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Abstract  

This final thesis is intended to be a useful tool for society and to be a relevant advancement in 

the ambit of naval propulsion, as well as in the fight against the environmental consequences 

caused by human activity.  

Merchant ships are sources of emissions of tons of CO2, SOX, NOX and other pollutants. The 

main purpose of the thesis is to investigate ways to reduce these emissions by using wind 

power, thereby reducing fossil fuels consumption. 

The thesis is innovative as it approaches this purpose from three different perspectives: 

1. It is a compilation of the existing wind power technologies for the propulsion of 

merchant ships, such as Flettner rotors or wingsails, among others. A study of each 

technology has been carried out, regarding their physical principles, their operation, 

their adaptation and installation aboard vessels and the energy benefits they bring. 

The thesis may be considered, in part, as an encyclopedia of modern and innovative 

wind power technologies for naval propulsion.  

2. The mathematical equations presented and the concepts explained are applied in a 

more practical way, putting the main technologies through their paces in an analysis of 

a real case. 

3. A new system for the propulsion of merchant vessels is proposed, conceived from the 

study of the existing technologies and from own ideas. 

Information on the state of the art of each technology has also been compiled and analysed, in 

order to evaluate the viability of each system and its current level of development.  

To elaborate this thesis with the highest technical rigor possible, information from technical 

articles of classification societies and manufacturers, academic textbooks, international 

regulations, etc. has been verified and contrasted. Furthermore, to obtain and contrast 

information, a meeting with the CTO from the wingsails company Bound4Blue was arranged.  

This thesis is expected to boost maritime transport’s contribution to the global challenge of 

achieving a more sustainable technological development. 
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Resum 

Aquest treball de fi de grau pretén ser una eina útil per a la societat, representant un avenç en 

l’àmbit de la propulsió naval i en la lluita contra les conseqüències mediambientals propiciades 

per l’activitat humana.  

Els vaixells mercants són fonts d’emissions de tones de CO2, SOX, NOX i altres contaminants. 

L’objectiu primordial del treball és investigar maneres de reduir aquestes emissions a partir de 

l’aprofitament de l’energia del vent, reduint així el consum de combustibles fòssils.  

El treball és innovador ja que aborda aquest objectiu des de tres vessants diferents: 

1. És un recopilatori de les tecnologies eòliques existents per a la propulsió de vaixells 

mercants , com els rotors Flettner o les veles rígides, entre d’altres. S’estudien els 

principis físics de cada tecnologia, el seu funcionament, la seva adaptació i instal·lació 

als vaixells i el benefici energètic que comporten. El treball pot considerar-se, en part, 

com una enciclopèdia de les tecnologies eòliques més modernes i innovadores per a la 

propulsió naval. 

2. Les equacions matemàtiques presentades i els conceptes explicats s’apliquen d’una 

forma més pràctica, sometent les principals tecnologies a l’anàlisi d’un cas real.  

3. Es proposa un sistema nou per a la propulsió de vaixells mercants, concebut a partir de 

l’estudi de les tecnologies existents i d’idees pròpies.  

També s’ha recopilat i analitzat informació relativa a l’estat de l’art de cada tecnologia, per 

avaluar la viabilitat de cada sistema i el seu nivell de desenvolupament actual.  

Per tal d’elaborar aquest treball amb el màxim rigor tècnic possible, s’ha contrastat informació 

provinent d’articles tècnics de societats de classificació i fabricants, llibres de text acadèmics, 

normativa internacional, etc. A més, per tal d’obtenir i contrastar informació, també s’ha 

realitzat una trobada amb el Director Tècnic de l’empresa constructora de veles rígides 

Bound4Blue.   

D’aquest treball s’espera que serveixi per potenciar la contribució del transport marítim al 

repte global que suposa aconseguir un desenvolupament tecnològic més sostenible.  
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Introduction 

In a climate emergency context, renewable energies are of vital importance and relevance in 

mitigating the consequences of human activity. Shipping moves 90% of the goods globally, and 

the global fleet of merchant vessels is expected to increase significantly in the coming years, so 

the relevance of maritime transport is undeniable. It all indicates that the union of maritime 

transport and renewable energies becomes as promising as necessary. 

With this background, wind power emerges as the most viable and effective renewable energy 

to generate thrust. The concept of wind-assisted propulsion has been proving to be a factual 

and effective solution for years. Furthermore, this concept is still in a developing stage and its 

potential is huge.  

The idea of wind-assisted propulsion is to use wind power to generate thrust with the aim of 

reducing fuel consumption, thus reducing pollutant emissions. The energy of the wind is 

captured by a device, such as a Flettner rotor, wingsail, soft sail or kite, which is able to 

generate forward thrust. The thrust obtained from this green source decreases the total power 

to be delivered by main engines to achieve a given speed. Fuel savings can be obtained by 

reducing the consumption of main engines but also of generators, so generating electricity 

from wind power is another way of reducing pollution.  

This thesis is structured in different chapters in order to study, analyse and comprehend in an 

organized way all the aspects that can make of this paper a useful tool to make more 

sustainable and modernize naval propulsion.  

Chapter 1 describes all conventional propulsion systems of merchant vessels and also explains 

how thrust is generated. This chapter gives the basic ideas to understand how merchant 

vessels are able to sail nowadays. These conventional systems are part of wind-assisted 

propulsion so it is necessary to understand their functioning, from knowing how a propeller is 

able to generate thrust just by spinning to knowing how the energy that moves the propeller is 

obtained.  

Chapter 2 contextualizes the aim of the thesis. It describes the pollution problem and the 

implication of shipping in it. It also describes the relevance of wind in naval propulsion, 

explaining concepts as air drag as well as introducing the wind-assisted propulsion concept.  

Chapter 3 is a compilation of the main wind power technologies: Flettner rotors, kites, 

wingsails and wind turbines. It is an exhaustive study of the physics behind every device and its 

functioning aboard vessels. Aspects such as how the propelling force can be calculated, heel, 

the anatomy of the device, materials, control, optimisation, applications and many more have 

been taken into account with the aim of describing and analysing exhaustively each 

technology. Moreover, the chapter includes important considerations regards IMO regulations 

and economic aspects, as well as a comparison between rotors, kites and wingsails.  

Chapter 4 analyses the state of the art of the main wind power technologies in merchant 

vessels, considering already existing vessels with any of the technologies aboard and ongoing 

projects that have been agreed by the manufacturer and the ship-owner but are not 
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implemented yet. The aim of this chapter is to quantify the benefits of these technologies and 

understand the scenario of wind-assisted propulsion.  

Chapter 5 is a study of the ‘other’ wind power technologies, such as turbosails, soft sails or 

special hull designs. They are technologies that have not been implemented on merchant 

vessels yet or that are not as developed as the ones studied in chapter 3. However, these 

technologies have also a notable potential and could earn their own space in wind-assisted 

propulsion development in a few years.  

Chapter 6 is a case study. Given a real merchant ship, calculations have been done in order to 

quantify the reduction of air pollutant emissions achieved due to wind power technologies. All 

main wind power technologies have been tested and results have been compared. 

Furthermore, this chapter also includes a description and an analysis of a new system of wind-

assisted propulsion, designed thanks to the knowledge acquired throughout the elaboration of 

the thesis and some inspiration.  

The fieldwork of the thesis has been useful to carry out the case study and to understand how 

wind power technologies operate. The case study of the thesis has been done as if it was a real 

engineering office project.  

The last pages of the thesis are dedicated to final conclusions and a breakdown of the main 

tasks carried out during the elaboration of this thesis. Finally, the certification of meeting and 

collaboration with Bound4Blue and the interview with the CTO of the company can be found in 

the annexes. 
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Chapter 1: Conventional propulsion means in merchant vessels 

1.1 Types of propulsion systems 

Merchant vessels can use different types of propulsion, depending on the characteristics of the 

vessel. Nowadays, almost all types of propulsion are not based on renewable energies. It’s safe 

to say that renewable energies have only a witness role in naval propulsion, although they are 

becoming more and more important and necessary every day. In recreational boats, 

renewable energy such as wind power or solar energy can be the main (or only) source of 

propulsion. In the case of merchant vessels, it is completely impossible to think of a vessel 

which is propelled uniquely by any source of renewable energy, at least until today.  

However, green energies can be used in merchant vessels as auxiliary source of propulsion in 

order to reduce fuel consumption, thus reducing emissions. Along the following lines, a brief 

explanation of the main different types of propulsion systems for merchant vessels is listed. 

1) Diesel Propulsion. This is the most common propulsion system in merchant vessels. 

Vessels with this propulsion system are featured with one or more internal 

combustion engines which convert thermal energy (from the fuel) into mechanical 

energy which propels the ship. The engine delivers to the propeller the necessary 

torque to drive the ship. This is the most standard system of propulsion, in merchant 

vessels and in recreational boats.  

 

There are two basic fuels: Marine Diesel Oil (MDO) and Heavy Fuel Oil (HFO). These 

fuels are obtained in different stages of the crude oil distillation, being the MDO a 

much more quality fuel because HFO is much more dense and heavy and is very 

aggressive with the engines and other machinery. HFO must be heated in order to be 

used, due to its elevated viscosity. Merchant vessels use MDO during manoeuvres and 

HFO at cruise speed, in order to be economically efficient without damaging the 

machinery too much. There are different types of HFO and MDO, according to its 

composition, viscosity and other parameters. The use of each fuel must be really 

considered in terms of fuel quality, environment, costs, and maintenance of the 

propulsion machinery.  

 

 

 

 

 

 

 

 
 

 
Figure 1.1: The propeller moves thanks to the mechanical energy delivered by the diesel engine (Source: [1]) 
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2) Steam Turbine Propulsion. This system is mostly used by LNG carriers. Natural gas is 

transported in liquid state in order to transport a decent quantity of product (specific 

volume of natural gas in liquid state is much littler than in gas state, approximately 600 

times littler). When it’s liquid, it’s called LNG (Liquefied Natural Gas).  A complex 

refrigeration plant is needed in these kinds of vessels in order to liquefy the natural 

gas, which becomes liquid at -161ºC. Due to its low dew point, it is impossible to avoid 

that some heat from the outside enters in the tanks of the LNG carriers, although 

there are tank insulations. A little part of the LNG is vaporized. LNG carriers use this 

vaporized LNG, called boil off, as fuel to be burnt in the boiler. Commonly, there are 

two main boilers.  

 

The boiler produces the heat that vaporizes water. The water vapour is sent to the 

steam turbine, where pressure energy of the water vapour is converted into kinetic 

energy and converted simultaneously into mechanical energy, propelling the ship. 

There must be a reduction gear to move the propeller at right speed. There exist many 

variations of this cycle, with the purpose to improve the thermodynamic efficiency of 

the cycle in order to consume less fuel, hence reducing pollution and saving money. 

Steam turbine propulsion system is based on the Rankine cycle. 

 

 

 

Figure 1.2: Scheme of a steam turbine propulsion plant (Source: [2]) 

 

Figure 1.2 is an example of a steam turbine propulsion plant. The vapour is sent to the 

High Pressure turbine (HP). Then, the vapour is reheated to be sent to the 

Intermediate Pressure turbine (IP) and the Low Pressure turbine (LP). This reheating 

stage improves the efficiency of the cycle.  
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3) Dual Fuel Propulsion. Dual fuel engines are able to burn diesel fuel as well as natural 

gas. This is the reason why many LNG carriers are equipped with dual fuel engines. 

LNG carriers can use boil off or diesel. However, there are a very large number of ships 

which are not LNG carriers that also have a dual fuel propulsion system plant.  

 

Dual fuel propulsion offers an environmentally-friendly solution without sacrificing 

profitability. When operating in gas mode, NOx emissions are approximately 80% 

lower; CO2 emissions are considerably reduced because of the lower carbon content 

of the fuel while emissions of sulphur oxides are almost non-existent. One of the main 

matters of the dual fuel engines is the smoothly and seamlessly switch from gas to 

liquid fuel operation (and vice versa) at full load without any output and speed 

fluctuations [3]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: MAN 51/60DF engine. DF stands for Dual Fuel (Source: [4]) 

 

4) Gas Turbine Propulsion. This propulsion system has been historically used more by 

warships than by merchant ships. In fact, it is non common to find a ship propelled 

uniquely by a gas turbine, since gas turbines are usually used in combination with 

other types of propulsion engines. For example, transatlantic ocean liner RMS Queen 

Mary’s power plant comprises four diesel engines, generating a combined 67,200 kW, 

and two gas turbines, generating a combined 50,000 kW.  These two gas turbines drive 

electric generators.  

 

The thermodynamic cycle which is used in gas turbine propulsion systems is called 

Brayton cycle. As shown in figure 1.4, a mixture of fuel and compressed air is 

combusted so the turbine spins and moves the shaft which moves the propeller, thus 

propelling the ship. Because of their poor thermal efficiency at low power, gas turbines 

are reserved for when higher speeds are needed. Some warships and a few modern 

cruise ships have also used steam turbines to improve the efficiency of their gas 
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turbines in a combined cycle, where waste heat from a gas turbine (exhaust gasses) is 

utilized to boil water and create steam for driving a steam turbine. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Scheme of the Brayton cycle (Own source) 

 

5) Nuclear Propulsion. This system is basically used only in military ships (although it is 

quite popular among icebreakers too). One of its main advantages is the fact that the 

ship can experience very long intervals of operation before refuelling. This system also 

has lower fuel costs.  

 

The working of nuclear ships basically depends on the nuclear fission reactions taking 

place in the nuclear reactors. When the atoms split, a huge heat emission appears. 

This heat is used to increase water temperature. The water is pressured so it can be 

heated without boiling. This heated and pressurized water heats non-pressured water 

from another circuit, generating a lot of steam in what is called steam generator. The 

steam, after passing through the turbines, is cooled, condensed and then re-circulated 

to the steam generators by pumps. To sum up, this system uses nuclear fission 

reactions to generate heat that generates the steam that drives the steam turbine 

which moves the shaft and the propeller.  

 

 

 

 

 

 

 

 

 
 

 

Figure 1.5: The nuclear-powered Arktika class NS 50 Let Pobedy, a russian icebreaker (Source: [5]) 



Chapter 1: Conventional propulsion means in merchant vessels 

 

 

7 
 

6) Diesel Electric Propulsion. In diesel electric propulsion systems, multiple diesel 

engines, each driving an electric generator, produce the electric power that energizes 

electric motors connected to the propellers as well as other electrical loads on the 

ship. The diesel engines are turned on only when they are needed (propulsion 

necessities or electric energy necessities). One of the main advantages of this system is 

that is more efficient than a conventional diesel propulsion plant because the 

propulsion plant can adapt at every moment to the ship’s power demands. Diesel 

electric plants produce lower emissions than diesel propulsion plants.  

 

Figure 1.6 is an example of a diesel propulsion plant. In this case, there are four diesel 

generators. There are also transformers which decrease the voltage according to each 

line necessity. The important matter of this system of propulsions is that not all the 

generated power is used to propulsion matters, but it can be used in any electrical ship 

necessity too.  

 

Figure 1.6: Scheme of a diesel electric propulsion plant of a RoPax ship (Source: [6]) 

 

These are the main and most common propulsion systems used by merchant vessels. It is 

important to point that merchant vessels usually use a combination of these systems, pursuing 

better cycle efficiency, lowering emissions, saving money from a reduced fuel consumption 

and in general words, improving the propulsion of the ship.  

There also exist other propulsion systems which are not as majoritarian as the other ones. This 

is the case of water-jet propulsion, in which the boat experiments a thrust ejecting water at a 

high speed, or other cases in which is used an alternative fuel, like hydrogen or biodiesel. 

Alternative fuels still are an engineering branch in process of investigation and testing.  

Finally, there are some renewable energies that can be used to propel merchant ships, such as 

wind energy (which is the subject of study of this final thesis and will be studied in detail along 
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these pages) or solar energy. These sources are not enough to propel a merchant vessel, so 

wind energy or solar energy are used just like an auxiliary source for propelling merchant 

vessels.  

 

1.2 Thrust Generation 

The most common propulsion systems have been presented thus far. The mechanical energy 

which drives the ship can be obtained from diesel engines, steam turbines, gas turbines… But 

how does this mechanical energy propels the ship is another question. It is necessary to 

generate a force that drives the ship forwards (or backwards). When the shaft is rotating 

thanks to the engines, there would be no driving force if it was not for the propeller. The 

propeller is the element that generates a thrust which drives the ship, using the energy 

delivered by the diesel engines, the steam turbine or any propulsion machinery.  

