). The 
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Munk moment occurs for all 3-dimesnional bodies except spheres and is always destabilizing, i.e. it 

tries to turn the body perpendicular to the flow. This moves the CLR forward resulting in it possibly 

being well in front of the FP, as presented in, e.g., van der Kolk (2016). 

 

4. CFD computations 

 

Two CFD software were used in this study. The forebody variation and the effects of the deadwood 

were analysed using OpenFoam, while the LCB variation was analysed using Shipflow. For each case, 

the forces and moments at a drift angle of 6 degrees and a ship speed of 15.5 kn were computed. 

 

In the first case a specialized and upgraded version of OpenFOAM® was used, Renzsch et al. (2017), 

Meyer et al. (2016). To be able to use a validated simulation setup and accelerate turnaround times, the 

simulations were carried out in model scale. For the simulations, body-fitted split cartesian meshes of 

~5.0mio cells, incl. boundary layer refinement, were generated using snappyHexMesh. The free surface 

is captured by a volume of fluid approach with appropriate mesh refinement in the free surface region 

and bespoke differencing schemes to keep a sharp interface between air and water. 

 

For the LCB variation, Shipflow was used with a potential free surface and a fully viscous double body 

computation. A mesh of around 4.8 million cells was used. As for the OpenFoam compuations, 

Shipflow was run in model scale. 

 

Model to full scale transformation has been computed by Reynold’s correction for straight line 

resistance and assuming that side-force and added resistance coefficients are independent of scale. 

 

5. Results from hull form variations 

 

The original hull form of the KVLCC2 is varied in several areas, the forebody and bulbous bow, the 

forward and aft shoulder by means of a LCB variation (Lackenby shift) and the skeg region by means 

of the addition of a deadwood. The skeg and forebody variations are identical to those shown in Renzsch 

and Thies (2023). 

 

5.1. Forebody variation 

 

The forebody variation was realised using a deformations box to vary the length, width and height of 

the bulbous bow and the foremost part of the hull. Fig.3 to 5 give an impression of the effect of the bulb 

variation. 

 

 
Fig.3: Effect of the length scaling of the stem region (taken from Renzsch and Thies (2023)) 
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Fig.4: Effect of the width scaling of the stem region (taken from Renzsch and Thies (2023)). 

 

 
Fig.5: Effect of the height scaling of the stem region (taken from Renzsch and Thies (2023)). 

 

Fig.6 presents the differences of the CLR compared to the baseline (shown on percent of the Lpp, 

negative values denote a CLR position further forward). The CLR of the different variants was found 

to be up to 1.5% Lpp forward of the CLR of the baseline and up to 2% Lpp aft of the CLR of the 

baseline. 

 

 
Fig.6: CLR of the created variants during the forebody variation 

 

 
Fig.7: Relation between the changes of the side force and the yaw moment 
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To understand what causes the differences of the CLR location, the relation between the side force 

coefficient, cS, and the yaw moment coefficient, cM, is presented in Fig.7. It is shown that the yaw 

moment does not linearly follow the side force. This means that the changes of the CLR positions are 

dominated by the changes in the side force created of the hull and not changes to the Munk moment. 

However, it must be noted that the plot shows some scatter, indicating that both, the cross flow drag 

and the Munk moment are influenced by the hull deformations. 

 

Finally, the changes of the CLR position can be presented over the relative side force, as shown in 

Fig.8. It is obvious that the CLR moves aft for hull with higher side forces created. As stated earlier, 

this indicates that the forebody variation mainly influences the side force, i.e. cross flow drag, and not 

the Munk moment. However, considering the scatter, it must be assumed that the induced Munk 

moment varies as well, as stated earlier. 

 

 
Fig.8: Changes of the CLR over the relative side force coefficient 

 

The differences in the flow pattern and causes of the different side forces created by the hull are further 

discussed in Renzsch and Thies (2023). 

 

 

5.2. Application of a deadwood 

 

A deadwood is commonly applied to ships with course keeping problems. Hence it seems like a suitable 

addition to create more side force on a WASP ship. To investigate the influence of a deadwood on the 

CLR, a 0.7m long plate was added to the aft end of the skeg, as presented in Fig.9. 

 

 
Fig.9: Deadwood in the stern region (shown in green). 

 

Results show a CLR of about 0.8 % Lpp aft of the baseline CLR. As for the forebody variation, the yaw 

moment is almost constant (0.15 % higher), but the side force is increased (about 0.81 %), causing the 

CLR to move aft. 

 

5.3. LCB/ shoulder position variation 

 

The variation of the forward and aft shoulders was performed by means of a variation of the longitudinal 

centre of buoyancy (LCB) using a Lackenby transformation, Abt and Harries (2007). The LCB was 

shifted by 0.8 %, forward and aft of the baseline LCB. Results are presented in Fig.10 as the differences 
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of the CLR in percent Lpp over the change in LCB. As shown in Fig.10, the CLR moves aft with the 

LCB moving forward and the bow becoming fuller. 

 

 
Fig.10: Change of the CLR positions due to variation of the LCB. 

 

To understand the reason for the differences in the CLR positions, Fig.11 presents the relation between 

the change in moment and side force for the different variants. The figureshows that, as for the bow 

variations, the dominating factor is a change in the created side force.  

 

 
Fig.11: Relation between the changes of the side force and the yaw moment. 

 

However, since modifying the forward and aft shoulder drastically change the pressure distribution 

along the hull, as shown in Fig.12, it must be assumed that the Munk moment is affected by these 

modifications. 

 
Fig.12: Pressure distribution along the hull. Left: LCB -0.8%, Right: LCB +0.8%. 

 

To quantify the effect of the LCB modifications on the Munk moment, it is assumed that the side force 

caused by the cross flow drag acts at a point at half the ship’s length. From this, the yaw moment 
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induced by this side force and its location can be deducted from the total yaw moment. The remaining 

part should give an indication of the Munk moment. The result of this analysis is presented in Fig.13. 

 

 
Fig.13: Relative remaining yaw moment coefficient over the LCB change 

 

Fig.13 indicates a trend of a decreasing external yaw moment with decreasing LCB, which could be 

assumed from the more even and pressure distribution as presented in Fig.12. This result indicates that 

the Munk moment can be influenced by moving the forward and aft shoulder. However, in the present 

study the side force was changed due to that modification as well, overlaying the changes to the Munk 

moment.  

 

6. Conclusions 

 

This study investigated the effect of hull form variations on the sailing stability, i.e., the centre of lateral 

resistance (CLR) of the hull. Three different types of hull form modifications were applied, a 

deformation of the bulbous bow, an addition of a deadwood in the stern region and a LCB variation. In 

all cases the CLR could be shifted considerably. The change of the CLR was often dominated by a 

change of the side force instead of a change of the yaw moment. It must be concluded that the applied 

hull form modifications did not considerable affected the Munk moment, but more the cross flow drag 

of the hull. With an increased cross flow drag but a constant Munk moment, the CLR moves aft.  

 

Further investigations could focus on the effect of the stem geometry to possibly decrease the Munk 

moment to move the CLR further aft. The bulbous bow variation showed some scatter in the relation 

between the yaw moment and side force, indicating that the bow deformation influenced the Munk 

moment. Further, the pressure distribution along the forebody and the difference between the low-

pressure fields in the forebody and aftbody should influence the Munk moment. In the present study an 

attempt was made to separate the moment induced from the cross flow drag and the Munk moment by 

defining a fixed centre of the cross flow drag force. With this assumption it was shown the Munk 

moment decreases when the LCB is moved aft. However, since the side force decreased more, the CLR 

was moved forward. In future studies it should be aimed to research the influence of the forward and 

aft shoulder on the moment alone, i.e. the generates side force should be kept as constant as possible, 

e.g. by modifying the bulbous bow. It must be concluded that the results concerning the dependency of 

the Munk moment on the shoulder position assume of a fixed centre for the cross flow drag, which 

might not be valid. 

 

From this study and the consideration in Section 3, it must be concluded that hull form design for WASP 

ships requires special consideration and multi-objective or integrated optimizations approaches using 

CFD in oblique flow. For the hull design of WASP ships, it could be concluded that a high side force 

coefficient is preferable to move the CLR aft. A further aft position of the forward shoulder can further 

help to reduce the Munk moment and move the CLR aft. 
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Abstract 

 

CSOVs (Construction/Service Operation Vessels) are multi-role vessels which are key to servicing 

offshore wind farms, operating at wind farm locations for extended periods of time. With increasing 

demand for offshore wind farms and their cost-effectiveness, the performance requirements (comfort, 

operability, fuel efficiency) for these vessels are ever more demanding, which traditionally designed 

vessels can no longer fully satisfy. Hence, a radically new design was devised with a double-acting hull 

fitted with 4 identical azimuth thrusters (Damen DPX-DRIVETM). This paper studies the impact of such 

a design choice on the vessel performance, demonstrating that the design enables easier manoeuvring, 

more efficient DP performance, improved onboard comfort and maintenance, while reducing system 

complexity and operational costs, all at a small expense of lower propulsion efficiency in free-sailing. 

 

1. Introduction 

 

With most countries adopting global targets for energy transition and decarbonization, the demand for 

increasing share of renewable energy in the total energy mix is growing. Wind energy, particularly 

offshore wind energy forms a crucial part of this mix, and therefore the planning and mobilization of 

new offshore wind farms is rapidly accelerating. More and more offshore windfarms, both bottom-

fixed and floating are either already in operation or are planned to be in operation in the coming years 

and decades around the world.  

 

For the construction and servicing of the windfarms, different types of vessels are required for different 

stages and purposes, the most notable ones being – Wind-turbine installation vessels (WTIV), 

construction/service operations vessels (CSOVs) and crew transfer vessels (CTVs). Of the three, this 

paper focuses on the CSOV type vessels. 

 

 
Fig.1: (Left) W2W fleet size up to 2023. (Right) Order forecast of Wind farm support vessels up to 

2030. Source: Clarkson’s Research, March 2024 

 

In the past decade, the construction and servicing of the offshore windfarms were undertaken by retrofit 

‘Walk-To-Work (W2W)’ vessels which were PSVs, or other offshore support vessels retrofitted with 

among other things, personnel access systems. However, with the limitations of such retrofits and 

increasing number of windfarms, there is now a growing demand for more dedicated Construction 

mailto:Karthik.sankaramoorthy@damen.com
mailto:m.cerro@marin.nl
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and/or Service Operation Vessels (C/SOVs) as they need to not only cater to the large number of wind 

turbines in more severe conditions, but also perform the operations as quickly and efficiently as 

possible, while keeping specialized personnel safe and comfortable during extended stays offshore. 

This growth demand is illustrated in Fig.1. 

 

Such a specialized operation requires a vessel concept that offers high manoeuvrability, operability and 

comfort while staying at sea for weeks at a time. Given the demands and challenges of such operations, 

a conventional vessel design solution isn’t sufficient anymore. Hence, a new solution with four identical 

azimuth thrusters at the forward and aft of the vessel is chosen to accommodate these new demands. 

 

This paper outlines the benefits of such a novel CSOV ship design, over a conventional offshore support 

vessel design. First, the motivations for this paradigm change are studied, followed by a description of 

the new design. Then the performance of this new vessel design is compared with other similar vessels 

both qualitatively and quantitatively from several aspects. 

 

2. C/SOV Vessel Design Philosophy 

 

2.1. Description of the operational profile 

 

The function and operational profile of C/SOVs are quite different from traditional offshore support 

vessels. CSOVs are primarily intended to perform a significant number of personnel and cargo transfer 

operations on each working day. These operations are to be performed as effortlessly as possible, so 

that specialized technicians can spend their working days as efficiently as possible. Depending on the 

type of operation, either construction or servicing, a typical day involves covering several Wind Turbine 

Generators (WTGs). At each wind farm site, the vessel transits at sailing speeds towards a WTG, after 

which DP (Dynamic Positioning) systems takeover to manoeuvre slowly but efficiently to reach the 

desired approach orientation and connect with the WTG landing platform via the vessel’s motion 

compensated access system. Personnel and cargo are then transferred via the access and crane system, 

after which the vessel manoeuvres away and the process is repeated at other WTGs throughout the day. 

Table I summarizes a typical operational profile of the SOV-type vessel. 

 

Table I: Typical Annual Operational Profile of SOV vessels 

Operation % of Time 

Port time, bunkering, crew change 2% 

Transit at economical speed 16% 

Operation under DP2 50% 

Standby under DP1 32% 

 

Overall, the vessels spend around 80% of their operational time annually in low-speed manoeuvring 

and in DP operations. Transit between WTGs within a wind farm is typically done at moderate speeds 

(up to 8 knots), since higher transit speeds are unsafe. Hence, it’s important to have a vessel design 

which is optimized for this combination of operations. 

 

2.2. Overview of the Traditional design and its Pitfalls 

 

Keeping these operational criteria in mind, designing a CSOV using a traditional approach would result 

in a vessel focused on maximum sailing speed and maximum DP capability. This would perfectly 

satisfy all required criteria but would be less efficient and less practical in real-life operations. Some of 

these limitations are summarized as follows: 

 

• A hull shape optimized purely to reduce drag while sailing ahead has significant resistance 

while sailing astern even at slower speeds.  

• With traditional offshore vessel thruster layouts, the aft thrusters are primarily installed for 

free-sailing and hence are typically under-utilized during manoeuvring and DP, while the 
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transverse/retractable thrusters in the bow are usually the limiting units. This limits the 

manoeuvring and DP capability of the vessel. 

• Tunnel thrusters are often used in the bow and are relatively inefficient when compared with 

azimuth thrusters in terms of power consumption and response times.  

• Tunnel thrusters generate more air-borne and structure-borne noise which increases noise and 

vibration levels onboard, impacting overall comfort. This can require significant additional 

investment in countermeasures and equipment to minimize the induced noise and vibrations, 

and sometimes still not sufficient to provide the necessary comfort class notation.  

• While retractable azimuth thrusters in the bow are more effective in low-speed manoeuvring 

and DP operations, they increase integration complexity, cost, and maintenance. 

 

These technical and practical considerations warranted a fundamental change to SOV design and 

topology. 

 

2.3. Characteristics of New CSOV Design 

 

After several design iterations, a new concept was devised with essentially a different hull and thruster 

layout. 

 

2.3.1. Thruster Layout 

 

The most fundamental element of an offshore support vessel is the thruster layout, as this usually drives 

several other elements of vessel design. For the CSOV, the efficiency of personnel transfer operations 

can be significantly improved if the vessel’s low-speed manoeuvring capability can be increased. This 

requires a versatile thruster layout along with quicker response times, while ensuring adequate 

redundancy for safety-critical transfer operations undertaken during DP.  

 

For this purpose, Damen devised the DPX-DRIVETM which features 4 identical non-retractable azimuth 

thrusters, symmetrically placed at each corner of the vessel, as outlined in Fig.2. 

 
Fig.2: Damen DPXTM Drive with 4 identical thrusters installed on the CSOV9020. ©Damen 

Shipyards Group 

 

This has the following benefit in manoeuvring and DP: 

 

• Azimuth thrusters ensure quick response times in both propeller speed and steering speed 

enabling quicker omnidirectional movement & thrust vectoring. 

• 4 identical thrusters ensure that at least 2 thrusters are online during a Worst-Case Single 

Failure (WCSF) at either end of the hull providing a safe and reliable platform for transfer 

operations. 
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• The symmetric thruster layout with quick-response azimuth thrusters ensures a smaller DP 

footprint (accuracy of position-keeping) for the vessel thereby increasing its operability. 

 

2.3.2. Hull Form 

 

A significant benefit can be achieved if the vessel can manoeuvre equally well while sailing both ahead 

and astern. This can allow the vessel to approach WTGs in the most efficient orientation, with minimum 

number of manoeuvres. Hence, in combination with the 4-thrusters layout, this led to the design of a 

double-acting hull which retains high efficiency while sailing ahead at service speeds while providing 

significant resistance reduction while sailing astern at low speeds up to 8 kn.  

 

The hull consists of a pointed and sloped transom as opposed to a full and flat one, to minimize hydro-

dynamic pressure and encourage smoother flow while sailing astern. This is achieved without compro-

mising on the valuable deck area. In the bow, the keel is raised to fit the thrusters, which can present a 

potential slamming issue, similar to the stern. However, at both ends, deep V-sections are made to 

reduce the amount of flat bottom area exposed to waves and hence minimize slamming impacts. The 

result is a double-ended ferry-like hull concept which has seemingly symmetric forward and aft ends.  

 

  
Fig.3: Hull shape of the new CSOV Design showing the forward and aft ends of the vessel. ©Damen 

Shipyards Group 

 

The resulting hull form design provides the following benefits to the CSOV platform:  

 

• Minimized hydrodynamic drag while sailing astern at slow speeds while maintaining efficiency 

while sailing ahead. 

• A symmetric submerged fore-aft hull shape when exposed to quartering waves exhibits a more 

symmetric wave and current moment behaviour which is easier to offset by the thrusters. This 
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in combination with the symmetric thruster layout, enables easier manoeuvring in the wind 

parks, and enables the DP system to be optimized for efficiency apart from positional accuracy. 

 

2.3.3. Additional Design Considerations 

 

The identical and symmetric main thruster layout affects other design considerations which are 

summarized as: 

 

• Identical thrusters mean that all auxiliary equipment such as electric motors, drive systems, 

are also identical simplifying onboard electrical and control system architecture. This helps for 

easier troubleshooting, maintenance, spare parts availability etc. 

• A simpler electrical and mechanical system layout enables a relatively easier system 

integration and commissioning of the various onboard systems, and an easier tuning of the DP 

system. 

 

3. Performance Assessment of The New SOV Design 

 

Throughout the design process, the new concept was developed through rigorous performance 

assessments, both semi-empirical and numerical, and eventually tested at model scale at the Maritime 

Research Institute of the Netherlands (MARIN). This chapter outlines the most relevant performance 

aspects of the new concept and offers both a quantitative and qualitative comparison with traditional 

vessels. 

 

3.1. Dynamic Positioning 

 

As discussed earlier, the DP capability for a CSOV vessel is very important in determining the 

operability window of the vessel. In combination with Seakeeping aspects of the vessel, DP capability 

enables safe transfer of personnel. This capability of the new CSOV vessel has been presented and 

compared with a traditional design. 

 

3.1.1. Static DP Capability 

 

Firstly, a comparison of static DP capability is performed which is a static balance of the environmental 

forces with the thruster forces. A simple thrust allocation algorithm is used to calculate the balancing 

thrust required for each heading, along with the power consumed. 

 

To evaluate the performance of the ship at DP condition, a comparison with the Damen CSOV8720 has 

been performed. This comparison is performed for the actual propulsion system of the new vessel (4-

thruster configuration) but also for the same hull form with a “traditional” propulsion layout taken from 

a previous generation SOV. This consists of 2 main aft thrusters, 2 retractable bow thrusters and one 

tunnel bow thruster. The hull is assumed to be the same for the purpose of this study. Hence the same 

wind coefficients and hydrodynamics coefficients (for waves and current) are used, along with identical 

wind and current areas. Table VI summarizes the propulsion arrangement used for the comparison.  

 

Table II: Propulsion layouts for static DP Comparison 

 Nominal Power Propeller Diameter Nominal Thrust 

CSOV - 4 thruster layout    
4 x Main Azimuth Thrusters  

(2 x Forward + 2 x Aft) 1780 kW 2.5 m 309 kN 

    
CSOV - Conventional Layout    
2 x Main Azimuth Thrusters (Aft) 2150 kW 2.8 m 351 kN 

2 x Retractable Forward Thrusters  600 kW 1.6 m  99 kN 

1 x Tunnel Forward Thrusters 600 kW 1.65 m 95 m 
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The comparison is made using MARIN’s software TRUST which has been developed within the Thrust 

Hydrodynamics JIP. The program is based on components from the Extensible Modelling Framework 

(XMF) library, Abbing (2015), which contains calculation models that are also used in many other 

MARIN software applications. In TRUST, the mean wind, wave, and current loads are calculated, after 

which the thrust required to counteract the environmental forces is determined. The performance is 

assessed for two environmental conditions (EC) as shown in Table VII. 

 

Table III: Environmental condition for static DP assessment 

EC Waves Wind speed Current speed  

 Hs [m] Tp [s] Vw [m/s] Vc [m/s] 

Medium 1.3 6.5 7.9 0.75 

Heavy 3.1 8.5 13.8 0.75 

 

Fig.4 shows the required total power to keep the vessel in position for the above environmental 

conditions. It is remarkable that the 4-thruster configuration needs an average of ~35% less total power 

compared with the traditional layout configuration (over all the headings). 

 

 
Fig.4: Required total power at DP – Medium and heavy Environmental Conditions 

 

 
Fig.5:1 Required power at DP (Heavy EC) per thruster. (Left) Traditional layout. (Right) 4-

Thruster layout 
 

It should be highlighted that the total effective thrust (per heading) required is the same in both layouts, 

which is expected since the hulls and environmental conditions are the same. The difference in power 

therefore arises from the efficiency of the respective thrusters: 
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• Tunnel thrusters show a relatively high thrust degradation in current or in forward speed; in 

Fig.13 the required power of both propulsion configurations is compared. The 4-thruster 

configuration has a symmetrical power distribution between the fore/aft thrusters and SB/PS. 

Whereas in the case of the traditional layout, it can be seen that the forward retractable thrusters 

and the tunnel bow thruster require higher power to provide the same thrust.  

• In general, smaller propeller diameters are less efficient (Less thrust to power ratio) than larger 

ones. Tunnel thrusters also incur additional friction losses due to flow through the tunnel.  

• Tunnel thrusters are also directionally limited compared to azimuth thrusters whose thrust 

vectors can be varied omnidirectionally. This limitation is compensated by the main or 

retractable azimuth thrusters leading to higher usage of the thrusters overall. 

• The propellers of the 4-thruster layout have been designed for DP (with maximum thrust 

available at 0 knots ship speed), and hence have a lower P/D. This is an advantage during DP 

but less efficient during free sailing. Traditional offshore vessels have main propellers designed 

for Free-sailing (Maximum thrust available at design speed) and hence are less efficient at 0 

knots or in DP condition. 

 

Considering the above, it can be observed that the new CSOV design with the 4-thruster layout can 

keep position more efficiently with less power and fuel consumption. 

 

3.1.2. Dynamic DP Capability 

 

In contrast to static DP capability where forces are balanced statically, the dynamic DP capability takes 

the dynamics of all the sub-systems into account, including the vessel hydrodynamic response, thruster 

dynamics and DP control reactions. This provides a much more realistic behaviour of the vessel under 

DP conditions. 

 

For this comparison, a time-domain dynamic positioning study performed by Damen for a similar vessel 

is used (70m version). The study compares the vessel footprint while in DP and the power consumption 

between a conventional thruster layout (CL) and the 4-thruster layout with double-ended hull (DE). It 

should be noted that the CL layout in this study utilizes 2 tunnel and 1 retractable, which is different 

from the conventional layout used in static DP comparison where 2 retractable and 1 tunnel thruster is 

used. The calculations were performed with MARIN’s aNySIM Simulator platform, Serraris (2010), 

which is used for analysis of multibody dynamics in offshore operations. The two layouts for the 

comparison are shown in Fig.6. 

 

  
Fig.6: Comparison of the 2 layouts. (Left) conventional thruster layout (CL). (Right) 4 thruster 

layout (DE) 

 

The DP control system in the model consists of a Proportional–integral–derivative (PID) controller 

which uses the error between the required vessel position and the measured vessel position (surge, 

sway, and yaw) to derive the required force/moments. An allocation algorithm calculates the thrust 

(magnitude and direction) to be assigned to the different thrusters. The thrust allocated to each 

propulsion device is such that the sum of thrust magnitudes and the sum of moments applied to the ship 

equals those required by the PID controller to counteract the environmental loads. The resulting 

allocation minimizes the required power by the propulsion devices and considers thrust magnitude and 

direction limitations. 

 



233 

As the input for the PID controller is based on the vessel motions (due to environmental influences), 

and the same hull form/loading condition is used for both configurations, the same control gain settings 

are considered applicable for both configurations. It should be noted that this study was not focused on 

optimizing the control system for DP performance, but rather on comparing the DP performance of the 

two configurations. 

 

Using aNySIM, several fast-time simulations are performed subjecting the vessel to environmental 

conditions, Table VII, consisting of waves, wind, and current approaching from different headings for 

a time span of 3 hours. From the resulting time trace, a mean offset or the deviation from its target or 

reference position is plotted for each heading. Additionally, an indication is given on the average power 

consumption of the vessel during the simulation. 

 

Table IV: Summary of environmental conditions for Dynamic DP Capability assessment 

Condition Waves [Hs] Wind [Vw] Current [Vc] 

Medium 2.0 m 12.0 m/s 0.50 m/s 

Heavy 2.5 m 14.0 m/s 0.75 m/s 

 

Figs.7 and 8 present the response and behaviour of the combined vessel and DP system to the above 

environmental conditions. 

 

 
Fig.7: Medium condition - Polar plot comparison of conventional thruster layout and 4 thruster 

layout: (Left) Mean offset from target position in meters. (Right) Mean power usage in kW 

 

  
Fig.8: Heavy condition - Polar plot comparison of conventional thruster layout and 4-thruster layout. 

(Left) Mean offset from target position in meters. (Right) Mean power usage in kW 
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Comparing the mean offsets, the mean offsets in the medium conditions of both configurations are very 

similar. In the heavy condition, the mean offset is also similar except in beam seas where CE has higher 

offsets as limits of the bow tunnel thrusters are reached often. The dynamic offsets and footprint were 

found to be similar (not presented here). 

 

Comparing the average power consumption, the 4-thruster layout overall is found to consume up to 

19% less power in both environmental conditions, with highest reductions found in bow quartering and 

beam seas. This is also where the efficiency of the forward azimuth thrusters of the DE configuration 

is found to be better than that of the tunnel thrusters of the CL configuration. 

 

In summary, the two configurations provide similar performances up to medium environmental 

conditions. However, as the conditions get more severe, the conventional layout starts to reach some of 

its thruster limits whereas the 4-thruster layout is able to handle it better. The average power 

consumption is clearly found to be lower in the 4-thruster layout in both environmental conditions.  

 

Overall, the 4-thruster layout is found to provide significantly lower power & fuel consumption and 

marginally better Dynamic DP performance (DP accuracy). 

 

3.2. Calm Water Resistance & Powering 

 

To assess the design’s free-sailing efficiency, it's important to understand the resistance and propulsion 

characteristics to a high degree of accuracy. Hence a systematic CFD campaign was performed both 

for the hull and its appendages followed by an extensive towing tank test campaign. 

 

3.2.1. CFD Hull Optimizations 

 

The new hull shape and all its appendages were analysed numerically using Damen’s in-house CFD 

capabilities before model testing at MARIN. The focus during CFD was to minimize drag while sailing 

ahead up to 14 kn and while sailing astern up to 8 knots. 

 

To aid in sailing efficiently both ahead and astern, several improvements were made. The volume 

distribution across the length of the vessel was made as symmetric as possible, while slightly favouring 

sailing ahead at design speed. This makes a better compromise in the wave-making resistance in both 

sailing directions. The transom was sloped as much as possible to avoid creating a stagnation point 

while sailing astern. 

 

 

 

 
Fig.9: Hydrodynamic Pressure (Coefficient of pressure) while sailing at 12.5 kn. (Top) Ahead, 

(Bottom) Astern 
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In the Fig.9, the hydrodynamic pressure coefficient (Cp) obtained from CFD is compared at the same 

speed of 12.5 kn to enable a fair comparison. As intended, the stagnation pressure at the transom is 

reduced while sailing astern, owing to the sloped and pointed transom design. This creates a smoother 

wave pattern along the hull compared to the sailing ahead condition.  

 

The resistance coefficients while sailing ahead and astern are compared along with the pressure and 

frictional components in the Fig.10. As expected, the astern condition has slightly higher resistance 

mainly from the pressure component, as the transom has a larger entrance angle compared to the bow. 

But overall, the difference in total resistance is ~6% at 8 kn which is deemed reasonable considering 

the compromised shape. 

 

Fig.10 compares the resistance coefficients as determined from the CFD calculations, both sailing 

ahead and astern. The CT also includes a correlation allowance (CA), as explained in 3.2.3. CFD Studies 

were also conducted to optimize the shapes of appendages such as thruster headbox, sensor housings, 

alignment of bilge keels etc. to keep drag to a minimum. 

 

 

 
Fig.10 - Comparison of CFD resistance coefficients while sailing ahead and astern 

 

3.2.2. Resistance & Powering Model Tests 

 

After the CFD hull-form optimization, MARIN built a suitable ship model including all appendages 

and performed resistance tests in the Deep-Water Towing tank (DT). The goal was to determine the 

ship's resistance and validate the results of the CFD calculations. The resistance test, in combination 

with the self-propulsion tests, allows to determine the ship’s propulsion coefficients, such as thrust 

deduction, wake fraction and propulsive efficiency. This information is particularly interesting in this 

project to make a suitable comparison with other designs. 

 

 
Fig.11 – Self-propulsion model tests as performed at MARIN’s towing tank (14kn) 
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Prior to the self-propulsion model test, MARIN performed an optimization test to determine the optimal 

power distribution between the forward and aft thrusters.  

 

This test was performed at both 8 and 12.5 kn. The results are presented in Fig.12. Since the design 

speed of the vessel is 12.5 kn, a power distribution of 20/80 (fore/aft) was selected and used further in 

the self-propulsion tests. This prioritizes the design speed, while offering a good balance at the transit 

speed of 8 kn. 

 

As can be seen in Fig.12, the optimal value depends on the speed. The optimal power distribution at 

8kn speed would be ~15/85 (fore/aft). In practice the ship operator should take this into account during 

the operation of the ship to optimize the fuel consumption.  

 

 
Fig.12: Results of power distribution optimization test taken from Model Tests 

 

Fig.13 shows the net force of the forward thruster units (Fx) measured at the connection point of the 

thruster unit with the hull. The optimal power distribution is achieved when this Fx force is zero or 

when the forward thrusters are generating enough thrust to overcome their own resistance when sailing 

at a certain speed.  

 

 
Fig.13: Unit force (Fx) measured during the model tests – The results suggest that when the Forward 

thrusters provide ~22% of the total power their resistance is zero. 
 

From the Fig.13, we observe that ~20% of this power is used to overcome the resistance of the forward 

thrusters, and this reduces the propulsive efficiency (ηD) of the vessel.  
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The propulsive efficiency for a ship is defined as follows: 

 
Considering that without the presence of the forward thrusters, only 80% of the power would be 

required to propel the vessel at the same speed, the ηD would then have been 0.501 which is very 

comparable to similar vessels as will be shown later in 3.2.4. 