 

Figure 1.7: Simplified ship drive train (Own source) 

 

The propeller is attached to the shaft so almost all mechanical energy that generates the 

propulsion machinery is delivered to the propeller. The blades of the propeller have a special 

designed cross-section, a special geometry which is the key to the thrust generation.  

 

Figure 1.8: Cross-section of a blade of a propeller submerged in a water flow (Source: [7]) 
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In figure 1.8 there is represented a cross section of a propeller blade. The blue lines represent 

the flow lines of the water. The cross section is known as ‘aerofoil’ or ‘airfoil’. The following 

explanation will consider potential flow (that is there is no viscosity).  

Due to the geometry of the blade, the water moves faster over the top surface (the flow lines 

that moves along the top surface have to move faster because the path is longer than in the 

bottom surface). According to Bernoulli, if the velocity drops the pressure will rise, and if the 

velocity rises the pressure will drop (assuming incompressible flow, this is density of the fluid 

does not vary). The Bernoulli equation can be written in the next form:  

𝑣2

2
+ 𝑔𝑧 +

𝑃

𝜌
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

(1) 

Where v is the fluid flow speed at any point of the streamline, g is gravity’s acceleration, z is 

the elevation of the point from a reference plane, P is the pressure value of the fluid at the 

point and ρ is the density of the fluid at all points. This formula shows that the sum of the 

kinetic, gravitational and pressure addends are always constant (always considering steady, 

incompressible and potential flow). So, if in one face of the aerofoil the speed drops, the 

pressure in this face will rise. 

There is more pressure in the bottom surface than in the top surface. Obviously, the blade has 

a surface. This surface experiments a force according to the next formula: 

𝐹 = 𝑃𝑆 (2) 
 

Where F is Force in N, P is Pressure in Pa and S is surface in m2. So there is a downward force 

on the top and an upward force on the bottom. Due to the fact that the pressure is higher on 

the bottom surface, the upward force is higher so there is a net upward force that pushes the 

blade in this direction.  

Depending on the orientation of the aerofoil and the orientation of the flow, the net force will 

have a specific orientation too. Of course, the orientation of the aerofoil is different in ship’s 

propellers and in a plane’s wings, since the ship needs a forwards force and the plane needs an 

upwards force. If the net force of the aerofoil is orientated in the forward direction (case of 

ships), the net force is called thrust. If the net force is orientated upwards (case of planes), the 

force is called lift, because this force is elevating the craft overcoming gravity.  

It has been demonstrated that thrust generation depends on the geometry of the aerofoil. If a 

ship’s propeller is submerged vertically and rotating in the water and the blade cross section is 

symmetric, no net force will be generated because no pressure difference will exist between 

the two faces of the aerofoil (taking for granted the water flow is horizontal, perpendicular to 

the propeller, as it is when a ship is sailing). But if the flow was not horizontal, then a net force 

would appear, because the net force does not depend uniquely on the geometry of the 

aerofoil, but on the flow direction too.  
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Figure 1.9: Main parameters of an aerofoil (Source: [8]) 

 

Probably, the most important thing about an aerofoil is the chord line, because it determines 

the most optimal flow direction to generate thrust. The chord line, as can be seen in figure 1.8, 

is the straight line which connects the leading edge and the trailing edge, being the leading 

edge the first point of the aerofoil the fluid goes by and the trailing edge the last. The angle of 

attack is defined as the angle that forms the chord line with the direction of the flow, and it is 

represented by symbol α. If α=0º, which means that the flow direction is completely parallel to 

the chord line, and the aerofoil is symmetrical, no net force will be generated because there 

will be no pressure differential between the aerofoil faces. But if α differs from 0 and the 

geometry remains symmetrical, a net force will be generated.  This is because from the flow 

perspective, the aerofoil is not symmetric since one face of the aerofoil, called suction face, 

will have a longer path than the other face, so there will be a pressure differential.  

This reasoning is completely understandable when thinking in the case of a rudder. The rudder 

of a ship is the element which gives direction to the ship and can be considered as a 

symmetrical aerofoil. While the rudder is at a 0º position (straight), its chord line is parallel to 

the water flow (α=0º), so the ship will sail in a straight direction because the rudder does not 

generate a sideward force. But if the rudder is turned, α≠0 because the flow direction remains 

the same but the chord line has a new position, so water will not experiment the rudder as a 

symmetrical body because the rudder is no longer symmetrical in the flow direction. That’s 

why there will be a pressure differential, due to a velocity differential between the two faces 

of the rudder, therefore there will be a sideward force which will make turn the ship at the 

desired direction.  

Now it is clear that there exists an angle of attack that maximises the thrust generation. Naval 

engineers must design propellers attending to this, searching for the blade geometry that fits 

the best each vessel necessities. The thrust generated must be enough to: 

- Overcome the drag resistance. 

- Propel the ship at the desired speed. 

The drag resistance is the force that experiments the ship when moving in a fluid. It is an 

opposite force to the thrust. It can be studied in different points of view because it has 

different components. The most classic way to study the drag resistance is according to the 
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Hughes theory, which states that drag resistance is the sum of a wave component and a 

viscous component. The viscous component, at the same time, is divided in a viscous pressure 

component and a viscous friction component (tangential shear forces on hull). The wave 

component comprehends all the energy lost due to the formation of waves. For example, a 

submarine would not have any wave component because the solid is completely submerged 

and does not create waves [9]. 

Another perspective of analysis is the division of the drag resistance in a pressure component 

(normal forces on the hull) and a friction component (tangential shear forces on the hull). The 

pressure component is divided in a wave component and a viscous pressure component. This 

complicated approach of analysing the drag resistance can be summed up as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 1.10: Drag resistance components (Own source) 
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It is important to comprehend well which forces must overcome the ship propulsion system 

and how thrust is generated, in order to design an appropriate propulsion power plant. It must 

be said that almost all drag resistance comes from the submerged surface of the ship, since 

water is a much more dense fluid than air. This is the reason why all the drag resistance study 

is focused almost exclusively in the hydrodynamic resistance.  

In fact, as it will be studied along this thesis, wind can be used as a power source instead of 

being an inconvenient. Air drag hardly represents more than a 5% of the total drag resistance. 

Details about the air drag resistance are given in the next chapter.  

An overview of the basic ship propulsion fundamentals has been presented in this chapter one. 

Propulsion technology of a ship can be approached in two different fields: generation of 

mechanical energy (using diesel engines, steam turbines, gas turbines…) and generation of 

thrust. The basic fluid mechanics physics mentioned in this chapter for explaining the thrust 

generation are also relevant for all the physics behind wind power propulsion technologies, 

since air is also a fluid and the way of obtaining thrust from wind technologies is quite similar 

to the way a propeller delivers thrust. The idea of obtaining thrust thanks to a pressure 

difference between both faces of a surface is a common characteristic in almost all wind 

power technologies. This physics will be developed in next chapters, in a point of view 

completely focused on wind utilization to generate thrust and not in conventional thrust 

generation technologies.  

To sum up this chapter, it can be said that conventional thrust generation technologies can be 

described as the use of mechanical energy to spin the propeller, thus generating a thrust 

thanks to the propeller geometry. This mechanical energy is obtained burning fuel, either HFO, 

MDO or natural gas, either in a boiler or in an engine. Diesel engines are the predominant 

propulsion system for the time being. This fuel burning is responsible for tones and tones of 

CO2 and other pollutants.  

Despite ships are the greenest cargo transporting system in terms of tons of CO2 for mile sailed 

and cargo tone transported (due to the massive amount of cargo transported in every trip), 

maritime transport is still responsible for a notable percentage of global pollution.  

‘Conventional’ propulsion systems must change and adapt to new global necessities. They 

must become greener and in this context wind energy comes out as a solution to reduce 

pollution.  

Wind energy can become the most interesting renewable power source in vessels, as it has 

been for many centuries, because wind energy can be exploited aboard to: 

- Propel the ship thus reducing the emissions of main engines. 

- Generate electricity thus reducing the emissions of generators. 

The path of modern wind technologies has already begun and there are a lot of high areas of 

improvement. These technologies can become the maritime transport contribution to face the 

global challenge polluting emissions represent.  
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1.3 Conclusions of the chapter 
 

 

Conclusions of Chapter 1 
 

 
Nowadays, almost all types of propulsion are not based on renewable energies. Renewable 
energies have only a witness role in naval propulsion. 6 main conventional propulsion systems 
have been identified: diesel propulsion, steam turbine propulsion, dual fuel propulsion, gas 
turbine propulsion, nuclear propulsion and diesel electric propulsion.  
 

 
Diesel propulsion is the most common propulsion system in merchant vessels. Vessels with 
this propulsion system are featured with one or more internal combustion engines which 
convert thermal energy from the fuel into mechanical energy which propels the ship. The 
engine delivers to the propeller the necessary torque to drive the ship. 
 

 
Steam turbine propulsion is mostly used by LNG carriers. Natural gas is transported in liquid 
state in order to transport a decent quantity of product. A complex refrigeration plant is 
needed in these kinds of vessels in order to liquefy the natural gas which becomes liquid at 
the temperature of -161ºC. 
 

 
A little part of the LNG cargo is vaporized. LNG carriers use this vaporized LNG, called boil off, 
as fuel to be burnt in the boiler. The boil off can be natural or forced. The boiler produces the 
heat that vaporizes water. The water vapour is sent to the steam turbine, where pressure 
energy of the water vapour is converted into kinetic energy and converted simultaneously 
into mechanical energy, propelling the ship. 
 

 
Dual fuel engines are able to burn diesel fuel as well as natural gas. There are a very large 
number of ships which are not LNG carriers that also have a dual fuel propulsion system plant. 
This propulsion lowers NOX (about 80%) and CO2 emissions. SOX emissions are completely 
avoided.  
 

 
Gas turbines are usually used in combination with other types of propulsion engines. Because 
of their poor thermal efficiency at low power, gas turbines are reserved for when high speeds 
are needed. 
 

 
Nuclear propulsion is basically used in military ships although it is quite popular among 
icebreakers too. One of its main advantages is the fact that the ship can experience very long 
intervals of operation before refuelling. This system also has lower fuel costs. To sum up, this 
system uses nuclear fission reactions to generate heat that generates the steam that drives 
the steam turbine which moves the shaft and the propeller. This system presents many 
advantages and presents lower emissions but at the same time can be environmentally risky. 
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In diesel electric propulsion systems, multiple diesel engines, each driving an electric 
generator, produce the electric power that energizes electric motors connected to the 
propellers as well as other electrical loads on the ship. One of the main advantages of this 
system is that is more efficient than a conventional diesel propulsion plant because the 
propulsion plant can adapt at every moment to the ship’s power demands. Therefore, diesel 
electric plants produce lower emissions than diesel propulsion plants 
 

 
Merchant vessels usually use a combination of these mentioned systems, pursuing better 
thermodynamic cycle efficiency, lowering emissions, saving money from a reduced fuel 
consumption and in general words, improving the propulsion of the ship.  
 

 
Alternative fuels still are an engineering branch in process of investigation and testing 
(hydrogen, biodiesel).  
 

 
Nowadays, renewable energies are not enough to propel a merchant vessel, so wind energy 
or solar energy are used just like an auxiliary source for propelling merchant vessels.  
 

 
The propeller is the element that generates a thrust which drives the ship, using the energy 
delivered by the propulsion machinery (diesel engines, steam turbines…).  
 

 
The thrust is obtained because of the cross-section (known as airfoil) of the blades, whose 
geometry produces a pressure difference between both faces of the blade, thus generating a 
net force.  
 

 
This phenomenon is based on Bernoulli’s equation (1).  
 

 
Drag resistance is the force that experiments the ship when moving in a fluid. It is an opposite 
force to the thrust. 
 

 
The most classic way to study drag resistance is according to the Hughes theory, which states 
that drag resistance is the sum of a wave component and a viscous component. The viscous 
component, at the same time, is divided in a viscous pressure component and a viscous 
friction component (tangential shear forces on hull). The wave component comprehends all 
the energy lost due to the formation of waves. 
 

 
There exists an angle of attack of the flow (orientation of the blades of the propeller) that 
maximises the thrust generation. The thrust generated must be enough to overcome the drag 
resistance and propel the ship at the desired speed. 
 

 

Table 1.1: Conclusions of Chapter 1 (Own source) 
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Chapter 2: Contextualizing wind power in naval propulsion 

2.1 The pollution problem  

The emission of air pollutants in an issue that is increasingly getting social sensitivity, but it is 

still far away from being solved. Phenomena such as climate change, despite being already 

well known, have not yet been controlled and are still dangerous symptoms of the damage the 

planet is suffering. Propulsion machinery of ships is responsible for a huge quantity of air 

pollutants and that is why naval technology must move towards a more sustainable and 

environmentally friendly path. 

2.1.1 Overview 

According to the WHO (World Health Organization) every year around 4,000,000 people die as 

a result of diseases attributable to air pollution. By air pollution is understood the presence in 

the air of toxic substances that imply discomfort or risks to human, animal or plant health or 

any other good of nature. Air is mainly composed of nitrogen and oxygen and small 

proportions of noble gases and other compounds. If this composition of the air is altered and 

the amounts of other gases (from diesel engines, boiler…) such as CO or CO2 increase, the 

atmosphere will be contaminated and this pollution will not only suffer human race, but the 

entire planet. 

Some gases can be aggressive with the environment, either because of the large amount that 

is emitted from a certain gas or because of the danger and toxicity of the gas, although it is not 

emitted in so many quantities. 

Pollutants that come from the maritime transport activity are the following:  

- Carbon monoxide (CO): It is a colourless, odourless, and tasteless flammable gas that is 

slightly less dense than air. Carbon monoxide is usually generated when there is 

excessive fuel in combustion, or what is the same, there is a shortage of air. If the 

stoichiometric ratio is not adequate, combustion will not be completed. This gas is 

highly toxic and can cause death. The inspired CO molecules are deposited in the red 

blood cells, thus preventing red blood cells from transporting oxygen throughout the 

body, so that deadly poisoning occurs. 

- Carbon dioxide (CO2): when there is no air shortage in combustion, carbon dioxide is 

formed instead of carbon monoxide. This gas is not deadly (in normal concentrations) 

and is in fact found naturally in the atmosphere, as it is necessary for the process of 

photosynthesis carried out by plants. However, due to the abusive amounts of CO2 

that have been emitted in recent decades (emissions from cars, ships, industries, etc.), 

this gas is causing the greenhouse effect, a phenomenon that warms the Earth’s 

surface by absorbing and re-radiating solar radiation back to the surface.  

- Hydrocarbons (HC): Hydrocarbons are organic compounds composed primarily of 

carbon and hydrogen atoms.  Many of these compounds are volatile and can easily 

vaporize into the atmosphere at room temperature and atmospheric pressure and are 

referred to as Volatile Organic Compounds (VOCs). If the combustion inside the engine 
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has not been complete, unburned (or partially burned) hydrocarbons will be released 

into the atmosphere. These hydrocarbons are toxic. In maritime transport, the spill of 

HC has been historically a tragedy. In last decades, there has been a lot of awareness 

in terms of preventing HC spills, due to some ship accidents like Exxon Valdez, Erika, 

Prestige, and probably the most important one, the Torrey Canyon (the most 

important not for the amount of HC spilled but for its relevancy in pollution 

prevention), in 1967. 

- Sulphur oxides (SOX): Sulphur oxides are the cause of acid rain. They are generated due 

to the sulphur impurities contained in the fuels (the sulphur in the fuel reacts with the 

oxygen in the air and sulphur oxides are generated). The quality of the fuel will be 

decisive for the amount of SOX that will be generated. There are fuel desulfurization 

methods and treatments to try to retain the SOX (once generated) before releasing the 

exhaust gases. Acid rain affects the natural balance of rivers, lakes and soils, resulting 

in damage to wildlife and vegetation. 

- Nitrogen oxides (NOX): If the proportions of air and fuel are not adequate, NO and NO2 

can be generated, gases that tend to oxidize to form NO3, which can react with 

hydrogen generating HNO3 (nitric acid). N2O can also be formed. This gas is very stable 

(which takes many years to dissociate naturally) and damages the ozone layer. 

Nitrogen oxides are formed mainly due to the high pressures that are reached inside 

the cylinders and working with fuel shortages. Excessive exposure to nitrogen oxides 

may cause health effects on the blood, liver, lungs... Nitrogen containing species 

deposited on plants can act as nutrients, however high levels of NO2 and NO are 

damaging to plant life. 

- Volatile organic compounds (VOCs): they are very volatile hydrocarbons at room 

temperature. VOC is considered to be any organic compound that has a vapour 

pressure equal to or greater than 0.01 kPa at 20°C (or equivalent volatility in each 

particular use condition). Some examples of VOCs are: benzene, vinyl chloride, 

acetaldehyde, trichloroethylene, etc.  

- Particulate Matter (PM): Particulate matter is the sum of all solid and liquid particles 

suspended in air many of which are hazardous. PM coming from maritime transport is 

basically formed by soot particles coming from combustion in engines or boilers. These 

particles vary greatly in size.  

Atmospheric pollution has some devastating consequences. The most direct consequent for 

people is the risk to human health. People with respiratory diseases are susceptible to 

worsening in health due to contamination and diseases such as pneumonia or lung cancer may 

occur. SOX directly affect the respiratory system causing cough and aggravation of asthma and 

bronchitis, in addition to causing eye irritation. NOX also affects breathing: they irritate the 

lungs and can cause respiratory infections, especially among children and the elderly. As 

previously mentioned, CO is especially dangerous because it combines with haemoglobin (the 

agent responsible for transporting oxygen through the body) thus preventing oxygen from 

being transported through the blood. 

Another consequence derived from the air pollution produced by the emission of polluting 

gases is acid rain. Acid rain means any form of precipitation that has high concentrations of 
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H2SO4 and HNO3. It can also be shown in the form of snow, fog and particles of dry material 

that are deposited on Earth. Acid rain has been found to be very damaging on trees. It 

weakens them by washing away the protective film on leaves, and it stunts growth. It can also 

change the composition of soils or lakes, making them uninhabitable for local animals and 

plants. For example, healthy lakes have a pH of 6.5 or higher. As acid rain raises the level of 

acidity, fish tend to die off. Most fish species can't survive a water pH of below 5. 

In big cities, the so-called Smog is formed; the famous grey fog that is usually seen in images. It 

occurs when there are high concentrations of pollutants in the atmosphere and there is little 

movement of air masses, so that these pollutants do not disperse. With a sunny weather, the 

formation of Smog is favoured since the radiation of the sun's rays generates radicals that 

favour the chemical reactions of the pollutants. Smog is an important responsible for 

respiratory diseases derived from air pollution. 

 

 

 

 

 

 

 

 

Figure 2.1: Shanghai Towers above the Smog (Source: [10]) 

 

However, more than the acid rain or the Smog, the two most famous and probably the most 

serious effects of the air pollution are:  

- The Ozone hole 

- The greenhouse effect 

The problem of the ozone layer is not so related to the exhaust gases of the engines, but with 

the use of some coolants (the majority of them currently prohibited). Chlorine rises and breaks 

the ozone layer, and that is why chlorine-containing refrigerants are harmful to the layer. For 

example, CFCl3 is especially aggressive, since each molecule of this compound contains three 

chlorine atoms. CFCs and HCFCs are the most aggressive refrigerant groups with the ozone 

layer. 

Three parameters are used to measure the danger of these compounds: the ODP (Ozone 

Depletion Potential), the GWP (Global Warming Potential) and the TEWI (Total Equivalent 

Warming Impact). For the ODP and GWP parameters gases are compared one with another, 

using a reference gas (CFCl3 has ODP = 1 and CO2 GWP = 1). For example, a gas that whose 

GWP = 100 means that it is 100 times more aggressive and dangerous (in terms of the 

greenhouse effect) than CO2. 
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The greenhouse effect increases the temperature of the planet because the radiation from the 

sun's rays (or the radiation from the earth itself) is not allowed to escape. A layer of pollutant 

gases (such as CO2) is formed and avoids the exit of these rays, just like glass or plastic does in 

a real greenhouse. The TEWI is an environmental parameter that measures the contribution to 

the greenhouse effect of an installation or a machine throughout its life. The result of this 

parameter is given in kg of CO2, so it expresses the pollution produced in equivalence of what 

contaminates so many kg of CO2. 

 

Figure 2.2: Understanding the greenhouse effect (Source: [11]) 

 

Figure 2.3: Evolution of the Ozone layer hole (Source: [12]). 
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A Dobson unit is the most basic measure used in ozone research. One Dobson Unit (DU) is 

defined to be 0.01 mm thickness at STP (standard temperature and pressure). Ozone layer 

thickness is expressed in terms of Dobson units, which measure what its physical thickness 

would be if compressed in the Earth's atmosphere. 

The main responsible agents (coming from human activity) of the Ozone hole are coolants, but 

since most of the dangerous ones are forbidden and are illegal nowadays, the Ozone hole is a 

concern that has been relegated into a secondary plane.  

The most complicated and serious challenge nowadays is the climate change as a consequence 

of the global warming. In a current world where sea levels are rising every year, Earth poles are 

thawing, so many life forms are becoming extinct, fresh water is becoming a scarce resource, 

lakes and rivers are drying, temperature rises around the world, abrupt meteorological 

phenomena shakes every part of the world and many other negative consequences, what can 

maritime transport do?  

2.1.2 Maritime transport implication  

The Third IMO GHG Study 2014 (GHG stands for greenhouse gases) estimated that 

international shipping emitted 796 million tonnes of CO2 in 2012. This 796 million tonnes of 

CO2 represent the 2.2% of the total global anthropogenic CO2 emissions for that year. The 

study also concluded that emissions from international shipping could grow between 50% and 

250% by 2050 mainly due to the growth of the world maritime trade. This study has been very 

useful and important since it has enabled to quantify shipping emissions in these recent years 

(2007-2012). This third study is the newest one. The study is dense, long and detailed, but the 

key findings are presented in the next tables: 

 

 

Table 2.1: Shipping CO2 emissions compared with global CO2 emissions (values in million tonnes CO2) (Source: 
[13]) 
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Table 2.2: Shipping GHGs emissions (in CO2e) compared with global GHGs emissions (values in million tonnes 
CO2e) (Source: [13]) 

CO2e stands for CO2equivalent. CO2e, or carbon dioxide equivalent, is a standard unit for 

measuring carbon footprints. The idea is to express the impact of each different greenhouse 

gas in terms of the amount of CO2 that would create the same amount of warming. That way, a 

carbon footprint consisting of lots of different greenhouse gases can be expressed as a single 

number. 

In 2012, total shipping emissions were approximately 938 million tonnes of CO2 (2.6% of the 

total CO2 global emissions for that year) and 961 million tonnes CO2e for GHGs combining CO2, 

CH4 and N2O (which represents a 2.5% of the total CO2, CH4 and N2O global emissions for that 

year).  

International shipping emissions for 2012 are estimated to be 796 million tonnes CO2 and 816 

million tonnes CO2e for GHGs combining CO2, CH4 and N2O, being the 2.2% and the 2.4% of the 

total global emissions respectively.  

As it can be observed in the previous figure, total values have a tendency of being a little 

smaller every year. The average of total shipping emissions for years 2007-2012 is 1,015 

million tonnes CO2 (3.1% of the global emissions).  The average of international shipping 

emissions for years 2007-2012 is 846 million tonnes CO2 (2.6% of the global emissions). These 

values comparisons are similar to, but slightly smaller than, the 3.3% and 2.7% of global CO2 

emissions reported by the Second IMO GHG Study 2009 for total shipping and international 

shipping in the year 2007, respectively. 

This decreasing tendency of the percentage of shipping respect global emissions is important. 

It demonstrates that although ships are important sources of pollutants, maritime transport is 

becoming slightly greener. However, maritime transport is facing a really hard reality. Little can 

be done that has not been done yet using HFO or MDO. These fuels are increasing its quality 
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every year thanks to the legal rules imposed by IMO, but air pollution will not decrease firmly if 

merchant vessels continue using fossil fuels. The use of HFO and MDO is completely 

standardised and necessary for ship propulsion, so the challenge is as complex as necessary.  

One of the more realistic and applicable solutions nowadays is to obtain power from green 

sources in order to decrease the usage of fossil fuels. In this context, wind propulsion appears 

as the best solution and the main line of research. Consumers of fuel aboard are main engines, 

auxiliary engines and boilers.  

 

 

 

 

 

 

 

Figure 2.4: MAN 32/44CR engine complies with IMO newest regulations. However, main engines are still 
responsible for almost all marine pollution (Source: [14]) 

 

 

Figure 2.5: Summary graph of annual fuel consumption broken down by ship type and machinery component 
(main, auxiliary and boiler) in 2012 (Source: [13]) 
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Main engines are predominantly for propulsion purposes, auxiliary engine normally for 

electricity generation purposes and boilers for steam generation.  

Looking at the previous graph, it results obvious that main engines are the greatest consumers; 

they consume a huge quantity of fuel in order to propel the ship. So the line investigation must 

follow a path of searching alternatives to this abusive fuel consumption of main engines, thus 

reducing GHGs emissions.  

This means to find greener ways of propelling merchant vessels. In this context, wind power 

stands as the green energy more realistic, reliable and viable for this purpose. For the time 

being, it seems impossible to propel a merchant vessel uniquely with the thrust generated by 

wind power, leaving fuel burning aside. However, wind-assisted propulsion systems can save 

millions of CO2 tonnes. A wind-assisted propulsion system is the combination of a wind power 

technology and the usage of a conventional fuel burning source, like a diesel engine.  

If propulsion power could come entirely from green energies, GHGs emissions will be almost 

avoided. Nowadays, it is not possible to propel a 300m merchant vessel without burning fossil 

fuels, but what is sure is that notable fuel consumption can be avoided with the usage of green 

technologies, like Flettner rotors.   

There is not any type of vessel which escapes from polluting the air, as it can be seen in the 

following figures. 

 

 

Figure 2.6: CO2 emissions from international shipping by ship type in 2012 (Source: [13]) 
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Figure 2.7: CO2 emissions by ship type years 2007–2012 (Source: [13]) 

 

Previous figures are demonstrations that container vessels are the type of vessel which is more 

relevant in maritime emissions, because of their large fleet and their huge dimensions. 

Container vessels are followed by bulk carriers and oil tankers. These ships also have a notable 

fleet across the world. At the end, these graphs are also a representation of the merchant 

vessel’s fleet. In the second graph, CO2 emissions are represented not only by vessel type but 

also by year.  

Oil tankers, general cargo ships, ferry-RoPax and bulk carriers have a tendency of emitting less 

CO2, while cruises and LNGs have a tendency of emitting more CO2. The tendency is not clear 

for all the other types of vessels.  Changes can be associated to two main reasons: changes in 

the world’s fleet for every type of vessel and new emission regulations settled up by the IMO.  

Other relevant data given in the Third IMO Greenhouse Gas Study 2014, related to pollutants 

other than CO2, is the following: 

- This study estimates average annual totals of 20.9 million and 11.3 million tonnes for 

NOX and SOX from all shipping, respectively. 

- Only international shipping is estimated to produce approximately 18.6 million and 

10.6 million tonnes of NOx and SOX, respectively. 

- Global NOX and SOX emissions from all shipping represent about 15% and 13% of global 

NOx and SOX from anthropogenic sources. 
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- Methane (CH4) emissions from ships increased due to increased activity associated 

with the transport of gaseous cargoes by liquefied gas tankers, particularly over 2009–

2012. 

- Refrigerant and air conditioning gas releases account for the majority of HFC (and 

HCFC) emissions from ships. For older vessels, HCFCs (R-22) are still in service, whereas 

new vessels use HCFs (R134a/R404a). 

- Refrigerant and air conditioning gas releases from shipping contribute an additional 15 

million tons (range 10.8 million–19.1 million tons) in CO2 equivalent emissions. 

For future scenarios, the study concluded that: 

- Maritime CO2 emissions are projected to increase significantly in the coming decades. 

Depending on future economic and energy developments, the increase will be by 50% 

to 250% in the period to 2050. Further action on efficiency and emissions can mitigate 

the emissions growth, although almost all scenarios project emissions in 2050 to be 

higher than in 2012. 

- Emissions projections demonstrate that improvements in efficiency are important in 

mitigating emissions increase. However, even modelled improvements with the 

greatest energy savings could not yield a downward trend. Compared to regulatory or 

market-driven improvements in efficiency, changes in the fuel mix have a limited 

impact on GHG emissions, assuming that fossil fuels remain dominant. 

- Methane emissions are projected to increase rapidly as the share of LNG in the fuel 

mix increases. 

- Emissions of nitrogen oxides increase at a lower rate than CO2 emissions due to the 

improvements in engines.  

- Emissions of particulate matter show an absolute decrease until 2020, and sulphurous 

oxides continue to decline through 2050, mainly because of MARPOL Annex VI 

requirements on the sulphur content of fuels. 

All these conclusions have a common background: something can be done in order to mitigate 

the pollution caused by maritime transport, but the pollution problem will not be ever solved if 

maritime transport remains to be conceived as it is nowadays. MARPOL Annex VI has had 

positive effects on reducing the shipping contribution to the global warming, but it is far from 

being a definitive solution.  

IMO has adopted regulations to address the emission of air pollutants from ships and has 

adopted mandatory energy-efficiency measures to reduce emissions of greenhouse gases from 

international shipping, under Annex VI. 

SEEMP (Ship Energy Efficiency Management Plan) is a ship management and operation plan 

that aims to optimize energy efficiency and reduce air pollution by reducing CO2 emissions. 

Every vessel (whether new or existing) with more than 400 GT must have this plan on board 

(IMO established that it would be mandatory starting from January 1, 2013). Each vessel has its 

own specific plan designed; a SEEMP must be designed for a specific vessel. Each vessel is 

different and therefore the energy efficiency plan will also be. All regulations and information 

related to SEEMP are included in Annex VI of the MARPOL convention. Having a SEEMP 
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guarantees the concession of the International Energy Efficiency certificate (IEE) that 

complements the International Atmospheric Pollution Prevention certificate (IAPP). 

Maritime transport is relatively efficient in CO2 emissions considerations compared to railway 

or air transport. The amount of CO2 emitted per mile travelled and ton of cargo is less than in 

any other conveyance. However, IMO promotes measures that help optimize energy resources 

on ships thereby reducing pollution. SEEMP has the role of providing ship-owners and ship 

crew of the measures and actions necessary to improve environmental efficiency. It must be 

constantly renewed in order to improve the actions to be taken on board so SEEMP must be 

subject to constant revisions and improvements. The ‘life cycle’ of SEEMP must consist in 

planning, implementation, supervision, evaluation and back to new planning.  

To determine if the plan is working and improvements have been made, energy consumption 

and its efficiency must be quantified. Each ship-owner can quantify the result of the measures 

taken with the method he wants. However, IMO has standardized such supervision through 

the EEOI (Energy Efficiency Operational Indicator). This tool allows to quantify the ship's 

energy efficiency in terms of CO2 produced per mile travelled and ton of cargo (g CO2/t*nm). 

According to the Marine Environment Protection Committee (MEPC) resolution MEPC.213(63) 

[15], some actions that can be taken and considered by a SEEMP may be the following: 

- Find the most optimal route. 

- Consider propulsion plant characteristics to minimize fuel consumption. 

- Establish regular and constant rpm. 

- Optimize ship speed based on the expected time of arrival at port (communication 

ship-port improvements). 

- Find the most optimal trim for each load and draft condition. 

- Propeller and hull design. 

- Inspections, proper cleaning and maintenance, proper paint… 

- Use heat from exhaust gases to generate electricity. 

- Energy consumption monitoring, install a software to calculate consumption, use of 

renewable energy. 

One of the difficulties SEEMP is facing is the fact that many ships are not really implementing 

the necessary measures to minimize pollution by CO2 emissions. This is because although 

SEEMP must be approved by a verifying entity, it is only an action plan to follow and its 

implementation cannot be easily controlled or regulated, so it is the ship-owner and crew’s 

decision whether ensure compliance with the plan or not. What is certain is that possibly some 

ship-owners urge compliance with the SEEMP, not so much for the ecological benefits, but for 

achieving a reduction in fuel consumption, thus impacting directly in the company's accounts. 