 

3.2.3. Resistance Comparison - CFD and Model Tests 

 

As mentioned, one of the objectives of the model tests was to allow the verification of the CFD 

resistance calculations performed by DAMEN.  

 

Table V: Comparison of Resistance coefficients between CFD and model tests 

Speed Fn CT_CFD CA CT + Ca 
Comparison between 

CFD & Model tests 

6 kn 0.11 2.49E-03 6.5E-04 3.14E-03 -6% 

8 kn 0.14 2.57E-03 6.5E-04 3.22E-03 -4% 

9.5 kn 0.17 2.73E-03 6.5E-04 3.38E-03 -2% 

11 kn 0.19 3.07E-03 6.5E-04 3.72E-03 1% 

12.5 kn 0.22 3.54E-03 6.5E-04 4.19E-03 3% 

 

Table II shows this comparison, the difference varies between –6% to +3%. In this comparison, it was 

essential to add a correlation allowance (CA) to the CFD results. It was decided to use the same CA as 

determined for the model tests. The CABasic is determined using the Grigson friction line with the 

following formula, given by the MARIN 3D method: 

 

𝐶𝐴𝐵𝑎𝑠𝑖𝑐 = 0.0058(𝐿 + 100)−0.16 − 0.00196 
 

The CABasic would be equal to 0.000552. However, based on statistical data of MARIN it was decided 

to increase it to 0.00065. If a CA is not added to the CFD results, the difference would be quite large, 

from 34% at 6 kn to 15% at 12.5 kn.  

 

3.2.4. Performance comparison with Similar Ships 

 

To get a better understanding of the resistance & propulsion performance, the new Damen CSOV is 

compared with similar offshore support vessels with traditional thruster arrangement (2 main thrusters 

in the aft and one or two bow thruster(s) in the fore ship). The comparison is performed using the ad-

miralty coefficient. 

𝐴𝐶𝑅𝑒𝑠 =
0.7477 × 𝑉𝑆

3 × 𝛻
2
3⁄

𝑃𝐸
 

 

The comparison is presented in two stages. First to judge the quality of the hull (ACRES) without the 

thrusters, and second to evaluate the propulsive performance (ACPROP – which considers the delivered 

power instead of the effective power) and therefore the impact of the thruster's selection. 

 

𝐴𝐶𝑃𝑟𝑜𝑝 =
0.7477 × 𝑉𝑆

3 × 𝛻
2
3⁄

𝑃𝐷
 

 

Three additional vessels have been selected for this comparison. A PSV-type and ROV-type vessels 

are added here as they are traditional offshore support vessels which are usually also retrofitted for 
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W2W operations, and an additional ship from MARIN database (state-of-the-art SOV vessel) has been 

also included as reference. 

  

Table VI: Main particulars of ships used in the comparative study 

Particulars Symbol MARIN DB CSOV8720 PSV ROV Unit 

LCB position (from midship) LCB +1.60 -1.20 +2.20 +0.85 % 

Block coefficient CB 0.736 0.629 0.681 0.628 - 

idship (ordinate 10) coeff. CM 0.993 0.982 0.987 0.947 - 

Prismatic coefficient CP 0.738 0.641 0.69 0.663 - 

Length-Breadth ratio LPP/B 3.983 4.452 4.648 4.222 - 

Breadth-Draught ratio B/T 3.60 4.062 3.60 3.273 - 

 

All the ships except the Damen CSOV8720 present a classical propulsion approach for SOV’s with 2 

main thrusters and two bow thrusters, Table IV. 

 

Table VII: Propulsion Arrangement of Reference Ships used in comparative study 

  Bow thrusters Main thrusters Nozzle Type 
MARIN ref DB 2 2 HR 
CSOV8720 0 2+2 19A 
PSV75  2 2 19A 
ROV83 2 2 19B 

 

The data of the reference ships has been corrected for (small) differences in main dimensions, form 

coefficients etc., by means of the methodology of DESP (valid for displacement ships up to Fn = 0.8). 

This way the differences between test results only depend on the quality of the hull form and not 

anymore on the main dimensions and fullness. The hull form with the highest level of ACRes is the best. 

  

 
Fig.14:  Comparison of Hull Quality with similar ships (higher value indicates better hull quality) - 

The actual values have been normalized by the ACRES of the MARIN DB reference ship 

 

In Fig.14, the two SOV-type hulls are seen to perform the best compared to the other two in terms of 

hull quality (hull resistance). It is worth pointing out that PSV and ROV vessels are generally designed 

to carry cargo and have different design constraints than the CSOVs which are designed to carry 

personnel mainly. So, it is not unexpected that they are less efficient than the SOVs. Comparing within 

the SOV type hulls, the performance between both the MARIN DB ship and the CSOV8720 is very 

similar up to 9 kn, after which the MARIN DB shows ~10% higher performance. This is reasonable 

since a compromised hull form was selected for the CSOV to improve astern sailing and to fit the 

forward thrusters. It also shows that the hull design of the CSOV is more efficient compared to hulls 

with “traditional” propulsion arrangement, such as the PSV-type and ROV-type. 

 

  



239 

In conclusion, although the new CSOV hull form was designed as a compromise to achieve better 

manoeuvring and DP performance, the resistance is found to be the same, if not better compared to 

benchmark hull forms which are of more traditional design. 
 

The same comparison can be performed to show the effect of the propulsion arrangement, using 

ACPROP, which uses delivered power PD instead of the effective power. 

 

 
Fig.15: Comparison of hull and propulsion efficiency with similar ships (higher value indicates better 

hull quality and propulsion performance) - The actual values have been normalized by the 

ACPROP of the MARIN DB reference ship 

 

From Fig.15, the ACPROP of the CSOV8720 is 20% lower than that of the MARIN reference ship. This 

is due to the different thruster configurations. This reduction in efficiency points out to the additional 

drag due to the presence of the 2 forward azimuth thrusters as discussed in 3.2.2. 

 

Ultimately, it is also interesting to compare the relation between ACRES and ACPROP, or in other words, 

the relation between PE and PD, and this is represented by the propulsive efficiency (ηD). 

 

 
Fig.16: Comparison of Propulsive Efficiency (ηD) of the different ships 

 

Overall, the following conclusions can be made regarding the resistance and powering performance of 

the vessel with regards to similar vessels: 

• Considering resistance performance compared in the form of ACRES, the new CSOV is one of 

the best ships for W2W operations. 

• However, the powering performance compared in the form of ACPROP clearly shows the penalty 

that the new CSOV8720 must pay due to the 4 thrusters' configuration, especially when 

compared to the MARIN DB or the ROV-type. 
• The propulsive performance ηD is found to be the lowest, again due to the penalty of the forward 

thrusters. However, knowing that these thrusters represent a penalty of about 20%, a 

hypothetical ship with a hull form similar to the CSOV would achieve ηD values very similar 

to the MARIN DB vessel or other traditional vessel. 
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3.3. Seakeeping 

 

As mentioned in 3.1, operability and comfort are paramount for the CSOV vessels. A big driving force 

for operability is how the ship responds to 1st order waves (dominant wave periods) and if they can stay 

within the limits of the compensation system. The lower the response, the higher the operability, and 

safer for transfer of personnel. Similarly, lower ship responses lead to lower slamming, lower 

accelerations onboard and better and comfortable experience overall for crew and personnel.  

 

With a new hull and thruster concept, it was important to assess the seakeeping performance of the 

vessel through model tests. This was done at MARIN’s Seakeeping and Manoeuvring Basin (SMB). 

The same model was used as for resistance & powering tests. It was self-propelled for tests at speed 

and in soft springs for the tests at zero speed. The model was equipped with four identical azimuth 

thrusters, a network of sensors and a standalone signal acquisition system. It was only connected to the 

carriage via power and data cables, arranged to avoid affecting its free-body motion. The vessel’s U-

type anti-roll tank (ART) was also optimized and installed within the ship’s model to include its effects 

on seakeeping. The respective models are shown in Fig.17. 

 

 
Fig.17 - Seakeeping model as tested at MARIN, along with the U-type ART 

 

The tests were focused on the seakeeping behaviour of the vessel at zero speed, which is the most 

critical condition for transfer operations at sea. Three different sea states were tested in several vessel 

headings as outlined in Table V. Additionally, roll resonance tests were performed to assess the roll 

damping behaviour of the vessel and the ART. 

 

Table VIII: Sea states tested for seakeeping behaviour 

Sea state Wave period (Tp) Significant wave height (Hs) Wave Headings 

A 8.4 s 2.1 m 0°, 45°, 90°, 135°, 180° 

B 9.0 s 2.5 m 0°, 45°, 90°, 135°, 180° 

C 8.5 s 3.1 m 0°, 45°, 90°, 135°, 180° 

  

The following observations and conclusions are made from the seakeeping tests at zero speed. 

 

• The ART was found to provide a roll-reduction of ~40% at the roll resonance period for waves 

heights of 4m. The ART thus significantly helps reduce the roll motions and hence the comfort 

and operability of the vessel even in the severest of conditions. 

• The vessel exhibits a marked fore-aft symmetric behaviour in roll, pitch, and heave motions 

because of the hull shape that was designed to improve astern performance. 

• Roll and Pitch root mean square (RMS) values stayed below 1.5° for all sea states and headings. 

The max roll RMS was calculated at 1.1° for beam-seas. 

• The most critical limit of the gangway limit to stay under is the telescoping compensation speed 

limit. For most gangway equipment, the technical limit is ~2.5 m/s but 2.0 m/s is used for this 

study. From the tests, the vessel movement at the gangway tip was found to not exceed this 

value up to sea state B, and exceed less than 1% of the time for sea state C.  

• The measured accelerations at the bridge, mess and forward most cabins remained within 

acceptable comfort levels, according to the personnel criteria limits from NATO STANAG 

4154.  
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• Green water events were not observed for any test condition. 

• Slamming was observed in the bow, particularly in head sea and bow-quartering seas in sea 

state B and C. This is a result of the raised bow shape compared to traditional vessels and is 

one of the disadvantages of the design. However, additional strength and fatigue assessments 

were performed to ensure slamming pressures do not damage the structure or disrupt gangway 

operations. 

 

3.4. Comfort 

 

Since CSOV vessels carry specialized crew and technicians who are mostly land-based and have limited 

acclimatization with sailing in moderate seas, comfort is very important, as reduction in the 

effectiveness of the personnel lowers the operability of the complete vessel operation. 

 

Traditional offshore support vessels, particularly outfitted for DP operations, invariably consist of one 

or more bow and stern tunnel thrusters (including retractable thrusters). In these types of vessels, 

manoeuvring and DP operations involve significant use of tunnel thrusters which generate tremendous 

amount of both air-borne and structure-borne noise, Fischer (2000). The main sources of both noise 

sources are the cavitation at the propeller blades which then is permeated into the ship structure via the 

propeller blades as well as the tunnel, and the machinery itself. 

 

While air-borne noise is relatively easily attenuated before it reaches the accommodation space, 

structure-borne noise is notoriously more difficult to attenuate. Hence the bow thruster noise can be 

often heard for several decks, especially in the forward area even with additional acoustical 

countermeasures. In offshore support vessels, most accommodation spaces are located between the 

midship and the bow of the ship as the aft space is used for machinery, workshops, storage, etc. Hence 

comfort in these vessels during DP and manoeuvring operations is relatively lower. Air injection system 

in newer vessels helps reduce the amount of air bubbles being generated during the thruster operation 

but the noise can still be disruptive in several cabin spaces. For a vessel which stays in DP conditions 

for 80% of the time, comfort is therefore very important. 

 

In the new CSOV design with DPX DriveTM, the tunnel and retractable thrusters are replaced with 2 L-

drive azimuth thrusters. Hence the only reduction gearing is in the thruster hub, outside the hull which 

reduces the vibrations from the gearing into the rest of the hull. Unlike with tunnel thrusters, noise from 

cavitation is significantly minimized as the air bubbles don’t interact and implode on the tunnel walls 

within the ship construction. Although cavitation does occur with azimuth thrusters, their implosion is 

not effectively carried through to the ship structure because the cavitation source is further away, 

generating less noise. Overall, some structure borne noise from the azimuth thruster operation is 

transferred to the hull, however the levels are significantly reduced. 

 

Based on sea-trial measurements during DP operation in a similar Damen vessel with 2 tunnel and 

retractable thrusters in the bow, and 2 main azimuth thrusters in the aft, all running at 40% of nominal 

power, differences in sound levels can be seen in the adjacent spaces directly above these thrusters. The 

location of the measurement spaces is indicated in Fig.18. 

 

The difference in sound pressure levels between the bow thruster room and the aft propulsion room was 

measured to be ~10 dB(A). Even with a main thruster with twice the nominal power as of the tunnel 

thruster, and consequently a bigger electric motor compared, the sound levels in the main propulsion 

room are found to be lower. 

 

With lower structure-borne noise generated at the source, lower noise and vibration levels are expected 

in the forward accommodation area. This can also be observed onboard of the vessel in these 2 different 

locations. Hence replacing tunnel thrusters at the bow with azimuth thrusters helps in improving the 

overall comfort of the new CSOV vessel. 
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Fig.18: Locations of sound measurements while in DP operations. 1 – Bow thruster room, 2 – Main 

thruster room 

 
3.5. Costs 

 

Costs are also a big consideration for SOV operators and the competition in the offshore wind market 

drives operators to lower costs further. For the purposes of the comparison between the new CSOV and 

traditional SOVs, the costs are split into: 

 

- CAPEX – Capital expenditure. The cost it takes to engineer, build, and deliver the vessel. 

- OPEX – Operational expenditure. The cost it takes to operate the vessel. 

 

3.5.1. CAPEX 

 

In comparing the CAPEX between the new and old CSOV designs, the analysis showed that the costs 

were equal or slightly lower. This analysis is based on indicative prices of ship components and not 

actual quotes from suppliers. Hence the actual price differences may vary. However, based on this 

indicative pricing analysis, it was seen that the CAPEX difference wouldn’t be significant. 

 

3.5.2. OPEX 

 

When comparing OPEX, the difference between the traditional and new design mainly comes down to 

the fuel consumption during operation, which in-turn relates to the total power consumption. As the 

CSOV vessels are primarily operating in DP conditions (~80% annually), a comparison of the power 

consumption during DP operation is considered most significant for the overall OPEX of the vessel. 

 

As was seen from section 3.1, Damen’s 4 thruster DPX drive solution consumes less average power up 

to 19% and even up to 22% in lighter environmental conditions. This directly translates to a lower fuel 

consumption assuming diesel-electric arrangement or similar. 

 

3.6. Maintenance 

 

During operations, normal wear and tear and occasional breakdown of components is expected. And 

breakdown or malfunction of critical components such as generators, propulsion motors, propulsion 

frequency drives, electrical switchboards etc. can lead to failures, and any operation is terminated till 

the problem component or issues are fixed. Breakdown of non-critical components may not cause ter-

mination of operation but would still need to be replaced.  

 

For failures of both critical and non-critical components, the parts either must be fixed or replaced while 

underway or at port. And if spares aren’t readily available, this can keep the vessel out of operation 

which can be expensive. 

 



243 

For traditional offshore support vessels, the thruster topology includes at least 2 or 3 different types of 

thrusters (Stern propulsion thruster, bow tunnel thruster, retractable bow thruster, etc.). Consequently, 

different types of thrusters require different auxiliary machinery such as electric motors, frequency 

drives, distribution cables, etc. 

  

Finally, to avoid significant impact on operations in case of failures, spares for the different types of 

components must be procured and kept available onboard or at a dedicated facility designated by the 

owner, increasing complexity of spare parts management and with an impact on the CAPEX and OPEX 

of the ship that depends on inventory and logistical procedures of the Shipowner. 

 

For the new CSOV with DPX Drive, all 4 thrusters are identical, which means identical auxiliary ma-

chinery too. This enables having just 1 or 2 sets of spares per vessel (or per fleet) for the expensive 

critical components. This simplifies procuring and maintaining the spares for the critical components 

which can only be fixed at port. The same is true for components which can be maintained onboard. 

Overall, onboard maintenance and spare parts inventory is expected to be easier and less expensive for 

the operators. 

 

4. Conclusions 

 

A new CSOV vessel design was found to be necessary due to the increased demand from the offshore 

wind industry in terms of operability, comfort, and efficiency. To suit the required operational profile 

of such vessels which was mostly low-speed manoeuvring and DP, Damen devised the DPX DriveTM 

with four identical non-retractable azimuth thrusters along with a double-acting hull. This new design 

is then compared with traditional designs with conventional propulsion layouts from several 

performance aspects.  

 

From a DP perspective, the new CSOV is found to be notably better than its traditional counterparts. 

Both static and Dynamic Capability assessments show that the new CSOV requires significantly less 

power consumption (and hence less fuel consumption) to keep position in the same environmental 

conditions. The dynamic study also showed a slightly lower station-keeping footprint for the new 

CSOV.  

 

The new CSOV is found to have similar if not better calm-water resistance performance while sailing 

ahead compared to traditionally designed offshore vessels. With a modified hull form, resistance while 

sailing astern was only slightly higher compared to sailing ahead. However, when including the 

propulsion aspects, the vessel is found to be less efficient primarily due to the presence of the two 

additional non-retractable forward thrusters. Overall, this is considered acceptable as free-sailing is a 

very small part of the operational profile.  

 

Replacing tunnel thrusters with azimuth thrusters also reduces onboard noise and improves comfort as 

was shown by measurements. In terms of the costs, the CAPEX is found to be similar, while OPEX is 

expected to be lower due to lowering in fuel consumptions during DP operations. While maintenance 

and spare parts inventory is expected to be easier due to identical auxiliary systems and a simpler 

electrical system layout. Finally, the simpler layout also enables easier commissioning, tuning, and 

troubleshooting of the systems both during the build-phase and operations. 

 

Overall, this new design paradigm provides a more efficient, comfortable, reliable, and all-round 

improved CSOV vessel platform which ticks all the boxes of the increased demands set by an ever-

growing offshore wind industry.  
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Smart Sails for Decarbonizing Heavy Shipping 
 

Ville Paakkari, Norsepower, Helsinki/Finland, ville.paakkari@norsepower.com 

 

Abstract 

 

This paper explores the topic of decarbonizing shipping by the means of wind propulsion. Wind 

propulsion can support regulatory compliance (CII, EEDI/EEXI), while similarly producing opera-

tional cost savings. Special attention is given for the need of smart systems and how they can be utilized 

to enable more substantial use of wind energy. It is argued that increasing share of sails in the 

“propulsion energy mix” mandates novel digital solutions.

 

1. Introduction  

 

Wind propulsion is gaining momentum as a means to provide zero-carbon propulsion energy for ship 

propulsion. The past years have shown rapid growth in both the installation base and the order backlog 

for wind-assisted ships. To put things into perspective, according to DNV’s Energy Transition Outlook 

2023 (DNV, 2023 ), wind propulsion is the fourth largest alternative energy source for shipping by the 

number of ships in operation. Wind propulsion is followed by technologies like methanol and hydrogen 

that have arguably been discussed in the industry more. In DNV’s report, the technologies ahead of 

wind propulsion in the uptake are LNG, Batteries, and LPG. It can be expected that many of the LNG 

and LPG powered ships are using fossil fuel instead of the renewable alternatives in their operation.  

 

When comparing sails to the other zero- or very-low-carbon-intensity energy sources (here low-carbon 

refers to carbon intensity on well-to-wake basis), the rational for using direct wind is easy to understand. 

To de-carbonize the whole production chain of fuels, significant amounts of renewable electricity are 

needed. Generally, this is done by using either wind or solar energy. Considering the losses in the 

“energy production chain” (conversion to electricity, transmission, conversion to liquid of gaseous fuel, 

losses in combustion engine and finally the losses in the propulsion), it is clear that only one fraction 

of the kinetic energy in the wind or the photons of the sunlight is converted to useful propulsion. In the 

case of sails, this chain is significantly shorter and hence the overall process is more energy efficient. 

 

 
Fig.1: Schematic of energy conversions to produce synthetic fuels 

 

The consequence of the higher total energy efficiency is that one can expect the overall cost per kWh 

of useful energy produced to be lower for sails than other very-low-carbon-intensity energy sources. 

According to a shipowner engaged in commercial operations with rotor sails, this is indeed the case in 

the current market, Seatrans (2022). 

 

2. Sails and environmental regulation 

 

Sails are recognized in most of the major regulatory frameworks addressing environmental impacts of 

shipping. In this chapter, the most relevant current and potential future regulatory schemes are briefly 

discussed from the perspective of wind propulsion. The purpose is not to provide exhaustive technical 

information about these regulations but to compare how sails affect the performance of ships under 

these regulations, highlight their respective differences, and shed light on some of the caveats in the 

current regulations. The scope is limited to IMO and EU regulations. IMO due to its global reach, and 

EU due to the stringency of the regulations within the Union.  

mailto:ville.paakkari@norsepower.com
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2.1. EEDI and EEXI 

 

The technical energy efficiency of ships is considered in the EEDI and EEXI regulations. The indices 

(EEDI for newbuild and EEXI for existing ships) are calculated once in the ship’s lifetime if no major 

modifications are performed. The sails are considered in the regulation via explicit terms in the 

calculation formula.  

 

This means that, similar to the index in general, the impact of the sails does not change from year to 

year. Even if, from a technical perspective, sails are a means to produce low or zero carbon energy 

onboard, in the EEDI and EEXI regulation the sails are considered as an “energy efficiency device”. 

 

The guidelines allow multiple possibilities to calculate the impact of sails on the index. The selections 

are CFD, full-scale trial, or wind tunnel testing. The regulation also allows the use of validated lower 

fidelity methods. These methods enable fast and relatively low-cost assessments of the impact of the 

sails on the index prior to the ship installation. With this, the commercial risk can be reduced 

particularly for the yards, as they can assess the impact of the sails in advance. The first generation of 

such validated lower fidelity models is already available in the market. 

 

What is notable about EEDI and EEXI with respect to sails is that neither the operational area nor the 

prevailing wind conditions impact the performance in the index calculation. This naturally makes the 

impact assessment simpler, but the index value does not necessarily provide a very good estimate of 

the actual performance. 

 

2.2. CII 

 

The other short-term energy efficiency measure issued by IMO is the CII. The influence of sails in the 

index value materializes through the lower fuel consumption with same operational profile. That being 

said, the CII is accounting for the actual performance of the sails even if the contribution of wind 

propulsion is not explicitly calculated. In contrast to EEDI and EEXI, the influence of sails on the CII 

is more challenging to predict, mainly due to the uncertainties related to the operational profile of the 

ships. For ships with constant operational areas and profiles, the wind conditions can be estimated from 

meteorological data so that the long-term average gains of wind propulsion can be predicted.  

 

2.3. EU ETS 

 

In 2024 shipping was included in the EU emissions trading system (ETS). Under this regulation, ships 

need to purchase emissions rights for the emissions trading market. Very much like the CII, as the sails 

reduce the fuel consumption, they will also reduce the required emissions rights.  

 

2.4. FuelEU Maritime 

 

In 2025 there will be a new regulation within the EU mandating the carbon intensity of the fuel used in 

shipping. While the regulation is fuel-centric, there are two notable exceptions. The first one is the use 

of shore power, which can lower the carbon intensity of the energy mix. The other is the use of wind 

propulsion. The ships which have deployed sails, can use a “reward factor” in their calculations of the 

carbon intensity. The factor will depend on the installed capacity of the sails and the overall installed 

engine capacity. The capacity calculation follows the guidelines for the EEDI / EEXI.  

 

To provide an example, if the contribution of sails in the EEDI calculation is more than 15%, the ship 

gets 5% reward factor in the fuel calculations. The required carbon intensity reduction is 2% between 

2025 and 2030. The legislation includes a pooling mechanism, so the 5% reward is sufficient to provide 

compliance for 2.5 similar ships. To put the numbers in a perspective, for a typical MR tanker, the 

highest reward factor can be reached with two 30m x 5m Norsepower Rotor SailsTM.  
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Table I: Reward factor for wind propulsion under the FuelEU Maritime, EC (2023) 

 
 

There are various challenges with the FuelEU Maritime legislation when considering wind propulsion. 

More specifically, the regulation risks not rewarding the ships with significant actual contribution of 

wind propulsion while rewarding ships with lower utilization rate of the sails. These challenges of 

FuelEU Maritime stem, to a great extent, from the use of EEDI guidelines to account the effort of wind 

propulsion.  

 

The other parts of the regulation are based on actual fuel consumption and fuel type used but the effort 

of wind propulsion is insensitive to the actual operational performance of the sail.  

 

2.5. IMO Midterm measures 

 

The short-term measures of IMO (EEDI/EEXI and CII) have proven to be relatively lenient or at least 

they are not driving substantial investments in carbon intensity reductions. Generally, in the industry 

the mid-term measures are expected to drive a more significant change. While the discussions on these 

regulations are still ongoing, IMO has issued a GHG reduction strategy in 2023, which indicates that 

the mid-term measures will consist of “technical element” and “economic element”. It is expected that 

these are reminiscent of the similar regulations from the EU. This means that the economic element 

would essentially put a price on the carbon dioxide emissions (cf. EU ETS) and the technical element 

will regulate the GHG intensity of the fuel used onboard (cf. FuelEU Maritime).  

 

2.6. Business case implication 

 

The impact of the regulations discussed in previous chapters should not be underestimated. In this 

chapter the discussion is limited to the EU regulations as they are already defined. However, it is 

expected that the IMO regulations will have similar implications even if there might be some 

differences in the levels of financial implications, depending on the exact formulation and level of 

stringency.  

 

As explained in the previous chapter, the impact of sails on the EU ETS are quite straightforward. When 

the sails reduce the fuel consumption, they reduce the emissions, and therefore the need to purchase 

emissions rights. The emissions price for one ton of carbon dioxide has been 60-100 EUR in recent 

years. Given that each ton of fuel converts to approximately three tons of CO2 this means that the EU 

ETS will effectively increase the fuel cost in EU area by 200-300 EUR. This is roughly 30-50% increase 

to the current bunker prices for HFO and will result in similar increase in the cost savings from sails.  

 

A less obvious but more significant impact to the business case comes from the technical measures, or 

in this case the FuelEU Maritime. As a source of zero-carbon renewable energy, wind propulsion 

contributes to the energy mix of the ship without increasing the respective carbon intensity. In the 

regulation this is considered via a reward factor. The business case impact of FuelEU Maritime can be 

assessed with a method very similar to the one introduced earlier to account for the business case of 

lowering CII with alternative fuels, Paakkari and Hörkkö (2024). 

 

Below a business case provides the calculation for a fleet of 5 MR tankers out of which one is equipped 

with 2 units of 35m x 5m Norsepower Rotor SailsTM. The assumed annual consumption of each of the 
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“conventional” ships is expected to be 6700 tons of fuel, while the one with sails is expected to save 

10%. As an alternative fuel e-methanol is assumed. 

 

The scenario “no sails” presents the case where none of the ships have sails. The scenario “Under 

FuelEU Maritime” illustrates the fuel cost for the fleet with one ship equipped with sails, in a situation 

where the fleet is FuelEU Maritime compliant. The last scenario shows the situation where only the 

HFO saving is considered. This last scenario is not FuelEU Maritime compliant. 

 

Table II:  Business case calculation to comply with FuelEU Maritime using e-methanol or wind 

propulsion  
No sails Under FuelEU 

Maritime 

Reference (not 

considering FuelEU) 

Energy needed 377 GWh 377 GWh 377 GWh 

HFO consumed 33034 tons 32546 tons 32 830 tons 

E-methanol consumed 948 tons 578 tons 0 tons 

Fuel cost* $24.45M $23.59M $22.98M 

Cost saving 
 

$860k $469k 

*Fuel prices: HFO: 700 USD/ton; E-Methanol: 1400 USD/ton 

 

3. Need for smart sails 

 

The new regulations will further strengthen the economics of sail installation projects. Wind propulsion 

technologies are maturing and the industry’s (ship designers, yards, classification societies) knowledge 

about the technology is also increasing rapidly. This enables more ambitious projects with more 

substantial contribution of wind propulsion. In the taxonomy laid out by Schenzle (1985) the industry 

is moving from “wind-assisted motorships” towards “hybrid ships” and even “motor-assist windships”. 

 

Table III: Hybrid wind ship taxonomy by Schenzle (1985) 

 
 

Taking an example from the projects completed by Norsepower, the first Norsepower Rotor SailTM was 

fitted on the ro-ro ship MV Estraden in 2014, where the overall contribution of sails was about 6%, 

Norsepower (2023). Six years later, in 2021, another ro-ro ship, SC Connector was equipped with sails 

that produce more than 20% of the ship’s propulsive energy, according to the owner, Seatrans (2022). 

The next milestone installation on this path will be the three ro-ro vessels designated to carry airplane 

components. These ships are expected to have 50% lower CO2 emissions compared to current 

operations with conventional ships, Norsepower (2024). 

 

While the examples provided above are anecdotal, they illustrate a trend that can be observed in the 

industry more widely. The increasing confidence in the technology and knowledge of it will likely 

increase the average “project scope” so that wind propulsion is further utilized. It remains to be seen 

what level of wind propulsion contribution will be typical or the most common one. This will depend 

significantly, among other things, on the regulation and what kind of economic impact GHG emissions 

have. Given these projections, it is worthwhile to consider the technical implications of increasing the 

share of wind energy in the total propulsive energy mix. The taxonomy introduced by Schenzle (1985) 

suggests an important insight about wind propelled ships - the move from motorships to windships is a 

continuum. Depending on where the ship in question falls on this continuum, more traits of the 

“archetype” it has.  
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Fig.2: Trend in share of wind propulsion for "state of the art" rotor sail propelled cargo ships 

 
Fig.3: “Original” wind-ship spectrum, Schenzle (1985) 

 

If for example a ship has on average 5% wind propulsion contribution, then it is much closer to a 

conventional motor ship than a wind ship, and hence its design is not too different to that of a 

conventional ship. In contrast, the larger the wind element, more the design deviates from conventional 

and more traits of the sailing ship are needed.  

 

It is very important to remark that, in addition to different ships being located at different stages on the 

motorship-windship spectrum, also any ship equipped with sails and motor will experience times when 

the sails contribute more to propulsion, and times when they contribute less. This is natural due to the 

intermittent nature of wind, but it sets certain requirements for the design. Hence, when considering the 
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continuum, each ship has a spectrum of its own. This spectrum has a mean (average sail power), a 

maximum (this is the value companies write press releases about) and a minimum (the added resistance 

in headwind). In addition to the above, the spectrum has also a range of the most typical conditions, say 

a range on which 80% of the operation falls within. 