SEEMP can be identified as an operational measure (based on the actions and measures to be 

carried out during the operation of the ship), while on the other hand EEDI can be identified as 

a design measure to minimize the air pollution produced by maritime transport business.  

EEDI (Energy Efficiency Design Index) is a parameter designed for ships with more than 400 GT 

and is the most important technical data aimed and thought to promote the efficient use of 
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energy on board. EEDI is directly related to the energy use of engines and machinery. EEDI 

requires a minimum level of efficiency, determined by the IMO. This parameter measures this 

efficiency in grams of CO2 per ton and mile travelled, such as the EEOI (the smaller the EEDI, 

the more efficient the ship will be). However, it should be noted that EEDI is mandatory (for 

ships whose construction contract is signed after January 1st, 2013) while EEOI is voluntary. 

From EEDI, which is a recently born parameter, it is expected to stimulate innovation and 

technology progress for all types of ship components. Each type of vessel has its specific 

maximum EEDI. These values, as well as the formulas and indications to calculate them, are 

detailed in the regulations of annex VI of the MARPOL convention.  

It is important to note that EEDI is an applicable index only for ‘new’ ships. The purpose is to 

ensure that all ships that will be constructed from now on will already be designed to be 

energetically efficient and environmentally more sustainable. It is an indicator of the 

‘technical’ efficiency of the vessel, and not of the vessel’s operations, which should be included 

in the SEEMP. 

 

 

Figure 2.8: Formula to calculate EEDI (Source: [16]) 

 

In the numerator, the first term is the emission generated by the main engines of the ship, the 

second term is the emission generated by the auxiliary engines and the third term is due to all 

the machinery that generates electrical energy from residual heat. The fourth term is negative. 

This is because the fourth term does not refer to emissions of CO2, but to the efficient 

technologies used on board. It represents the ‘saving’ of CO2 emissions. 

The previous formula may not be applicable to a ship having diesel-electric propulsion, turbine 

propulsion or hybrid propulsion system, except for cruise passenger ships and LNG carriers. 

This formula is long and full of empiric factors that must be calculated attending to the 

resolution MEPC.245(66): 2014 guidelines on the method of calculation of the attained Energy 

Efficiency Design Index (EEDI) for new ships.  

However, a description of all the factors and terms that appear in the EEDI calculation formula, 

as well as their units, can be found in the next table: 

Term Unit Brief description 

Capacity Tonne Ship capacity in deadweight or gross tonnage at summer load line 
draught 

CFAE gCO2/gfuel Carbon factor for fuel auxiliary machines 

CFME gCO2/gfuel Carbon factor for fuel main engines 

feff - Correction factor for availability of innovative technologies 

fi - Correction factor for capacity of ships with technical/regulatory 
elements than influence ship capacity 
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fc - Correction factor for capacity of ships with alternative cargo types 
that impact the deadweight-capacity relationship 

fj - Correction factor for ship specific design features 

fw - Correction factor for speed reduction due to a representative sea 
conditions 

neff - Number of innovative technologies 

nME - Number of main engines 

nPTI - Number of power take-in systems 

PME kW Ship propulsion power that is 75% of main engine maximum 
continuous rating 

PAE kW Ship auxiliary power requirements at normal sea going conditions 

PAEeff kW Auxiliary power reduction due to use od innovative electric power 
generation technologies 

Peff kW 75% of installed power for each innovative technology that 
contributes to ship propulsion 

PPTI kW 75% of installed power for each power take-in system 

SFCAE g/kWh Specific fuel consumption for auxiliary engines as per NOx certification 
values 

SFCME g/kWh Specific fuel consumption for main engines as per NOx certification 
values 

Vref knots Reference ship speed attained at propulsion power equal to PME and 
under calm sea and deep water operation at summer load line 
draught 

 

Table 2.3: Terms that appear in the EEDI calculation formula (Own source) 

 

 

Figure 2.9: Reduction of CO2 emissions by 2030 due to the implementation of EEDI (Source: [13]) 
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This graph made by the International Maritime Organization shows estimations of reductions 

in CO2 emissions by year 2030, for different types of ships and with three different scenarios: 

optimistic, intermediate and pessimistic. A1B is the optimistic scenario, A2 the intermediate 

one and B2 the pessimistic one.  

A notable reduction in CO2 emissions (millions of metric tons) can be observed in any of the 

three possible scenarios (of course, the optimistic one is the scenario with the highest 

reduction). It is also noted that container ships are the type of vessel whose greatest reduction 

is expected. This is due to the fact that they are the most predominant ships in the world fleet 

and they are also larger and larger ships everyday so they have a lot of energy demand and 

therefore a huge fuel consumption and generation of pollutants.  

The fact that they are so large actually makes them more efficient and therefore less polluting, 

since a single ship can carry a lot of cargo and it is more efficient to transport 20,000 TEUs in a 

single ship than in 4 ships of 5,000 TEUs each one.  

However, the demand for energy increases exponentially so excessively large ships would not 

be efficient because they would need excessive fuel consumption (and that means huge CO2 

emissions, among other pollutants as NOX). Therefore large ships are positive because they are 

more efficient but up to a certain limit of dimensions so they do not have abusive fuel 

consumption. 

Recalling the conclusions of the Third IMO Greenhouse Gas Study 2014, it is uncertain which 

solutions can be taken in the next decades. But it is obvious that the solution has to start 

sometime. It has to start somehow. Greener vessels prototypes may be the first steps to a long 

path of avoiding marine pollution. There already exist some technologies that give power to 

the ship to be less engine-dependent. Wind energy is the green energy which is more powerful 

to propel ships, as it has historically been before engines era. Global warming is a non-stop 

threat with real and dreadful consequences.  

Maybe wind is the solution to the pollution problem at sea. Maybe wind is the source that will 

propel vessels in a greener world. It seems so.  

 

2.2 Wind in merchant vessels 

Wind is a clean, abundant, and renewable energy resource. It can be defined as air in 

horizontal motion across the Earth’s surface. All winds are produced by differences in air 

pressure between two regions. Differences in pressure result from differential heating of the 

surface of the Earth. Heating, of course, is caused by sunlight striking the Earth’s surface. It can 

be said that wind is a consequence of the sun energy.  

2.2.1 Air drag 

Air drag is one component of the total drag ships must overcome, but it is not by far the most 

important component, independently of the wet surface of the ship (wet surface is understood 

as all the ship’s surface which is submerged). This is because of the huge difference of densities 
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between water and air. Although density changes with the temperature, standardised values 

are the following: 

- Fresh water density: 997 kg/m3 ≈ 1,000 kg/m3. 

- Sea water density: 1,025 kg/m3. 

- Air density: 1.225 kg/m3. 

According to Buckingham Pi’s theorem, the drag coefficient CT is defined as: 

𝐶𝑇 =
𝑅𝑇

1
2

∗ 𝜌 ∗ 𝑆 ∗ 𝑣2
 

 

(3) 

Where RT is the total drag in N, ρ is the density of the fluid in kg/m3, S is the surface of the solid 

and v is the flow velocity. CT is dimensionless. RT can be calculated with the previous formula, 

once CT has been calculated. 

Due to the fact that the total drag is directly proportional to density, the notable density 

difference between air and water is responsible for the fact that almost all drag come from the 

hydrodynamic part. 

Total drag is directly proportional to the square of the speed, so speed is a very important 

factor to take into account when designing or operating a ship. At low speeds viscous 

resistance dominates, and at high speeds the total resistance curve turns upward dramatically 

as wave making resistance begins to dominate. The relation between total drag and ship’s 

speed follows the next pattern: 

 

 

 

 

 

 

 

 

 

Figure 2.10: Components of hull resistance (Source: [17]) 

 

The air resistance part is always small compared with the viscous resistance or wave resistance 

components, independently of the ship’s speed. The next table resumes the importance of the 

air drag in different types of vessel, compared to the hydrodynamic drag ships suffer: 
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Table 2.4: Air drag percentage in different types of vessels (Source: [9]) 

 

Conclusions from the previous table are: 

- Air drag percentage does not depend on the dimensions of the ship but on its 

geometry. 

- Air drag is more important on ships with a low block coefficient. 

- As a general pattern, air drag percentage is higher in ships with a high Froude number. 

- Air drag percentage is always between 2-6 % in any type of vessel, so air drag is always 

a residual percentage of the total drag. 

As conclusion, it can be said that air drag component will always represent a small part of the 

total drag resistance a ship suffers, not bigger than a 6% for almost any case. 

Boundary layer separation is an important phenomenon since it affects considerably the total 

drag resistance, because it can appear in the wet surface or in the dry surface. This 

phenomenon can occur with any of the two fluids a ship is submerged in, water and air. 

The fluid has a viscosity, so the solid which is submerged in the fluid will experiment a friction 

force that can slow down fluid particles to a 0 m/s speed in the nearest layer to the solid. In 

other words, the fluid particles that are in direct contact with the solid can get glued to the 

solid. If it also happens that there is a positive pressure gradient (meaning that there is a 

higher pressure in the front of the solid than in the rear of the solid), the glued particles to the 

solid can be pushed back, inverting the flow direction in the nearest layers to the solid. A part 

of the fluid particles have changed the direction, so there has been a boundary layer 

separation and there will appear vortexes. 
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Figure 2.11: A vortex is created due to boundary layer separation (Source: [18]) 

 

In the figure above, there are five different stages of the making process of a vortex. In stage 

(a), the velocity profile of the fluid is straight because the fluid is in its normal state, there is 

not anything yet that disturbs the flow. In stage (b), the velocity profile is parabolic, due to the 

interaction of the fluid and the solid and due to the fact that the fluid has viscosity. In stage (c), 

the fluid has travelled a sufficient distance interacting with the solid wall, so some of the 

nearest fluid particles to the solid wall are getting glued due to its viscosity. In stages (d) and 

(e), a vortex is already formed. The red surface of the figure indicates the part of the fluid 

which has inverted its direction. The bottom of the velocity profile goes in opposite direction. 

Boundary layer separation is a not wished phenomenon, since the velocity of the vortex makes 

that the pressure difference between fore and aft rises. If the pressure difference elevates, the 

total drag resistance is higher too. 

The apparition of the boundary layer separation is due to two simultaneous conditions: 

𝛿𝑃

𝛿𝑥
> 0 

 

(4) 

(
𝛿𝑢

𝛿𝑦
) y=0 = 0 

(5) 

 

Equation (4) means that the pressure gradient is positive, which means pressure is higher in 

the front part of the solid than in the rear. This is the case of a ship sailing (pressure is higher in 

the bow than in the aft). The first condition depends on the hull’s geometry, while second 

condition depends on the flow. The second condition, which is formula (5), means that velocity 

(represented by letter u) in the surface of the solid (y=0) is 0. So it is nothing more than the 

formal way to indicate that fluid particles are glued into the hull’s surface. The velocity profile 

is slightly different in the case of laminar flow or turbulent flow, as it can be seen in the next 

figure: 
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Figure 2.12: Velocity profile in turbulent and laminar flow (Source: [18]) 

 

Ufree stream is the flow velocity when it is not influenced by the ship (maximum velocity of the 

velocity profile). The velocity u is different at different points of y, being y the length of the 

boundary layer. For little values of y, velocity u increases very rapidly in the turbulent case. The 

velocity profile has a more lineal behaviour in the laminar flow, while in the turbulent flow it 

has a more exponential behaviour. It is important because it shows that in the proximities of 

the hull’s surface (y≈0), is so much easier that fluid particles get glued in the surface in laminar 

flow than in turbulent flow, because velocity u is much littler in laminar flows, so it is easier to 

completely stop a particle in this situation. 

That gives a clue on how to avoid boundary layer separation. By forcing a turbulent flow, it will 

be more difficult that any fluid particle decreases its velocity to 0 m/s so it will be never glued 

to the surface. If this happens, condition described by equation (5) will be always avoided so 

there will never exist any boundary layer separation; there will not be any vortex. It is 

important to remember that total drag resistance can be augmented notably because of a 

vortex, so avoiding the creation of vortexes is an effective way of optimising propulsion.  

An example of why boundary layer separation is a negative phenomenon and how can it be 

avoided can be found in golf. In golf, the ball is wanted to travel as much meters as possible 

with just a strike. Sometimes the ball must travel a notable path, so air drag becomes an 

important factor to remember. If the golf ball was completely smooth, air flow around the ball 

would be completely laminar, so air quickly would separate from ball, creating a vortex thus 

creating heavy drag. However, golf ball are well-designed with dimples to avoid vortexes by 

creating turbulence in layer around the ball. Turbulence sucks air to ball so boundary layer 

separation is delayed. This results in a smaller vortex and less drag, just by forcing turbulence 

with the dimples. 
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Figure 2.13: Detail of a golf ball dimples which are made in order to get a turbulent flow (Own source) 

 

Air drag must be considered and can be responsible for an increase of the total drag if 

boundary layer separation happens. However, even in the worst situation, air drag is just 

responsible of a 6% of the total drag resistance.  

Not only that, wind can be used as a propulsion source if it is exploited the right way. Future 

ships may be featured with wind propulsion technologies, because wind can be a friend of 

ships more than an enemy.  

2.2.2 Wind-assisted propulsion 

To date, most improvements in ship fuel efficiency have been realised through changes in 

behaviour, such as slow steaming, and reductions in installed power, to meet the EEDI 

requirements. Another way of improving propulsion efficiency has been the usage of new 

fuels, such as LNG.  

To meet potential demand for lower energy consumption and to reduce carbon emissions, an 

increased number of energy saving and new technology concepts have been emerging. 

One of these concepts with a new lease of life is wind-assisted propulsion. There was a time 

when sailing merchant vessels were undisputed. Clipper ships were superior to early 

steamships, which were considered inefficient and slow (back in the middles of the XIX 

century) and sacrificed cargo space for machinery and bunkers. However, due to the 

apparition of the diesel engine and the need for larger ships, sailing merchant vessels became 

obsolete.  

Renewed interest in wind-assisted propulsion in the 1980s was driven, similarly to today, by 

the oil crisis of the 1970s. But by the time the technology was showing promise, fuel prices had 

stabilised and put a brake on wind propulsion technologies.  

The truth is that nowadays oil prices are not high, at least, these are not being the worst years 

historically. But society today is much more sensitized of the global warming effects and risks. 

Maritime companies may consider fuel saving more than ever, not just because of the money 

savings, but also because of the carbon footprint and dependence on fossil fuels. In this 
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context, wind-assisted propulsion offers one of the few realistic options for introducing 

renewable power into shipping.  

Wind-assisted propulsion is the practice of decreasing the fuel consumption of a vessel 

through the use of sails or some other wind capture device. The thrust required to propel the 

ship through the water comes from combining this device with the ship’s engine. This reduces 

the amount of effective propulsion power needed to achieve a given speed. The power coming 

from propulsion machinery such as diesel engines, boiler and steam turbine systems, 

generators, etc., can be reduced.  

The main advantages of wind-assisted propulsion are the following: 

- It reduces fuel consumption, thus reducing CO2 and other air pollutant emissions.  

- This fuel reduction also leads to economical savings.  

- For reduced engine powers, wind power maintains ship speed saving fuel. 

- For bigger engine powers, wind power increases ship speed, thus reducing voyage 

times. 

- Wind power increases ship profitability.  

- Wind in the green power source which has demonstrated more savings in maritime 

transport.  

Some manufacturers claim fuel savings of the 50% in good sailing conditions. The effectiveness 

of wind power technologies depend on the ship’s route, weather factors and, of course, on the 

own technology installed on the ship.  

The wind technologies aboard can be wingsails (also called rigid sails), Flettner rotors, towing 

kites, marine wind turbines, etc. All these technologies and more are studied in detail in 

chapter 3.  

A part from these ones, there are also more technologies which are not ingrained in maritime 

transport, at least by now, but that have been proved as reliable wind propulsion systems to 

propel other type of vessels. For example, the Dynarig system has been propelling a super 

yacht for years. Another example of this are the two turbosails installed in the Alcyone. The 

Alcyone was constructed as a ship for expeditions and at the same conceived to test the 

innovative marine propulsion system of turbosails. These technologies and more are fully 

studied in chapter 5.  

The concept of wind-assisted propulsion emerged in the 1920s, with the construction of two 

Flettner rotor ships in Germany, Buckau and Barbara. The high oil prices in the 1970s brought 

renewed interest in wind-assisted propulsion and incentivised significant research, especially 

in Japan. This led to some remarkable projects that were based on wingsails, but wind 

technologies never settled up firmly, since despite these projects demonstrated significant 

savings, the interest in wind-assisted propulsion was abandoned when oil prices collapsed in 

the late 1980s. For the last century, wind-assisted propulsion systems interest has been a 

rollercoaster.  
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In the 80s decade, ecological considerations were taken as nothing serious. Companies claimed 

that wind technologies did not satisfy their payback criteria. This reasoning was little visionary, 

since it is obvious that fossil fuels are not forever. Moreover, at that time, scientists were 

increasingly predicting global warming effects and a notable consensus about this problem was 

beginning to be formed.  

Nowadays, starting the 2020s, wind-assisted propulsion concepts combine proven principles 

with advances in automation, control systems, weather routeing and materials, while advances 

in computational fluid dynamics (CFD) and wind tunnel testing enable their performance to be 

predicted and optimised more reliably. There exists some ships that are proves of the 

efficiency of wind-assisted propulsion. Wind-assisted propulsion is sometimes referred as 

WASP (Wind Assisted Ship Propulsion).  

The future of the wind technologies at sea depends on overcoming the technical, operational 

and commercial challenges they are facing. These challenges, or barriers for the optimal 

settling up of wind technologies, are the following: 

- Industry structure: The conflict between owners and charterers is well debated (who 

pays for fuel vs. who pays for investment, for example), and wind-assisted propulsion 

solutions need high levels of capitalisation. Inability to change charter party clauses 

that relate to fuel and speed, or lack of interest in doing so, remains an obstacle for 

WASP. 

- Promises: There are already ships demonstrating the viability and the payback of these 

technologies, but the naval industry is still reluctant. Companies must be convinced 

that the large investment will deliver a large return. There is a psychological 

perception that investments in this type of technology may be too much risky for 

companies.  

- Capital: Technology companies need a significant amount of capital to bring the 

product to a point where it has been working on full scale for a length of time and can 

prove its value. Many companies do not have access to unlimited resources. 

Furthermore, public funding has long lead-times so the process is very slow.  

- Operational and technical challenges: These challenges are obvious because of the 

newness of the technologies.  

The consolidation of wind-assisted propulsion systems is a challenge because it comprises all 

the concept of maritime transport and merchant vessels propulsion. This means that there 

exist simultaneously technical challenges, economic challenges, social challenges and many 

other kinds of challenges.  

Although the challenge is real and it is not easy to overcome, there is no doubt that wind 

energy is the most realistic and viable pathway to follow in order to make maritime transport 

much greener.  
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2.3 Conclusions of the chapter  
 

 

Conclusions of Chapter 2 
 

 
By air pollution is understood the presence in the air of toxic substances that imply discomfort 
or risks to human, animal or plant health or any other good of nature. 
 

 
Pollutants that come from the maritime transport activity are the following: carbon monoxide 
(CO), carbon dioxide (CO2), hydrocarbons (HC), Volatile Organic Compounds (VOCs), sulphur 
oxides (SOX), nitrogen oxides (NOX), Particulate Matter (PM). 
 

 
Atmospheric pollution has some devastating consequences. The most direct consequent for 
people is the risk to human health. Other consequences derived from the air pollution 
produced by the emission of polluting gases are acid rain and Smog.  
 

 
More than the acid rain or the Smog, the two most famous and probably the most serious 
effects of the air pollution are: the Ozone hole and the greenhouse effect. 
 

 
The greenhouse effect increases the temperature of the planet because the radiation from 
the sun's rays (and the radiation from the earth itself) is not allowed to escape. A layer of 
pollutant gases (such as CO2) is formed and avoids the exit of these rays. This temperature 
rise has tragic consequences.  
 

 
There exist parameters to measure the danger of each gas or pollutant (or even to quantify 
the pollution an installation contributes). These parameters are: TEWI, ODP, GWP. 
 

 
The Third IMO GHG Study 2014 estimated that international shipping emitted 796 million 
tonnes of CO2 in 2012. This 796 million tonnes of CO2 represent the 2.2% of the total global 
anthropogenic CO2 emissions for that year. 90% of the world trade around the world is 
represented by the maritime transport business. 
 

 
The study also concluded that emissions from international shipping could grow between 50% 
and 250% by 2050 mainly due to the growth of the world maritime trade, which is expected 
to be dominant.  
 

 
Only international shipping is estimated to produce approximately 18.6 million and 10.6 
million tonnes of NOX and SOX, respectively. Global NOX and SOX emissions from all shipping 
represent about 15% and 13% of global NOX and SOX from anthropogenic sources.  
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Refrigerant and air conditioning gas releases from shipping contribute an additional 15 million 
tons annually in CO2 equivalent emissions. Refrigerant and air conditioning gas releases 
account for the majority of HFC (and HCFC) emissions from ships. 
 

 
Methane (CH4) emissions from ships increased due to increased activity associated with the 
transport of gaseous cargoes by liquefied gas tankers. Methane emissions are projected to 
increase rapidly as the share of LNG in the fuel mix increases.  
 

 
Air pollution coming from merchant vessels will not decrease firmly if merchant vessels 
continue using fossil fuels. If fossil fuels remain dominant, maritime CO2 emissions are 
projected to increase significantly in the coming decades. 
 

 
Container vessels are the type of vessel which is more relevant in maritime emissions in terms 
of pollution, because of their large fleet and their huge dimensions. Container vessels are 
followed by bulk carriers and oil tankers. These ships also have a notable fleet across the 
world. 
 

 
Oil tankers, general cargo ships, ferry-RoPax and bulk carriers have a tendency of emitting less 
CO2, while cruises and LNGs have a tendency of emitting more CO2. The tendency is not clear 
for all the other types of vessels.  Changes can be associated to two main reasons: changes in 
the world’s fleet for every type of vessel and new emission regulations settled up by the IMO.  
 

 
Emissions of nitrogen oxides increase at a lower rate than CO2 emissions due to the 
improvements in engines. Emissions of particulate matter show an absolute decrease until 
2020, and sulphurous oxides continue to decline through 2050, mainly because of MARPOL 
Annex VI requirements on the sulphur content of fuels. 
 

 
Annex VI of the MARPOL has had positive effects on reducing the shipping contribution to the 
global warming, but it is far from being a definitive solution.  
 

 
SEEMP and EEDI are being interesting tools to mitigate pollution. Both are mandatory.  
 

 
Maritime transport is relatively efficient in CO2 emissions considerations compared to railway 
or air transport. The amount of CO2 emitted per mile travelled and ton of cargo is smaller, due 
to the huge amount of cargo that can be transported in every trip. So big vessels can be 
considered greener than little ones.   
 

 
Almost all drag resistance come from the hydrodynamic part. Air drag percentage is always 
between 2-6 % in any type of vessel, so air drag is always a residual percentage of the total 
drag. 
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Boundary layer separation is a not wished phenomenon, since the velocity of vortexes makes 
that the pressure difference between fore and aft rises. If the pressure difference elevates, 
the total drag resistance is higher too. 
 

 
Turbulent flow helps to reduce or avoid boundary layer separation. 
 

 
Wind-assisted propulsion is the practice of decreasing the fuel consumption of a vessel 
through the use of sails or some other wind capture device. The thrust required to propel the 
ship through the water comes from combining this device with the ship’s engine. 
 

 
The future of the wind technologies at sea depends on overcoming the technical, operational 
and commercial challenges they are facing. 
 

 
WASP has many advantages: it reduces fuel consumption, thus reducing CO2 and other air 
pollutant emissions. This fuel reduction also leads to economical savings.  
 

 

Table 2.5: Conclusions of Chapter 2 (Own source) 
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Chapter 3: Main wind power technologies in merchant vessels 

3.1 Flettner Rotor 

The Flettner rotor, named after German aviation engineer and inventor Anton Flettner (1885-

1961), is a smooth and tall rotating cylinder which takes advantage of the Magnus effect, 

producing a thrust. When the wind is perpendicular to the ship’s length, the wind propels the 

ship forwards. Flettner rotor designs can be found in ships and airplanes. In ships, the rotor 

stand vertically and a force is generated at right angles to the wind, to drive the ship forwards 

thanks to the thrust generated. In airplanes, the rotor extends sideways in place of a wing and 

an upwards force is generated. This force is in a vertical direction and that’s why it’s called lift. 

3.1.1 Magnus effect 

Heinrich Gustav Magnus (1802-1870), a German experimental scientist, studied the deflection 

of projectiles from firearms. He realised that the path of a spinning object is not the same if 

the object is not spinning. Its path through the fluid (commonly air or water) is deflected if the 

object is spinning. This phenomenon is known as Magnus effect and it is due to this 

phenomenon that a Flettner rotor can be used as a propeller.   

If a cylinder rotates about its axis and at the same time is moving through a fluid in a 

perpendicular direction to its axis, it will experience a force perpendicular to both the direction 

of motion and the axis. The explanation to the appearance of this force is similar to the thrust 

generation of a conventional ship propeller. The force is generated thanks to a pressure 

difference existing due to a fluid velocity difference.  

At the surface of the cylinder, fluid will rotate at the tangential velocity component of the 

cylinder’s outer radius due to the no slip condition, and the action of viscosity will transmit 

that rotation to adjacent layers of fluid. 

 

 

Figure 3.1: Flow patterns that intervene in Flettner’s rotors propulsion (Source: [19]) 
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Pattern (a) is the pattern of a parallel flow interacting with the cylinder while it is not spinning. 

The cylinder is the Flettner rotor. Pattern (b) is the pure circulatory flow. It is the pattern fluid 

follows only due to the action of the rotor spinning while there is no parallel flow. Pure 

circulatory flow, resulting from rotation, will give a flow pattern of concentric circles. 

Superimposing these two flow fields ((a) and (b)) and plotting the streamlines by vector 

addition gives the flow field (c), which is the real flow while a Flettner rotor delivers thrust.  

 

Figure 3.2: Flettner rotor spinning and submerged in air flow (Source: [19]) 

 

Figure 3.3: Forces generated due to Magnus effect (Source: [19]) 
 

Ω is the angular velocity, FL is the lift force, FD is the drag force, u∞ is the velocity of the parallel 

flow (wind’s velocity relative to the cylinder) and uφ is the velocity of the pure circulatory flow 

due to the spinning movement of the cylinder.   
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In previous figures, the cylinder is rotating clockwise. Air flow in the left surface of the cylinder 

(looking at the cylinder from the same direction as the parallel flow) is faster because as it can 

be seen in the figure, the velocity of the pure circulatory flow adds to the velocity of the 

parallel flow, uφ + u∞. Nonetheless, air flow in the right surface of the cylinder is slower 

because uφ - u∞, just because of the clockwise rotation. There exists a velocity difference 

between the surfaces of the cylinder, thanks to the spinning movement of the cylinder and it 

being submerged in a parallel flow. This velocity difference, just like in the case of a 

conventional naval propeller and according to Bernoulli, is responsible for a pressure 

difference. If there is a pressures gradient, there is also a net force generated. This force, FL, is 

the thrust that propels the ship forwards.  The lift per unit length of a rotor is 2π times the 

product of the tangential velocity component of the rotor and the free-stream flow speed. To 

avoid boundary layer separation, rotors can be a little modified by adding discs or fences. The 

disposition of fences may vary the values of the lift and drag coefficients. Drag and lift forces 

can be calculated with next equations: 

 

- Lift and drag forces are measured in N. 

- ρ is the density of air [kg/m3]. 

- U is the wind relative to the rotor [m/s]. 

- D is the diameter of the rotor [m]. 

- L is the length of the rotor [m]. 

Lift and drag coefficients cannot be obtained directly from any equation. There has been some 

research on finding values for these coefficients. Hoerner and Borst (1985), Mittal and Kumar 

(2003), Thom (1934) and Reid (1924) studies and data for rotating cylinder in a cross-flow as a 

function of spin ratio, Ωr/u∞, is summarised in the next figure. 

 

 

 

 

 

 

Figure 3.4: Lift and drag coefficients per spin ratio (Source: [19]) 
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The spin ratio is the ratio of the surface speed to the free-stream flow speed and it is defined 

as follows: 

𝑠𝑝𝑖𝑛 𝑟𝑎𝑡𝑖𝑜 =
Ω ∗ 𝑟

𝑈
 

(8) 

 

Ω is the angular velocity, r is the radius of the spinning object and u∞ (u∞=U, the nomenclature 

varies depending on the situation) is the velocity of the wind relative to the spinning object 

(apparent wind). Flettner rotors shall be used while the ship is sailing, so the rotors have a 

linear velocity that must be considered at the time of calculating the thrust generated, simply 

by considering wind’s relative velocity instead of real wind’s velocity. 

3.1.2 Flettner rotor as a ship propulsion system 

In merchant vessels, Flettner rotors must be conceived as thrust sources for saving fuel (thus 

reducing emissions) of hybrid systems. One of the main matters of this propulsion system is 

the power source that drives the rotors. It may seem a paradox the fact of spending some 

energy on moving the rotors instead of using this energy on the conventional diesel-electric 

propulsion system which propels the conventional propeller of the ship. The fact is that 

Flettner rotors are rotated by means of electric drive and it has been already proved that fuel 

consumption decreases when using these rotors. The heat of the exhaust gases of the diesel 

engines are used to run a turbine which generates the necessary electricity to spin the rotors. 

Another source of power can be a variable electric drive system, which is powered by the 

ship's low voltage network. Electric motors are the most common power sources.  

The key of the Flettner rotor propulsion system is that the driving energy that spins the rotor 

comes from that part of energy that conventional propulsion systems cannot exploit. Fuel 

consumption drops by 20% when the rotors are used along with the diesel-electric system 

because the thrust force of the rotors is generated by the same energy that drives the 

conventional propulsion system. Flettner rotors use a notable part of the energy that diesel 

engines cannot take advantage of.  

 

 

 

 

 

 

 

 

 

Figure 3.5: Two 30 x 5m Rotor Sails were installed in the end of Aug. 2018 as a retrofit on a Maersk P class oil 
products tanker (Source: [20]) 
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Propelling force generated by the rotor can be calculated with the equations given thus far and 

with basic algebra. The force generated by one rotor depends on its radius, its length and its 

revolutions per minute. The angular velocity is obtained from the rpms, multiplying them to 

2π/60. Radius is a known parameter of the rotor so the spin ratio can be calculated for every 

wind condition using equation 8. Once the spin ratio value is known, lift and drag coefficients 

can be obtained consulting graph references, like the one in figure 3.4. Values for these 

coefficients are always approximate and come from empirical observations. After deducing lift 

and drag coefficients, lift and drag forces can be calculated with expressions 6 and 7, since all 

parameters are already known.  

The result obtained for FL and FD is given in N. It is important to understand the geometry of 

these forces correctly. The propelling force the ship experiments (the thrust force) is neither FL 

nor FD. The propelling force is the vector addition of lift and drag forces. Its orientation 

depends on the wind direction, and of course there will situations in which fuel consumption 

will decrease notably and other wind situations not that good that will make the propelling 

force be small and not relevant enough to save fuel. 

 

Figure 3.6: How the propelling force is generated thanks to a Flettner rotor (Source: [21]) 

 

For example, if there is a case of FL = 17460 N and FD = 6924 N, the resultant force applied to 

the rotor is: 

√174602 + 69242 = 18783 𝑁 

and this resultant force acts at an angle defined by the arctangent: 
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𝑎𝑟𝑐𝑡𝑎𝑛 (
6924

17460
) = 21,63º 

referring to the perpendicular direction of the apparent wind. Of course the direction of the 

propelling force depends on the direction of the wind, so the ship must compensate drag 

forces using the rudder to keep sailing forwards.  

Obviously, the ship does not have to change its scheduled route in order to be in a more 

profitable wind situation, so this propulsion system is limited in lack of wind situations. Its 

efficiency depends always on the wind situations. However, as an auxiliary system to the 

conventional propulsion system of diesel engines, Flettner rotors have an incredible 

performance and achieve notable fuel consumption savings. This green technology is also 

featured with sensors and automatic systems that control the drive of the rotors, in order to 

be as efficient as possible at any moment. Revolution per minute of a rotor may be needed to 

change in some wind conditions. The only parameter that can be changed in the rotor to 

optimize the propelling force generation while the ship is sailing is the angular velocity. 