 

 
Fig.3: Operation of a hybrid ship using wind (schematic) 

 

In a Joint Industry Project called WISP, led by Marin, it was shown that for installations where the 

wind contribution is modest, even fairly simple calculations can provide good estimates of the 

performance. As the average performance increases, one needs to include more physical phenomena. 

For example, if the sail effect is small, the impact hydrodynamics of the ship can be largely omitted in 

the performance prediction. However, for more substantial sail performance, things like ships drift, 

changes in rudder angles, etc. start to become more important, Eggers (2023).  

 

The above-mentioned results from the WISP project were made in the context of performance 

predictions. However, the practical experience of Norsepower highlighted similar points. To get the 

full benefit from wind propulsion, particularly in cases where there is significant sail power, it is 

important to consider the ship holistically. Particularly this calls for smart sail systems that can 

incorporate accurate measurements of the sails, their effects on the ship and its performance, and use 

these as an input for the optimization and control.  

 

Such advanced control systems are being developed and deployed with promising results, Mizutani et 

al. (2024), Norsepower (2024). Furthermore, it should be mentioned that when the relevance of wind 

propulsion is increased, the effect of smart operations and weather routing is increased too. The weather 

routing of modern cargo ships equipped with sails has been extensively investigated, and the 

performance improvement potential is very high. It is not uncommon to have the added benefit of 30-

100%, Mason et al. (2023), Dupuy et al. (2023). 

 

4. Smart sails = smart regulation? 

 

As was seen in chapter 2, regulations can have a significant economic impact. One of the key hurdles 

in the current regulation is the lack of standardized methods to evaluate the actual, realized performance 

of the sail systems on a continuous basis. Many of the approaches taken or proposed so far rely on 

performance indicators that are measured in controlled environments, and then on extrapolating these 

to the conditions encountered during the actual operations. This is analogous to using sea-trial 

performance curves to evaluate fuel consumption based on the actual speed profile. Generally, methods 

like these would not be considered sufficient to measure the performance of the ships. Consequently, 

the applicability of similar methods for considering wind propulsion if questionable. 

 

In order to effectively regulate the emissions and to reach the ambitious targets of IMO, it is important 

to consider the propulsion energy mix and its emissions as accurately as possible. In chapter 3 the need 

for accurate understanding of sail effort was pointed out from the optimization perspective, but it should 
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be noted that it is equally important from the regulatory perspective. Providing information on the actual 

sail performance is essential to enable more to-the-point regulation but also to enable ships that are 

equipped with sails to get full economic benefit of those sails. 

 

5. Future work 

 

Norsepower has developed a measurement and control system that enables both the further optimized 

sail system but also addresses the need for continuous measurement of the sail effort. There is ongoing 

work being undertaken to validate the latter aspect of the system. The purpose is to enable shipowners 

to report the contribution of sails in their energy mix continuously, without the need for extensive and 

often practically very challenging measurement campaigns.  
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Abstract 

 

While conventional ship powertrains mainly incorporate propulsion and auxiliary engines, modern 

designs are also integrating shaft generators, fuel cells, and batteries to enhance energy efficiency and 

reduce CO2 emissions. However, due to the diversity of vessel characteristics, a universally best-

performing design is not conceivable. Instead, different technologies, each with its unique efficiency 

characteristics and operational limitations, are favored, also necessitating tailored system control 

strategies. This paper introduces an early-stage modular energy management approach aimed at 

operational efficiency and flexibility, which can be used for model-based system design optimization 

tasks. Furthermore, the generalized strategy is tested with various power system configurations. 

 

1. Introduction 

 

The subject of this paper is a generalized energy management strategy (EMS) approach, which can be 

used for an early-stage direct comparison of power system designs via fuel consumption calculations, 

and to develop cost-optimal multi-component system configurations. 

 

While traditional ship power systems typically consist of a main propulsion engine paired with an 

auxiliary genset, modern design approaches are increasingly integrating a variety of power-converting 

components to enhance energy efficiency and reduce greenhouse gas emissions. Technologies such as 

engines with variable-speed shaft generators, various fuel cell types, and energy storage devices like 

batteries are gaining traction for their potential contribution to meeting CO2 reduction targets set by the 

International Maritime Organization, IMO (2024), and the European Union, EC (2020). However, the 

growing array of technology options, each with its unique energy efficiency characteristics, increases 

the complexity of both system design and operational strategies: mechanical and electric sector 

coupling, diverging operational limitations, and a more challenging cooperation of multiple compo-

nents call for more sophisticated energy management strategies, which are not only required for real-

life ship operation, but are also essential for evaluating system behavior during the design phase. Given 

the diverse needs of different vessels, there is likely no general best combination of technologies and 

tailored solutions suited to specific load profiles must be developed individually for each ship. 

Consequently, power system modeling and time-dependent simulation, which requires a dispatch 

strategy to obtain operation-dependent results, are crucial tools for assessing a system’s performance. 

Typically, three kinds of control strategies are used for power system simulations, each of which have 

their own advantages and flaws: 

 

a) Fixed operation, neglecting time-dependent specifications by using stationary assumptions or 

load distribution graphs, Baldi et al. (2018): A stationary assessment massively reduces the 

complexity of the modeling approach and simplifies the operating requirements to one or few 

modes. However, this approach cannot consider load shift limitations of fuel cell systems or 

capacity limitations of energy storage systems due to the lack of energy time evolution infor-

mation. 

b) Highly specified power management strategies, Bassam et al. (2017): While these are the most 

promising approaches for putting into later real-life use, they also require high commitment 

(i.e. neural network training, model predictive control strategies, sophisticated knowledge of 

the configuration and the potential synergies) and can therefore not be utilized in a general 

technology configuration comparison for combinatorial reasons. 

c) Optimization approaches with unit commitment tasks, Tang et al. (2020): The advantage of not 

requiring a formulated control strategy suites an initial assessment, but time-dependent optimi-
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kevin.koosup.yum@hdhyundai-erc.com


 

253 

zation tasks require a specific setup of the power system models, limiting their formulation to 

convex objective functions and optimization constraints (i.e. linear formulations). 

To address the challenge of creating niche operating approaches, this paper proposes a modular and 

component-independent EMS that covers the ship propulsion and the electric power demand. 

Emphasizing system efficiency and operating flexibility, this approach includes control strategy 

formulations at the power system, component group, and single-unit levels. Subsequently, an 

exemplary use case is presented, in which system performances for various component configurations 

are compared economically. 

 

2. Methods 

 

Fig.1 gives an overview of the method section, which is structured in analogy to the workflow of a 

typical optimization framework: first, the power systems under consideration, their operation 

requirements, and options for a design optimization are introduced. Then, the modular, generalized 

control strategy is schematically described. After that, exemplary power system model setups for the 

fuel consumption assessment are given. 

 

 
Fig.1: Typical workflow of a power system design optimization  

 

2.1. Component characteristics and system design optimization 

 

In this section, the assessed system components and configurations are briefly described, followed by 

the description of the optimization problem. 

 

2.1.1. System components under consideration 

 

For the exemplary system study, five main components of the powertrain are considered. Their 

specifications and key features are given in the following: 

 

• Main engine – Many merchant ship power systems contain an internal combustion engine for 

propulsion, which is directly coupled to the propellor or connected to the shaft line with a 

gearbox. For large deep-sea ships, 2-stroke engines with slow rotational speed are favored for 

their high efficiency. In the present study, a dual-fuel engine operating with liquefied natural 

gas (LNG) is selected. 

• Shaft generator – The main engine can also function as an electric power generator in addition 

to its propulsion task if a generator is coupled to the shaft line. This supportive operation is 

denoted Power Take Off (PTO) and is favorable due to the advantageous energy efficiency of 

the main engine in high part load. A secondary option is the propulsion support through the 

electric machine operated as a motor, also referred to as Power Take In (PTI). Depending on 

the operational requirements, both modes can reduce the power system’s overall fuel consump-

tion, Perez et al. (2020). 

• Genset – To fulfill the electric power demand on a ship, traditional system approaches include 

a group of combustion engines and electric generators, also called a genset. For the application 

under investigation, 4-stroke medium speed engines are selected. 
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• SOFCs – The electrochemical fuel conversion of solid oxide fuel cells (SOFCs) offers a higher 

energy efficiency than internal combustion engines, especially in lower part loads. As opposed 

to most low-temperature fuel cell technologies, an SOFC can be operated with various fuels 

and does not require a hydrogen storage, Kistner et al. (2023). For comparability, the SOFC-

based systems are operated with LNG, but ammonia, methanol, or hydrogen are also options 

to consider. 

• Batteries – The benefits of energy storage systems in hybrid configurations can be categorized 

in two segments: system design advantages and energy efficiency improvement. For example, 

peak load shaving for power-intensive maneuvers enables a reduced rated power requirement 

for other electric power converters. Further, batteries can support gensets and prevent low-part-

load operation, if the active number of engines can be reduced. In addition to the supportive 

measures, batteries are mandatory for SOFC-based configurations to compensate inevitable 

power deltas, Kistner et al. (2021). 

 

2.1.1. System configurations under consideration 

 

Now that all components under consideration have been briefly introduced, four representative system 

configurations are created, Fig.2. Case 1 represents the traditional power system built from a 

mechanical propulsion system with a main engine and an electric power system with a genset. Case 2 

introduces the potential interaction of mechanical shaft line and electrical bus bar through a shaft 

generator. Case 3 represents an electric propulsion system including SOFCs as a main power source as 

well as a genset plus battery system support. Finally, Case 4 includes all components under considera-

tion. While this configuration is likely not put into practice for newbuilds, it could function as a 

reference for retrofits and as a theoretical example for an optimal component selection task. 

 

 
Fig.2: Investigated ship power systems with various configuration complexites 

 

2.1.1. Typical optimization task 

 

The main objective of an optimization task is to identify a cost-optimal system configuration, observing 

annual capital expenditure of the power train components 𝑐CAPEX,a and the annual operational expenses 

including fuel consumption and maintenance requirements 𝑐OPEX,a. The system design, i.e. the rated 

Case 1: Traditional power system Case 2: PTI/PTO system  

  

Case 3: SOFC propulsion system Case 4: All options 
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power 𝑃r , which can be selected from available products, the rated energy capacity C, or the number 

of installed component modules N (indexes: main engine ME, genset GEN, shaft generator SG, solid 

oxide fuel cells SOFC, battery B) are typical degrees of freedom. The required coverage of the time-

dependent mechanical power 𝑃L,mech and the electric power demand 𝑃L,el represent the constraints of 

the optimization problem. In the given balances, the power of the shaft generator is represented both 

mechanically 𝑃SG,mech and electrically 𝑃SG,el. Furthermore, the components’ operating limitations 𝑃lim 

(e.g. maximum power, restricted load shift capabilities) and component cost calculations are part of a 

complete constraint formulation. 

minimize 𝑐CAPEX,a + 𝑐OPEX,a                                

𝑃r,ME, 𝑃r,GEN, 𝑃r,SOFC, 𝑁SG, 𝐶B ⬚

subject to

⬚
⬚
⬚

0 = 𝑃L,mech − 𝑃ME − 𝑃SG,mech                    

0 = 𝑃L,el − 𝑃SG,el − 𝑃GEN − 𝑃SOFC + 𝑃B            

𝑃lim,down,𝑗 ≤ 𝑃𝑗 ≤ 𝑃lim,up,𝑗 ∀ 𝑗 = ME,GEN, SOFC, B.

 

In the presented approach, both the satisfaction of the power balance for a well-designed system and 

the compliance with the operating limitations are covered by the EMS. For a complete design 

optimization, an economic modeling approach guideline is given in the following: annual capital costs 

should be directly influenced by the system design:  

𝑐CAPEX,a =∑(𝑃r,𝑖

⬚

𝑖

∙ 𝑝𝑖 ∙ 𝐴𝑖) + NSG ∙ 𝑝SG ∙ 𝐴SG + 𝐶B ∙ 𝑝B ∙ 𝐴B, 

where i are the investigated power converters, 𝑝 are specific prices for all individual powertrain 

components (e.g. in €/kW) and 𝐴 are annuity cost factors to include component lifetime and interest 

rates. For the annual operating costs, maintenance expenses and fuel consumption are to be quantified: 

𝑐OPEX,a = 𝑝fuel ∙
𝑡op,a

𝑡op
∙ 𝑚fuel +∑𝑐maint,𝑗,

⬚

𝑗

 

where 𝑡op is the operating time of the investigated passage, 𝑡op,a is the annually expected operating 

time, and 𝑐maint are the annual maintenance costs for each component j. However, in this operation-

centered investigation, only the single-passage fuel consumption 𝑚fuel is evaluated for prefixed system 

designs to directly evaluate control strategy influences. 

 

2.2. Control strategy 

 

The central feature of this paper is the generalized, modular system-and-component control strategy for 

early-stage performance evaluations. The rule-based approach is split into three segments: the energy 

management is represented by a hierarchical set power calculation for each power system component 

group. The module management further specifies the allocation of the set power values. Finally, the 

component management strategy ensures the compliance with the components’ operating limitations. 

 

2.2.1. Energy management strategy 

 

When multiple components can fulfill the ship’s power requirements alone or in co-operation at 

different operating points, an EMS is required for a reasonable decision process, also called dispatch 

strategy. The proposed generalized EMS therefore follows three objectives:  

 

1) maintaining the operability of the system to ensure an uninterrupted power supply,  

2) reducing the total fuel consumption, and  

3) being easily adaptable to freely add new components and investigate all kinds of component 

configurations.  

 

As a result, a cascading, hierarchical set-power value calculation is proposed, where highly efficient 

technologies are dispatched first, and more flexible-operating component capabilities are conserved for 
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balancing. Before providing the set-power equations, an exemplary cascading dispatch of power 

requirements is shown in Fig.3: the mechanical propulsion requirement (light orange) is fully covered 

by the main engine (dark orange), consequently no PTI is required. For the electric system, not one 

single component can fulfill the requirements due to their defined operating restrictions (cf. Section 

2.2.3). Therefore, the power supply is shared following an efficiency ranking and based on the 

information of deltas between set-power (light green) and actual power values (dark green). Next, the 

introduced logical approach is given in form of equations. 

 

 
Fig.3: Hierarchy-based system control strategy for mechanical (orange) and electric (green) power 

demand: light-colored boxes symbolize power requests, darker arrows component responses 

 

For every given power system configuration, which includes a main engine for direct mechanical 

propulsion, a first mechanical set-power value is given with 

𝑃ME,mech,set = 𝑃L,mech . 

For the first-ranked component 𝑖 = 1 (in this case the SOFCs), the electric power demand is given as:  

𝑃𝑖=1,set,el = 𝑃L,el +𝑁SG ∙ 𝑃∆,mech−el + 𝑃B,des(𝐹B) ,  

where 𝑃∆,mech−el symbols the open mechanical power requirement which must be covered by the shaft 

generator and 𝑃B,des is an additional power requirement to potentially balance the battery systems state 

of energy 𝐹B. Then, set values for all other electric components i are given consecutively with the power 

delta not fulfilled by the previously ranked electric component: 

𝑃𝑖,set,el = 𝑃𝑖−1,set,el − 𝑃𝑖−1,el . 

Shaft generator operation – electrically supported propulsion (PTI) operation can be suitable for 

various reasons but is often related to one of the following scenarios: the operation with an idling main 

engine due to a very small propulsion request or the operation at maximum speed or torque. Both modes 

lead to a delta between main engine set power and response, requiring a balancing electric power 

𝑃∆,mech−el.  
 

 
Fig.4: Power flow diagram for the mechanical-electric sector coupling through an electric engine 
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The additional electric power requirement is influenced by the shaft generator efficiency, as shown in 

Fig.4 (left). For the electric system support from the main engine (PTO), displayed in Fig.3 and Fig.4 

(right), sector coupling is modeled with two decoupled set-value calculations. Note, that the cumulated 

mechanical and electric power output is certainly restricted in total (cf. Section 2.2.3).  

 

Battery balancing – While battery reaction times are usually negligibly small, not only static power 

restrictions, but also a finite energy capacity limits the storage’s operation. Consequently, the EMS 

considers the battery’s state of energy (SOE) in the set value calculation and aims to charge or discharge 

the battery whenever it is beneficial: 

𝑃B,des = {

 𝑃B,cha if 𝐹B < 𝐹des,min 

 𝑃B,dis if 𝐹B > 𝐹des,max  

 0     else.            

 

Here, a specified minimum desired SOE 𝐹des,min should be maintained for sea operation to enable 

peak-load shaving, whereas a maximum SOE 𝐹des,max only is required when compensating inevitable 

power deltas due to slow SOFC load shifts. The evolution of the battery’s energy content is a function 

of the battery power 𝑃B and a self-discharge factor 𝑟SD: 

d𝐹B

d𝑡
𝐶B = −𝑟SD𝐶B𝐹B + 𝑃B {

𝜂B 
1
𝜂B⁄
 
if 𝑃B > 0
if 𝑃B < 0

 . 

Additional components – Certainly, this method can be enhanced with other components like low-

temperature hydrogen fuel cells (ranks between SOFCs and shaft motor), gas turbines or combined 

cycles (ranks between SOFCs and genset, depending on operating specifications), and supercapacitors 

(rankes more flexible than battery due to higher specific power ensurence).  

 

2.2.2. Module power management strategies 

 

One additional aspect of an EMS is to further allocate set-power values to individual operating units. 

Specifications are required for gensets (commonly referred to as power management strategy – PMS) 

and fuel cell modules, or in general for all power technologies with modular characteristics. For internal 

combustion engines, a high-part-load operation is beneficial to reduce the specific fuel consumption, 

Skjong et al. (2017). Therefore, a on/off switch logic is required, as displayed in Fig.5 (left). Here, as 

few engines as possible are operated. On the other hand, maintaining all fuel cell units in low part load 

(Fig.5 right) enhances the overall fuel efficiency of SOFCs, as their main energy losses are related to 

electrochemical and transport processes. Of course, balance-of-plant requirements, as well as fluid-

dynamic and thermal aspects of the systems limit these considerations, Kistner et al. (2021).  

  

 
Fig.5: Module power management of a genset and SOFC maximizes the energy efficiency 

 

2.2.3. Component management strategies 

 

The main objective of the formulated component management strategy is aligned with the EMS 

requirement to be as flexible and generic as possible. Before the defined framework is introduced, 

typical operating limitations for the assessed components are summarized in the following: 
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• Main engine – With the exception of short-term operations, the maximum deployable power 

equals the engine’s rated power. Also, a minimum power supply is stipulated to maintain oper-

ational stability (combustion, lubrication) and prohibit an excessive specific fuel consumption. 

For event of very low power requirements, either a higher power output (not recommended for 

mechanical propulsion) or switching to a stand-by mode are options in line with the component 

limitations. 

• Shaft generator – For PTI mode, maximum power of the shaft motor drive and torque/rota-

tional speed restrictions of the shaft line are the most relevant operational limitations. The in-

tegration of a frequency converter over a gearbox enables superior part-load operability and is 

therefore selected in this case study, Souflis-Rigas et al. (2021). For PTO mode, the electric 

power supply capabilities are also limited by the main engine’s maximum power. 

• SOFCs – In addition to a maximum power output, two relevant restrictions are to be considered 

(cf. Fig.6): SOFCs’ load shift capabilities are significantly more limited than it is the case for 

combustion engines or low-temperature fuel cells. The reasons behind this are the risk of ther-

momechanical stress impacting the cells, the potential requirement of fuel steam reforming, 

and the thermal inertia of the system. Also, SOFCs should operate permanently to maintain a 

desired temperature level and fluid dynamical behavior required for heat exchangers, Kistner 

et al. (2021). Alternatively, SOFCs can be idled and externally heated, but then require an ex-

tended period for heating up before deploying electric power again.  

• Genset – The internal combustion engines of the genset have very similar limitations to the 

main engine. However, one additional challenge of operating a genset with a switch-on-and-

off control approach is the delay of power supply when starting up an individual engine due to 

the electric motor synchronizing requirements, Perabo et al. (2020). 

• Batteries – Energy storages entail power limitations for charge and discharge operation. These 

two parameters do not have to be identical, depending on the technology under consideration. 

For electrochemical solutions, power limitations typically are a function of the state of charge 

influencing the cell voltage, and the required electric current. However, since no cell chemistry 

has been selected for this assessment, a constant maximum power is assumed, neglecting the 

charge-voltage-current interdependencies. In addition to the power restriction, batteries require 

a state-of-energy observation, preventing an empty unit to further discharge, and vice versa for 

a fully charged unit, Fig.6. An implementation approach of a generic energy storage manage-

ment and technology-specific descriptions can be found in Kistner et al. (2021). 

 

 
Fig.6: Characteristic operational limitations for the components under consideration, categorized into 

power limitations, time-dependent limitations, and component-specific descriptions 
 



 

259 

All operating restrictions can be compiled by a combination of predefined limitation types, and 

technology-specific parameters, which are given in Fig.6. Also, a visual limitation example is given for 

the SOFCs and depict the components response 𝑃SOFC,1,el to a set value 𝑃SOFC,set,el. 
 

2.3. Power system modelling approach 

 

For the component models, operation-dependent efficiency curves and specific-fuel-consumption 

(SFC) descriptions �̇�SFC (in g/kWh) are essential tools to display the complete powertrain behavior 

and calculate the overall fuel consumption. The operation-dependent fuel consumption rate of a power 

technology thereby includes all conversion-step efficiencies up until the switchboard or shaft interface: 

�̇�fuel,𝑖 = �̇�SFC,𝑖 (
𝑃𝑖
𝑃r,𝑖
⁄ )

⏞    

rel.oper.
point

∙ 𝑃𝑖 ∙ ∏
1

𝜂𝑖,𝑘

⬚
𝑘 , 

where k are the different integrated conversion steps. The overall fuel consumption then is cumulated 

for the assessed voyage time: 

𝑚fuel = ∑ ∫ �̇�fuel,𝑖
𝑡op
⬚

d𝑡⬚
𝑖 . 

For better comprehension, the utilized model structure is given for an exemplary configuration in Fig.7. 

Note, that an alternating-current electric grid is assumed, whereas a direct-current approach would 

require rectifiers for the genset, a voltage converter for the SOFCs and an inverter for the shaft engine. 

The investigated shaft generator setup couples the mechanical and the electric system with three 

conversion steps. For a PTI operation, the provided mechanical power is always smaller than the 

required electrical expense: 

𝑃SG,mech = 𝜂SG ∙ 𝜂CON ∙ 𝜂TF⏟          
𝜂mech−el

∙ 𝑃SG,el, 

where 𝜂SG is the operation-dependent efficiency of the shaft generator, 𝜂CON is the frequency converter 

efficiency, and 𝜂TF is the efficiency of the interposed power transformer. For PTO operation, the 

opposite holds true: 

𝑃SG,mech = 
𝑃SG,el

𝜂SG∙𝜂CON∙𝜂TF
. 

For the implementation of all fuel consumption calculations and power balances, we selected the 

FEEMS modeling framework for programming language Python, Sintef (2024). 

 

  
Fig.7: Structural setup of the empirical, characteristic-curve-based component models including 

balance of plant (BOP) by example of an engine and an SOFC in an electric propulsion system 
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3. Exemplary mission assessments 

 

This section covers a description of the case study vessel and the mission profiles. Following, the 

system designs of the four powertrain configurations are specified. After that, the operating profiles for 

all configurations are generated based on the introduced energy management strategy. 

 

3.1. Vessel description and powertrain design 

 

For the initial EMS test, a 3.5-day operation of a Very Large Crude Carrier (VLCC) is assessed. The 

vessel’s mechanical and electric operating profiles are given in Fig.8. The assessed mission includes 

deep-sea operation at the beginning and the end of the time horizon, resembled by a relatively static 

plateau at a10 MW power demand. In between, two calls at port and an intermediate operation of around 

9.5 hours with the maximum power demand of around 13 MW at 2,500 minutes are observable. The 

highest auxiliary power demand results from thruster maneuvers during the intermediate period at 

around 1.7 MW, while the deep-sea electric power demand is given as a steady baseline with smaller 

fluctuations. 

 

 
Fig.8: Mechanical propulsion load and electric power demand profiles for the exemplary case study  

 

Fig.9 summarizes the designs of all four configurations. In Case 1, a 13.5 MW main engine rated power 

is selected to securely cover the propulsion demand. The auxiliary genset’s total rated power is 2 MW, 

compromising two engines. With the addition of a shaft generator, the rated power of the main engine 

can be reduced to 12.5 MW in Case 2, as PTI for peak load support is granted by the identical auxiliary 

genset. In Case 3, a larger total rated power is required, as the SOFC load shift support constitutes an 

energy-intensive task for the battery. 12 SOFC modules, each with 1 MW rated power, are supported 

by a 2-engine 2 MW genset and a 6 MWh battery system with a specific power of 1.5 MW/MWh for 

both charging and discharging. For the hybrid propulsion system in Case 4, an equal split of rated power 

is assumed for SOFCs and main engine, resulting in an installation of two-time 6 MW. Since battery 

support requirements are now reduced, a 2.5 MWh storage suffices for load shift support. 

 

 
Fig.9: Rated system power for the four predefined power system configurations 
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3.2. Component operating profiles 

 

In this section, the individual operating profiles of the components are briefly discussed before a direct 

comparison of the fuel consumption is given. Fig. 10 displays the conventional ship power system as 

introduced for Case 1. The load profiles are exactly covered by main engine and genset, since no 

operating flexibility is given. In Fig. 11, the result of incorporating a shaft generator is demonstrated 

(Case 2). The formulated EMS mostly results in PTO support for most operation at sea and shows 

events for PTI for peak-load shaving during the power-intensive intermediate maneuver. The SOFC-

based power system with electric propulsion (Case 3) is shown in Fig. 12. The fuel cell modules are 

operating in high part load mostly and are supported by the genset to charge the battery system during 

initial deep-sea operation. As the cumulated rated power of the fuel power converters does not suffice 

for the highest electric power demand, battery peak load shaving is applied by the hierarchical set power 

calculation. The required design of the battery is however not specified by the amount of energy 

necessary during peak shaving operation, but during the second SOFC ramp-up. Note, that battery 

power values higher than zero equal charging operation. In Fig. 13, the hybrid, most complex system 

configuration of Case 4 is displayed. The main engine is operating at rated power during operation at 

sea, while the SOFC covers both the residual mechanical and the electric power delta. During steep 

power increases, the SOFCs are supported by the genset. PTI propulsion support is active for almost 

the whole sea operation, but PTO also supports the electric power sources during the SOFC switch-on 

delay. The charging process of the now smaller battery system is finalized after around 45 minutes. As 

the now smaller SOFC systems also require less absolute load shift support, battery peak load shaving 

requirements also are reduced by a factor of around 2.4. Still, the design of the battery is restricted by 

the amount of energy required, but now also operates close to its power limitations. 

 

While for a complete technology comparison, a total cost of ownership assessment is certainly required, 

fuel costs resemble the largest share of a merchant ships’ power system expenses. The traditional Case 1 

powertrain configuration results in a fuel consumption of 75.1 tons for the main engine and 12.7 tons 

of LNG for the auxiliary genset. On this basis, Case 2 results indicate an operational benefit of shaft 

generators: the fuel consumption of the main engine increases to 81.8 tons (+8.9%), but a reduced 

operation of the genset results in 4.2 tons (- 67%) fuel consumption. The overall fuel consumption is 

decreased by 2.1% due to the augmented high-part-load operation and the better efficiency of the now 

smaller main engine. In Case 3, the expected reduction of an SOFC application to 72.2 tons of LNG is 

achieved. An additional decrease of genset fuel consumption to 3.7 tons is enabled due to the SOFC 

covering most of the electrical demand. Overall, the electric propulsion system reaches a consumption 

reduction of 8.4%. For the hybrid 2-stroke main engine plus SOFC design in Case 4, a close second-

best result of 7.6% fuel consumption reduction is computed. This indicates that not entirely switching 

to SOFCs e.g. in retrofit scenarios already results in an advantageous operation, as the fuel cells cover 

the electrical base load as well as the propulsion power. Notably, the SOFC fuel consumption only 

accounts for 31.1 tons, as the modules operate in lower part load primarily.  

 

 

 
Fig.10: Operating profiles for the Case 1 configuration: Main engine, auxiliary genset 
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Fig.11: Operating profiles for the Case 2 configuration: Main engine, genset, shaft generator 

 

 
Fig.12: Operating profiles for the Case 3 configuration: SOFCs, genset, battery 

 

 
Fig.13: Operating profiles for the Case 4 configuration: hybrid main engine plus SOFC propulsion 
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4. Demonstrating the influence of energy management strategy alterations 

 

As already annotated, the proposed strategy aspects are not designed to optimize the operation, but 

rather for initial assessments of technologies and component configurations. However, it is already of 

interest, if adding specific features to the control strategy substantially alters the assessment results. 

While the general efficiency-based hierarchy and the monitoring of component operating limitations 

are required for reducing the overall logical effort, two potentially relevant module strategies are 

selected to demonstrate effects of revising the EMS: (a) improving the co-operation between 

combustion engines and batteries to increase energy efficiency and (b) analyzing the influence of 

altering SOFC operating limitations on the system design restrictions. For both challenges, exemplary 

cases are discussed in the following sections. 

 

4.1. Influence of actively supporting the genset with a battery storage 

 

In hybrid ship power systems, batteries represent manifold potentials and flexibilities for co-operation 

of components. While their most dominant task still is the peak-load-shaving operation to improve 

system design aspects and spinning reserve to allow for tight genset operations or SOFC load shift 

support, other supportive measures, including long-time part-load prevention of the genset, are suitable 

for common operation at sea. The idea behind this supportive measure, which neglects the approach of 

a strict dispatch hierarchy, is visualized in Fig.14: here, a genset without battery support can fulfill the 

power demand only with dispatching all three engines, whereas a battery-supported genset can and 

switch off one unit to momentarily reduce fuel consumption. However, the battery must be charged 

repeatedly to ready the support. This operation can be controlled with a state machine (charge to desired 

maximum SOE 𝐹des,max , then support operation until the minimum desired SOE 𝐹des,min  arises).  