Efficiency depends on every sailing condition (trim, ship’s speed, hull condition), but what is 

true is that with rotors, 8-10 times more power can be absorbed from the wind compared to 

sails or wing-shaped structures of similar size, according to Flettner rotors manufacturers. This 

makes Flettner rotors especially suitable for wind-assisted propulsion of ships. They produce 8-

10 times more lift force per unit area of the projection compared to sails or wing-shaped 

structures, so the size of the rigging can be greatly reduced.  

Rotors are usually made of composite materials in order to give the rotor appropriate 

mechanical properties. The surface of the rotor is what generates thrust, so rotors are mainly 

empty inside to reduce weight. Rotors are tall and so they lift up the centre of mass of the 

ship. For ship stability considerations, de centre of mass needs to be as down as possible, so 

rotors must have optimized weight in order to not impact negatively in ship’s stability. It is 

important to point that rotors have an endplate in their top end, in order to increase the lift 

coefficient thus improving their thrust generation performance.  

However, the empty space of the inside is well exploited. In the inside, there are all the 

elements needed to make operational all the system. There is the electric motor which drives 

the rotor. There is also a brake resistor, a safety switch and the frequency converter. All these 

elements are usually at certain height of the rotor. Inside the rotor there is the shaft, bearings 

and cable racks, so the rotor can spin using the energy delivered by the electric motor. There is 

also the so-called support steel tower; it gives stiffness to the structure. In the bottom of the 

rotor, there is a hatch so operators or maintenance staff can access to all the components of 

the inside. The rotor is always provided with ladders in the inside for the same reason.  Of 

course, in the bottom of the structure there are also support wheels (also called support 

rollers) and the foundation of the structure, on ship’s deck. The foundation transfers the loads 

produced by a Rotor Sail to the ship´s hull. The support structure requires welding labours.  
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Figure 3.7: Scheme of the Norsepower rotor (Source: [22]) 
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This is a scheme of a Fletnner rotor commercialized by Finnish company Norsepower. It allows 

understanding how a Flettner rotor is applied to a ship, how this technology really works 

beyond the Magnus effect and the principles of physics which these rotors take advantage 

from.  

The weight of just one rotor may vary from 15 to 50 tons, depending on the dimension of the 

rotor, that normally vary from 15 to 30 meters long and a diameter of 2-5 meters. This 

Norsepower model rotor, for example, has a maximum speed of 250 revolutions per minute 

and an average electric consumption of 15 to 35 kW, depending on the size of the rotor. The 

crew is able to control the rotor with a control panel on the bridge. After initiating with a push 

button start, the operation is fully automated and senses whenever the wind is strong enough 

to deliver fuel savings, at which point the rotor starts automatically, minimising crew time and 

resources. The effectiveness and the impact that causes the rotor on the ship can be 

quantified and summed up a polar diagram as the one that follows: 

 

 

Figure 3.8: Polar diagram showing a Flettner rotor’s performance (Source: [23]) 

A polar diagram is a tool to demonstrate the rotor’s performance in different wind situations. 

It shows the main engine equivalent power produced by the rotor for every true wind speed in 
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m/s (true wind and not apparent or relative wind). To draw the diagram is necessary to specify 

a constant ship speed as a parameter, so the results given in the diagram are always referred 

to the service speed of the ship, which is supposed to be the speed at which the ship will sail 

mostly. The power produced by the rotor is given in radial direction; the angle from vertical is 

the true wind angle. As it can be seen in the polar diagram, the rotor start to save fuel already 

at a 20º true wind angle, when the true wind speed is at least 7 m/s and the savings are 

maximized when the true wind angle is about 120 degrees and when the true wind speed is 20 

m/s or more. The concentric circumferences are the main engine equivalent power. The case 

of the previous figure is the polar diagram for a rotor of 24m long and diameter of 4m. 

Propulsion power is given in kW and wind speed in m/s. Manufacturers give rotor data as main 

engine power equivalent and thrust generated.  

At angles close to 0º or 180º Flettner rotors are quite inefficient but at any other angles 

(especially at those close to 120º or 240º) they are very efficient, just one rotor can produce 

about 2 MW. Of course, if the wind is poor, the thrust obtained will be poor as well. The 

technology performs best when the average wind speed is high and typical winds are coming 

from the beam. 20% fuel savings is the typical value given from manufacturers. Some of the 

most ideal vessel routes for maximizing fuel savings may be the following: 

- Northern Pacific crossing. 

- Northern Atlantic crossing. 

- North Sea and Baltic Sea areas.  

 

 

Figure 3.9: The E Ship 1, one of the most important rotor ships (Source: [21]) 
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3.2 Kite system 

A kite rig is a wind-assisted propulsion system which differs from a conventional sail in that it is 

flown from kite control lines and it is not supported by masts. A kite can be considered simply 

as a wing surface. The main benefits of using kites are the following: 

- Kites do not need masts, so there are no masts taking deck space. This means that 

there is more cargo space in the ship. 

- Due to the low attachment point of the tow line the roll heeling moment is 

considerably smaller. 

- The kite always flies at high altitudes, so it is exposed to higher wind speeds than other 

wind-assisted devices.  

- The kite can be actively controlled in order to create its own flying speed thus 

increasing its apparent wind speed and the traction force. This means that more 

propelling force can be created with less area.  

At first, this idea was received with some scepticism, because it seems quite weird that a big 

kite can propel a merchant vessel just like a smaller kite propels a surf board. But the fact is 

that this system actually works and there are some merchant vessels across the world using 

this technology and taking advantage of it. Kites are receiving more attention from ship-

owners every year.  

3.2.1 Kite traction force 

In the case of the kite, the force generated is usually referred as towing force or traction force 

and not propelling force or thrust, because the force that generates the kite is transmitted to 

the ship by a towing rope. To calculate this force, the kite must be considered as a three-

dimensional wing surface (in fact, this is what it is) governed by relative wind speed and its 

angle of attack. The resulting force is determined by calculating lift and drag forces on it.  

To calculate the kite traction force it is assumed that the equilibrium between the direction of 

the aerodynamic force on the kite and the direction of the tow line is instantaneous. This 

equilibrium depends on the instant position of the kite. The kite has got its own speed, apart 

from the vessel’s speed. So the force generated depends on the apparent wind, which is a 

combination of the true wind, the vessel’s speed and the motion of the own kite. Depending 

on the position, the kite will develop its flying speed in such a way that the resulting force is 

parallel to the tow line.  

It is important to calculate this equilibrium speed and the resulting traction force. In order to 

do that, it is necessary to use the flight envelope (FE). The FE can be described as the quarter 

sphere with radius r in which can be found the possible position in space of the kite, attached 

to a tow line with length r. The tow line defines de radius of the quarter sphere. The FE is the 

space in which the kite can move so all calculations can be done within this FE. The next figure 

is a FE and there appear all the angles, points in space and vectors necessary to study the 

phenomena: 
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Figure 3.10: Flight Envelop (FE) of a kite (Source: [24]) 

 

- The FE is delimited by the half circle LUR, which is called edge of the FE. 

- All half circles which are parallel to LUR are lines with equal speed and traction of the 

kite in each point of the line, so they are called iso-power lines. 

- W is the true wind. 

- Point F is the point where the tow line is attached.  

- Point K is the position of the kite. 

- Therefore, segment FK is the tow line. 

- Point P is the centre of the denominated power zone. It is the point where the kite 

gets its maximum speed and traction, when assuming uniform inflow over the altitude 

in the FE. 

- Circle segments from point P to the edge are called iso-gradient lines, because the 

gradient of speed and power has a constant maximum value along these lines.  

- Angle θ is the angle of the tow line FK with respect to the line FP. 

- Angle Φ is the angled formed between the horizontal plane and the plane FKP. 

Point K (position of the kite) is the origin of the coordinate system defined by axis xK, yK, zK, as it 

can be seen in the previous figure. This coordinate system is used to describe the flying 
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direction of the kite. The xK axis is tangential to the iso-power line through K pointing from 

point L to point R. yK axis is tangential to the iso-gradient line through K pointing towards point 

P. zK axis is parallel to the tow line with a direction to outwards the FE. Once coordinate system 

has been defined, angle γ can be defined as the angle between the flying direction of the kite 

and the positive xK axis. With all these definitions it is possible to formulate the apparent wind 

that is experienced by the kite.  

True wind is split up: 

- Vr-z is the radial component parallel to the tow line in the zK direction. 

- Vt-x is the component tangential to the FE in the xK direction. 

- Vt-y is the component tangential to the FE in the yK direction. 

The tangential velocity is due to a combination of the true wind and the kite’s own speed. The 

part due to the kite speed can be split up into a part tangential to the iso-power lines in the 

direction of xK (Vx-k) and a part tangential to the iso-gradient lines in the direction of yK (Vy-k). In 

yK direction, there is a contribution by the true wind (Vy-w) as well. Using trigonometry, the next 

formulas can be deduced: 

 

𝑉𝑡−𝑦 = −𝑟Ө′ + 𝑊𝑠𝑖𝑛(Ө) = 𝑉𝑦−𝑘 + 𝑉𝑦−𝑤 

 

(9) 

𝑉𝑡−𝑥 = −𝑟Ф′𝑠𝑖𝑛(Ө) = 𝑉𝑥−𝑘 
 

(10) 

𝑉𝑡 = √(𝑉𝑡−𝑥)2 + (𝑉𝑡−𝑦)2 
(11) 

𝑉𝑘 = √(𝑉𝑦−𝑘)2 + (𝑉𝑥−𝑘)2 
(12) 

𝛾 = arctan
𝑉𝑦−𝑘

𝑉𝑥−𝑘
 

(13) 

𝑉𝑟−𝑧 = 𝑊𝑐𝑜𝑠(Ө) (14) 

𝑉𝑟𝑒𝑙 = √(𝑉𝑡)2 + (𝑉𝑟−𝑧)2 (15) 

𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛
𝑉𝑟−𝑧

𝑉𝑡
 

(16) 

 

Equation (11) is the total tangential velocity, whose components are defined by equations (9) 

and (10). Vk is the flying speed of the kite and it is defined by equation (12), meanwhile its 

direction is defined by the angle γ that can be calculated according to equation (13). The radial 

velocity is caused by true wind only and it can be calculated using equation (14). Once all this 

velocities are known values, the total relative velocity and the angle of attack α experienced by 

the kite can be found, using formulas (15) and (16) respectively.  
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Figure 3.11: Velocities, angles and forces in a kite cross section (Source: [24]) 

 

As it can be seen in the previous figure, lift and drag forces are generated in a similar way as 

they are generated by a conventional ship propeller. In a conventional propeller, thanks to its 

cross section geometry, water flows faster in one side of the surface, thus creating a pressure 

gradient which generates the force. In the kite, the operating principle is almost the same. In 

this case, the fluid that propels the ship is air. The cross section of the kite also has an 

appropriate shape that generates a force. The kite is not rotating as a propeller is, but it also 

has its own motion.  

To find the effective angle of attack, αe, the angle at which the kite is attached to the tow line 

referred to the perpendicular direction of the tow line, αk, has to be subtracted from α: 

𝛼𝑒 = 𝛼 − 𝛼𝑘 (17) 
 

The vector addition of the lift and drag forces determine the resulting force on the kite. To 

calculate this resulting force, two general steps are taken: 

- Drag and lift of the 2D aerofoil are determined. 

- Some corrections are made to these 2D forces. These corrections are due to the 3D 

induced drag, the curvature of the kite, drag due to irregularities into the surface and 

drag due to the roughness of the surface. 

To calculate the 2D lift and drag coefficients, must be taken into account a superposition of 

three potential flows: the free stream, a flow created by a vortex on the surface of the aerofoil 

and a source sheet on the aerofoil surface and wake. The viscous part of the solution resulting 

in frictional resistance is described by boundary layer shape parameter equations. The 
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obtained 2D lift and drag coefficients have to be corrected in order to include 3D effects. This 

is done based on Prandtl’s lifting line theory assuming elliptical lift distribution over the wing 

span. These calculations are usually made using method programmes, e.g. XFOIL by Drela & 

Youngren. Any kite has a certain curvature that affects the forces generated. This curvature is 

defined by an angle of curvature, ζ. This angle is very important since it relates the lift 

coefficient of a straight wing with the lift coefficient of a curved wing; this is the ‘real’ lift 

coefficient. The relation is the following: 

𝐶𝐿,𝑐 = 𝐶𝐿𝑐𝑜𝑠2(𝜁) 
 

(18) 

CL,c stands for 3D lift coefficient of the curved wing. There are some lines between the control 

pod and the kite. In the next figure the curvature of the kite is also manifest:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Scheme of the main components of a kite propulsion system with its lines between the kite and the 
control pod (Source: [25]). 

 

The lines between the control pod and the kite generate a considerable drag. The drag 

coefficient of all these lines together can be determined as follows: 

 

𝐶𝐷,𝑙 =
𝑛𝑅𝑑𝑐𝑜𝑠3(𝛼𝑙)

𝑆
 

 

(19) 

Where S is the surface of the kite, n is the number of lines, R is the length of the lines, d is the 

diameter of individual lines, αl is the angle of attack between relative speed and the kite line 

and finally CD,l is the drag coefficient of these lines. The total cross sectional area of the lines 
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must be the same area as the cross section of the tow line, also called towing rope. The drag 

generated due to the tow line hardly ever exceeds 1% of the total drag, so the tow line is 

usually neglected. This is because the speed of the tow line is quite low. However, vortex 

induced vibrations could increase the line drag. Other little drag generators are the air inlet of 

the kite (an opening at the nose of the kite enabling air flow into the inflatable kite) or the 

roughness of the kite itself.  

Taking for granted that the Reynolds number in independent of the kite position, the direction 

of the force generated only depends on the angle of attack, since the ratio L/D is also 

independent with this assumption. So, knowing the ratio L/D allows determining the required 

angle of attack (using previous formulas) for which the resultant force is parallel to the tow 

line, which is the desired situation.  

Lift and drag forces are calculated using next formulas: 

 

𝐿 =
1

2
𝜌𝑉𝑟𝑒𝑙

2 𝑆𝐶𝐿 
(20) 

𝐷 =
1

2
𝜌𝑉𝑟𝑒𝑙

2 𝑆𝐶𝐷 
(21) 

 

Remembering equation (17), the angle between the kite chord line and the perpendicular to 

the tow line (this is αK) must be chosen such that the effective angle of attack for which the 

resultant force is parallel to the tow line is giving the maximum lift to drag ratio. An optimal 

value for the ratio would be close to 3.5.  

One of the advantages of using a kite propulsion system is that relative wind velocity can be 

increased by intentioned manipulation of the kite position on the FE. The most common and 

optimal movement of the kite is an infinite-shaped path. When de path is known, the total 

relative wind velocity and the traction force can be determined, although only at a finite 

number of points of the path. The average towing force and its direction can be calculated by 

integration over the chosen path.  

 

 

 

 

 

 

 

 

 

Figure 3.13: Infinite-shaped path of a kite (Own source) 
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The wind which enters into the Flight Envelope has been called until now as true wind, but in 

fact it is a combination of the true wind and the wind created by the ship’s own speed. As the 

kite’s flying altitude is supposed to be within the so-called surface layer of the atmosphere, 

where the occurring wind is dominated by pressure differences and no geotropic winds occur, 

the relation between the wind speed and the kite’s altitude is a logarithmic one: 

 

𝑊(𝑧) =
𝑢𝑟𝑒𝑓

𝑙𝑛
𝑧𝑟𝑒𝑓

𝑧0

𝑙𝑛
𝑧

𝑧0
 (22) 

 

Where W is the wind speed in m/s, z is the altitude above the surface of the sea in m (all 

altitudes in the formula shall be in m), z0 is the surface roughness (depending on wave height), 

zref is the altitude of the reference level (higher than the sea surface level) and uref is the known 

wind speed at reference level.  

The optimum flying altitude depends on three different points: the variation of the traction 

force over the FE (remembering the iso-power lines), the variation of the wind speed over the 

altitude and the variation of the horizontal traction force with inclination of tow line. Every 

situation of position and speed delivers a different value of the traction force in the forward 

direction of the ship.  

There also exists a component of the resulting force which is perpendicular to the forward 

direction, resulting in a side force and yawing moment. Because of this, the ship’s rudder is 

needed to have a certain angle to compensate this side force, so the ship can sail forwards 

without drifting. The most optimal place to attach and install the kite is at the bow of the ship. 