 

 
Fig.14: Genset operational options: even load distribution with no support demand; additional battery 

support to maximize ICE energy efficiency by increasing the relative load 

 

 
Fig.15: top: exemplary electric load profile, mid: load distribution for genset while the battery only 

operates during peak, bottom: battery support to increase ICE load and reduce fuel 

consumption  
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The tradeoff between battery roundtrip losses and generator efficiency can be evaluated by applying 

two different management strategies to a simple power system a with fixed design of 3 generators with 

500 kW rated power each, and a battery with 600 kWh rated capacity and a specific power of 

0.5 kW/kWh. The diverging operating profiles are given in Fig.15: Both strategies first charge the 

battery up until the desired state of energy (𝐹des,min for peak load shaving disposition, 𝐹des,max for 

active battery support). While in the even-load-distribution approach the battery is idled afterwards and 

two generators are active in part-load operation, in the battery-support mode, two generators are idled, 

while the third one is operating at full power. After a period of about 120 minutes, the battery must be 

recharged again. For both strategies, all components are active for peak load compensation at around 

600 minutes. As the batteries have not been discharged below the minimum desired state of energy, the 

uninterrupted power supply is effortlessly ensured at all times. 

 

When directly comparing the gensets’ fuel consumptions, a reduction of 0.6% from 2.899 tons to 

2.882 tons is determined by allowing the battery unit to actively support the engines, even if electric 

energy is lost during battery charging and discharging. As this is evaluated to be a negligible value, it 

is at least questionable if these kinds of additional EMS capabilities are required for an initial 

assessment of a complex power system configuration. Also, what has not been taken into account for 

this assessment is the likely lifetime reduction of the battery due to more excessive utilization. This 

effect should therefore be covered in the total cost of ownership assessment by including an operation-

dependent battery degradation model. 

 

4.2. Influence of idling SOFCs on the design of the battery storage support 

 

Another relevant strategy alteration is the idling of components with long start-up times. As SOFCs 

cannot be beneficially operated at very low part loads, two options are conceivable whenever no electric 

power is required by the vessel: continuous operation at the minimum power output and complete stand 

by. However, Fig.16, both operations require an operational support of another component to not 

produce a vast amount of excess energy, or forfeit the ability of a swift operational readiness, respec-

tively. Even if SOFCs are kept at high temperatures during idling (hot idling), a start-up procedure can 

take several minutes and potentially requires a large spinning reserve. Therefore, an interesting degree 

of freedom is the number of idled modules at port to mitigate the amount of required support.  

 

 
Fig.16: Battery sizing in dependence on SOFC operation during low power requirements: permanent 

operation buffered by charging battery; idling operation requires battery start-up support 

 

For demonstration, three energy management strategy alterations are tested for one load profile, Fig.17 

(first graph), and the required battery designs are directly compared. Twelve SOFC modules with 1 

MW rated power and a minimum part load of 40% are selected. For comparability reasons, only a 

battery storage is utilized as operational assist, even if a genset could theoretically also support in the 

hot-idling scenarios. The first scenario allows to idle all twelve modules, Fig.17 (second graph) if less 

power than the minimum output capability is required. Here, the battery must not compensate excess 

energy during anchoring starting 150 minutes, but fully undertakes the power supply during the thirty-

minute start-up of the SOFCs at 220 minutes and low part load, starting after around 450 minutes. In 

the second scenario, Fig.17 (third graph), half of the SOFCs are allowed to be idled, resulting in a 

2,5 MW power output at port and during low-part-load operation, which are compensated by the 

battery. In turn, the required energy during SOFC ramp-up is slightly reduced. For the last scenario, no 
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idling is allowed, Fig.17 (fourth graph), further increasing the power surplus at port to 5 MW, while 

the required capacity for peak load shaving and spinning reserve is significantly decreased. 

 

For all three design problems, the energy capacity is the design bottleneck, whereas the rated charge of 

discharge power only plays a subordinate role for a marine battery system. In the case that all SOFCs 

are allowed to be idled, a battery support with 10.8 MWh rated capacity is required to buffer the SOFC 

start-up time just after leaving the port. If only half of the SOFC modules can be put into stand-by 

operation, a 2% smaller storage (10.6 MWh) suffices to avoid excess power during anchoring and assist 

during start-up. While this small reduction could again be evaluated as negligible, not allowing the 

SOFCs into idling mode at all results in a required 10% capacity increase (11.9 MWh). This indicates 

that simple operating decisions could have a great influence on the optimal powertrain design. Another 

essential takeaway is that these kind of management decisions are greatly dependent on the 

characteristics of the load profile. Longer times at port advise for idling of the SOFCs, whereas 

fluctuating load profiles require more rapid operational readiness. This perspective also outlines the 

biggest flaw of a rule-based energy management strategy, which cannot easily react to every 

hypothetical niche case and therefore likely is bot leading to ideal results. 

 

 
Fig.17: top: exemplary electric load profile, upper mid: SOFCs are allowed to idle and require start-

up time, lower mid: only half of the SOFC modules are idled, bottom: no idling is allowed 

 

5. Conclusion 

 

In the present paper, a generic energy management strategy framework for multi-component ship 

powertrains, which can be utilized for system design optimization and techno-economic assessments, 

is presented. The approach covers operational constrains of the system components, interactions 

between units with modular structures, as well as the dispatch of power technologies with diverging 

efficiency and flexibility characteristics. The energy management strategy’s functionality is 

demonstrated by calculating the fuel consumptions of four system configurations with various 

complexities. For an investigated vessel operation with two calls at port and an intermediate group of 

maneuvers, all aspired co-operation aspects between the power system components can be recognized 

in the operating profiles. In the assessment, the operational benefit of a shaft generator (-2.1% fuel 

consumption), the advantages and challenges of SOFCs in an all-electric ship (-8.4% fuel consumption, 

6 MWh battery support for 12 MW SOFC rated power), and the intermediate solution of mechanical 

propulsion with meaningful electric support from SOFCs (-7.6% fuel consumption) are indicated. 
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While the initial control strategy follows a strict dispatch hierarchy, an altered approach is given by the 

idea of actively supporting the genset operation with a battery to allow full-load operation at specific 

time windows. However, this example demonstrates that fine tuning of the EMS not necessarily leads 

to a fundamentally different result and therefore likely can be dismissed in an initial case study. On the 

other hand, the example of altering the SOFC idling strategy suggests that energy management 

decisions can noticeably influence the design requirements. Operating profiles resulting from rule-

based decisions must be subsequently evaluated with special care and strategies should be altered where 

appropriate. It has however been demonstrated that additional energy-saving strategies can be 

integrated into the presented EMS without larger effort due to the modularity of the framework.  

 

Potential next steps to further increase the usability of the modelling framework involve adding 

alternative power technologies like gas turbines, combined cycles, alternative fuel cell types, and 

supercapacitors, as well as providing component-or-configuration-specific operating strategy 

alterations. Latter may include a dynamical hierarchy for dispatching the components for low and high 

part load, or hybrid storage strategies. Also model-predictive control approaches can be utilized to 

reduce the disadvantages of e.g. the SOFC operational inertia, while not relying on analytically 

optimizing unit commitments. 
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Abstract 

 

This paper presents the challenges of developing and optimising a second-generation Passive Air 

Lubrication System (PALS). After presenting the general working principle of this system, the paper 

focuses on the geometry optimisation of the system itself and the arrangement in the vessel. The 

challenges and limitations of the associated CFD computations will be discussed. Experimental test 

results under laboratory conditions and validation of the system’s design will be presented 

qualitatively. An exemplary arrangement for a PALS will be shown. 

 

1. The Challenge 

 

Recent and future regulations require significantly reduced emissions from merchant shipping, IMO 

(2023). While current and emerging technologies offer quite a range of options for new-builds, these 

are considerably more limited for vessels already in operation. 

 

One of these options available to vessels in service is to reduce the required propulsive power –and 

consequently fuel consumption and emissions– by reduction of resistance, e.g., by using air lubrication. 

Installation of an air lubrication system in an existing ship poses the dual challenge of integrating the 

system within pre-existing hull structures, without impacting hydrodynamic performance. And, in some 

cases, resolving challenges associated with limited volumetric space availability to house system 

components, e.g., air compressors. Further, existing auxiliary engine power is often limited, 

constraining the possibility of installing large-capacity air compressors. 

 

2. Working Principle 

 

2.1 Air Lubrication – A Short Literature Review 

 

Hassan et al. (2006) reported that an increase in microbubble concentration leads to a reduction in the 

Reynolds stresses and turbulence production in the boundary layer (B.L.). Sindagi et al. (2019) stated 

that the drag reduced by microbubble drag reduction (MBDR) is due to alteration of the viscosity 

density of the fluid in the B.L. These changes reduce the Reynolds’ stresses, which minimises shear 

stress. Work done by Gao et al. (2023) states that bubbles within the B.L. minimise the effect of 

formation and development of turbulence, if the air is injected into the laminar region.  

 

The resultant net shear stress is reduced since the bubbles have lower shear stress than most solids. In 

some work, it is thought that the introduction of air reduces the overall viscosity of the B.L. and hinders 

turbulence production near the hull, Stephani et al. (2006), Hassan et al. (2008), and Jiménez and 

Pinelli (1999). 

 

Hassan and Gutiérrez-Torres (2006) reported that the increase of microbubbles within a B.L. is 

inversely proportional to the Reynolds stress. Reynolds stress measures the turbulent fluctuations in a 

fluid flow. It is responsible for the transfer of energy from large scales to small scales in fluid flow. 

This also holds for turbulence production. As more air is introduced, turbulence production is delayed, 

Stephani et al. (2006). 
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According to McCormick and Siddiqui (1989), when bubbles split, they do so by extracting turbulence 

energy, therefore reducing turbulence. Turbulence energy is the amount of kinetic energy present in 

turbulent flow. It is measured in turbulent kinetic energy (TKE), and it is the sum of the kinetic energy 

associated with the velocity fluctuations, related to the Reynolds stress. TKE is generated by the action 

of large-scale velocity fluctuations, which are transferred to smaller scales via cascading. Later this was 

proven to be true when a particle image velocimetry (PIV) technique was used by Jacob et al. (2010). 

Additionally, it was found that the flow velocity gradient changes in the turbulent layer. This could be 

because bubbles migrate into vortical structures thus disrupting them, Sanders et al. (2006), Murai 

(2014), Elbing et al. (2008). 

 

When the bubbles split, the diameter is reduced making the bubbles smaller. When the bubbles become 

smaller, they will be pushed away from the wall due to buoyancy effects and turbulent eddies. This will 

result in a restoration of the turbulent boundary layer (T.B.L.) and reduction of void fraction. As the 

smaller bubbles escape the T.B.L. further away from the injection point, only the larger bubbles will be 

left, leading to an overall reduction of void fraction and bubble concentration, Kawamura et al. (2003). 

The higher the Reynolds number (Re), the higher the turbulence shearing effect and bubble breaking; 

therefore, bubble escaping will increase. This can result in a problem of persistence down stream of 

injection, Pavlov et al. (2020). 

 

Sanada et al. (2009) observed that the bubble trajectory and its place within the T.B.L. is strongly 

dependent on the Re. Legendre et al. (2003) used Direct Numerical Simulations (DNS) to model two 

spheres to study their relative motion and direction. It was concluded that direction and motion changed 

in accordance with the Re. 

 

Kawamura et al. (2002) concludes that as the bubbles flow away from the injector they converge to an 

equilibrium value that is dependent on the local shear rate. Splitting takes places at around 1 – 10x the 

B.L. thickness while coalescence takes place at 100 x the B.L. thickness. 

 

Work done by Sindagi et al. (2019) shows how the coefficient of friction (CF) increases further away 

from the injection both longitudinally and transversely as can be seen in Fig.1. 

 

 
Fig.1: Increase of coefficient of friction with distance according to Sindagi et al. (2019) 

 

Kodama et al. (2002) showed that drag reduction in the spanwise direction is not uniform and it 

decreases further away from the centreline of injection. Sanders et al. (2006) and Elbing et al. (2008) 

reported that the drag reduction effect is lost the further downstream the drag is measured. This was 

thought to be due to the near-wall shears in the B.L.  

 

This wall shear makes the bubbles move from the wall’s surface. Harleman (2012) later confirmed this. 

Therefore, the shape with respect to the injection point is also an important parameter. Jang et al. (2014) 
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did a study whereas a side wall of 10 mm height was put on a flat plate to avoid bubble escaping and 

using a side wall proved to be more effective. 

 

As can be seen appreciated from this review any air injection into the boundary layer of a vessel will 

result in rather complex flow phenomena, not all of which can be completely resolved presently in 

any fluiddynamic simulations that accounts for the full-scale situation. 

 
2.2 Passive Air Lubrication System 

 

Armada’s Passive Air Lubrication System works on the Bernoulli principle and can be considered a 

naturally aspirated alternative to the active ALS currently on the market. The working principle uses 

the ship’s forward motion to create a precise pressure differential between geometrically refined inlet 

and outlet transition pieces. This pressure differential develops the net driving force to ‘power’ the 

system.  

 

As the ship moves forward, seawater enters the ship through a series of inlet transition pieces (the 

number varies depending on the application). The water transits through a low-pressure region (inline 

venturi subsystem), creating a net suction of air from deck level. Subsequently, a precise mixture of air 

and water is delivered downstream via an outlet transition piece back to the vessel boundary layer for 

optimal drag reduction performance.  

 

Between each of the inlet and outlet transition pieces, the ejector (venturi) and a diffuser sit. The unique 

design of these sub-components allows for the development of a refined air-water ratio and a superior 

level of control of bubble size and homogeneity.  

 

The PALS performance control system and machine learning capability support the system, which is 

designed with logic to tune the system set points to the prevailing vessel operating condition. An 

isometric view of the PALS is shown in Fig.2. 

 

 
Fig.2: Isometric view of Armada’s PALS 
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3. CFD Simulations 

 

3.1 Global Simulations 

 

3.1.1 CFD Methodology 

 

The CFD simulations used for the geometry optimisation in this project have been run using a 

specialized and upgraded version of OpenFOAM®; details are given in Renzsch et al. (2017) and Meyer 

et al. (2016). In this CFD code, the Reynolds-averaged Navier-Stokes equations (RANS) are solved on 

an unstructured grid using the finite volume method. Pressure velocity coupling uses the PIMPLE 

method, a combination of the SIMPLE, Patankar and Spalding, (1972), and PISO methods, Issa (1985). 

 

Turbulent viscosity is computed using the k-ω-SST turbulence model, Menter et al. (2003). The free 

surface is captured by applying the Volume-of-Fluid (VoF) method, Hirt and Nichols (1981). The 

BRICS scheme, Wackers et al. (2011), is used for convective transport of the VoF-scalar, providing 

compressive behaviour to keep the interface sharp. Bubble dynamics are disregarded; only the presence 

and amount of air underneath the hull are computed by this approach. 

 

3.1.2 Case Setup Intake / Injector 

 

To evaluate intake/injector properties and align with the tests conducted at HSVA (see section 4), the 

intake and injector are analysed and mounted in a channel with similar dimensions to HSVA’s 

Hydrodynamic and cavitation tunnel (HyKaT). Fig.3 shows the injector and the balance plate arranged 

in the domain. The significant length upstream is intentional in allowing the boundary layer to fully 

develop. 

 

 
Fig.3: Schematic of injector and reference plate in domain 

 

While the intake and injector geometries are parametrised (see section 5), design requirements fix basic 

dimensions like the system's length. 

 

Due to the venturi pump's working principle and requirements, the volumetric flow rate (respectively 

velocity) at the inboard boundaries of intake and injector is prescribed. The pressure differential 

between the boundaries of intake and injector is monitored. One of the constraints during the 

optimisation is that a sufficient pressure differential must be maintained to drive the venturi pump. 
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To evaluate the quality of the air injection, the volume fraction on a plate downstream from the injector 

is monitored. Further, as a qualitative criterion, the stability of the air carpet is visually inspected, and 

geometries generating a highly transient behaviour are discarded from the optimisation process. 

 

3.2 Simulations at Bubble Level 

 

Experimental laboratory work done by Qin et al. (2017) shows oscillation in drag reduction due to 

bubble motion and behaviour, as seen in Fig.4. The graph depicts the coefficient of friction on the y-

axis and the distance along the plate on the x-axis. As the air moves further down the plate, see section 

IV in Fig.4, the air turns into bubbles. This results in oscillating drag and lift due to the motions of the 

bubbles in the turbulent boundary layer (T.B.L.). 

 

 
Fig.4: Bubble Oscillations Effect on drag reduction (D.R.), Qin et al. (2017), with close-ups given 

in (b) and (c) for section II and section IV, respectively 

 

The CFD simulations shows oscillating behaviour, Fig.5. Whilst numerical oscillations do occur, they 

do not happen at the same frequency and range. Hence, the behaviour of these oscillations is due to the 

air bubbles moving around in the T.B.L., giving confidence in the CFD model as it apparently captured 

such a tricky behaviour seen in experimental laboratory testing. 

  

 
Fig.5: D.R. Across Modelled Plate with Oscillations 

 

When the bubbles split, their diameter is reduced, making them smaller. As they become smaller, they 

will be pushed away from the wall due to buoyancy effects and turbulent eddies. This will result in a 

restoration of the T.B.L. and a reduction of the void fraction.  
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As the smaller bubbles escape the T.B.L. further away from the injection point, only the larger bubbles 

will be left, leading to an overall reduction of void fraction and bubble concentration, Kawamura et al. 

(2003). The higher the Reynolds number, the higher the turbulence shearing effect and bubble breaking; 

therefore, bubble escaping will increase. This can result in a problem of persistence downstream of 

injection Pavlov et al. (2020). 

 

Sanders et al. (2006) prove that the shear flow of the B.L. will not let the bubbles be in contact with 

the hull. The bubbles will be suspended at a location underneath the surface unless the bubbles coalesce 

and stratify. This thin layer of liquid between the hull and bubbles is sometimes called the “liquid layer” 

and can be seen in Fig.6, Elbing et al. (2008). 

 

 
Fig.6: Observing the Liquid Layer, Elbing et al. (2008) 

 

This is further explained in Fig.7. Part (a) shows how the B.L. is initially divided into a viscous sub-

layer, buffer layer, outer layer, and flow region. Part (b) demonstrates how another layer is added, the 

bubbly two-phase layer between the outer and buffer layers, Adrian (2007). This agrees with the 

findings from Madavan et al. (1984), Merkle et al. (1990), Kanai and Miyata, (2001), and Hassan et 

al. (2008), where it was deduced that the concentration increases away from the wall up to a peak value 

and then decreases to zero once in the free stream. 

 

 
Fig.7: Boundary Layer with and Without Air Injection, Adrian (2007) 

 

This also occurs in the CFD simulations, Fig.8: The bubbles do not touch the flat plate, as mentioned 

in the literature previously and seen in Fig.4 and Fig.5. This was noted across all models in same-plate 

testing, Reynolds-variance testing, and scaling-up testing. It further confirms the robustness of the CFD 

model and its ability to replicate sufficiently the air-water interaction behaviour observed in 

experiments. 
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Fig.8: Liquid layer at the wall of the plate replicated by CFD 

 

4. Experimental Testing 

 

Armada Technologies has performed a series of targeted demonstration tests at the world-leading 

facility, HSVA, in Hamburg. HSVA not only operates the world’s largest commercial cavitation tunnel 

(Hykat) but is also ‘the’ preeminent testing facility for Air Lubrication systems globally. Similarly, 

HSVA regularly attends sea trials of ALS to gain full-scale performance validation.  

 

The test variables included:  

 

1. Ship speed (represented by Hykat tunnel flow speed, in m/s) 

2. Ship draught (represented by Hykat tunnel pressure, in kPa) 

3. ATL water pump speed (m3/hr) 

4. ATL active air delivery rate (m3/hr). 

 

The results evidenced that the PALS design effectively introduced a layer of high-quality aerated water 

to the simulated vessel boundary layer. Similarly, complete passive aeration of PALS is achievable 

under the simulated operating conditions. The results indicate the existence of a drag reduction ‘sweet 

spot’ where two hydrodynamic phenomena are effectively balanced at every discreet operating 

condition, namely: 

 

• The momentum balance between external and injected flow for favourable boundary layer be-

haviour. 

• The optimal air-water-mixture ratio for best reduction of viscous resistance. 

 

It was also identified that water injection alone already yields a certain drag reduction. Fig.9 gives an 

impression of the air bubbles coming out of the injector during the HyKaT experiments. 

 

 
Fig 9: Air bubbles being injected during HyKaT experiments 
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5. Parametric Models and Geometry Optimisation 

 

When optimizing a product, the effort of exploring the design space and exploiting the potential for 

further improvement scales up rapidly with the number of free variables of the systems, i.e., the degree 

of freedom (DoF). The more free variables, the more variants are needed, Harries (2020).  

 

Consequently, a deliberate variability reduction is built into a system instead of allowing any 

conceivable freedom. This is usually realised by defining a product with as few descriptors, typically 

called parameters, as possible. In Computer-Aided Design (CAD), this approach is generally referred 

to as parametric modelling. In this study, the Process Integration and Design Optimisation platform 

CAESES® by Friendship Systems has been used for parametric modelling, design space exploration, 

and optimisation. 

 

5.1 Intake / Injector 

 

As first step the intake (whose task it is to provide sufficient dynamic pressure at for the venturi at a 

given flow rate) and the injector which in turn shall create an efficient bubble distribution downstream 

are optimised. 

 

A fully-parametric approach has been chosen for both the intake and the injector to provide large design 

flexibility within the intended design space. This approach allows for the variation of all relevant angles, 

distances, radii, and cross-sections with a very low number of design variables. Fig.10 shows a generic 

representation of the injector model. It is worth noting that the fully-parametric model is the same for 

both intake and injector but the target functions differ. 

 

 
Fig.10: Generic representation of parametric injector model 

 

First, the plausible design space is evaluated to optimise intake and injector geometry. This is achieved 

using a Sobol distribution of the variables within the parameter bounds. Approximately 60 variants are 

required to characterise the design space properly for six free variables. Based on this description, a 

response surface model is set up to search for actual optima. Here, another six variants were required 

until reaching the point of diminishing returns. 

 

Having optimised the geometry of the intake and the injector, respectively, for generic set-ups situations 

that are representative of the flow situation encountered beneath the hull, an individual arrangement 

has to be found for each specific hull form to benefit from the PALS the most. 

 

5.2 Arrangement 

 

First, the hull geometry was imported into CAESES and kept fixed to model and optimise the 

arrangement of the PAL systems. Five optimised systems (optimised as discussed above) were placed 

in the vessel, with locations described by parameters giving longitudinal and transversal positions. 

Constraints were placed on the possible locations to take the vessel's geometric limitations into account 

and avoid interference between the systems. A generic arrangement is shown in Fig.11. 
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Fig.11: Generic arrangement in vessel 

 

 

While the vessel’s structure dictated discrete steps in the possible locations of some places, this does 

not lend itself well to numerical optimisation approaches. Therefore, the arrangement was initially 

optimised in a continuous design space (within the constraints), and moved to the nearest feasible 

location afterwards. 

 

 
Fig.12: Global view on initial arrangement in vessel 

 

 
Fig.13: Close-up of initial arrangement and permissible installation region (gold) 

 

Fig.12 gives a global overview of the vessel investigated in this study and the initial arrangement before 

optimisation. In the close-up, Fig.13, the permissible region – the flat of bottom – is depicted in gold. 
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The optimisation approach is similar to that used previously for the intake/injector. A total of 70 variants 

were used to explore the design space and 15 for the response surface-based optimisation. 

 

6. Exemplary Results 

 

6.1 Intake / Injector 

 

The design space exploration and subsequent optimisation of the injector’s shape have shown that the 

bubble distribution downstream highly depends on the injector’s shape. In Fig.14 some unfavourable 

bubble distributions are shown: While some geometries introduce narrow but highly concentrated 

bubble streams (a), others may create oscillations due to destabilising the boundary layer (b), or a highly 

inhomogeneous distribution (c). Ideally, a wide-spread, stable bubble stream with sufficiently high and 

homogeneous concentration is sought (Figure 15). With the same amount of air injected, the 

improvement in air coverage of the balance plate from worst to best is 15%. 

 

   
(a) narrow (b) unstable (c) inhomogeneous 

Fig.14: Unfavourable bubble distributions 

 

 
Fig.15: Favourable bubble distribution 

 

6.2 Arrangement 

 

Besides the obvious question on overall longitudinal installation – is it favourable to have the systems 

as far forward as possible to maximise covered length or is there too much air lost by disturbances due 

to crossflow across the forward bilge? – the quality of the air bubble coverage appears to be a 

determining factor. 

 

On this particular hull shape (low block coefficient cB), a far-aft installation, Fig.16, can harm coverage 

quality as the bubbles enter the lower-speed thick boundary layer region aft before the sheet stabilises. 

 

In the optimised installation, Fig.17, only the innermost systems are brought forward and inboard 

significantly. Even though a gap appears in the bubble carpet, the bubble coverage on the stern gondola 

is improved. 
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 Fig.16: Far-aft installation arrangement  

 

 

 
 

Fig.17: Optimised arrangement 

 

7. Conclusions 

 

The challenge of reducing emissions in merchant shipping is pressing, driven by recent and impending 

regulations. For existing vessels, options are limited, making solutions such as air lubrication systems 

(ALS) vital. Integrating ALS into existing ships poses significant challenges, including space 

constraints and potentially additional engine power. 

 

Armada’s Passive Air Lubrication System (PALS) operates using the Bernoulli principle, relying on 

the ship's motion to generate the necessary pressure differential for system operation. This innovative 

approach mitigates the need for large-capacity air compressors, making it suitable for retrofitting 

existing vessels. Instead, by utilising the dynamic pressure head from the vessels forward motion the 

power to drive the venturi pump is provided by the main engine. While this results in a small increase 

of pressure drag the air bubbles yield a significantly larger reduction of viscous drag, giving a net 

reduction of total resistance. Computational Fluid Dynamics (CFD) simulations, utilising advanced 

models and methodologies, play a crucial role in optimising the system’s components and evaluating 

performance. 

 

Experimental tests at HSVA validated PALS, demonstrating effective drag reduction by creating a 

high-quality aerated layer. The tests identified an optimal balance of hydrodynamic phenomena that 

maximises drag reduction at specific operating conditions. Additionally, parametric modelling and 

optimisation were employed to refine the intake and injector designs, ensuring efficient bubble 

distribution and system arrangement within the vessel. 

 

Overall, the development and optimisation of PALS through a combination of CFD simulations and 

experimental testing offer a promising solution to reduce fuel consumption and, hence, emissions in 

existing merchant ships, addressing regulatory requirements and contributing to more sustainable 

maritime operations. 
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Abstract 

 

In February 2024 we finalized the commissioning of a 400kW fuel cell (FC) power system onboard the 

Offshore Supply Vessel (OSV) “Coastal Liberty”. Its travel route lies in the nature reserve zone 

Wadden Sea in the North Sea and the OSV shall deliver emission free power for that zone. Our FC 

power system is a 20-ft.-unit equipped with the fuel cells, batteries, inverters, power management 

components, and all relevant safety components. The hydrogen tank is designed as a 10-ft.-unit while 

the hydrogen valve system is also included in the FC power container. The FC power container is class 

approved by DNV and witnessed by Dutch flag with an Alternative Design Approach. This paper 

highlights the challenges and lessons learnt from our experience. In addition, it gives insights into the 

operation of the system and the safety philosophy of the very first German DNV approved hydrogen 

powered vessel. 

 

1. Introduction 

 

The obstacles and insights from this project have been so significant that we decided to write a paper 

on this topic. First, let's introduce eCap Marine. We deliver system integration solutions for emission-

free power generation. This implies that when a customer aims to reduce their company's emissions, 

they frequently have a specific solution in mind. This could involve a new ship, the conversion of an 

existing ship, or shore power delivery. We then develop a concept by conducting feasibility studies or 

analysing the available market possibilities. 

 

For this particular project, the initiators were the owner of an oil rig platform in the Wadden Sea nature 

reserve and their logistical sub-supplier. The sub-supplier is responsible for delivering goods to the 

platform and transporting the residuals of the rigging process. This includes drilling mud, and due to 

the environmental protection of the nature reserve, even rainwater is collected and brought to shore. 

 

Consequently, the logistician owns a fleet of offshore supply vessels, two passenger vessels, and two 

cargo ships. The Coastal Liberty is one of the cargo ships that travels daily to the Mittelplate, either 

delivering or collecting goods and liquids. It has a LOA of 43m, its beam is 9m and the draft is 1.35 to 

1.6m. The crew usually consists of 4 members, and the vessel is able to carry 6 20-ft.-containers and 

approximately 80 tonnes of liquids. 

 

To reduce this vessel’s emissions, the logistician contacted eCap Marine and ordered a feasibility study. 

We did a power measurement and delivered first concepts for the conversion. Then, it took a long way 

from the initial idea to the realization because first details were discussed with DNV so that we received 

an Approval in Principle. Funding takes time, so that in the first quarter of 2022 we received the final 

order and started the detailed engineering phase. The project commissioning on board started in October 

2023 and the sea trials were performed in February 2024. The biggest challenge, so to say, was the time 

frame. 

 

This paper will focus on the challenges and learnings of the conversion of this vessel. First, it will focus 

on the design approach and the limitations resulting from the feasibility study, the funding programme, 

flag and class requirements. Later it shows a deeper insight into the solutions and safety aspects of the 

whole concept. 

 

mailto:fen@ecap-marine.com
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2. General requirements for the retrofit of the Coastal Liberty 

 

The framework for the most important requirements was given by the vessel: Flag state is supposed to 

be the Netherlands and the class is DNV. First steps of eCap Marine thus were to investigate the space 

requirements, required power and endurance of the travel. This was done in the first phase: Design of 

the concept. 

 

2.1. Design of the concept 

 

For the very first ideas, we travelled to the ship and took a tour to the Mittelplate. This also gave us lots 

of time to measure the space that might be occupied by our solution and to have a look into the engine 

room. Typically, this offshore supply vessel used in the Wadden Sea has a very small draft and 

consequently the space in the engine room was very limited. Immediately it was decided that the space 

on the very aft of the ship will be used for a containerized solution and the engines in the engine room 

need to be retrofitted to include electric motors and new gear boxes into the powertrain. 

 

 
Fig.1: Deck of the Coastal Liberty 

 

2.1.1. Travel route requirements 

 

From the very beginning it was clear that emission free power sources have a high footprint and will 

be pioneer work, so the owner decided to aim for the best option regarding space and environmental 

footprint: The concept shall be designed for the slow-steaming phase of the vessel, Fig.2.  

 

 
Fig.1: Travel route and emission-free power generation phases of the Coastal Liberty 
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In order to reduce noise and exhaust emissions, the vessel is already going 5-6 kn in the zone of the 

nature reserve. This part of the travel route takes ~1 hour in contrast to half an hour of manoeuvring 

and faster speeds in the Elbe estuary. Consequently, the biggest part of pollution is the slow steaming 

part which then only requires a total power of 300 kW, meaning 100 kW per each of the propellers. 

The hotel load shall also be provided by the alternative power generation system. 

 

The HAZID requirements from the oil rig platform led to the conclusion that it will not be possible to 

generate emission-free power when the vessel is in the platform. For this reason, the vessel is connected 

to shore power there and the emission-free power generation system is not running. 

 

2.1.2. Power requirements 

 

The full power required during the above-mentioned emission-free phases was measured during a 

power tracking day on board. The full power of 357 kW per each engine is not needed to be fully 

supplied by the emission-free power generation system. Slow steaming was measured to be feasible 

with 100 kW on each propeller, so in total 300 kW are required to power the main drive. Hotel load is 

assumed to be 100 kW, which results in a total power requirement of 400 kW for the emission-free 

power generation system. 

 

2.1.3. Tank requirements 

 

The system soon was chosen to be a hydrogen system, as the customer’s sister company also planned 

to build an electrolyser in Cuxhaven. Therefore, a mobile and easy-to-swap tank solution was to be 

designed which leads to the tanks being able to be transported and also suitable for both, marine 

application as well as road transport. In the process of Approval in Principle with DNV, it was agreed, 

that the DNV rules are not designed to certify a compressed hydrogen tank, so the German road 

transport rules ADR shall be followed. The certification from a renowned certifying body will be 

accepted by DNV. This left only the integration on ship to be discussed with DNV. 

 

2.1.4. Other requirements 

 

To meet the requirements of the chosen funding programme by our customer, the solution needed to be 

mobile. The idea consequently was to design a plug and play solution, were only the cables are 

connected to the ship. As the system will not be moved daily, there is no real plug planned and the 

cables are firmly attached to the ship.  

 

2.2. Solution: eCap H2 PowerPac 

 

The emission-free power generation system consequently is designed as a 20-ft.-PowerPac which 

consists of: 

 

- 2x Ballard FCwave fuel cells (in total 400kW) 

- 4x Lehmann Marine COBRA (in total 280 kWh) 

- DC bus 

- Fuel preparation room including safety valves and pressure regulation 

- CO2 extinguishing and fire detection system 

- Cooling system 

- Gas alarm system 

- Ventilation system 

 

The eCap H2-PowerPac, Fig.3, is responsible for the power generation as Add-On-System, meaning 

that the vessel is fully dependent on the existing Diesel engines, but can switch to emission-free power 

generation if wanted. 
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Fig.2: Coastal Liberty with the eCap H2 PowerPac on board 

 

3. Realization of the eCap H2PowerPac 

 

This chapter now introduces the different sub-systems and the challenges that were faced in the 

realisation of each of them. For a short overview: the eCap H2 PowerPac consists of three main rooms: 

the fuel preparation room, the fuel cell room and the electrical room. In the picture below, also the 

couplings are visible in front of the fuel preparation room. 

 

 
Fig.3: Rooms in the eCap H2 PowerPac 

 

3.1. Certification 

 

The DNV from the start of the Approval in Principle made clear that there are no rules from both, the 

IMO and DNV, taking hydrogen into account. The rules this project followed were in most cases the 

IGF code, IMO (2015), and the general DNV rules for the fire extinguishing and A60 insulation, for 

example. The approval of this concept was done as a case-by-case approval. Therefore, not all 

components were obliged to have a type approval, as for the hydrogen part this was not possible. No 

suppliers of hydrogen components have already received a type approval and as far as we heard, this 

will not be possible until the DNV has its own hydrogen rules. These are outstanding and waiting for 

the IMO guidelines right now. The handbook for hydrogen-fuelled vessels, DNV (2021), has been 

published already, but this book does not include specific requirements, it only describes the way of 

how to approve a hydrogen powered ship. 
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Fair enough, there is already a IMO interim guideline for the safety of ships using fuel cell power 

installations, IMO (2022), but this is not giving any help on the, for example, hydrogen supply line. The 

guidelines are suitable for fuel cell suppliers to meet maritime requirements. Same is the DNV-RU-

SHIP Pt.6 Ch.2 Sec.3, DNV (2021) which also deals with fuel cells, but no other hydrogen components. 

 

Coming back to our specific project, it is to be noted that, the fuel cell we chose is already type 

approved. The Ballard FCwave consequently fulfils all rules mentioned above. Meaning: its fuel cell 

space is designed according to the rules and approved, the gas and fire detection and countermeasures 

are designed according to the rules and approved, and they leave other not fulfilled requirements to the 

integrator.  

 

One major component of the certification of a case-by-case approved concept is also the HAZID 

workshop. This was taken by an independent society and took place in October 2022. The design was 

basically fix to that point in such a way, that the cause-and-effect diagrams, safety philosophy and 

system concepts could be fully evaluated in this workshop. Risks were identified, countermeasures 

decided, and the outcome evaluated. 

 

3.2. Tank system 

 

The tank is designed as a 10-ft.-Tanktainer and ADR certified. This makes it easy to transport and also 

to reproduce, as the certification is a type approval. For this purpose, the customer ordered 3 tanks in 

total.  

 

It contains of 13 NPROXX Type IV bottles with a total capacity of 8125 litres of hydrogen leading to 

approximately 200 kg useful hydrogen at 380 bar. The coupling of that tank was a challenge in the 

certification process as it was needed to certify it according to both, DNV and ADR rules, BA (2023). 

It is designed to be leakage free as a quick coupling. The tank itself is daily refuelled at an electrolyser 

that is 2 km away from the vessel’s harbour. 

 

The tank installation on board needed to be guided by cell guides to ease the process of craning the tank 

also in heavy sea. Additionally, the vessel is equipped with A60 walls around the tank to protect the 

tank from external fire. In event of fire, the tank will be cooled by a water spray system and taken from 

board. 

 
Fig.4: Concept of Tanktainer 
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Fig.5: The tanktainer during road transport 

 

3.3. Hydrogen system 

 

3.3.2. Fuel preparation room 

 

The hydrogen system and its implementation into the eCap H2 PowerPac for sure was the most 

challenging part and included the most pioneer work. This project is the first DNV certified hydrogen 

project with pressurized hydrogen and consequently, also DNV had to face a lot of challenges in guiding 

us through their rules. 

 

The intake pressure of the hydrogen differs from 380 to 20 bar, depending on the hydrogen tank’s fill 

level. We designed a so-called fuel preparation room according to its requirements in the IGF code that 

regulates the hydrogen pressure and is equipped with all relevant safety valves, also including a double 

block and bleed valve, as prescribed by the IGF code. 

 

The fuel preparation room is also equipped with redundant hydrogen sensors and is to be considered as 

ex-zone 1. All components in this room are ex-proven and the room is highly ventilated with air outlets 

into hazardous zones. 

 

The main challenges in this room were the delivery of qualitatively convincing tightness tests and 

supplier certificates to prove the quality of the hydrogen-bearing components. 

 

3.3.3. Vent system 

 

The design of the vent masts was from the very start of this project a big challenge in order to fulfil the 

vessel’s height requirements. In the IGF Code it is obliged to have one big ex-zone of 10m on the 

outlets of a vent line. This is not possible in the application on board the Coastal Liberty, as there is a 

clearance height at the oil rig platform, which the vessel needs to fulfil.  
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Consequently, we designed the vent masts as high as possible, but in the end, the clearance height was 

leading. In a HAZID workshop, a CFD calculation has been prepared by us to convince the authorities 

that this will not cause any major issues. 

 

A small insight into our argumentation: hydrogen is quite a light element leading to its behaviour, that 

it cannot sink while it comes out of the vent mast. Also, the atoms of hydrogen are so small that they 

are immediately well mixed with the surrounding air. The CFD calculation also showed a high stream 

of the high-pressure vent mast going up in a small stream. So, the hydrogen is behaving as a stream and 

not even close to a cloud/circle, as assumed by the IGF code. 

 

3.3.4. Integration of the fuel cell 

 

The fuel cell itself is supposed to be implemented in a so-called fuel cell room. This room is non-

hazardous and thus the hydrogen pipes leading to the fuel cells, each need to be double walled. 

Challenges with double-walled pipes are the number of welds and the DNV approval of those, meaning 

the welds need to be X-rayed and surveyed during commissioning. 

 

The fuel cell room also is ventilated with high air amount because of the Ballard process air intake 

requirements. The process exhaust air might contain hydrogen and thus is led to the vent masts as well. 

This air is quite wet and contains a lot of condensates also which needs to be separated. The fuel cell 

exhaust purely consists of water which is led overboard.  

 

 
Fig.6: The Ballard FCwave and its connections 

 

3.4. Cooling system 

 

A big challenge in this project was also the design of the cooling system. Here, the funding programme 

obligated us to choose an external cooling system. No plate heat exchanger was feasible, as this would 
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lead to a non-mobile, i.e. fixed, connection of the eCap H2-PowerPac with the ship. The solution here 

was a V-shaped cooler on top of the eCap H2-PowerPac. This coincidentally provided a perfect 

structural support for the vent masts. The cooling power that we calculated is 700kW for the total 

cooling circuit.  

 

 
Fig.7: V-shaped cooler and vent masts on top of the eCap H2 PowerPac 

 

3.5. Electrical system 

 

 
Fig.8: The look into the electrical room of the eCap H2 PowerPac 

 

The electrical room consists of all control cabinets for the 770V DC-grid, the 400V AC auxiliary grid 

and the 24V emergency grid. All signals are exploited here and the safety controller is also located in 
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this room. The eCap H2 PowerPac is completely automated and only needs input from the operator 

when a new tank is connected and when he wants to use the available power. Inside the electrical room, 

also the 280 kWh of Lehmann Marine COBRA racks are placed which ensure the delivery of power to 

the ship also when peak power is required. The COBRA is also type approved by DNV and in this 

project, the air cooled version is applied. These batteries are convenient because they do not burn, in 

case of major failures, a gas is lead to the atmosphere.  

 

The challenge here in this room was to convince the DNV, that the batteries and its converters are 

allowed to be placed in the same room. Therefore, additional safety measures had to be installed.  

 

Regarding the design of the electrical system, it is to be said that the insulation resistance of the fuel 

cells already in the FAT was quite low and therefore we needed to design countermeasures and insula-

tion monitoring into our system. 

 

4. Outcome and outlook 

 

This project was a major milestone for eCap Marine, as this is the very first German hydrogen project 

realised and successfully working. Also, this is the first gaseous hydrogen project in Europe and 

together with DNV which was a lot of pioneer work for eCap Marine. We gained a lot of experience in 

the certification of hydrogen components. The biggest challenge was to design a full safety philosophy 

onto an existing ship, including the safety measures on the oil rig platform. As we were also compelled 

to do a HAZID workshop with the DNV, this brought a lot of clearance, but also resulted in a lot of big 

tasks to adapt the concept to the classes and flag’s satisfaction. But this lead to a smooth commissioning, 

as major issues have already been detected beforehand and the approval during sea trials was eased. 

 

Looking into the future for eCap Marine now, this looks quite interesting. A lot of customers are 

reaching out to us for smaller retrofits, but also bigger project for newbuilts are in the making. eCap 

Marine there works as an integrator for the fuel cell system and therefore we are not only responsible 

for the hydrogen supply line, but also for electrical integration onto the board grid. We are investigating 

a lot into the insulation resistance issue regarding fuel cells, but also have learnt how to ease the 

hydrogen supply line and the configuration of valves, regulators, sensors, etc.  

 

Acknowledgements 

 

This project was highly supported by EnTec Industrial Services GmbH, Wintershall DEA, TURNEO 

GmbH, Carlsson GmbH, Offshore Service Gesellschaft mbH, and the Hoepen GmbH. During the 

process of engineering and commissioning it was a pleasure to work with DNV and Ballard, to bring 

this vision of hydrogen powered vessels to life. Thank you also to the great team at eCap Marine, that 

helped throughout the whole realization of this project. There were many extra-hours, sleepless nights 

and problems on the way of design, construction and commissioning. 

 

References 

 

BA (2023), Übereinkommen über die internationale Beförderung gefährlicher Güter auf der Strasse 

(ADR), Bundesamt für Straßen 

 

DNV (2021), Handbook for hydrogen-fuelled Vessels, DNV, Hovik 

 

DNV (2023), DNV-RU-SHIP Pt.6 Ch.2 Sec.3, DNV, Hovik 

 

IMO (2022), Interim Guidelines For The Safety Of Ships Using Fuel Cell Power Installations, MSC.1/ 

Circ. 1647, Int. Mar. Org., London 

 

IMO (2015), International Code Of Safety For Ships Using Gases Or Other Low-Flashpoint Fuels (IGF 

Code), MSC.391(95) , Int. Mar. Org., London 



290 

100 Years Rotor Sails: A Rediscovered Invention to Meet the Net-Zero Goal 
 

Dirk Höflich, Norsepower, Helsinki/Finland, dirk.hoflich@norsepower.com 

Abstract 

 

Flettner rotors, named after German inventor Anton Flettner, use the Magnus effect to propel ships 

with wind energy. In 1924, schooner BUCKAU was retrofitted with two rotor sails. Today, modern 

Norsepower Rotor Sails™, featuring high-tech materials and advanced automation, are a trusted 

technology for shipping to reach IMO climate targets. This paper will present insights into the 

technology of the first rotor sails, resume the history of rotor sails until today, describe technical, 

practical, and safety benefits for seagoing ships, spotlight the growing market of wind propulsion and 

its driving factors, and look into prospects of rotor sail technology. 

 

1. Introduction 

 

EEXI, EEDI, CII, ETS, Fuel EU maritime, increasing bunker prices, and non the least the crisis of 

global warming – the challenge of de-carbonizing the shipping sector is urgently asking the industry 

for new solutions. But what about looking into the hidden treasures that our ancestors left us? We don’t 

need to go back to Leonardo da Vinci – exactly 100 years ago, German Engineer and Entrepreneur 

Anton Flettner introduced the Flettner Rotor.  

 

Flettner discovered that the Magnus Effect is very suitable to turn the kinetic energy of wind into 

propulsion force that can be used by seagoing ships - safely and with minimum manpower. Two ships 

with Flettner Rotors were built. Both proved the technology had a great potential to make sailing with 

wind force much easier, safer and more reliable than the conventional rigs of that time. In a time when 

steam power and fossil fuel to propel ships – fossil energy still being a rare commodity – there was 

great hope that the fuel consumption of cargo vessels could be reduced - and their endurance increased 

– considerably with the support of wind energy. 

  

Although technically feasible, the invention did not experience financial success. No further bigger 

cargo ships with Flettner rotors had been built for decades until in 2010, the German company Enercon 

ordered one RoRo cargo ship from Lindenau Shipyard, fitted with four large rotor sails. 

 

This project ignited many initiatives and the founding of various companies by entrepreneurs who saw 

the potential of wind energy directly used for ship propulsion – with modern, automated technologies 

of different types. Among the different technologies of wind propulsion, the rotor sail concept invented 

by Anton Flettner is today the solution with the largest number of installations. It seems the shipping 

sector has re-discovered the value of this concept, which had been hidden for almost a century – but 

never forgotten. 

 

This paper is written in the memory of Mr. Anton Flettner, a great inventor and brave entrepreneur of 

his time – and his team of skilled engineers and seamen.  

 

1. Historical overview 

 

1.1. The Magnus-Effect 

 

The German physicist Heinrich Gustav Magnus described 1852 the lateral deflection of an object 

moving through a fluid, caused by the rotation (spinning) of the object itself. He worked to find the 

reasons for the deflection of artillery bullets. Small defects in a gun barrel can make it spin, thus leading 

to a deviation from its natural trajectory. The rotation creates a pressure difference between the sides of 

the spinning object, thus creating a lateral force – the Magnus force - which depends on the direction 

and speed of rotation. A mathematical description of this force, considering the velocity of the airflow, 

the rotation speed of the object, the geometry of the object itself, and other criteria, has only been found 

mailto:dirk.hoflich@norsepower.com


291 

in the early 1920ies by a team around Professor Ludwig Prandtl at the Aeronautical Test Institute in 

Göttingen, Germany, Ackeret (1925). They found that a correlation between the theoretical lift 

coefficient and practical measurements with a rotating cylinder can only be achieved by avoiding the 

compensation of the pressure difference around the ends of the cylinder. They solved this issue by 

adding end disks at both ends of the cylinder – a feature that can still be found at Flettner rotors today. 

With end disks of an optimised size, the lift coefficient of the rotating cylinder was found to be 10 times 

higher than the lift of an aeroplane wing profile. It was now possible to transfer the measurements to 

other cylinders of the same aspect ratio (diameter/length). 

 

 
Fig.1: Magnus force versus a - different end disks, Krupp (1925) 

 

Another finding of these measurements was the dependence of the Magnus force on the ratio between 

peripheral speed of rotation and wind speed. For a given geometry and diameter of end disks, the force 

reaches a maximum at a ∝=
𝑣𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛

𝑣𝑤𝑖𝑛𝑑
⁄ = 3 … 4. 

 

Left: 

a. Air flow around a non-rotating 

cylinder 

b. Air flow around a rotating 

cylinder without lateral air flow 

c. Air flow around a roting 

cylinder with lateral air flow 

Right: forces acting on a Flettner Rotor 

A = Auftrieb (Lift) 

W = Widerstand (Drag) 

R = Resultierende (Resulting force) 

 
Fig.2: Explanation of the Magnus effect, Wagner (1985) 

 

The scientists around Prof. Prandtl did not find a practical use of their studies. Despite the very 

impressive lift coefficient, the utilisation of a large rotating cylinder as an aeroplane wing, propeller, 

windmill blade or power generator did not seem feasible for practical operation, Wagner (1991). 
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1.2. 1922-1924 – the invention of the Flettner Rotor 

 

A practical use case for the Magnus effect was found not too long after the results of the studies in 

Göttingen were reported. The 1920ies were a period of transition in shipping, from wind power to 

engine power. Many shipping companies decided – or were forced to – keep operating cargo vessels 

under sail. A trend of that time was installing auxiliary propulsion engines into traditionally rigged 

sailing ships, thus improving their flexibility and making them more independent from tug assistance. 

Anton Flettner (1855-1961), a German Engineer, Inventor and Entrepreneur, was deeply involved in 

technical innovations in shipping. His legendary Flettner-Rudders were a great success. To him, the 

operation of auxiliary engines on conventional sailing ships made it obvious that the complexity of 

sailing had to be reduced drastically. He did not doubt that the abundant energy of wind at sea would 

still be used for propulsion of ships at sea. In 1922, he started looking for suitable technologies – in 

cooperation with the Instituut voor Aero- en Hydro-Dynamiek, Amsterdam. 

  

Flettner defined the following criteria for a modern wind propulsion system:  

 

• Fast availability at any time 

• Easy handling 

• Small crew 

 

The first attempts aimed at replacing fabric sails with metal profiles. Just like the famous Flettner-

Rudder, a small adjustable flap could adjust these profiles with a relatively small force. Such wing 

profiles were tested on a small scale and in a wind tunnel at the Aeronautical Test Institute in Göttingen.  

 

According to Flettner (1926), further development of profiles with a suitable control mechanism could 

have led to a wind propulsion system that would have been much easier to control, at a performance of 

150% compared to fabric sails of the same size. This relatively small gain in performance, and the 

unsolved challenges of controlling such a sail in any weather conditions, caused Flettner to keep 

searching for a fundamentally different solution. 

 

In 1923, during a summer vacation in Travemünde, Germany, Mr. Flettner took notice of the 

measurements and tests with rotating cylinders in Göttingen. It took a while until he concluded that 

these rotating cylinders could solve his problem – not at least due to their extremely high lift coefficient. 

From the very beginning, he was aware of some of the technical challenges that had to be solved: 

 

• The large size of the cylinders 

• Their resistance against severe weather conditions and ship motions 

• Their power consumption 

• Their drag in stormy weather, relative to their lift  

• Their performance with wind from straight astern 

• Their performance in upwind points of sail 

• Vibrations and their impact on the ship structure  

 

Being aware of these challenges, Flettner applied for a patent 29. August 1923. “The singular 

fascination of my invention consisted for me in the fact that the new sailing device would not require 

any manipulation; to the rotating cylinder, it would not matter at all whether the ship has the wind ahead, 

abeam or astern. One would not have to do anything else but to start the rotor by a turn of a handwheel, 

or, should the wind shift to the other side of the ship, reverse the direction of rotation. What a difference 

between this method of operation and the old style!”, he wrote, Flettner (1926). 

  

After some practical studies with a model boat in Berlin, Mr. Flettner decided to focus on the 

development of the Rotor as the new wind propulsion system. He stopped all further developments 

regarding the wing profiles at the Aeronautical Test Institute in Göttingen and asked the scientists to 

prepare further tests with the rotating cylinders.  
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However, Prof. Prandtl's team saw huge technical challenges in the construction of large-scale rotors, 

and they proposed an alternative wing system with its lift increased by continuous suction of the 

boundary layer at the leeward back side of the profile, which was just under investigation in their wind 

tunnel. Flettner accepted and financed further tests with this system, which were later stopped due to 

unsolved challenges with their performance in extreme weather conditions.  

 

Eventually, the whole project was reset and only the rotor sail principle was further followed. Both 

alternative technologies, nowadays known as “wing sails” and “suction sails”, have been tested and 

found inferior to rotor sails in the development objectives.  

 

1.3. 1924-1926 – BUCKAU, design, trials, trade and marketing activities 

 

Krupp Germaniawerft built BUCKAU (HN 377) as a 3-mast schooner. 31 sailing ships of different 

sizes were built between 1920 and 1923 to keep the yard in operation during the economic depression 

in Germany after WW-1. Light steel material was in stock and found suitable for small sailing vessels 

for trans-Atlantic trade, most of them fitted with an auxiliary engine, Karting (1987). 

 

Anton Flettner found this ship type suitable for testing his rotor sail idea and convinced the owners to 

support this initiative. Four sister ships allowed a comparison of the sailing performance of the rotors 

with the conventional rig. The engine was a main element of the concept - rotor sails were planned as 

additional propulsion from the very beginning.  

  

Table I: Technical Data of BUCKAU, Wagner (1991) 

Built  1920 

 

Retrofit 1924 

Shipyard  Krupp Germania Werft, Kiel, 

Germany 

Ship Owner Hanseatische Motorschiffahrt 

AG 

Main Data  LPP 45.0 m 

B 9.0 m  

625 dwt  

7.5 kn service speed 

Rotor Sails  2 rotor sails 15.6x2.8, 

galvanized steel 

2x11kW DC electric motors 

120 rpm  

Aux generator 45HP (33.5kW) 

Main Engine  160HP (120 kW) 

 

 

 

Fig.3: Comparison of Schooner rigg and Flettner Rotors, Flettner (1926) 
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In extensive tests in Göttingen wind channel, the optimum positioning and performance data of the rotor 

sails were investigated. The size was specified as being 10 times smaller than the area of BUCKAUs 

original sail area – based on the 10 times higher lift coefficient of rotor sails.  

 

Preparations for the retrofit started in February 1924. Drawings for approval were sent to Germanischer 

Lloyd in March, and the assembly of the rotor sails started in June. The actual installation took place 

from August to October. October 1st saw the first rotation test of a rotor sail. BUCKAU left the berth 

on October 27th for her first sea trials with the Flettner Rotor sails. In a breeze of 4 Bft she made higher 

speed than she had ever made with her original schooner rig - in every point of sail - except 180° 

downwind, which was expected due to the characteristics of rotor sails. Her upwind point of sail had 

improved considerably from 45° (vier Strich) to 25° (zwei Strich) wind angle. Tacking and jibing was 

made by one man controlling two hand wheels at the flybridge. The ship was able to turn just by the 

force of rotor sails spinning in opposite directions – and she could even sail backwards, Wagner (1991).  

 

The news about the outstanding performance of the new propulsion system spread around the globe and 

gained the highest attention. In February 1925, BUCKAU went into regular trade and sailed from 

Gdansk, Poland via Grangemouth, Scotland to Hamburg, Germany. She showed an outstanding 

seakeeping performance crossing the stormy North Sea twice. The rotor sails worked well without any 

damage. In laden condition, BUCKAU was able to sail 20°-30° upwind – impossible with her 

conventional rig, Flettner (1926). 

  

Due to the extremely high public interest, BUCKAU was chartered to perform day trips along the Baltic 

Sea coast to demonstrate the new rotor sail technology. In February 1926, she was bought by Flettner 

Rotorschiffahrt G.m.b.H, Berlin, a company founded by Anton Flettner for the purpose of marketing 

the rotor sail technology to investors overseas and seeking new customers. 

 

  

Fig.4: Artist impressions of RS Buckau, left: Horlemann (1925), right: Engelien, DSK (1926) 

 

 
Fig.5: Baden-Baden in New York, Broelman (1989) 
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Renamed BADEN-BADEN, she crossed the Atlantic Ocean in 1926 – via the Cape Verde and the old 

trade wind route to New York. The 6200 nm voyage took about 40 days, at an average speed of 6.8 kn. 

In heavy seas, the BADEN-BADEN made 5 kn, only driven by the rotor sails. Despite the proven 

performance of rotor sails, no investors were found among the US shipping companies.  

 

According to Wagner (1991), the reason for the little interest in the new wind propulsion system was 

the low cost and high availability of crude oil and oil-based fuels for shipping. This made a return on 

investment in rotor sails within an acceptable period of 4-5 years unrealistic. 

 

The ship was sold in 1928 to Capac Navigation Co. Inc., Panama. At that time the rotor sails were 

replaced by a conventional schooner rig after one of them was damaged by a lightning strike. Her last 

owners, J. Lau and Adolf Schenk, Costa Rica, died when the ship sank in a storm off Cartagena in 

November 1931, Krupp (1925). 

 

1.4. 1926 – RMS BARBARA, first commercial vessel with rotor sails 

 

BARBARA was the first ship with rotor sails installed as a commercially viable propulsion system. The 

German Navy ordered the vessel to study the feasibility of rotor sails on long-distance sea voyages, 

seeking extended range and endurance of motor ships. The performance was compared with two sister 

ships without rotor sails, AMALFI and SORRENTO, sailing in a similar trade. 

 

Table II Technical Data of BARBARA (Wagner C. D., 1991) 

Built  1926 

  

Shipyard  AG Weser, Bremen, Germany 

Ship Owner  German Navy, military logistic 

vessel 

Charterer  Reederei. Rob. M. Sloman jr., 

Hamburg, Germany 

Main Data  LOA 90.5 m 

B 13.2 m 

2830 dwt  

10 kn service speed 

2x530HP main engine 

Rotor Sails  3 rotor sails 4x17m, 

Aluminium 

41HP (30.5 kW) DC electric 

motors 

160 rpm, 40 kN thrust each 

Main Engine  2x530HP (385 kW) 

 

Capt. Walter Lohmann, head of the logistic division of the German Navy, reported the following 

experiences after half a year of operation, Lohmann (1927): 

 

• The fuel consumption for the operation of one rotor was not more than 1kg per hour. 

• The ratio 
consumed electric power 

generated propulsion power
 was   ~1:10. 

• The energy gained by wind at Bft 5 was about 600 HP (450 kW). 

• The lightweight structure of the rotor sails withstands strong wind forces of Bft 10-12 in the 

Gulf of Biscay. 

• The operation of the rotor sails was not affected by the motions of the ship. 

• The stability of the ship was not affected. 

• No problems were reported regarding the manoeuvrability in port. 

• The Officer on duty could control the rotor sails without further assistance. 
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• The rotor sails increased the ship’s speed by 2-3.5 kn in average wind conditions during 42% 

of the time at sea. 

• The service speed of 10 kn with rotor sails was reached with only 50% power of the main 

engine. Without the main engine, the ship made 6 kn in 4-6 Bft. 

• In heavy seas, the rotor sails reduced the roll motion at a constant heel of about 4° and the 

ship made 13 kn constant speed. 

 

  
Fig.6: Details of BARBARA's Flettner Rotor, Wagner (1991) 

 

During the operation by the German navy, there weren’t any issues with the rotor sails and they proved 

to be a reliable part of the propulsion system. Due to several reasons, the concept of rotor sails was not 

been developed further: 

 

• The particular situation of shipping during the global economic crisis and WW2 

• Availability of crude oil and related fuels at low cost 

• No incentive for saving fuel and/or reducing emissions  

 

BARBARA was operated by Sloman until 1931. During the economic crisis of the 1930s she was laid 

up, then sold and operated by various owners without rotor sails until she was broken up in 1969. 

 

1.5. 1983 – a short revival caused by high oil price 

 

Under the rise of HFO prices in the 1970ies and 1980ies – from 20 to 75 USD/t and then to 160 USD/t 

- and driven by the common impression of that time of fossil energy resources becoming exhausted in 

not too far future, various attempts were made in Japan, Europe, and the United States to use wind 

energy for ship propulsion. Wagner (1991). 

 

Blohm + Voss AG, Hamburg initiated a research programme to modernise the Flettner Rotor, Wagner 

(1985). The programme consisted of two phases: 
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• Analysis of various routes, design criteria of rotor sails, model test and business case, and 

• Detailed design, manufacturing and installation of rotor sail on a 4500 tdw chemical tanker. 

 

However, the installation was not realised. With fuel prices going almost back to “normal” in 1986, the 

project came to a halt – the business case was no longer interesting for anymore. Here are some key 

facts about this relatively detailed design study:  

 

• Basic assumptions and design objectives 

This study performed yet another comparison of rotor sails with other wind propulsion 

systems of that time, based on their resulting lift coefficient 𝑐𝑅 = √𝑐𝐿
2 + 𝑐𝐷

2: 

 

Fig.7: Performance of different sail systems, Wagner (1985)  

 

• Required sail areas to generate 10 kN thrust at 15 m/s wind speed 

The study pointed out the following objectives for the installations of a wind propulsion 

system: 

− Economic benefit – reduction of OPEX, return of investment 

− Keep schedules – wind as additional propulsion to main engine 

− Integration into ship operation – control from the bridge, interface to main propulsion 

system and CPP, fast stopping and starting 

− Operational safety, no impact on ship stability – limitation of forces, no risk in gusts 

− No impact on cargo operations 

− No additional crew, reasonable training effort for operation and maintenance 

− Low technological risk – spares and services available globally.  