This is like this because it is the best way to minimize the required rudder angle to obtain yaw 

balance (due to the side force generated by the own kite). By installing the kite in the bow, the 

required rudder angle to compensate the side force appears to be always littler than 4 

degrees. Moreover, the maximum drift angle amounts to less than 1 degree, resulting in a total 

maximum induced resistance due to drift and rudder angle of less than 1%. 

3.2.2 Kite system aboard  

The leading company of kite system technology, SkySails, claims that the use of this technology 

in the maritime industry would mean a worldwide reduction of CO2 of 0.6%. This technology 

was studied for the first time in the earlies 00s. The first merchant vessels with a kite system 

aboard were the following: 

- In 2008, the system was installed on the ’MV Michael A’, an 89m length bulkcarrier.  

- Also in 2008, the ’MV Beluga Skysails’, a freighter belonging to the Beluga maritime 

company and then to BBC Chartering, was the first vessel to perform a first 

commercial test of the system. Sailing more than 11,000 nautical miles across the 

ocean, the vessel achieved the expected results with fuel savings of about 20%. With a 

SKS C320 model sail capable of propelling ships of more than 140m of length through 

large commercial routes; this vessel was the first demonstration of the system 
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capabilities.  Thanks to this performance, the project received 8 million euros from 

Oltman Group, a company related to the development of sustainable technologies. On 

its inaugural trip in January 2008, this freighter with capacity for more than 200 40-

foot containers, sailed from the port of Bremerhaven in Germany to the Venezuelan 

port of Guanta, demonstrating that even in conditions of moderate wind the thrust 

generated by the kite was about 2,000 kW. 

- In April 2010, the SKS C160 kite model was implemented on the ship "Maartje 

Theadora", a fishing vessel with a German flag.  

According to manufacturers, the kite system is capable of generating 25 times more propulsion 

per square meter of sail than other existing conventional wind propulsion system. Of course, 

these statements are mostly commercial and there is no point in discussing which system is 

better, since it depends on the characteristic of each vessel, the route, etc.  

However, it is true than the kite can operate in faster winds than other systems, thanks to: 

- Increase of the apparent wind due to self-movement. 

- Increased winds at high altitudes. 

The kite describes infinite-shaped or sinusoidal flight patterns in order to achieve maximum 

towing force. The kite is capable of generating a large amount of apparent wind due to its 

flying speed that keeps it constantly moving. In other sails, such as Flettner rotors or wingsails, 

the apparent wind is only caused by the movement of the ship. But the kite itself has its own 

motion which increases the apparent wind.  

Furthermore, kites are designed to fly at altitudes between 100 and 500 meters, where the 

wind is much faster and more constant. The wind experienced by the kite is much stronger 

than it is at sea level. This is mostly due to the fact that air has its own velocity profile, being 

the level of the sea the altitude y=0, so due to viscous phenomena air slows down its velocity 

near the water surface. The higher the kite is, the faster the wind will be, and therefore the 

force. 

The point of these facts is that a kite generates more thrust with less surface. A kite, being 

much smaller, can generate the same propulsive power than a wingsail, which is much bigger. 

The fact of being smaller gives the kite ship stability-related advantages.  

Another advantage which is claimed by manufacturers is that the installation of the system 

aboard is not complicated and can be easily made at port, without dry dock necessities. The 

system can be installed in new ships and also in existing ships. More advantages of the system 

are the following:  

- Automatic operation. During operation, crew must be in charge of the control system 

and check that the kite has been correctly stowed. There are no special tasks and the 

system operates autonomously.  

- High safety levels, including automatic safety protocols of the system in emergency 

cases. Heel produced by the kite during its performance is insignificant in terms of 

operability and safety in navigation. The traction force is transmitted to the ship via 
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the towing line so the point of the ship where the force is applied is located at deck 

level. By having the transmission point at such a short altitude (deck level), a 

minimized lever arm is produced, leading to a very small inclination angle, compared 

to other systems, in which the point where the force is applied is notably high 

(therefore, far from the centre of gravity of the ship), resulting in a considerable lever 

arm. The heel experienced by the ship is bigger in large lever arms, according to the 

next basic equation: 

 

𝑀 = 𝐹𝑑 (23) 
 

Where M is the heeling moment, F is the force (in this case, the drag force component 

of the towing force) and d is the length of the lever arm. The shorter the lever arm, the 

littler the heeling. M is in Nm, F in N and d in m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Heel comparison depending on the type of system (Source: [25]) 
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- Minimum space required: all components of the kite system, excepting the control 

system located in the bridge, are located in the bow so the system does not reduce 

cargo space and maintains stability criteria and avoids possible problems related to 

existing infrastructures and such as: cranes, hatches, emergency boats, etc. 

The kite system consists of three simple main components: a towing kite with rope, a launch 

and recovery system and a control system for automatic operation. 

1) Towing kite and rope 

The towing kite, whose shape is comparable to a paraglider, is made of high-strength and 

weatherproof textiles. Due to the extreme weather conditions the kite can be exposed, it is 

made of synthetic fibres that are very resistant even to UV (ultraviolet) rays. These fibres must 

be also resistant to extreme wind conditions, rain, moisture, and other negative factors of the 

wild sea.  

The kite is distributed longitudinally by means of tubular air chambers, whereby wind 

circulates from the leading edge to the trailing edge, thus creating the desired forces. A 

coupling mechanism connects the towing kite with the kite adapter attached to the launch and 

recovery mast. Manufacturers offer kites for cargo ships with areas of up 600m2. 

The force transmission system comprises the following components: towing rope, force 

transmission point and winch. This system must be especially customized for each ship. The 

towing rope is a highly tear-proof synthetic rope. Steel cables would be too heavy for that 

purpose, and conventional ropes would be too weak to resist axial forces. The most used 

material in kite systems is dyneema.  

Dyneema is an ultra-strong polyethylene fibre that offers maximum strength combined with 

minimum weight. It is up to 15 times stronger than quality steel and up to 40% stronger than 

aramid fibres, both on weight for weight basis. This material floats on water and is extremely 

durable and resistant to moisture, UV light and chemicals. The applications are therefore quite 

unlimited.  

The force transmission point, also referred as tow point, is the point at which the towing rope 

is connected to the ship. It guarantees the optimal kite’s alignment for every wind condition, 

using gears. It is always located in the foredeck. Generally, the existing ship‘s structures are 

sufficiently dimensioned, since that is where the capstan and anchor windlass are also housed, 

always with a stability study done previously. The technology of force transmission is similar to 

the systems used in tugs.  

The kite is launched and recovered by means of a dynamically operating winch. The winch is 

also used as rope storage. The rotation speed of the winch can be controlled allowing the kite 

to stabilize when wind conditions are not favourable. Rotation speed and traction force are the 

main parameters related with the winch.  
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Figure 3.15: Force transmission point (left) and winch (right) (Source: [26]) 

 

2) Launch and recovery system 

Launch and recovery action last approximately fifteen minutes, each action. The launch 

procedure begins with a telescopic mast lifting the towing kite, which is reefed as an 

accordion. When the kite is high enough, it unfurls to its full size and can be completely 

launched. The winch keeps releasing the towing rope until reaching the operating height. The 

recovery procedure goes exactly in reverse order.  

The next figure shows the telescopic mast which elevates the kite before finally releasing it: 

 

 

 

 

 

 

 

 

Figure 3.16: Telescopic mast of the launching system (Source: [26]) 

 

This operating system works by means of hydraulic pistons and an electric system, for the 

manoeuvre and control of the mast. There is a coupling mechanism at the extreme of the 

telescopic mast, which connects the mast with the kite.  

One of the few actions that must be taken by the crew is to open (in the launch) or close (in 

the recovery) the compartment where the kite is kept.  
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Figure 3.17: Recovery phases (Source: [26]) 

 

3) Control system 

The control system is essential to align the kite correctly in order to achieve optimal propulsion 

power. Probably, the most important element of the control system is the control pod, an 

element which is suspended in the air, right below the kite. The control pod has mechanical 

actuators that pull to the left and right of the control line, in order to modify the aerodynamic 

profile of the kite. This modifications cause variations in the flight path.  

In the control pod there are also installed the electronics for the control of the kite. It has a 

streamlined casing which is waterproof and protects the electronic components against 

humidity and shocks. A chassis made out of carbon fibre composite material carries the casing, 

the electronic components, the gear mechanism and the motor. Mechanically, the control pod 

is also very important, since it is the element which connects the towing rope and the kite 

itself, so it must be very strong. 

 

 

 

 

 

 

Figure 3.18: Control pod (Source: [26]) 
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The control system steers the kite automatically. Data from the sensors is collected and 

processed by the software and this software sends control commands to the actuators. There 

is a graphic user interface in an on-board computer (located on the bridge) which informs 

constantly about the status of the kite system. This interface also allows operating the system 

in a manual mode, for launch or recovery proceeds, etc.  

The control pod computer takes over the tasks of sensor signals processing, motor control, 

data communications and backup functions for the autopilot. Data and control commands are 

transmitted to the control pod by means of a special cable integrated in the towing rope.There 

must be also a PLC which controls the launch and recovery telescopic mast, as well as the 

winch. A control panel for this PLC is installed on the foredeck, so launch and recovery 

proceeds can be controlled manually.  

The sensors which are used by the kite system and therefore must be installed aboard are: 

- GPS 

- Anemometer 

- Wind direction gauge 

- Rudder position 

- Course 

- Kite adapter sensors 

- Tow point sensors 

- Winch sensors 

All the data collected from these sensors is used to decide the optimal position of the kite. The 

ship‘s sensors that are normally found on board must comply with the NMEA standard. Some 

of the previous sensors are already installed in the ship independently from the kite system. 

Other sensors are especially installed for the use of the kite system, such as the ones which are 

installed in the control pod. These sensors provide the clue data of the system’s performance: 

  

Figure 3.19: Interface of the control system. Data of the system’s performance (Source: [27]) 
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3.3 Wingsails  

Wingsails technology is another already existing way of creating thrust. Wingsails are devices 

than reminds of traditional sails, but of course, have many notable differences. The operating 

principle is the same as any other technology that use aerofoils: when moved through a fluid it 

produces an aerodynamic force consisting of lift and drag. By rotating to the optimum angle of 

attack, the lift can be maximised. Wingsails can be used not only as propellers, but also as 

brakes when needed, to slow down the ship if needed [28]. 

For the realization of the chapter 3.3, relative to the wingsails, an interview with David Ferrer 

Desclaux, CTO & Project Manager at Bound4Blue, has taken place. All information has been 

obtained from this interview at the offices in the company, as well as most of the visual 

resources. The Spanish company Bound4blue develops rigid sails for ships with the aim of 

reducing pollutant emissions and operating costs. 

In the annexes of this final thesis, there is the paper relative to the certification of meeting and 

collaboration with Bound4Blue, dated 7th January 2020.  

3.3.1 Driving force 

The physics behind this wind-assisted propulsion system are quite similar to other systems, 

such as the Flettner rotor system. The air flows along the wingsail and due to the geometry of 

the cross-section of the wingsail, the air flows faster in one side of the sail. According to 

Bernoulli, if velocity drops then pressure rises and if velocity rises then pressure drops. 

Because of this, a pressure difference between the two sides of the cross-section exists, and 

therefore there is a net force. There is also a pressure difference between the leading edge 

and the trailing edge of the aerofoil, since air particles get a little ‘stuck’ in the leading edge 

(and therefore velocity of air particles in the leading edge drops notably and pressure rises) 

[29]. The blue lines of the next figure represent the flow lines of air. The red arrow represents 

de drag force and the green arrow represents the lift force.  

 

 

 

 

 

 

Figure 3.20: Lift and drag forces (Source: [30]) 

 

It is exactly the same phenomena and the same idea that is used in a conventional ship 

propeller to generate thrust. This is detailed in chapter 1.  
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These two forces have components in the forward direction of the ship and also in the 

sideways direction. Wingsails engineering offices refer to the resultant forward force as driving 

force (DF) and to the sideways force as heeling force (HF). This is because the DF is the force 

which propels the ship forwards; it is the force analogue to the thrust force generated by the 

propeller, while the HF causes heeling, as well as drifting. 

If wind is coming from the portside, just like the case of the next figure, the driving force will 

be in the positive direction of the y axis and the heeling force will be in the positive direction of 

the x axis (if the sail is correctly orientated).  

The lift force is perpendicular to the apparent wind direction while the drag force is parallel to 

the apparent wind direction. These forces must be discomposed in y direction components 

and x direction components.   

 

 

 

 

 

 

 

 

Figure 3.21: Direction of the forces in accordance with the wind direction (Own source) 

 

Analysing the previous figure and using some trigonometry basics, only by knowing the values 

of the lift and drag forces and the value of the angle β, the DF and the HF can be determined. β 

is the angle which forms the direction of the apparent wind with the direction of the DF, which 

is the ship’s forward direction. For the case of wingsails, lift and drag forces are obtained from 

the next formulas (general lift and drag forces formulas): 

 

𝐿 =
1

2
𝜌𝑉2𝑆𝐶𝐿 

 
 

(24) 

𝐷 =
1

2
𝜌𝑉2𝑆𝐶𝐷 

 
 

(25) 

These formulas are similar to equations 6 and 7, relative to the lift and drag forces of a Flettner 

rotor, since they also come from the Buckingham’s Pi Theorem. 
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- Lift (L) and drag (D) are measured in N. 

- ρ is the density of air [kg/m3]. 

- V is the apparent wind [m/s]. 

- S is the surface of the wingsail [m2]. 

- CL is the lift coefficient and CD is the drag coefficient. Both coefficients are 

dimensionless.  

ρ is a known parameter, 1.225 kg/m3. V depends on the every wind condition and on the ship’s 

speed, it varies in every condition once the vessel is sailing. CL and CD are obtained empirically. 

Designers have two options to determine these coefficients: 

- Wind tunnel testing. 

- Usage of already tabulated values of the coefficients. 

If the aerofoil has been already tested (like NACA aerofoils) there is no need in making wind 

tunnel tests, because the results of the tests can be found.  

Therefore, S is one the main design parameter because it is the parameter to be adapted in 

every ship case in the design stage.  

From the previous figure, it can be obtained that: 

 

𝐷𝐹 = 𝐿𝑠𝑖𝑛𝛽 − 𝐷𝑐𝑜𝑠𝛽 
 

(26) 

𝐻𝐹 = 𝐿𝑐𝑜𝑠𝛽 + 𝐷𝑠𝑖𝑛𝛽 
 

(27) 

  
These equations are obtained from decomposing lift and drag forces in the x and y directions 

and applying basic trigonometry. Combining equation 26 with equation 24 and also combining 

equation 27 with equation 25, the next formulas are obtained: 

  

𝐷𝐹 =
1

2
𝜌𝑉2𝑆(𝐶𝐿𝑠𝑖𝑛𝛽 − 𝐶𝐷𝑐𝑜𝑠𝛽) 

 
 

(28) 

𝐻𝐹 =
1

2
𝜌𝑉2𝑆(𝐶𝐿𝑐𝑜𝑠𝛽 + 𝐶𝐷𝑠𝑖𝑛𝛽) 

 
 

(29) 

These equations are the most important ones in the process of designing a wingsail. They are 

the ones which govern all the design stage. The angle β must be optimised in such a way that 

maximises the DF at minimal HF. To find the optimal β means to find the optimal position of 

the wingsails. Obviously, the direction of the wind cannot be controlled but wingsails can be 

rotated in order to create lift force in the desired direction, thus optimising the driving force.  
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The angle of attack is defined as the angle that forms the chord line of the aerofoil with the 

direction of the flow, and it is represented by symbol α. If α varies, so will do β. Their relation is 

not trivial. However, simulation tools allow to determine which α maximises de DF for every β, 

this is, for every apparent wind direction condition.   

The NACA aerofoils are aerofoil shapes developed by the National Advisory Committee for 

Aeronautics (NACA). They are the most standardised ones and are very used in many 

engineering ambits.  

The NACA four-digit wing sections define the profile by: 

- First digit describing maximum camber as percentage of the chord. 

- Second digit describing the distance of maximum camber from the aerofoil leading 

edge in tenths of the chord.  

- Last two digits describing maximum thickness of the aerofoil as percent of the chord. 