 

Table III: Technical Data of the 4500 tdw project, Wagner (1985) 

Designed  1983 

  

Shipyard  Blohm+Voss, Hamburg, 

Germany 

Main Data  LPP 92.0m 

B 15.5m 

4500 dwt  

12 kn service speed 

2x530HP main engine 

Rotor Sails  2 rotor sails 3.8x19.5 m, 

Aluminium 

2x18 kW AC electric motors 

225 rpm, 118 kN thrust each 

Main Engine  1300 kW CPP 

 

Technical details of the studied vessel are given on Table III. The 4500 tdw chemical tanker was 

supposed to operate on a windy route between northern Europe and Panama about 265 days per year. 

Traditional Square sail cR @ 0.95 

 

Solid, asymmetrical 

wing profile 
cR @ 1.8 

Rotor sail cR @ 11 

Turbo Sail - cR in between solid wing and rotor sail 

(suction sail of J. Cousteau, tested on RV ALCYONE) 
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The rotor sails were planned to provide 35% of the propulsion power at Bft. 5 wind force, 12 kn speed 

and 100° true wind angle. 

 

The rotors were planned to be made from 4 mm aluminium with a frame structure. Two end disks of     

7 m diameter were designed as a PVC composite sandwich construction. The total weight of each rotor 

was about 5.7 t. The rotors were carried by roller bearings and driven by an electric motor and a 

reduction gear.  

 

The control system was planned to be independent of the engine control system, adjusting the speed of 

the rotors to the measured (apparent) wind force and angle. With variable propulsion force from the 

rotors, a constant ship speed could have been maintained by adjusting propeller pitch to ship speed.  

 
Fig.8: Sketch of the planned rotor sail, Wagner (1985) 

 

The performance of this setup:  

 

• At Bft 5 and 110° true wind angle the rotor sails could have provided 37% of the propulsion 

power to maintain a speed of 12 kn,  

• At Bft 7 even 100% of the propulsion power - with a power consumption of only 2x18 kW. 

 

Table IV gives expected fuel savings based on simulations with average wind conditions and with 

weather routing based on actual weather conditions per year. 

 

Table IV: Expected fuel savings, route German Bight – Panama, Wagner (1985) 
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1.6. 2010 – Enercon’s E-SHIP 1 

 

The first large-scale application of Fletter rotors in the 21st century was initiated by company Enercon 

GmbH, a leading supplier of wind power generation plants. The objective of shipping their eco-friendly 

products with an eco-friendly vessel led to the design and building of ESHIP I, delivered by Cassens 

Werft, Germany- in 2010. This vessel combined several “green” features, Schmidt (2013). Regarding 

the rotor sails and aspects of the ship design influenced by wind propulsion, these were: 

 

• Diesel-electric power generation 

• Integrated power management system 

• Superstructure, hull, and rudders optimised for wind propulsion  

 

The calculation of the fundamental structure and the operation parameters of rotor sails were studied 

comprehensively, including: 

 

• Static and dynamic behaviour of the structure 

• Determination of basic operational parameters, e.g. lift (thrust), revolution speed 

• Determination of required drive power for the rotor sails 

• Integration into the ship structure 

 

Table V. Technical data of E-Ship 1 (MINSHIP, 2022) 

Built  2010 

 

Shipyard  Lindenau Werft, Kiel 

Cassens Werft, Emden 

Ship Owner  Enercon GmbH 

Manager  Auerbach / Minship 

Main Data  LOA 130:42m 

B 22:5m 

10020 dwt  

17:5 kn max. speed 

Rotor Sails  4 rotor sails 25x4m, 

Aluminium 

~100kW AC electric motors 

350 rpm 

Main Engine  6614 kW, 2 main engines 

 

Enercon developed the whole rotor sail system with their own components and documentation. Full-

scale tests were performed to validate the static and dynamic behaviour of the rotor sails, measure their 

performance, verify the power consumption, and optimize all components of the machinery and the 

control system. Proper balancing of the rotating elements and reduction of noise were key elements of 

the testing phase. The whole system was approved by Germanischer Lloyd. 

 

After sailing 150000 nm on routes Europe-Brazil, Europe-North America, and in the Mediterranean 

Sea, the following features were reported: 

 

• By aerodynamic damping and a gyroscopic effect, the rotor sails contribute to the absorption 

of sea disturbance, 

• The rotor sails are safe to operate in all conditions, 

• The operation of the rotor sails is fully automated by the control system,  

• No additional crew, nor special crew training is required, 

• Very little maintenance. 

 

Enercon published considerable savings of propulsive energy by the rotor sails: 
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• A calculation of saved power based on trial conditions for a speed of 16.7 kn considered 

2769 KW at the propeller shaft. The rotor sails should generate 1698 kW (37% of the theoretical 

shaft power at this speed), with 280 kW power consumption of the rotor sails 

• The CFD performance model showed power savings at 12.3 m/s true wind speed for the full 

range of true wind angles, e.g. 15% at 40° TWA, 46% at 90° TWA, and 20% at 150° TWA.  

• According to the ship managers, the rotor sails still operate without major issues and with very 

little maintenance. However, the company did not proceed any further with Flettner rotors as a 

commercial product. A sister vessel of the same type was never built.  

 

This milestone in the history of the Flettner rotor remained a one-off ship. However, it inspired other 

companies to continue this development.  

 

1.7. 2012 – modern commercialisation and outlook 

 

There are presently eight technology providers in the business of rotor sails. They are at different levels 

of technological readiness. The main providers of rotor sails – in number of installations - are 

Norsepower (Finland, China) and Anemoi Marine (UK), Binckert (2024). These companies were both 

founded more than a decade ago, and they are preparing themselves for an increasing order book. They  

offer an industrialised manufacturing process, a matured design, sophisticated control systems, and a 

growing international network for their sales and service activities.  

 

There are presently about 16 vessels in operation with Flettner Rotors, and some 20 vessels more are in 

the order books, Binckert (2024). The dimensions of modern rotor sail range from about 60 m² to 175 

m², with heights up to 35 m. Considering the size of modern oceangoing cargo vessels, and compared 

to alternative wind propulsion technologies, these dimensions are still compact. 

 

 
Fig.9: SC CONNECTOR with two Norsepower Rotor SailsTM 35x5m 

 

2. Technical features of rotor sails for shipping 

 

2.1. High lift – compact size 

 

As described in , rotor sails have the highest lift coefficient of all wind propulsion systems. For a 

defined wind propulsion force, the arrangement of rotor sails is the most compact. This leads to the 

following advantages: 

 

• Relatively little deck space consumed – more space for deck cargo, less interference with cargo 

operations,  

• Relatively small blind sectors of bridge visibility – compliance with SOLAS without additional 

technical backup, and 

• Relatively low air draft – many arrangements can be chosen as fixed installations – without an 

additional deployment system 
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2.2. Automation 

 

As stated in 1.2, Anton Flettner had been most enthusiastic about the easy operation of rotor sails, 

Fig.10. In reality, the control algorithm is not as easy as he imagined, but the number of variables to 

be manipulated is relatively limited: 

 

• Switch the rotor sails on in favourable wind conditions and off in unfavourable wind angles, 

too low or too high wind speed.  

• Direction of rotation, based on the main direction of the apparent wind – port = clockwise / 

starboard = counter-clockwise 

• Speed of rotation, based on the speed of the apparent wind to keep the ratio 

𝛼 =
𝑣𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛

𝑣𝑤𝑖𝑛𝑑
⁄ ≅ 3.5 − 4 

• Emergency stop 

 

 
Fig.9: Controls on BUCKAU - 2 handwheels, Flettner (1926) 

 

At any given true wind speed TWS, the speed of the apparent wind AWS changes with the angle 

AWA it hits the ship: 

 

• In upwind points of sail:  𝐴𝑊𝑆 > 𝑇𝑊𝑆 

• In reaching point of sail: 𝐴𝑊𝑆 < 𝑇𝑊𝑆 

 

Modern control systems measure the apparent wind angle AWA and speed AWS constantly, and set 

the speed of rotation to an optimum a based on large-scale measurements of the polar diagram of the 

particular rotor sail assembly. Interactions between the rotor sails (if more than one is installed), and 

between the rotor sails and the ship structure are taken into account. These effects can be investigated 

by CFD, wind tunnel measurements, or full-scale trials.  

 

This method assures an overall good performance in most conditions. In conditions of sophisticated 

arrangements of multiple rotor sails and complex interaction effects, a direct measurement of the 

individual strength and direction of each sail’s lift force could further optimize the performance. 

 

2.3. Safety against gusts 

 

As mentioned in the historic reports, rotor sails are extremely insensitive against gusts. Any sudden 

increase of the TWS – with constant speed of rotation – will reduce the ratio 

𝛼 =
𝑣𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛

𝑣𝑤𝑖𝑛𝑑
⁄ , thus reducing the lift coefficient of the rotor sails. 
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For a conventional sailing rig, or any type of wing sail or kite, the pressure increases with the square of 

the wind speed, and the sails must be eased immediately. Rotor sails cause only a defined maximum 

force with increasing wind speed, depending on their maximum rpm. 

 

 
Fig.11:  Comparison of drag curves for BUCKAU, total pressure vs. wind speed, Krupp (1925) 

A. Rotating cylinders, constant peripheral speed 

B. Original schooner rig with fully reefed sails 

C. Cylinders not rotating 

 

2.4. Safety against stalling of the air stream 

 

The apparent wind angle can change relatively quickly with any change in speed or angle of the true 

wind. A large cargo vessel will not adjust its speed or course quickly. This means a conventional sail 

or a wing sail must be adjusted constantly to the AWA – a feature well known from performance yacht 

sailing. A delay in adjustment can lead to a disturbance of the flow around the profile, including the 

risk of stalling. The algorithm to control the correct sail angle in quickly changing wind directions needs 

high-precision sensors and quickly reacting actuators. 

  

With sudden changes in TWS, or variable TWA over the height of the cylinder, rotor sails will not 

constantly operate within the optimum 𝛼 =
𝑣𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛

𝑣𝑤𝑖𝑛𝑑
⁄ . However, the slope of the a-curve is 

relatively flat in the highest range of performance, and the adjustment of the speed of rotation can follow 

with a reasonable delay. There will be a lift force in all conditions, without a risk of stalling. 

 

2.5. Manoeuvrability 

 

The nature of rotor sails as an active wind propulsion system means that they can easily be de-powered. 

The additional wind propulsion force can be switched off whenever the ship’s command considers this 

necessary. This is extremely important in any kind of manoeuvring situation, including crash-astern or 

emergency turning. The drag of the non-rotating rotor sail in any wind speed is known and not critical. 

 

2.6. Seakeeping 

 

The experience with the BUCKAU, BARBARA and E-SHIP I already showed a positive impact on the 

seakeeping performance of rotor sails. Compared to the (removed) conventional rigg of BUCKAU, the 

weight of the rotor sails was much lighter. On modern motor ships, it is mostly the constant side force 

of the sails that reduces the roll motion considerably. In addition, the gyroscopic effect of the rotating 

masses is believed to have a roll-dampening effect, too. The Captain of SC CONNECTOR (two 

Norsepower Rotor Sails™ 35x5m) confirmed this positive effect: ”The rotor sails have improved the 

ship’s seakeeping behaviour very much – it is a completely different vessel now!”, he said and “The 

rotor sails dampen the roll motion so the ship hardly rolls at all”, Sylwestrzak (2023). 
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2.7. Noise / vibration 

 

The risk of vibration generated by rotating masses was already addressed by Anton Flettner. However, 

by a careful balancing of the rotor, the centre of mass can be properly aligned to the centre of rotation. 

Additional measures can be applied to minimize the risk of frequency-induced vibrations such as 

defining rotation speeds to be blocked in the control system, or manipulating the masses of the fixed 

and rotating parts of the rotor sails.  

 

Noise is kept within the limits of the IMO resolution MSC.337(91) for machinery spaces (inside the 

rotor sail) and normally unoccupied spaces (on open deck around the rotor sails). If the rotor sails are 

arranged close to navigation or accommodation spaces with lower noise level limits, special measures 

have been taken with satisfying results. 

 

3. Modern upgrades and future developments 

 

3.1. Modern materials for a long lifetime 

 

The early rotors– including E-SHIP 1 – were made of metal (steel plates or aluminium). Such a structure 

requires high production skills and material costs. For this reason, most of the modern rotor sails utilise 

composite structures for the rotating components. The design lifetime of a modern wind propulsion 

system shall be suitable for the full lifetime of a ship. 

 

3.2. Aerodynamic design 

 

There have been many proposals to improve the aerodynamic performance of rotor sails. However, 

they still look pretty similar to the Flettner rotors on BUCKAU. Here are some of the development 

ideas for the future: 

 

• “Thom fences” – a number of disks along the height of the rotor to force the air flow parallel 

to the rotation  

• Rough surface coating to increase the friction of the boundary layer 

• Special shapes of end disks  

• Vertical tail profiles behind the rotor sails to improve the upwind point of sail 

 

 
Fig.10 RoRo project LDA / Airbus with six rotor sails 35x5 (Norsepower) 

 

Some of these features that work well in model tests or CFD studies may have the potential to improve 

the performance in certain conditions and certain points of sail. However, the industry has been working 

on developing reliable products in a larger scale, with good all-round performance in many operating 

conditions. Sooner or later there will be resources to study further optimization of the proven concepts. 
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More interesting is the optimum arrangement of rotor sails. The influence of superstructures and the 

interaction between two or more rotor sails was studied already for the projects in 1.5 and Fehler! 

Verweisquelle konnte nicht gefunden werden.. In future projects, wind tunnel tests and CFD studies 

will verify the arrangements of six or more rotor sails. 

 

3.3. Automation 

 

A basic requirement from the very beginning has been easy operation with minimum crew and 

minimum specific knowledge. State-of-the-art automation can take over the task of optimizing the rotor 

sail operation and advise the command to navigate into a more favourable point of sail with additional 

potential of gaining energy from the wind.  

 

Further developments regarding optimised performance are in progress. The patented Norsepower 

Sentient Control™ will be able to control each rotor sail individually based on a real-time measurement 

of forces, thus managing the complex aerodynamic interactions between the sails and the hydrodynamic 

behaviour of the vessel. 

 

3.4. Deployment systems 

 

In some projects, the ship design, navigational requirements or cargo operations require a reduction in 

the height or position of the wind propulsion system. For rotor sails, there are various solutions: 

 

• Tilting down by 90° to reduce the height during cargo operations – industry standard 

especially for non-geared bulk carriers 

• Tilting down by any angle ≤ 90° to reduce the air draft while navigating calm waters, e.g. 

passing bridges  

• Horizontal rolling systems to change the position of rotor sails during cargo operations 

 

Such systems for handling heavy equipment must comply with high operational safety requirements 

and they add CAPEX and OPEX to the wind propulsion. They may be needed due to external 

restrictions, but they are not necessary for the safety of the ship in severe weather. The safest position 

of a rotor sail in a hurricane is locked in the upright position. 

 

A tilting system can simplify the installation at the yard by reducing the necessary hook height of the 

shore crane. 

 

A telescopic or retractable rotor sail has been in discussion. However, finding a technically feasible and 

economic solution will be a challenge. It should be considered that stowing a system of this size below 

deck will take space from the cargo holds or other useful compartments and it will require considerable 

structures and mechanics to handle the loads. 

 

3.5. Lightning protection 

 

The incident of a damaged rotor sail on BADEN-BADEN showed that the risk of a lightning strike is 

real for such high structures on board a ship. Each wind propulsion system must be fitted with suitable 

lightning protection. For rotor sails, this means creating sufficient earthing from the lightning rod on 

top to the steel foundation and hull. 

 

3.6. Explosion-proof design 

 

Various types and sizes of oil and chemical tankers are very suitable vessels for wind propulsion. Thus, 

the development of certified explosion-proof systems has been a natural consequence. Modern rotor 

sails can be delivered to comply with ATEX standards for dangerous zone 1, Class 2b. Control panels, 

VFD cabinet and weather station will be located in the safe zone.  
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3.7. Ice-prevention 

 

Beyond 60° latitude North or South, in the Baltic Sea, and around Greenland, full ice accretion shall be 

applied for the stability calculation. Most wind propulsion systems cannot be operated in these 

conditions, so they are designed to simply survive in non-operational mode.  

 

Due to their relatively “clean” structure, rotor sails can be fitted to prevent ice accretion during 

operation. With a special hydrophobic paint, the adhesion of water/ice can be avoided. With a defined 

minimum RPM in “idle” mode of operation, there will be sufficient centrifugal force to avoid the 

accretion of ice or snow on the vertical and horizontal surfaces. Additional heating is not necessary to 

operate the rotor sails in icy conditions. However, any unbalance of the rotating part caused by 

additional weight will be sensed and the system will be stopped or set to idle until the imbalance has 

disappeared.  

 

3.8. Integration to power management  

 

The ship’s grid must be designed for the starting and operation of rotor sails while at sea. An integrated 

PMS can assure that sufficient generated power is available, and start an additional generator if needed.  

 

If a shaft generator and controllable pitch propeller is provided, the reduction of propulsive power at 

the main engine – by the propulsive power of the wind propulsion system - can more than compensate 

for the energy consumption by the rotor sails. 

 

3.9. Integration to engine control 

 

In the project described in 1.5, the engine power for a set ship speed under the influence of the wind 

propulsion system was planned to be controlled via the measurement of the actual ship speed. An 

increase of the ship speed by the rotor sails would lead to a reduction of propulsion power – by adjusting 

the propeller pitch. This interface would require only very little interaction between the engine control 

system and the rotor sail control system. 

 

If reliable real-time measurements of the present propulsion power generated by the rotor sails could 

be done, a more direct influence on the main engine power could be arranged. Such an integration has 

not become an industry standard yet.  

 

3.10. Weather routing 

 

In project stage, performance predictions are made based on average statistic weather conditions along 

defined routes. The so called “global average route” has to be used for the impact of wind propulsion 

on the EEDI of a vessel. 

 

Studies have shown that fuel savings can be improved considerably – by up to xxx % - in combination 

with a weather routing system that considers the performance spectrum of the wind propulsion system. 

The actual savings will have an impact on the CII, as well as the OPEX connected to the fuel 

consumption (fuel cost, ETS, FEUM). 

 

4. Conclusion 

 

Whilst the basic technical principle of rotor sails proved to be suitable for ship operations since its early 

days, the fact that it had not been utilised in shipping for a long time led to doubts within the industry 

about its feasibility. However, the rapidly increasing numbers of installations has proven these wrong. 

After a century of affordable bunker prices and disregard for the environmental impacts of burning 

fossil fuels at a large scale, the shipping sector strives for improved energy efficiency and alternative 

sources of energy.  
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Legislative bodies like the EU and the IMO consider wind propulsion in their efforts to reduce the 

carbon intensity of shipping to net zero by 2050. All major classification societies have rules and 

regulations for wind propulsion in place, assuring a good technical basis for the design and survey of 

rotor sails and other technologies. 

 

There is a growing common understanding in societies and industries globally about the urgent need to 

refrain from releasing greenhouse gases into the atmosphere. All this will lead to increasing cost for 

fossil fuels, whilst alternative fossil-free “e-fuels” are expected to be even more costly and not available 

in large volumes soon. 

 

The whole scenario seems to be prepared for a breakthrough of wind propulsion to play a major role in 

the energy mix of future shipping – exactly 100 years after the world saw the first Flettner Rotor 

spinning. Rotor sails still provide the same benefits Mr. Anton Flettner had in mind when he decided to 

put his ideas, energy and money into this particular concept – and there is room for further development.  

 

This is a good reason to celebrate and remind us: Nothing is stronger than an idea whose time has come! 

(Victor Hugo) 
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Abstract

 

This paper presents the advantages of high frequency cleaning of biofouling and describes the 

development of a robot that can achieve that. High frequency is considered to be once every 10 days on 

average, at which point an autonomous robot is deployed and grooms the slime layer off the hull of the 

ship, thus setting a new standard for what is considered proactive cleaning. High frequency hull 

grooming provides substantial benefits in terms of GHG emissions and a significant reduction in the 

migration of invasive species. Both provide a significant environmental impact and offer substantial 

savings for the ship operator. This paper presents the environmental and operational benefits of high 

frequency grooming, and provides an overview of a system that enables such a service. 

 

1. Introduction 

 

The accumulation of microorganisms and plants on surfaces such as ship and submarine hulls is known 

as biofouling. Biofouling affects any submerged object, and its effects on the shipping industry have 

been prevalent since the inception of marine travel, reducing ships’ performance by increasing drag they 

experience. Biofouling on ships also negatively affects marine biodiversity due to the transportation of 

invasive species. According to an IMO (2022) report on biofouling, even a thin layer of slime (a layer 

of biofilm up to 0.5mm in thickness) covering up to 50% of a hull surface can increase greenhouse gases 

(GHG) emissions by 25-30%. Swain et al. (2022) estimated roughly that if all internationally operating 

vessels were kept clean of biofouling, the shipping industry could reduce its GHG emissions by 19%. 

Schultz (2007) quantified the effects of biofouling on the performance of US Navy ships and found that 

biofouling can reduce the speed of an Oliver Hazard Perry class frigate (FFG-7) by 2.7-10.7%, 

depending on the biofouling stage and compared to a hydraulically smooth surface when sailing speed 

is 30 knots. Davidson et al. (2014) describe in a report to the Marine Invasive Species Program in 

California another aspect of biofouling, which is its role as a leading vector in the transportation of 

invasive species. To tackle the above issues, an array of solutions has been developed, targeting 

biofouling at various stages. 

 

As a preliminary preventative measure, anti-fouling (AF) coating is now applied to commercial vessels. 

While there are different types of AF coatings, the majority of them work by releasing biocides into the 

water, which slows the growth of slime. These coatings help mitigate the problem to a certain extent, 

however they have limited efficiency, need to be reapplied every few years, and release toxins into the 

water, Soroldoni (2017). AF coatings are sometimes complimented by ultrasonic transmitters which 

help further prevent the growth of biofouling, but still don’t completely eliminate it. To further mitigate 

biofouling, periodic in-water cleaning is done at ports, and complete dry-docking of vessels is done 

approximately every 5 years. 

 

Traditionally, the approach to cleaning biofouling has been mostly reactive, wherein ships are cleaned 

once biofouling has reached a certain level of interference. In recent years, the industry has shifted 

towards a proactive approach, following the understanding that maintaining a clean hull has significant 

advantages over cleaning a dirty one. This has been researched thoroughly and presented in Swain et al. 

(2022) and discussed in the IMO (2022), where proactive cleaning is suggested to happen every 6 

months, regardless of the biofouling state. A comparison between different cleaning approaches of the 

cumulative fuel consumption of a bulk carrier is shown in Fig.1, where proactive cleaning, considered 

to be once every 6 months, is shown to provide significant fuel savings.  

 

mailto:stavj@nakairobotics.com
mailto:matann@nakairobotics.com
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Fig.1: Comparison of the cumulative fuel consumption of a bulk carrier between different cleaning 

schemes. Here pro-active cleaning refers to cleaning of the hull and the propeller, and its 

significant advantage in terms of fuel savings is evident, IMO (2022) 

 

High-frequency proactive grooming is an approach in which hull cleaning happens at close intervals, 

for example on a weekly or bi-weekly basis. This helps maintain a mostly clean hull, reducing drag 

penalties and leading to increased performance while improving fuel consumption. Moreover, high-

frequency proactive grooming helps to reduce the migration of invasive species since slime gets 

removed soon after it is formed, preventing its development to the microfouling stage (layers 0.1 to 1 

mm thick which include invertebrate larvae). Maintaining a clean hull also has significant financial 

benefits for ship operators, combining the reduction in fuel expenses and increase in ship efficiency by 

decreasing down-time for cleaning.  

 

2. Why Hull Grooming is Better 

 

The growth of biofouling is normally divided into three stages: Slime – an initial stage which includes 

a bacterial biofilm; Microfouling – includes diatoms, larva and microalgae spores; Macrofouling – 

macroalgae and invertebrates. While biofouling’s effect already begin at the slime stage, macrofouling 

has traditionally been treated as significantly worse, hence most cleaning efforts have been focused on 

cleaning biofouling at such an advanced stage. This is considered reactive cleaning, meaning the 

cleaning happens after the ship’s performance has been affected by biofouling. However, extensive 

research over the last two decades has shown that proactive cleaning has significant benefits. Proactive 

cleaning is described by Scianni and Georgiades (2019) as the removal of biofouling before it reaches 

the macrofouling stage. 

 

Proactive cleaning done at a high frequency, for example on the order of once every 2 weeks, has 

demonstrated significant advantages, and is highlighted by Swain et al (2022). A demonstration of the 

efficacy of high frequency grooming can be seen in Fig.2, which shows images comparing plates that 

were cleaned every week with those that were not cleaned at all. High frequency grooming helped 

maintain a clean plate and did not harm the paint, except for the case of non-copper based AF coating. 

High frequency hull grooming requires less force to remove the biofilm layer, leading to a less abrasive 

treatment to AF coatings, meaning a longer life span. The extension of the AF coating’s life span assists 

in increasing the time interval between dry dockings, resulting in significant savings for the operator 

and increased ship efficiency. 
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Fig.2: Comparison of the progression of fouling on six different types of AF coating between ungroomed 

(UN) and groomed on a weekly basis (GR) plates. The three types of coatings are Fouling Release 

(FR), Copper based (Cu) and copper free (Cu_Free), Swain et al. (2022) 

 

Furthermore, a significant portion of a ship’s power is used to overcome friction between the water and 

the ship’s hull. The friction is determined primarily by the surface roughness of the ship’s hull, which 

increases as biofouling development progresses. Traditionally, cleaning has been done once the friction 

is significant enough, meaning when the ship experiences a significant reduction in its performance, 

characterized by a loss of speed and increased fuel consumption. Hunsucker et al. (2018) showed that 

drag associated with ungroomed biofilm is substantially higher than that of a groomed biofilm. This 

continues to support evidence that grooming at a high-frequency leads to significant fuel saving, as was 

also presented by Schultz (2007). 

 

High frequency hull grooming holds the potential to significantly reduce the migration of invasive 

species. Scianni and Georgiades (2019) show that although proactive grooming does release microbial 

material into local waters, the risk of transporting highly impacting species through the slime layer is 

minimal, deeming this method as within an acceptable risk tolerance. Since hull grooming targets 

biofouling at an early stage, it prevents the biofouling from reaching an advanced biological stage, which 

is when invasive species are formed and transported. 

 

3. Why Isn’t Everybody Utilizing High Frequency Hull Grooming? 

 

Despite all that is said above, hull grooming is still not a prevalent solution, and in fact, there are very 

few companies that offer this service. Hull cleaning was traditionally done manually by divers, which 

is a slow and cumbersome process, and it puts divers at risk. In recent years, thanks to advances in 

technology, robotics have entered the realm of hull cleaning, improving the efficiency of the process. 

Since the general approach is still reactive cleaning, these solutions are still required to include capture 

capabilities to avoid releasing invasive species into local waterways and prevent the discharge of 

harmful materials. This aspect makes the operation of these solutions complicated and often raises their 

cost.  

 

As a result of the price and complexity associated with hull cleaning, operators and owners seeking to 

clean their vessels must choose between an expensive method and a slow one. Since time equals money 

in the shipping industry, a slow solution is also an expensive one. The shipping industry is a relatively 
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conservative one, and new technological solutions require a lot of work to break into the market. 

Therefore, there is little empirical data to showcase the real-life advantages of proactive hull grooming.  

Due to all these factors, there is little inherent motivation for ship owners and operators to shift their 

cleaning practices towards a proactive one. 

 

In spite of the above, a variety of initiatives in the shipping industry recognize the myriad of advantages 

held by proactive hull grooming and are shifting the mindset towards this approach. As we enter the age 

of the Carbon Intensity Index, ships are rated according to their performance, providing an incentive for 

owners and operators to maintain their fleet at a higher standard. Additionally, regulation is becoming 

increasingly strict towards reactive cleaning. In Australia, according to DAFF (2023), ships must clean 

the hull and niche areas no more than 30 days prior to entry. Simultaneously to these trends, ports are 

allowing proactive cleaning without capture, incorporating the understating the biofouling at an early 

stage poses a negligible risk of transporting invasive species. And to top all of that, a variety of 

improvements in technology are making robots more efficient and effective, lowering the cost of this 

service. All of this will surely help move the industry towards proactive hull cleaning.  
 

4. Along Came NakAI 

 

NakAI Robotics is developing a robotic system that will provide high frequency proactive hull grooming 

services. The system is designed to live on board the ship, thus allowing the cleaning to happen 

anywhere along the ship’s route. It is comprised of three parts: Goby, the primary robot, built to operate 

while the ship is in transit; Plecos, a secondary robot, built to clean areas the Goby can’t reach; Docking 

station, built to house the two robots as the ship sails. Both robots are designed to be autonomous, 

negating the need for significant intervention from the crew, limiting it to basic control commands by 

the bridge. Each robot records its track such that the system in its entirety can monitor which areas of 

the hull were cleaned and when, providing a holistic solution. 

 

 
Fig.3: NakAI’s Goby robot during one of the in-transit sea trials. The foils, which assist in generating 

additional downforce and are seen in red, are set to an open state. 

 

The robots operate autonomously, boasting the ability to navigate a set path and avoid obstacles as they 

go. The robots receive an initial layout of the ship’s hull, and use a unique version of SLAM algorithm 

to create a custom map including obstacles and landmarks in conjunction with the original map. At the 

end of each cleaning cycle the robots upload their path to a shared database which is held at the docking 

station. Upon the next cleaning round, each robot’s route is optimized based on previous data, including 

areas the other robot covered recently. The path optimization includes other variables such as driving 
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efficiency, likelihood of biofouling growth, operating time limit and more. To initiate a cleaning cycle, 

the bridge grants permission and a time limit for the relevant robot to operate. Once a cleaning session 

is completed, a report is generated and sent to the bridge. 

 

Remaining attached to the ship as it is sailing is one of NakAI’s core developments. The Goby uses a 

unique set of adjustable foils positioned strategically to affect the robot’s hydrodynamics. The foils are 

controlled by individual mechanisms and operate in response to measured changes in the driving motors’ 

current consumption, indicating a change in the robot’s attachment strength. They open to varying 

angles depending on the required amount of downforce, meaning the force that pushes the robot towards 

the ship’s hull. In addition to the foils, the Goby generates downforce passively through its shape, 

designed to create a similar force to an upside-down wing as it travels through water. To further enhance 

its adhesion capabilities NakAI uses underbody magnets and magnetic wheels, which allow the robot to 

remain attached to the ship out of the water and operate while the ship is stationary. 

 

While the Goby is at the heart of NakAI’s developmental process, the Plecos is a vital addition to ensure 

a complete service. The Plecos is a smaller robot, capable of reaching areas the Goby cannot due to its 

geometry. Its compact design allows it to traverse areas of high curvature with ease, and to reach areas 

such as the bilge keel and near the sea chest and side thrusters. The Plecos is equipped with two brushes, 

one on each side of it, increasing its efficiency as it operates. 

 

Hull grooming is widely understood to not require capture due to its low potential of transporting 

invasive species. However, some ports employ stricter regulations and require capture for all types of 

cleaning. For this reason, the Plecos includes a capture compartment which includes a filter. The capture 

compartment is removable, such that it can be left out in ports that don’t require capture and can be 

easily cleaned or replaced if needed. Besides capturing invasive species, many reactive cleaning robots 

incorporate capture capabilities to contain toxins released while they operate. Due to its gentle cleaning 

nature, hull grooming does not pose a risk of releasing such toxins. Furthermore, NakAI has proved by 

third party testing with DHI in Denmark in April 2023, as presented by Bohn (2023). 

 

 
Fig.4: NakAI’s Plecos. The removable capture compartment is visible in black at center of robot  

 

To accommodate high frequency cleaning, the robots are accompanied by a docking station, where they 

remain parked while not in operation. The docking station is fastened at the deck level and is equipped 

with a variety of maintenance and communication systems to assist with the operation of the robots. It 

includes systems such as fresh water washing, wireless charging, satellite communication and more. 

The docking station sits outside the railing yet is within size limits such that there is no class change 

requirements. The docking station’s design is customizable such that it can fit each ship’s requirements 

and design. 

 

NakAI is developing a novel fully autonomous high frequency hull grooming device. Currently, NakAI 

has installed the Goby on a ship of its first client and is in the process of implementing the Plecos as 

well. High frequency hull grooming offers a variety of advantages, including fuel savings and improved 

AF coating lifespan. Performing the cleaning during transit helps reduce time spent in ports, increasing 



 

313 

operational efficiency and reducing expenses for ship operators. NakAI aspires to be a significant part 

of the industry’s shift towards this approach and believes that it will have significant positive impacts 

on the industry’s environmental footprint. 

 

 
Fig.5: NakAI’s team during the installation of the Goby robot. The docking station, at that stage 

designed only for the Goby, is visible with NakAI’s logo. 

 

5. Summary 

 

This paper provides an overview of in-water cleaning and discusses the advantages of proactive high 

frequency hull grooming over reactive cleaning. The advantages can be divided into operational and 

environmental. The significant advantages on the operational side are fuel savings thanks to the 

maintenance of a clean hull, and improved AF coating lifespan thanks to gentle cleaning. On the 

environmental side the benefits are reduced GHG emissions as a result of the reduction in fuel 

consumption, and the prevention of migration of invasive species thanks to preemptive cleaning before 

biofouling reaches a harmful state. These points have been shown in research, yet only few companies 

seek to implement them in practice. This is bound to change following regulation which is trending 

towards proactive cleaning. 

 

This paper also discussed NakAI’s proactive hull grooming device, which is a first-of-its-kind fully 

autonomous in-transit cleaning robot. NakAI’s robot boasts specialized hydrodynamic features which 

allow it to remain attached to the ship as it sails and incorporates a unique version of SLAM to navigate 

autonomously. The robot remains on the ship in a docking station and thus is able to clean anywhere 

along the route so long as the sea conditions allow. NakAI aspires to lead the industry’s shift towards 

high frequency hull grooming to reduce the footprint of the shipping sector and preserve the world’s 

oceans. 
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Abstract 

 

This paper presents final results of the EU R&D project CHEK for the work packages related to 

ultrasonic hull protection against hull and propeller fouling. The work packages and the Dynamic 

Biofilm Protection intelligent (DBPi) solution are described. One work package concerns the concept 

and installation manual for hull surface and niche areas based on construction plans for a cruise 

vessel and a bulk carrier. Following simulations and laboratory tests, the DBPi hardware and 

software were adapted. After successful factory acceptance tests, results will be examined in real life 

test during a 7-month demo voyage period. 

 

1. HASYTEC story – Role in CHEK project  

 

HASYTEC electronics was founded in 2016 as a start-up for specialising in ultrasonic cleaning 

technologies. These are used in professional marine as well as in land-based industry. The use of 

HASYTEC ultrasound prevents the formation of biofilm as well as organic and inorganic deposits. 

These form the basis for the decomposition of equipment, pipes and materials through biocorrosion. 

HASYTEC started “showing flag” and raising perception of ultrasonic hull and propeller protection 

against biofouling very early on, e.g. Kelling (2017a,b). By 2024, the company had installed more 

than 10000 ultrasonic tranducers in over 850 ships worldwide. 

 

The EU R&D project CHEK (deCarbonising sHipping by Enabling Key technology symbiosis on real  

vessel concept designs), https://www.projectchek.eu/, has as a goal to reduce CO2 emissions in global 

shipping. The focus is on the combined application of advanced key technologies in shipbuilding. The 

project is described in more detail in Appendix I and Kelling (2021). Within the CHEK project, one 

focus was on drag reduction technologies to reduce fuel consumption and emissions to air. 

HASYTEC was in charge of the work package WP6, contributing all activities and devlopment 

concerning ultrasonic hull and propeller biofouling protection. 

 

2. Ultrasonic Antifouling 

 

2.1. Short introduction to biofouling 

 
Biofouling is the unwanted attachment of various marine plants and animals in the marine 

environment. Every submerged structure is susceptible to fouling and will eventually become 

overgrown. On ships, its significance is manifold, and different estimates have been made of the 

losses incurred due to biofouling, including reduction of ships speed due to frictional resistance, 

leading to increased fuel consumption, docking charges for ship servicing and loss of income due to 

downtimes, Fig.1. Another significant aspect of biofouling is the transport of invasive species. To 

battle these issues, often antifouling paints, containing toxic compounds are used. However, their 

damaging effect to the environment is leading them to be phased out of production and use. 

Therefore, the need for a toxic-free solution is high.  

 

2.2. Ultrasonic antifouling technology 

 

The basic concept in ultrasonic antifouling is to use acoustic waves in the ultrasound range to prevent 

the biofouling already in the biofilm stage. Although the concept has been around since around the 

1960s, the optimal parameters were not known for a long time, preventing industrial adoption.  

 

mailto:smith@cybertex.de
mailto:m.fruechtenicht@hasytec.com
https://www.projectchek.eu/
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Fig.1: Effect of biofouling on shipping 

 
To understand the wave propagation in detail, a Finite Element Analysis (FEA) approach was used 

now within the project, Fig.2. As coatings may lead to strong sound absorption, selecting the right 

paint impacts the effectiveness of the ultrasonic approach significantly and we performed lab testing 

to determine the most suitable coatings for ultrasonic wave transmission (Sound pressure tests and 

Caliometry tests for output power comparison).  Once we had the concept ready, we proceeded to the 

prototyping.  

 

 
Fig.2: Laboratory testing of ultrasonic technology on coated steel plate 

 

2.3. Installation of prototype 
 

The development process involved several adaptations from older designs including several new 

features. In the hardware aspect, the control unit was adapted to host up to 16 transducers. This allows 

to scale up to the larger surface areas. In addition to higher power, cable lengths of up 100 m 

facilitated centralized installation of the system.  

 

We used the results obtained from the simulations to develop customized transducers for ship hull 

applications. These were specifically designed for large-area coverage of the test patches and had an 

integrated measurement board that provided us with status information and environmental conditions, 

e.g. ambient temperatures.  

 

The software adaptations included: 

 

• Establishing communication with transducers 
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• Optimization of the software scan, aligned with the new transducers. Adjusting the frequen-

cies, as these were in a different range. 

• Design of several power programs with variable output power and pulse intervals to investi-

gate their influence on the biofilm 

 
Once the design was ready for production, the manufacturing of 4 hull prototype units and 12 hull 

transducers for testing on case vessels and 8 niche prototypes with 52 transducers was planned. That 

phase was challenging due to supply shortages during the Covid-19 pandemic. Nonetheless, 

eventually all parts were obtained and all prototypes, transducers including sensor boards and 

connection cables were assembled at the production facility in Kiel. Factory tests on hardware and 

software ensured that the prototypes worked according to specifications. For later installation on the 

two demo vessels, Fig.3, Table I, all parts were shipped to their destinations in Malta and China. 

Table II gives details of the installations. Fig.4 shows one of the installations with control unit and a 

typical transducer glued to the hull steel structure. 

 

Table I: Demo vessels for installation 

 MSC Seaside Sirius Sky 

Vessel type Cruise ship Bulk carrier 

Length 323.00 m 200 m 

Breadth 41.00 m 32.24 m 

Tonnage 153516 tdw 34164 tdw 

Built in 2017 2017 

 

  
Fig.3: Demo vessels: MSC Seaside (left) and Sirius Sky (right) 

 

Table II: Installation details 

 Cruise ship Bulk carrier 

When? November 2022 January 2022 

How long? 6 days 10 days 

Where? Fincantieri shipyard, Malta Zhoushan Jinhai yard, China 

What? Hull test patches, Seawater Supply with 

Sea Chests and Seawater Filters, Engine 

Cooling, Propeller 

Hull test patches, Freshwater 

Generator, Propeller, Engine Cooling  

Transducers 

installed 

Niche areas: 24  

Hull test patches: 6 

Niche areas: 28  

Hull test patches: 6 

 
To assess the performance of the ultrasonic antifouling system, the following parameters were 

evaluated, Fig.5: 

  

• Consistency and continuous operation of the software and hardware functionality 

• Underwater visual inspection of the hull test patches 

• Visual inspection of the seawater filters and sea chests 

• Visual inspection of the propeller 

• Comparison of heat exchange parameters between units with and without ultrasound 

antifouling 
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Fig.4: Installation: Control unit (left) and one transducer (center and right) 

 

  
Fig.5: Monitoring of system 

 

2.4. Results 

 

Figs.6-8 show results from test voyage trials for niche areas. 

 

  
Fig.6: Results from test voyage trials – Sea strainer after 1 year; with (left) and without (right) 

ultrasonic protections 

 

The freshwater generator was also inspected, and favourable results were observed, Fig.7. No visible 

fouling was present. In addition, the bottom evaporator tube was also opened. This was free from any 

organic and inorganic deposits. 

 

During the first underwater inspections, the sea chests were also inspected from the outside, Fig.8. 

Limited, but spatially inconsistent cover by barnacles were recorded on the portside. 
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Fig.7: Results from test voyage trials – Freshwater generator 

 

  

  

Fig.8: Results from test voyage trials – Sea chests  

 

The results from the test hull patch inspection were favourable and only light slime was recorded after 

ten months of voyage, Fig.9: 

 

• Hull Patch Examination Outcomes: 

o Performance Validation: Visual examination confirms the underwater (UW) system 

performs as anticipated. 
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o Fouling Comparison: Clear distinction noted between areas with and without transducers; 

areas with the UW system show significantly less fouling. 

   

• Fouling Categories and Hull Roughness: 

o Details Provided: Descriptions of slime categories and average hull roughness for digital 

twin investigations are detailed in the cruise ship section. 

   

• Fouling Condition Designation: 

o Without UW System: After a year in service, the bulk carrier's condition is designated as 

heavy slime. 

o With UW System: The bulk carrier equipped with the UW system is designated as light 

slime. 

 

  
Fig.9: Hull text patches, with (top) and without (bottom) ultrasonic protection 

 

 3. Challenges and outlook  

 

Lessons from the text voyages were: 

 

• Inconclusive Results:  

- Favorable outcomes for the bulk carrier, less so for the cruise ship, suggesting hull 

transducer design may require refinement 

 

• Transducer Development Needs: 

- Focus on reducing ultrasonic transmission losses due to impedance between hull and 

water 

- Explore different materials for transducer housing 

 

• Software Implementation Challenges: 

- Difficulties in quick software changes noted 

- Future projects will develop remote access and control to quickly resolve software issues 

and analyze log data. 

 

• Physical Verification and Accessibility: 

- Regular physical verification needed 

- Logistical challenges in vessel accessibility for underwater inspections due to location      

constraints (regulations or poor visibility) 

 

• Vessel Selection for Future Projects: 

- Select vessels to facilitate easier and more regular data collection 
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• Data Collection and Impact Quantification: 

- Improved data Collection methods to better quantify reductions in waste streams, particu-

larly biocides. 

- Better assessment of ultrasound system's impact on energy savings and maintenance costs 
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Appendix I: CHEK project  

 

The CHEK project was supported by the European Union with a total of 10 million Euro from the 

Horizon 2020 funding program, https://ec.europa.eu/programmes/horizon2020/en/home. The Horizon 

2020 program is the biggest EU research & innovation program ever, with nearly € 80 billion of 

funding over 7 years. Its aim is combining European research and innovation to achieve excellent 

science, industrial leadership and tackling societal challenges. The CHEK project partners are: 

 

• University of Vaasa (UV), http://www.uwasa.fi/, is a business-oriented, multidisciplinary, 

and international university. 

• Wärtsilä, www.wartsila.com, is a provider of ship machinery, propulsion and manoeuvring 

solutions, supplying engines and generating sets, reduction gears, propulsion equipment, 

control systems, and sealing solutions for all types of vessels and offshore applications. 

• Cargill Ocean Transportation, https://www.cargill.com/transportation/cargill-ocean-

transportation, is a freight-trading business that provides bulk shipping services to customers 

across the globe. 

• MSC Cruises, www.msccruises.com, is a global cruise line, which is part of the Cruises 

Division of MSC Group, the privately held Swiss-based shipping and logistics conglomerate. 

• Lloyd's Register EMEA (LR), www.lr.org, is part of the Lloyd’s Register Group, a global 

independent risk management and safety assurance organisation that works to enhance safety 

and improve the performance of assets and systems at sea, on land and in the air. 

• World Maritime University (WMU), www.wmu.se, was established in 1983 by the 

International Maritime Organization (IMO). 

• Silverstream Technologies, https://www.silverstream-tech.com/, was established in 2010 and 

the company specialises in Air Lubrication Technology, Silberschmidt et al. (2016), which is 

designed to reduce the frictional impact between the flat bottom of the ship hull and water. 

• HASYTEC Electronics GmbH, https://www.hasytec.de/, is market leader in ultrasound based 

antifouling technology. 

• Deltamarin, https://deltamarin.com/, is a ship engineering and design company. 

• Climeon AB, https://climeon.com/, has well proven technology to convert waste heat to clean 

power. 

• BAR Technologies, https://www.bartechnologies.uk/, have used its in-house tool ShipSEAT 

to design and optimise their own patented and trademarked wind propulsion system called 

WindWings, https://www.bartechnologies.uk/project/windwings/. 

 

The project aims to combine a variety of innovative technologies to achieve its goals of significant 

increase (>50%) of energy efficiency and virtual elimination (>99%) of greenhouse gases, Fig. I.1: 

 

• New energy technologies 

- Fixed wing sails 

- Fuel-cell ready hydrogen engine 

• Operational technologies and practices 

- Automated vessel routing/sailing 

- Cruise vessel itinerary optimization 

• Propulsion/Power supply technologies 

- Fuel-flexible gas engine incl. over-the-air software updates 

- Scalable power plant 

- Hybrid energy management 

- Waste heat recovery 

- Waste-to-power 

• Drag reduction technologies 

- Gate rudder 

- Air lubrication 

- Ultrasound antifouling 

- Ship hull optimization 

https://ec.europa.eu/programmes/horizon2020/en/home
http://www.uwasa.fi/
http://www.wartsila.com/
https://www.cargill.com/transportation/cargill-ocean-transportation
https://www.cargill.com/transportation/cargill-ocean-transportation
http://www.msccruises.com/
http://www.lr.org/
http://www.wmu.se/
https://www.silverstream-tech.com/
https://www.hasytec.de/
https://deltamarin.com/
https://climeon.com/
https://www.bartechnologies.uk/
https://www.bartechnologies.uk/project/windwings/
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Fig.I.1: Technological synergy for emission savings 
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Abstract 

 

Decarbonisation of shipping can be achieved through a combination of ship design and technologies, 

efficient operations, and clean fuels. Interdependencies between these factors should be considered 

during design phase and examined in real life. This paper presents energy consumption simulations 

and life cycle impact of various energy efficiency technologies working in synergy, combined with a 

hydrogen fuel system for a cruise ship. Additionally, examples from operational optimisation for both 

single ship and fleet level are given. This approach will steer the development of new and existing ships, 

with net-zero shipping remaining the ultimate goal.  

 

1. Introduction  

 

Decarbonisation of shipping constitutes a major challenge for the entire industry, with international, 

regional and local regulations being continuously introduced to support the transition towards cleaner 

transport. The cruise industry is committed to pursuing net zero emissions by 2050 and supports the 

long-term objectives of the EU Green Deal, https://www.consilium.europa.eu/en/policies/green-deal/. 

The gradual transition towards net-zero emissions can be supported by three main pillars: 

 

• Ship design and technology, 

• Operational efficiency and, 

• Renewable fuels. 

 

An indicative, high-level pathway towards net-zero for cruise vessels is presented in Fig.1. 

 

 
Fig.1: Roadmap to Net Zero 

 

It is clear that the ultimate goal of net zero emissions requires the uptake of clean fuels and/or capturing 

of pollutants from the exhaust gases. In the short term, however, a shift towards greener shipping can 

be achieved by investing in optimised ship designs with energy efficient technologies, as well as in fuel 

efficient operations. Since it can be expected that the clean fuels will be significantly more costly than 

today’s fossil-based fuels, energy efficient ship design and operation is expected to constitute another 

natural focus area of shipping decarbonisation even after the uptake of clean fuels. 

 

Digitalisation is considered the key to improving the ability to deploy the fleet efficiently, monitor ship 

performance in real-time, and rely on data-driven decision making. Also, the data from operating ship 

can be utilised to support modelling of new conceptual ship designs, where the degree of freedom of 

decarbonisation through design, technologies and new fuels is large. This paper presents examples of 

mailto:Angela.Craciun@msccm.co.uk
mailto:Ivana.Melillo@msccm.co.uk
mailto:Fotios.Papadopoulos@msccm.co.uk
mailto:mia.elg@deltamarin.com
https://www.consilium.europa.eu/en/policies/green-deal/


325 

both new concept generation and of utilising data of operating ships to improve their performance on 

individual and fleet level. 

 

Project CHEK is a three-year joint-industry project (2021-2024) focusing on decarbonisation of long-

distance shipping, https://www.projectchek.eu/. One of the concept designs developed for the study is 

a Meraviglia class sized cruise ship illustrated in Fig.2. The technical goal of project CHEK, regarding 

the “CHEK cruise vessel” is to reduce green-house gas emissions by 99%, achieve 40-50% energy 

savings and reduce black carbon emissions by over 95% compared to the state-of-the-art existing ship 

in operation that is fulfilling the EEDI Phase 2 requirements. 

 

 
Fig.2: CHEK vessels 

 

2. Digital design for ship decarbonisation 

 

The design stage constitutes the earliest phase of a vessel’s lifecycle and has a crucial impact on its 

lifetime, as it includes the dimensioning of the ship and her systems and selecting the main components 

of the energy system. Retrofits along the ship’s operational life are of course possible and beneficial 

from both maintenance and efficiency upgrade perspectives, but the early design stages present the 

largest degree of freedom for optimising the ship towards the desired performance. 

 

One of the focus areas in project CHEK has been to develop a platform for ship design which allows 

developing and testing new technologies for improving ship environmental performance. Deltamarin 

develops this Future-proof vessel (FPV) design platform as a combination of various layers or 

dimensions of ship design. The simulations for project CHEK are performed in three different 

modelling generations. The first CHEK vessel related results are generated as “digital prototypes” (first 

model generation), where much of the historical operation is utilised directly as input to the simulations. 

At this stage, some components of the ship energy system are modified, to predict the possible impact 

of the CHEK technologies. The second round of result generation is called “digital master”. For this 

round, new hulls for both vessels are generated, and the entire operation and propulsion profile for the 

cruise ship is also generated digitally, adding historical weather data to the modelling. The final 

simulation round, “Digital twin” includes enhancing the digital models with as much measurement data 

as possible from the CHEK technologies from in-lab measurements or from measurements that were 

provided from real vessel installations. This chapter presents the digital design and simulation results 

of the cruise ship in project CHEK from the final modelling round. The methods for achieving the 

results are explained in Chapter 3. 

 

2.1. Introduction to the ship and technologies 

 

Digital modelling in project CHEK starts with defining an operational profile for the vessel. The profile 

is based on measured data from a selected vessel in the fleet. A typical 7-day Mediterranean voyage of 

a Meraviglia class cruise ship, as shown in Fig.3, serves as basis for simulations. The study is based on 

assuming that the ship performs the same cruise constantly. This is a rather low-speed Mediterranean 

cruise. In reality, the speed profile over a cruise often features more significant variations. 

https://www.projectchek.eu/
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Technology synergy is in focus of project CHEK. Regarding future fuels, there are several potential 

future fuels for cruise ships, such as green LNG or methanol. In the project the fuel explored is pure 

hydrogen, including its impact on the ship energy system. 

 

 

In terms of technologies, the studied selection includes: Hydrogen engine, Air lubrication system, 

Ultrasound antifouling system, Hull design optimisation, Fuel flexible gas engine including over-the-

air software updates, Hybrid energy management, Waste heat recovery with Organic Rankine Cycle 

(ORC) and Waste to power. Also, automated vessel routing/sailing and Cruise itinerary optimisation 

tools have been developed during the project. Most of the studied technologies have already been 

introduced in Melillo et al. (2023). 

 

In addition to the previously presented technologies, the final simulations include 10MWh battery 

capacity and explore preliminarily how gasification of the onboard waste would impact the ship energy 

system. The batteries are integrated in the ship power management system in a way that they would 

aim to keep the ship main machinery in an optimal consumption area by either charging or discharging 

them, within the allowed limits. It is also assumed that the batteries would be charged fully while the 

ship is on shore power. The waste-to-power concept is studied at a feasibility level, as one subtask in 

project CHEK. The waste would be gasified onboard the ship during port stays, producing heat which 

would reduce consumption of oil-fired boilers while the ship is in shore power. Gasification emissions 

to air are not included in the study due to unavailability of emission data for this process. As a final 

“new technology”, a hypothetical scenario was analysed where the ship’s additional heat demand in 

port is provided by an electrical boiler, instead of the traditional oil-fired boiler. 

 

2.2. Achieved energy and emissions reductions  

 

Table I illustrates the variables for simulations. Each simulation includes voyages in 12 months of the 

year. HFO (Heavy fuel oil) and Hydrogen stand for power plant and fuel type selection.  

 

Table I: Simulation variables 

CHEK EEDI 

Phase II Baseline 

HFO The Baseline energy consumption and emissions are defined 

based on the scaling of the clean hull condition simulation  

Normal Fouling 

(11 %) 

HFO / 

Hydrogen 

Vessel with an average 11% resistance increase relative to 

clean hull due to hull fouling, used as the benchmark for actual 

energy savings for the CHEK vessel 

Hasytec Antifouling 

(6 %) 

HFO / 

Hydrogen 

Vessel with an average 6% resistance increase relative to clean 

hull due to Hasytec’s ultrasound antifouling benefit 

  
Fig.3: 7-day voyage historical profile compared to artificially generated speed profile with uniform time 

series 
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Waste to Power HFO / 

Hydrogen 

Gasification in port scenario with medium temperature waste 

heat recovery for ship’s thermal load and ORC units 

1 x HP300 ORC HFO Climeon’s Waste heat to power conversion with one HP300, 

355 kWe unit  

2 x HP300 ORCs Hydrogen Climeon’s Waste heat to power conversion with two HP300, 

355 kWe units  

10 MWh Battery HFO / 

Hydrogen 

10 MWh battery is enabled in the system, including spinning 

reserve and load optimisation functions 

Shore power HFO / 

Hydrogen 

Shore power connection is assumed in all ports of visit 

Air Lubrication HFO / 

Hydrogen 

Silverstream’s air lubrication model is included in the simula-

tion of propulsion power profiles and added compressor loads 

Electric Boiler HFO / 

Hydrogen 

Electrical heaters in ports enabled 

 

The results regarding both fuel energy consumption and CO2 emission production are shown in Fig.4. 

The illustration is made based on simulations run with different combinations of technologies so that 

at each step one additional change is made and the system always finds a new balance. 

 

 

For the cruise ship the “EEDI phase 2 scaling” is significant. We can observe that on CHEK metrics 

this scaling alone gives 25.5% benefit for the CHEK “baseline” vessel, compared to the “CHEK EEDI2 

baseline”; in other words, the baseline Meraviglia class vessel was already significantly more efficient 

by design compared to EEDI phase 2 requirements. The pure energy saving with “CHEK technologies” 

is around 30% in energy consumption, compared to sailing Meraviglia class sized ship. With the studied 

operational profile, over half of the ship’s energy demand is for hotel and auxiliary machinery 

consumers. Many of the CHEK technologies, such as air lubrication or waste heat recovery with ORCs 

provide savings when the ship is operating at sea and the absolute saving potential grows with the ship 

speed. Since the simulated ship operational profile in the Mediterranean includes very moderate 

operational speeds, these technologies do not represent in these results their full potential. Additionally, 

these technologies are adapted to each unique ship design and operational profile, as such achieved 

savings from one ship cannot directly be extrapolated to another ship without careful consideration. 

Nevertheless, the focus of project CHEK is not to find typical energy savings of single technologies 

but to examine the entire system, where various technologies all contribute to the ultimate goal.  

 

  
Fig.4: Effect of different combinations of technologies on energy demand and emissions 
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One can also observe interesting interactions between different technologies. Especially, introduction 

of shore power introduces certain changes in the ship energy system. The ship boiler consumption is 

considerably lifted with the shore power scenario. On the other hand, shore power enables even further 

fuel energy saving and decarbonisation, albeit at a high cost for the operator, if batteries are introduced 

to the ship, since they can be charged fully onshore. 

 

Nevertheless, the most exciting synergies in the cruise ship case are found when introducing hydrogen 

fuelled engines in the ship energy system. As the results show, the hydrogen engines alone cause a 

certain amount of energy consumption reduction onboard. The reasons for these were partially 

improved power plant efficiency due to chosen power management logic and engine expected 

performance. Also, part of the savings is due to less boiler utilisation onboard, since hydrogen as clean 

fuel does not require certain heat consumers, which are required with HFO as fuel. Hydrogen fuel also 

enables more energy savings with heat recovery with ORCs. 

 

In addition to operational simulations, life cycle assessment (LCA) is performed for the ship. The main 

results are illustrated in Fig.5. The CHEK combo includes all earlier mentioned technologies working 

in synergy. The CHEK technology combo already considerably reduces fuel consumption and, thus, 

emissions. When considering hydrogen fuel, assuming sustainable production from renewable sources, 

the total life cycle impact gets close to net-zero for the cruise ship. 

 

  

3. Digital design tools 

 

3.1. Introduction to the future-proof vessel design platform 

 

As stated earlier, ship decarbonisation is a combination of efficient operation, good design and technical 

improvements and also low carbon fuels. The operational profile is, thus, a leading driver and an 

integral part of the decarbonisation. To incorporate all this efficiently in ship design, new processes to 

support the traditional ship design process are necessary. 

 

The future-proof vessel (FPV) design platform is a developing entity that aims to produce ship designs 

with low emissions. We can identify several dimensions which should be considered in the FPV design 

platform. One is the physical ship hull and volume dimension, which is the typical work performed for 

 
Fig.5: The main results of the CHEK cruise ship LCA 
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dimensioning the vessel correctly and is required for compiling the ship specification and other 

documents for ship building. This layer is named DeltaWay. In project CHEK, majority of the work 

includes analysing the technology impact mainly on the energy flow level. Generating a hull, which 

serves as basis for the propulsion analysis, represents the DeltaWay layer in the project. Another 

dimension is the ship external forces, which are not documented in ship design materials but impact the 

ship operation. This layer is named DeltaSeas. A third dimension is the ship functional dimension 

focusing on energy system interactions and energy conversions, named DeltaKey. 

Fig.6 provides a more detailed view to variables relevant for the propulsion profile (DeltaSeas) 

modelling and energy model (DeltaKey). DeltaKey provides as output the project key performance 

indicators.  

 

 

3.2. DeltaSeas – propulsion profile model 

 

The purpose of DeltaSeas is to collect as much relevant information as possible regarding ship 

operation. Typically, and in its simplest form, DeltaSeas would include a speed profile for the ship. 

Secondly, the weather and other margins are typically added on top of the propulsion power in form of 

a fixed “sea margin.” 

 

Nevertheless, for the CHEK vessel this is not a satisfactory approach. Instead, for the ship routing, a 

set of geographical coordinates is generated with navigational routing software Wartsila FOS coupled 

with an interpolation algorithm. The seasonal weather variation is covered by assuming that the ship 

sails along each of the routes 12 times, starting on the first day of each month. Based on the vessel's 

position and assumed time the wind and wave parameters are gathered from the weather database. The 

structure for the data extraction algorithm, utilised in the entire cruise ship study, is shown in Fig.7.  

 

The main databases used in the project are provided by the European Commission initiative called 

Copernicus, https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_WAV_00

1_027/description, https://sextant.ifremer.fr/eng/Data/Catalogue#/metadata/a0e1104c-3fd3-4f81-9fcc-

de00b756bd38. This initiative aggregates data provided by European meteorological institutes. 

 

 
Fig.6: DeltaSeas and DeltaKey 

https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_WAV_001_027/description
https://data.marine.copernicus.eu/product/GLOBAL_ANALYSISFORECAST_WAV_001_027/description
https://sextant.ifremer.fr/eng/Data/Catalogue#/metadata/a0e1104c-3fd3-4f81-9fcc-de00b756bd38
https://sextant.ifremer.fr/eng/Data/Catalogue#/metadata/a0e1104c-3fd3-4f81-9fcc-de00b756bd38
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Fig.7: Algorithm for extraction and processing of data for ship added resistance 

 

3.3. DeltaKey – Energy simulations 

 

DeltaKey is a system level energy model. The inputs for the model include ship fuel types, machinery 

components and the energy requirements. The propulsion power is an input from DeltaSeas. The model 

is coded by Deltamarin and further developed in project CHEK on top of Matlab and Simulink tools. 

DeltaKey has been presented also in the CHEK bulk carrier intermediate result study earlier, Sandberg 

et al. (2023). 

 

In project CHEK the focus is in implementing the CHEK technologies in the ship energy system. Some 

of the technologies are considered in the DeltaSeas code, but for instance ALS is considered both in 

DeltaSeas (reduced ship hull resistance) and in DeltaKey (the electricity demand). For the ORCs an 

entire logic for how several units would be implemented in a ship was developed during the project. 

DeltaKey, being fully developed and coded by Deltamarin, can be developed to also include external 

simulation models within.  

 

Fig.8 illustrates the overall logic in the modelling regarding ship energy consumption and machinery 

utilisation for the Diesel-Electric system case, where addition of shore power, battery and ORC models 

are included.  
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3.4. Life cycle assessment (LCA) 

 

A new addition to FPV design platform is the life cycle assessment layer, developed fully in project 

CHEK. The scope of LCA in CHEK is illustrated in Fig.9. 

 

 
Fig.9: Life cycle analysis scope in project CHEK Fig.9: Life cycle analysis scope in project CHEK 
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Fig.8: DeltaKey principal illustration of the logic in calculation 



 332 

The focus area is emissions to air from ship construction, operation, maintenance and end-of-life stages, 

considering the material and fuel pathways. The operational stage fuel consumption is a direct input 

from DeltaKey results, but regarding the other stages, the input is collected based on extensive literature 

research. 

 

The digital design tools regarding ship physical dimensions and the ones for modelling operational fuel 

consumption, when utilised in the LCA form a “design based LCA” for the ship, which brings 

additional perspective in the ship or fleet strategic development. Fig.5 illustrates clearly that in the 

future, if majority of the ships would operate with sustainable fuels, the role of other processes than 

ship operation are lifted in focus regarding ship life time impact. Fig.10 illustrates how the digital design 

dimensions can be connected to form the design stage LCA. 

 

 

4. Operational optimisation 

 

4.1. Itinerary planning digitalisation 

 

Cruise itineraries are typically set and marketed up to a year or two before they are operated. Itinerary 

optimisation can have a significant impact on environmental performance of the cruise operations. 

Decisions around port selection, timing and sequence must consider many interdependent and complex 

inputs to solve for optimal outcomes. Melillo et al. (2014) describe a cruise itinerary optimisation tool 

pilot developed and tested for one Meraviglia class vessel and 17 ports in West Mediterranean area. 

The tool represents the passage from manual to digital itinerary planning and is used as decision support 

system for the cruise itinerary planning process given the possibilities of planning, simulating, 

evaluating and performing several scenario analyses. 

 

The tool consists of four main components: the Main Database, the Main Logic Module (Backend), the 

User Interface and the Solver. The system runs on four different operating modes in terms of degrees 

 
Fig.10: FPV design platform “dimensions” including design based LCA 
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of freedom provided by the user (optimisation of timings; optimisation of timings and sequence; 

optimisation of ports, timings and sequence; optimisation of some ports, timings and sequence). 

 

Depending on the selected objective function(s) (e.g. maximisation of profit, minimisation of emissions 

or both), it provides as output one optimal solution or a set of efficient solutions.  

 

The system architecture includes a stand-alone database that collects all the needed real data from the 

company systems for allowing the optimisation process to run, Fig.11. The tool is capable of aggregat-

ing data from different sources and different origins, considering fuel efficiency, revenue, as well as 

navigational or technical constraints and other itinerary related aspects. 

 

 
Fig.11: Cruise itinerary optimisation tool high-level design 

 

The user interface comprises several layers - some of which are presented below - that allow the 

operators to select the best possible itineraries: 

 

1. Planning: for creating the scenario to evaluate, entering the main information, and selecting the 

optimisation mode;  

2. Revenue: comprises the touristic attractiveness of each port and the maximum embarkation/ 

disembarkation percentage for each port 

3. Port Charges: includes the costs for each port depending on the duration of the stopover.  

4. Technical layer: includes data such as “Manoeuvring” and “Ship characteristics” – including 

the ship model to calculate the fuel consumption; 

5. Energy Efficiency: comprises the “Environmental Indexes" parameters, etc. 

6. Results: the output of the tool might be, depending on the different modalities explained in 

Melillo et al. (2023,2024), one optimal solution or a set of efficient solutions. Displayed output 

for each possible solution includes the main characteristics of the itinerary (i.e., ports, days, 

timings, stop duration), the suggested speed of sailing between each couple of ports, the level 

of touristic attractiveness and the economic performances, the fuel consumption, the 

environmental performance with all the defined indices and their values, the active hours at sea 

and in port. Several case study results showed that, by running the cruise itinerary optimisation 

tool can be obtained itineraries with improved CII, from rating D to B, reaching fuel savings 

up to 10%. The results of previous study also revealed the weaknesses in CII framework as a 

driver of absolute emission reductions for the cruise industry, since the best fuel saving itinerary 

is not always leading to the best CII performance.  
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The cruise itinerary optimisation tool has been developed to TRL4 during CHEK time frame and is 

being further expanded by including other elements relevant to the itinerary decisional process, 

enabling scalability and replicability towards all cruise vessels, other ports, basins, etc. The possibility 

of obtaining different itineraries for different ships with the addition of new constraints, such as, for 

example, visiting the same port in a limited number of itineraries and the deployment of the best ship 

given a certain itinerary represent key elements in the future operational development. 

 

4.2. In-service performance monitoring and optimisation 

 

4.2.1. Introduction 

 

During actual operation, a system for high frequency data collection and analysis is crucial towards 

achieving savings in fuel and emissions. Such a system can be used to understand operational patterns 

and identify areas for improvement, provide suggestions to the ship’s command to utilise their resources 

in an optimal way, enable smart data-driven decisions regarding the scheduling of interventions, and 

monitor the effectiveness of interventions thereafter. In addition, it acts as a feedback loop for 

development purposes and decision making for the future fleet, as showcased for instance in the CHEK 

design. 

 

Some quantities of interest, for cruise ships in particular, would be the following: 

 

• Ship’s position, speed; 

• Displacement, trim, stabiliser fin status; 

• Engine configuration in use and produced power; 

• Fuel flows to the diesel generators and the auxiliary boilers; 

• Propulsion motors power and rpm; 

• Electric power consumption of main transformers; 

• Electric power consumption of major equipment (eg. air conditioning compressors, galleys, air 

handling units (AHU), laundry, engine room ventilation, large pumps); 

• Fresh water production and consumption, running status of evaporators and reverse osmosis 

plants. 

 

Indicative applications of such a performance system to enable more efficient and sustainable cruise 

ship operations are presented in this subchapter. 

 

4.2.2. Propulsion power 

 

A typical application, common for all merchant vessels, is the monitoring of propulsive performance, 

essentially of the ship’s speed – power curve against a reference condition (e.g. model test conditions 

with weather corrections). This enables the operator to select the most effective coatings, detect fouling 

and optimise the cleaning operations for the hull and the propellers. 

 

 
Fig.12: Meraviglia class vessel hull performance history 
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Fig.12 illustrates the hull performance history of a Meraviglia class ship, showcasing the effect of the 

development of light fouling on the propulsion power over approximately one year, which is then 

mitigated after a hull cleaning operation. 

 

4.2.3. Non-propulsive (electrical / thermal) loads 

 

Controlling non-propulsive loads on a cruise ship is of comparable importance to controlling the 

condition of the hull and the propellers. This can be based on parameters received through the 

performance system regarding the running status and power consumption of major equipment, as well 

as through the total power demand of groups of equipment supplied by the same transformer. 

 

An example of the latter is shown in Fig.13, where a timeseries of the “measured” total non-propulsive 

electric load (calculated as the sum of relevant transformers’ power) is plotted against a “predicted” 

load timeseries. 

 

 
Fig.13: Measured versus predicted electric loads (Meraviglia class vessel over one month) 

 

In this top-down approach, the measured load consists of four major components: 

 

• Accommodation transformers’ power, affected mainly by the local time, the voyage phase (at 

sea or in port) and the ambient conditions. 

• Galley transformers’ power, affected mainly by the local time. 

• Air conditioning compressors power, affected mainly by the ambient conditions and the load 

of the compressors. 

• Engine room transformers’ power, affected mainly by the voyage phase (at sea or in port), the 

speed, the use of scrubbers and the ambient conditions. 

 

‘Digital twins’ can be developed to simulate the power demand of each of the above categories, which 

summed up provide the total ‘predicted load’. Comparison between the measured and predicted loads 

for each component can provide feedback on the effect of: 

 

• Utilisation of air handling units (AHU) energy saving mode during inactive hours (affects the 

power of accommodation transformers); 

• Energy efficient galley operation (by monitoring the galley load during inactive hours); 

• Energy efficient machinery operation in port (eg. engine room ventilation). 

 

There is significant value in sharing the related analytics with ship users, as well as setting up related 

alerts, in order to provide real-time support in the decision making of the ship’s command. Examples 

include: 
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• Suggestion to retract the fin stabilisers if the fin angle is close to zero for a period of time; 

• Suggestion to turn off an air conditioning compressor when the output power demand can 

be met with less compressors in use at higher load; 

• Suggestion to turn off evaporator when oil fired boiler is in use, and turn on evaporator 

when there is steam excess from the exhaust gas boilers. 

 

4.2.4. Power plant utilisation and efficiency 

 

The diesel electric power systems typically present on cruise ships provides provide flexibility in 

operation and therefore significant opportunities for optimisation. One dimension here is the utilisation 

of the best possible engine combination (i.e. the one that optimises auxiliary loads, specific fuel oil 

consumption and emissions, including – if applicable – methane slip) for a given total power output. 

This can be calculated in real time based on the measured power production demand, providing advice 

to the ship’s command in cases where a more efficient engine configuration is available to cover their 

given load, Fig.14. 

 

 
Fig.14: Real-time actual versus optimal engine configuration example for Meraviglia class vessel 

For analytics purposes, the engine configurations can also be studied over a period of time, Fig.15. 

 

 
Fig.15: Engine configuration check over one month 

 

A second dimension, which is unique to cruise ships and perhaps more interesting, is the optimisation 

of engine configuration on a voyage basis and in conjunction with the speed profile. In order to 

minimise fuel consumption and emissions over a given sea passage with fixed departure and arrival 

times, the optimal strategy usually involves changing the engine configuration and the ship’s speed 

during the passage, rather than maintaining as much as possible the average speed. An example for a 

Meraviglia class vessel is presented in Table II, showing how a notable 7% fuel saving can be achieved 

by starting the passage at a speed higher than required and then slowing down, while always 

maintaining the engines close to their optimal load, which in this case is around 85%. 
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Table II: Comparison of fuel consumption over a sea passage with and without engine load optimisation 

– Meraviglia class vessel, 13 hours of navigation, required speed 20.7 kn 

 
Maintaining the 

average speed 

Performing speed / engine load 

optimisation 

Average speed (kn) 20.7 20.7 

Operational speed (kn) 20.7 22.0 20.0 

Time (hrs) 13.0 4.7 8.3 

Propulsion power (MWe) 36 43 32 

Hotel/service power (MWe) 11 11 11 

Total power production (MWe) 47 54 43 

Diesel Generator configuration 2x16V+2x12V 2x16V+2x12V 2x16V+1x12V 

Diesel Generator load (%) 72% 83% 85% 

Diesel Engine SFOC (g/kWh on MGO) 193 181 178 

Fuel consumption (tonnes of MGO) 121 47 65 

Total fuel consumption for the sea 

passage (tonnes of MGO) 
121 112 

 

A decision support system including a digital twin of the vessel, which can also be calibrated in real 

time based on current hull performance and non-propulsive load requirements, can assist the ship’s 

command to plan each leg in an optimal way. In addition, the collected data on the actual performance 

can be used for post-voyage analysis to identify areas for improvement and training. 

 

Finally, monitoring the specific fuel/energy consumption of each engine provides valuable insight on 

their condition and enables condition-based maintenance. The monitoring system is again set up as an 

actual versus baseline comparison, where the baseline can be built from the engine’s specifications/shop 

trials, with the necessary corrections for fuel type in use and the effect of ambient conditions. An 

example for a Meraviglia class vessel is provided in Fig.16 below. 

 

 
Fig.16: Deviation from SFOC baseline (Meraviglia class, one Diesel engine over one month) 

 

5. Conclusions 

 

The cruise industry is on a pathway to net-zero, along with the broader shipping industry and in 

accordance with environmental regulations. 

 

Integrating energy efficient technologies into ship design is an important aspect of decarbonisation. It 

is essential to recognise that the technologies and ship design form an entity where most of the processes 

have cross connections. Also, the ship operations, such as operational speed have huge influence in the 

functioning of some of the technologies. Therefore, starting from the conceptual design stage, the ship’s 

energy system should be developed by analysing the ship and her systems on realistic operational 

profile.  
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When introducing new fuels, several factors are considered in the ship design. In CHEK, the focus is 

on examining the potential interactions that the pure hydrogen could bring to the ship energy system. 

The simulation results reveal further energy savings on top of the energy saving technologies, due to 

new synergies in the ship energy system. 

 

From an operational perspective, it is crucial to plan the itineraries in a sustainable way, aiming for fuel 

efficient operations with low environmental impact, while taking into account commercial and 

technical constraints. Another dimension is the collection and analysis of data during operation through 

a dedicated decision support system, that enhances optimal use of resources in real time, as well as 

improvement of the scheduling of interventions and assessment of their effectiveness. The presented 

tools for operational optimisation and the relevant examples indicate the high potential for fuel and 

emission savings by optimally planning and executing the operation of a given ship design. 
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Machinery Design Considerations of Future Fuel Cell Powered Vessels 
 

Kenneth Goh, Knud E. Hansen, Perth/Australia, KEG@knudehansen.com 

 

Abstract 

 

As the world transitions to renewables and hydrogen economy, fuel cells will be a crucial part of 

enabling eco-friendly grid power and transportation. Fuel cells present a radical departure in 

propulsion and power generation systems compared to the standard 2-stroke engine directly coupled 

to the propeller used currently to propel over 95% of the global merchant fleet. The design of a 

merchant vessel is largely dictated by the installation requirements of the large 2-stroke engine. The 

study presented here examines in detail the differences between the propulsion components between a 

fuel cell and 2-stroke powered vessel and the machinery support systems. The changes required to the 

engine room and opportunities for redesign of the vessels arrangement with fuel cell propulsion has 

also been explored. 

 

1. Introduction  

 
The move towards viable fossil fuel alternative fuels presents many challenges for the shipping industry. 

Propulsion equipment suppliers must contend with fuels that are more difficult to make, are less energy 

dense, have more challenging combustion properties and difficult storage requirements. For ship 

designers, these alternative fuels require vessels to devote more space for fuel storage but also presents 

opportunities for vessel arrangements to be optimised around new types of propulsion machinery. 

 

Knud E. Hansen identified liquid hydrogen (LH2) as the preferred future fuel, due to its better well-to-

tank efficiency i.e., the energy needed to make the fuel, as shown in Fig.1. 

 

 
Fig.1: Well-to-tank efficiency & estimated cost of future marine fuels 

 

As the paper explains, the advantage of hydrogen fuel comes from its very high energy per mass density, 

which is and six times better than either Methanol or Ammonia and nearly three times better than even 

fossil fuels. So even if it takes four times the energy to make hydrogen per kilogram compared to 

methanol or ammonia per kilogram, the well-to-tank efficiency of hydrogen is still higher. 

 

The other fundamental reason why the well-to-tank efficiency of hydrogen fuel is better than green fuel 

alternatives, is that in order to make methanol or ammonia, you first need to have hydrogen as feed 

stock as can be seen in Fig.2. 

 

The term ‘green fuel’ denotes the process of the fuel being produced purely using renewable energy 

such as wind, solar and hydro. The scaling of such renewable energy sources and the electrolysers need 

to produce the green fuels presents considerable challenges which are outside the scope of this study. 

Regardless of whether what green fuel is chosen in the future the electrolyser remains the key enabling 

technology. 

 

There are two main motivations for using methanol and ammonia as future green fuels. The first is that 

both these fuels are easier to storage and transport, being liquids at or near room temperatures and 

ALTERATIVE FUELS

▸ Large variation in cost predictions

▸ MeOH & NH3 = half energy density

▸ H2 = 3x energy density

▸ MeOH & NH3 need H2 feedstock

▸ Energy ratio is key to future costs

ALTERNATIVE FUELS & POWER ARCHITECTURES

Fuel
Energy density

(MJ/kg)
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(MJ/kg)
Well-to-Tank

Efficiency
2030 Cost 

(USD per ton)
2030 Cost 

(USD per GJ)

Diesel 43 54 (Heat) 80 % 500 - 1,000 12 - 23

Green Methanol  (MeOH) 20 39 (Elec.) 50 % 700 - 1,200 35 - 60

Green Ammonia  (NH3) 19 43 (Elec.) 45 % 1,000 - 1,500 53 - 79

Green 500 bar Hydrogen  (500bar H2) 120 170 (Elec.) 70 % 2,250 - 4,500 19 - 38

Green Liquid Hydrogen  (LH2) 120 185 (Elec.) 65 % 2,500 - 5,000 21 - 42
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atmospheric pressure as can be seen in Fig.3. The other reason is that existing main machinery, such 2-

stroke and 4-stroke diesel-cycle Internal Combustion Engines (ICE) can be used with relatively minor 

modifications to engine fuel and control systems. 

 

 
Fig.2: Well-to-tank processes for green fuels 

 

 
Fig.3: Fuel storage requirements 

 

While uses of green fuels will save considerable greenhouse gases from being emitted into the 

environment, the use of these fuels in ICEs still requires about 5% of diesel fuel to be injected into the 

cylinder as pilot fuel in order to start the methanol or ammonia combustion process. Such ‘green’ 

vessels will therefore still need to carry much of the same fuel handling and processing equipment. 

 

We also explored the use of hydrogen fuelled Proton Exchange Membrane Fuel Cells (PEMFCs) as an 

alternative propulsion system to the standard 2-stroke and 4-stroke ICEs currently powering all of the 

global merchant fleet, Fig.4. The PEMFC’s generate electricity which is then used to power the vessel 

via electrical drives and motors as shown in Fig.5. This is a radical change that significantly improves 

the tank-to-wake efficiency and also reduce the auxiliary machinery systems required to support 

propulsion system, thereby reducing the vessel’s power and maintenance requirements. 
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Green Liquid Hydrogen  (LH2) 120 185 (Elec.) 65 % 2,500 - 5,000 21 - 42

FUEL STORAGE

ALTERNATIVE FUELS & POWER ARCHITECTURES

Fuel
Storage Temp.

(℃)
Storage Pressure

(bar)
Tank fuel space 

ratio Challenges Tank type

Fuel Oil  (HFO) 50 - 60 1 1 Heat Integral, coated

Liquified Natural Gas  (LNG) -169 1 3 - 4 Boil-off Pressure, membrane

Green Methanol  (MeOH) 5 - 40 1 2 - 3 Corrosive, gas
Stainless steel, 

cofferdams

Green Ammonia  (NH3) -33 1 3 - 4 Toxic gas, boil-off
Stainless steel, 

cofferdams, insulated

Green 500 bar Hydrogen  (500bar H2) 5 - 40 500 15 - 20 HP, explosive
Unitary carbon fibre 

wrapped

Green Liquified Hydrogen  (LH2) -253 1 5 - 10 Boil-off, explosive
Unitary pressurised, 
membrane vacuum
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Fig.4: Typical merchant vessel ICE electrical & propulsion system 

 

 
Fig.5: Proposed merchant vessel PEMFC electrical & propulsion system 

 

2. Empirical Design Study  

 

The study vessel is a Handymax bulk carrier, chosen for its ubiquitous utilisation, making up nearly a 

third of the vessels in the global bulk carrier merchant fleet. The principal particulars of a typical 

Handymax vessel are shown in Fig.6. 

 

 
Fig.6: Typical Handymax bulk carrier 
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Initially empirical data and formulas are used estimate the machinery space and fuel storage 

requirements of the alternative fuel and propulsion vessels. The estimations of machinery and fuel space 

requirements were translated into basic two-dimensional vessel arrangements to get a visual 

representation and comparison of various alternative fuels and propulsion systems. These arrangements 

can be seen in Fig.7 with the following colour code - yellow cargo space, orange machinery space, red 

fuel bunker, crimson tank insulation, purple main machinery, green electrical equipment, blue fuel 

cells, black propulsion. 

 

 

 
Fig.7: Engine room & fuel storage arrangements for alternative fuels & propulsion systems  

 

 
Fig.8: 2030 building costs for alternative fuels & propulsion system vessels 
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From this basic analysis, the vessel size and cost is estimated using regression formulas. This is 

combined with industry estimates for the 2030 costs of green fuel processing equipment and fuel storage 

tanks. The building cost for the various green fuel and propulsion options is shown in Fig.8. 

 

A hypothetical vessel trade of shipping grain between New York and Rotterdam was calculated using 

industry estimates for green fuel costs. This enabled the vessel annual operating cost to be estimated 

with vessel financing and CO2 tax included. The resulting operating costs are shown in Figure 9. 

 

 
Fig.9: 2030 operating costs for alternative fuels & propulsion system vessels 

 

3. Concept Design Study  

 

The initial empirical design study indicates that a liquid hydrogen powered vessel using PEMFC and 

electric propulsion ultimately has the lowest operating costs and will be competitive with traditional 

fossil fuel ICE powered vessels when a CO2 tax of more than 200 USD per ton of CO2 is reached. 

 

This vessel option was therefore selected for further development into a concept design study to verify 

the findings and refine the accuracy of the empirical design study. In the concept design study a more 

detailed investigation into the engine room design of the vessel is undertaken and considers the 

following requirements of electrical power and propulsion machinery and systems in the engine room. 

 

1. Cooling 

2. Heating 

3. Compressed air 

4. Electrical power  

5. Exhaust 

6. Other waste products 

7. Weight 

8. Space  

 

3.1. Cooling 

 

Much of the equipment in the engine room will give of heat due to efficiency losses. Some of this heat 

is rejected to the air in engine room such as an electric motor for a pump, while other high power 
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equipment such as generators, engines and even shaft bearings and large electrical motors and drives 

will require water cooling. It is normal for an ICEs cooling system to reject about half as much energy 

of the actual engine power produced as heat.  

 

Large vessels such as merchant ships will use a central freshwater cooling system which will then 

transfer the heat to the sea through a heat exchanger. Heat rejected to the air will need to be removed 

mechanically by fan forced ventilation. The machinery cooling requirements for the LH2 fuelled 

PEMFC vessel is compared to a standard fossil fuel ICE powered vessel. 

 

3.2. Heating 

 

Some of the equipment in the engine room will require heating to operate correctly. For example, the 

bunker and service tanks of a vessel using Heavy Fuel Oil (HFO) needs to be heated to maintain its 

fluidity and enable the fuel to the pumped, purified and injected into ICEs. This heat is normally 

provided by either steam or thermal oil systems which need to be heated by either a dedicated fuel 

burning boiler / fluid heater or an economiser which is a boiler or fluid heater which is heated by the 

exhaust of the main engine. The machinery heating requirements for the LH2 fuelled PEMFC vessel 

are negligible compared to a standard fossil fuel ICE powered vessel. 

 

3.3. Compressed Air 

 

The large internal combustion engines of a standard fossil fuel powered vessel are usually started using 

compressed air at relatively high 30 bar pressure, which is about four times higher than the 8 bar air 

pressure used for air tools and other control processes on the vessel. There is no requirement for starting 

air for the LH2 fuelled PEMFC vessel and other compressed air requirements for process control are 

also significantly reduced compared to a standard fossil fuel ICE powered vessel. 

 

3.4. Electrical Power 

 

The electrical power needed in the engine room is largely dependent on the cooling requirements of the 

machinery. For example, a less efficient power generation and propulsion system will have more heat 

to be rejected by the vessels cooling systems which in turn requires higher pumping and ventilation 

flow rates which in turn demands a higher electrical load. Higher compressed air requirements will also 

require more electrical power for running the air compressors. 

 

Vessel Type Machinery Electrical Power 

HFO fuel & ICE propulsion 463 kWe 

LH2 fuel & PEMFC propulsion 109 kWe 
Fig.10: Electrical power requirements for machinery systems 

 

3.5. Exhaust from ICEs 

 

Chemical processes such as the fuel combustion inside an engine produces tremendous amounts of 

exhaust gases with all manner of undesirable by-products, such as CO2 which has high global warming 

potential and nitrous oxides (NOx) and sulphur oxides (SOx) that can form acidic rain when emitted 

into the Earth’s atmosphere.  It is increasingly common to install exhaust processing equipment such 

as NOx reducing Selective Catalytic Reaction (SCR) reactors and SOx reducing scrubbers.  

 

Apart from placing additional demands on the vessels electrical load, such equipment is large and 

mounted high up in the funnel and negatively impacts on the vessel’s stability and available space. 

Additional toxic or highly corrosive consumables such as urea, ammonia and sodium hydroxide are 

also required for these emission control systems. 
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3.6. Exhaust from PEMFCs 

 

The only emission produced by an LH2 fuelled PEMFC vessel is water vapour. For example, an 800 

kWe PEMFC will produce about 320 kg of water vapour per hour at full power. Fresh water is a useful 

commodity on board any ship, being used for domestic purposes such as cooking, laundry, cleaning, 

personal hygiene as well as being consumed. It is also used in many machinery processes, such as fuel 

purification, steam generator feed water, machinery washing, fire-fighting water-mist systems, tank 

cleaning, flushing of seawater piping systems.  

 

By capturing the water from the PEMFC emissions, additional electrical and heat energy is not needed 

to produce fresh water on board, typically through a vacuum evaporator or reverse osmosis. This is 

particularly relevant for passenger cruise vessels which have a high number of people on board each 

requiring about 300 litres of fresh water per day to meet all requirements.  

 

For a Handymax bulk carrier with typically a crew of 20 persons, the amount for fresh water produced 

by a PEMFC could be up to 50 tons per day sailing. This far outweighs the requirement of 6 tons fresh 

water per day and opens the possibility to use more freshwater, instead of seawater for such things as 

cleaning and ballast water. This would lead to reduced corrosion, maintenance and painting saving both 

time and money for ship owners. 

 

3.7. Other Waste Products 

 

The processes of fuel oil and lube oil purification for necessary in support of ICEs creates sludge that 

needs to be collected and stored for discharge to shore facilities at considerable expense. As discussed 

above, the exhaust cleaning process is necessary to remove harmful gas emissions from the ICE exhaust, 

but this will also create toxic sludge that needs to be stored on board the vessel for shore discharge. 

  

3.8. Equipment Weight 

 

The weight of the power generation, propulsion machinery and any supporting systems and equipment 

was tallied for the standard HFO fuel ICE powered vessel and the LH2 fuelled PEMFC powered vessel 

for comparison and shown in Fig.11. Weight included estimations for piping, valves and electric cabling 

to provide a total system weight. 

 

Vessel Type Machinery Weight 

HFO fuel & ICE propulsion 781 tons 

LH2 fuel & PEMFC propulsion 572 tons 
Fig.11: Weight of machinery systems 

 

3.9. Equipment Space 

 

The space requirements for the power generation, propulsion machinery and any supporting systems 

and equipment was tallied for the standard HFO fuel ICE powered vessel and the LH2 fuelled PEMFC 

powered vessel for comparison and shown in Fig.12. Access space for the equipment was also included 

to give a more realistic measurement of the space needed. Where equipment height exceeded 2.5 m, the 

same footprint area was added for every 2.5 m of equipment height. For example, the main engine has 

a base footprint of 30 m2 and is 10 m in height, so therefore four additional 30 m2 areas was added 

making the total footprint 150 m2.  

 

Vessel Type Machinery Space 

HFO fuel & ICE propulsion 586 m2 

LH2 fuel & PEMFC propulsion 402 m2 
Fig.12: Space requirements of machinery systems 
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3.10. Detailed Machinery Arrangements  

 

The main purpose of machinery arrangements shown in Fig.7 is to give an understanding of the relative 

size of the main equipment and their logical location relative to each other in a two-dimensional 

mapping for comparative purposes. There are many ways to arrange engine rooms and fuel tanks and 

the model cannot be expected to encompass all possible design solutions. 

 

For the concept design study all the main machinery and supporting equipment was arranged into a 

typical Handymax bulk carrier engine room space to further check the viability of using a PEMFC 

propulsion system for a merchant vessel. A typical arrangement for a standard fuel oil vessel with ICEs 

for propulsion and power generation was also generated as a check and for comparative purposes. 

 

The standard HFO vessel with 2-stroke engine main propulsion and 4-stroke engine power generation 

also employs a high-pressure SCR for control of NOx emissions and a scrubber for control of SOx 

emissions. The aim was to try and make the fossil fuel vessel as environmentally friendly as the liquid 

hydrogen and fuel cell powered vessel despite the obvious CO2 emissions. A CO2 capture system was 

not implemented, since the maturity of such technology has not yet been adequately demonstrated. 

Therefore, the CO2 can only be offset by the CO2 tax in the vessel operating costs. 

 

Two battery banks totally 2500 kWh was also added to the PEMFC vessel to allow liquid hydrogen 

boil-off from the two 1000 m3 LH2 tanks to be consumed by the fuel cells for battery charging when 

vessel power demand is low. The battery banks serve as both an electrical energy cache and to reduce 

peak power demands. 

 

4. Conclusions 

 

A review of the previous study by the author identifies that liquid hydrogen can be made more 

efficiently than other green fuels proposed such as methanol and ammonia. 

 
An initial design study using empirical formulas for vessel space and cost enabled the evaluation of a 

multiple vessel options with different green fuels and propulsion machinery including conventional 

internal combustion engines propulsion and fuel cells with electric propulsion.  

 

The result of the initial study is that the vessel with liquid hydrogen fuel and PEM fuel cells had the 

lowest overall operating cost despite the slightly higher building cost. This vessel was selected for a 

more detailed design process to verify the findings of the initial study and arrive at a valid concept 

design for the machinery space. 

 

Various machinery parameters and capabilities were assessed in the concept design including cooling, 

heating, exhaust, waste products, electrical power, weight and space requirements and compared for the 

fuel cell vessel against a typical current Handymax bulk carrier. The study found that the fuel cell vessel 

was feasible to arrange in the current vessel based on the reduced weight and space requirements when 

compared to a standard vessel. 

 

Furthermore, the electrical power requirements of the fuel cell vessel was about a quarter when 

compared to a green but conventional fuelled and powered vessel. 

 

5. Future Studies  

 

Due to the much lower maintenance demands, a future study will examine the potential for hydrogen 

powered fuel cell vessels to operate with either reduced engineering crew or as an unmanned vessel. 

 

The study will further explore the technology and options for liquid hydrogen storage and gasification. 

The possibility of using the cold energy in the LH2 will be investigated to reduce air conditioning loads 

or even the equipment cooling loads. 
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Fig.13: Detailed machinery arrangements, left: HFO fuel ICE, right: LH2 fuel PEMFC  
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