So the first two digits refer to the curvature of the aerofoil while the last two digits refer to the 

thickness. For example, the NACA 4309 aerofoil has a maximum camber of 4% located 30% 

(0.3 chords) from the leading edge with a maximum thickness of 9% of the chord. A 

symmetrical NACA aerofoil would be indicated with two zeros in the first digits of the 

denomination.  

Since NACA was an American agency (which transferred its assets and personnel to the newly 

created National Aeronautics and Space Administration, NASA, in 1958), from now on it will be 

used indistinctly the words aerofoil and airfoil. Airfoil is exactly the same concept as aerofoil 

but in American English.  

‘Airfoil Tools’ is an online database which allows simulating the performance of the already 

studied airfoils, such as the NACA airfoils. It also has a plotter tool. Airfoil Tools allows to input 

the desired characteristics of the airfoil, such as some performance conditions (such as the 

Reynolds number). Reynolds number range from 50,000 to 1,000,000 in logarithmic steps. The 

Reynolds number is a dimensionless value that depends on the velocity, wing chord and fluid.  

The Reynolds number, Re, is determined using the next equation: 

 

𝑅𝑒 =
𝜌𝑉𝐿

𝜇
=

𝑉𝐿

𝜈
 

(30) 

 

Where: 

- V is the velocity of the fluid. 

- L is the characteristic length, the chord width of the airfoil. 

- Ρ is the density of the fluid. 

- μ is the dynamic viscosity of the fluid. 

- ν is the kinematic viscosity of the fluid.  

Dynamic viscosity and kinematic viscosity have the following relation: 
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𝜈 =
𝜇

𝜌
 (31) 

 

The Ncrit value is used to model the turbulence of the fluid or roughness of the airfoil. Airfoil 

Tools has a section explaining the method and also the table (reproduced below) of suggested 

values: 

 

 

 

 

Table 3.1: Suggested Ncrit values (Source: [31]) 

 

The database also gives information about the pitching moment coefficient, Cm. In 

aerodynamics, the pitching moment on an airfoil is the moment (or torque) produced by the 

aerodynamic force on the airfoil if that aerodynamic force is considered to be applied, not at 

the centre of pressure, but at the aerodynamic centre of the airfoil. 

The Mach number is 0 in all simulations of the software.  

This database is a very useful tool for wingsails designers because it allows simulating and 

checking the performance of hundreds of different aerofoils without making wind tunnel tests, 

just inputting the desired characteristic on the computer. Bound4Blue, for example, uses NACA 

airfoils in their designs. It is the most optimal way to obtain the values for the CL and CD (among 

other interesting data). For example, the next figure corresponds to the lift and drag polars of 

a NACA airfoil. Concretely, these polars are from the NACA 2412. 

 

Figure 3.22: Polars of the NACA 2412 airfoil I (Source: [32]) 
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Figure 3.23: Polars of the NACA 2412 airfoil II (Source: [32]) 

 

CL can have different values for the same value of CD and vice versa. This is because of the 

different conditions of performance; values of the coefficient vary with different Reynolds 

numbers, different Ncrit values, etc. Every curve represent a different condition of Re and 

Ncrit. In this example, Ncrit has a range from 5 to 9 while Re has a range from 50,000 to 

1,000,00.  

In the polar diagrams, the values of the coefficients are function of the angle of attack, α. 

These values can be tabulated. Once all this information of the coefficient values is 

determined, designers must extend this table with values of β, DF and HF. The idea is to 

determine which angle of attack is the most optimal for every wind condition. In other words, 

the idea is to identify the position of the wingsails that maximises the efficiency of the system 

for each sailing condition. This efficiency must take into account: 

- The direction of the wind. 

- The values of the DF and HF 

The optimal wingsail position, a priori, may be the one which maximises the driving force. 

However, it is possible that at this position the heeling force becomes too strong. If the heeling 

force is too strong, the hull resistance can increase to the point that the wind propulsion may 

be not profitable, because the added propulsion power delivered by the wing may be littler 

than the added hull resistance due to the drift caused by the heeling force. This is the scenario 

which must be avoided and in fact it is quite improbable to happen (impossible to happen if 

the system works correctly and the orientation of the wings is correct). So the optimal 

orientation is always a compromise solution between the values of the DF and the HF, or what 

is the same, between the values of CL and CD. This is the reason why the curve CL vs CD is so 

important.  

With HF vs β polar diagrams, it is easier to relate which is the optimal alpha for each beta 

condition (apparent wind condition). HF vs β polar diagrams are the analogue for the ones 
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detailed in the Flettner rotor section. These polar diagrams are obtained from the tabulated 

values and the simulations previously detailed (since making the polar diagrams imply to know 

optimal angles of attack), and must display the values of the driving force generated for every 

value of β. 

The CL vs α curve has got a typical form. The curve has a positive slope almost everywhere, 

until finally the curve reaches a certain point and begins to decrease. This phenomenon is 

known as stall. A stall is a reduction in the lift coefficient generated by the aerofoil and it 

happens when the angle of attack increases too much. This occurs when the critical angle of 

attack is exceeded. The critical angle of attack is typically about 15 degrees, but it may vary 

significantly depending on the Re and the own aerofoil. This phenomenon, of course, is not 

desired. The inconvenient is that this point appears very close to the angle of maximum CL. 

This means that the wingsails must be carefully orientated with an optimal angle of attack but 

without exceeding it, in order to avoid stall.  

 

 

 

 

 

 

 

Figure 3.24: Photograph of an aerofoil in a wind tunnel showing separated flow (stall) over the top surface. 
(Source: [33]) 

 

 

 

 

 

 

 

 

 

Figure 3.25: Typical CL vs α curve. Stall (Source: [32]) 
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With all the equations and resources listed thus far, it is completely possible to calculate the 

driving force and the heeling force of a wingsail, so the design can be done attending to each 

vessel necessities.  

 

 

Figure 3.26: Example of the design of a ferry auxiliary-propelled by two wingsails (Source: [34]) 

 

It is known that asymmetrical aerofoils have a better propulsion performance, because they 

have a higher lift coefficient than symmetrical aerofoils. However, in naval propulsion 

asymmetrical aerofoils are not used in wingsails because the DF could have the opposite 

desired direction, depending on the direction of the wind. If the airfoil of the wingsail is 

asymmetrical, it can be given a situation when wind comes from a direction for which DF 

generated by the airfoil has not a forward direction, but a backward one. If the airfoil is 

asymmetrical, although it can rotate, there is no physical way to get the desired direction for 

the DF.  

 

 

 

 

 

 

 

 

Figure 3.27: Lift forces directions if wingsails had asymmetrical airfoils (Own source) 
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As it can be seen in the previous figure, given an asymmetrical airfoil like the one in the 

example, if the wind comes from portside, the lift generated has a forwards component (a DF 

in the forward direction). But if the wind comes from the starboard side, even if the wingsails 

is rotated, the lift generated has got such a direction that the DF is negative (assuming that axis 

y is positive forwards, as in the example). So the wingsails would be performing as brakes, not 

as propellers.  

For this reason, the asymmetrical airfoil can be replaced by a symmetrical one that is attached 

by its trailing edge with another airfoil, also symmetrical, which can rotate. This one is followed 

by another airfoil, which can also rotate. These different parts attached to the first airfoil are 

known as flaps. The idea of adding these flaps is to configure the shape of the original airfoil by 

rotating the flaps. All parts can rotate to modify the angle of attack, hence optimising the DF. 

 

 

Figure 3.28: Movement of the flaps (Source: [35]) 

 

For now, all ongoing projects conceive wingsails without flaps. Nowadays, in naval world, flaps 

only exist in competition sailing boats, not in merchant vessels. But flaps could be a possible 

future way of improving the propulsion power generated by wingsails, as it already is in sailing 

competitions.  

An alternative to the flaps was proposed by the University of Tokyo, UT, within the Wind 

Challenger Project (WCP). The wingsail designed by the UT has the main characteristic that its 

airfoil has a crescent moon shape, so the wingsail con propel in any wind direction situation. 

This shape is not symmetrical (respect the chord line) but generates a lift force orientated in 

the desired direction. The inconvenient is that the CL is slightly lower because of this geometry; 

the extremes of the airfoil are not aerodynamically optimal since they are not very rounded. It 

is the price to pay for the advantage of exploiting any wind condition.  

The project is orientated to design a wind-assisted propelled vessel, a cape-size bulker named 

UT WIND CHALLENGER. Thickness ratio of the airfoil is adopted as 0.2, which can make the 

stall angle larger. This is the way of obtaining the maximum CL for this airfoil shape. The 
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material of the sail (ribs and skin) is GFRP (Glass Fibre Strengthening Plastic). There also exist 

designs with aluminium alloys. The material of the mast is naval steel.  

 

 

 

 

 

 

 

 

 

 

Figure 3.29: UT WINDCHALLENGER sails. Crescent moon shaped airfoils (Source: [35]) 

 

As it has been explained before, when air flows along the airfoil, two forces are generated 

thanks to the phenomenon described by Bernoulli. These two forces are called lift and drag 

and are always perpendicular. When decomposing these two forces in forces in the ship 

forwards direction and in the sideways direction, the resultant forces in each direction are 

called driving force and heeling force respectively. Obviously, the force that propels the ship 

and that is the desired one is the driving force. The heeling force is not desired and in fact, it 

has some negatives consequences.  

The heeling force can be compensated with the rudder of the ship, but there are effects that 

are not avoidable. The two main effects of the heeling force are the following: 

- Heel. This consequence is not very relevant if the stability studies for the installation of 

the wingsail have been done accurately. The same happens with Flettner rotors. Both 

technologies lift the centre of gravity of the ship, something that does not occur in the 

case of kites, because the traction force of the kite is transmitted to the ship through 

the transmission point, which is at deck level.  

- Drift. This consequence is much more relevant from the point of view that it is more 

unpredictable. Drift increases the hull resistance because the ship sails forward but 

with a certain angle respect the forward direction: it means that the ship can sail 

forwards (thanks to the rudder that compensates the drift caused by the wingsail) but 

slightly askew. The heeling force of the wingsails has a sideways direction so the ship is 

drifted. This deflection can be compensated by the rudder, orientating it correctly thus 

making an opposed force that compensates the heeling force. The ship’s path can be 

corrected but there is still drift. This is because the wingsail’s heeling force is applied at 
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a certain point of the ship’s length (obviously where the wingsails is located) and the 

rudder’s force is applied at the aft (obviously where the rudder is located), so there is a 

certain distance between these two forces, thus there exists a moment that makes the 

ship slightly askew.  

 

This phenomenon is responsible for a hull resistance increase. The trajectory of the 

ship can be corrected but the hull resistance increase can’t be avoided. This drift must 

be as little as possible because the consequences of the hull resistance are difficult to 

predict. Ships are designed to navigate straight, not askew, so it is complicated to 

predict the consequences regards to the structural resistance of the hull.  

For these reasons, it is important to maximise the DF but it is also important to minimise as 

much as possible the HF. Wingsails engineers must reach a compromise solution.  

3.3.2 The wingsails technology aboard 

There exist project designs for future ships that will be equipped with wingsails, but this 

technology is also applicable to already existing ships. Wingsails can be installed in different 

types of vessels, such as bulk carriers, chemical tankers, fishing vessels and many more, as it 

will be detailed in next pages.  

The components of a wingsail are the following: 

- The ribs. The ribs are in charge of generating the shape of the airfoil and transmitting 

the aerodynamic loads to the mast. 

- The skin. The skin is in charge of generating the external surface of the wingsail. Of 

course, there must be a surface to be a force.  

- A telescopic mast. The telescopic mast is the core piece of the wingsail structure and is 

one of the most important parts, being in charge of holding shear stress and bending 

moment generated by aerodynamic and inertial loads. Furthermore, it provides the 

folding and rotation capability of the technology.  

- The control system. It is autonomous. It is in charge of positioning the wingsail to the 

most appropriate position and folding it in case of stormy weather or in port 

operations. It also has manual mode. 

- The rotation system. The rotation system is very similar to the ones used on cranes. 

The vertical rotation axis is aligned with the mast. 

- The hydraulic system. In the hydraulic system there are the actuators that provide 

power to the folding and rotation systems. 

A wingsail can be understood as a foldable structure whose ribs and skin are movable and 

when they are completely extended, the cross-section of the structure has got the designed 

aerofoil geometry. This structure allows keeping the same cargo capacity on a wide range of 

vessels. Their integration in existing vessels does not reduce the available cargo volume, so it 

does not have a negative economic impact, since it does not take any space from enclosed 

rooms, holds or tanks.  It only requires a few square meters in the deck surface, where it must 

be attached. Probably the most problematic ship for a wingsail would be a containership.  
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The system's design enables to lighten its weight, ensuring vessel's stability and minimum 

heeling. Moreover, a wingsail requires few maintenance tasks, which coincide with the vessel's 

dry-docking schedule.  

With regard to materials, wingsails are basically made of steels, aluminium and fiberglass 

composites. The materials used for wingsails are widely known in the shipping industry. 

Precisely, the intention of wingsails manufacturers such as Bound4Blue is to inspire confidence 

among ship-owners, using well-known materials.  

The steel used in the wingsails is naval steel. When a technology is that much new, it is always 

difficult for ship-owner to give it a chance. However, there is no doubt that the new IMO’s 

regulations regarding air pollutant emissions are promoting the interest of green technologies 

among ship-owners, and wingsails technology is one of the most reliable ones.  

The mast is made of naval steel and the other parts of the wingsails are made of aluminium 

and fiberglass composites. In the selection of materials for each part of the wingsails, it must 

be reached a compromise solution between weight, cost and quality factors. Merchant vessels 

shipyards are not as familiarised with fiberglass composites as they are with naval steel, so it is 

another reason for not abusing of fiberglass, apart from its well-known elevated cost. The mast 

is telescopic, so it is a delicate part of the system. The mast works exactly as any telescopic 

crane and crane manufacturers have always studied and done their cranes using steel, so the 

use of steel for the telescopic masts of wingsails is the most logical decision (and most 

economical). This is well seen by ship-owners, because the use of steel gives reliability and 

cheapens fabrication costs. The mast is studied, designed and built for marine works and it is 

resistant to highly corrosive, humid and saline environments. 

Wingsails can rotate a complete 360º circumference. To rotate the wingsail, in the bottom 

there is a hydraulic system (which also actuates the telescopic mast) which works exactly as a 

crane. There is a hydraulic motor which moves a mechanism that moves all the wingsail. There 

is a speed reducer and of course there are hydraulic cylinders for the mast. There is nothing 

different from a conventional telescopic crane.  

The control system is completely autonomous, so the crew is not required to do any extra task. 

The functioning of the control system is quite easy, but it is completely effective. In fact, it is 

one of the most important parts of the system because it determines in which position must 

be orientated the wingsail in order to obtain the maximum propulsion power.  

As it has been explained previously, for every β (this means, every wind direction condition) 

there is an angle of attack α that maximises the DF. So the system must deduce which 

direction the wind comes from. An anemometer is in charge for that. The apparent wind 

velocity and its direction is obtained so the wingsails can be orientated towards the right 

position, because the system already knows which α is the most optimal for this situation.  The 

hydraulic motor is connected to the control system and abides the order from the controller, 

moving the wingsail.  

There are also safety parameters with determined values to fold the wingsail when necessary, 

to avoid damages and risks. The control system operates with a PLC (Programmable Logic 
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Controller). The wingsail have two main states (folded or unfolded), apart from the concrete 

orientation. All the folding and unfolding actions, as well as the rotation movements, are 

completely automatic although the control system also has a manual mode.  

All systems components together form a wingsail capable of propelling the ship autonomously 

across the sometimes unmerciful sea, without sacrificing cargo space, and with economic 

maintenance costs. The next figure shows an image of a wingsail with all its systems and mains 

parts (the autonomous control system, the ribs, the skin, the telescopic mast, the rotation 

system and the hydraulic system).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30: System components of a wingsail (Source: [34]) 
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Figure 3.31: Folding process of the wingsail (Source: [36] Not public) 
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In the last previous figure, it can be seen how wingsails are folded. The telescopic mast 

descends, so the ribs get folded and the skin bends itself in different parts. This system is 

automatic and much easier to operate than the operations done with conventional and 

traditional sails. In fact, the use of wingsails, although the physics behind are the same as in 

traditional sails, has got a lot of advantages: 

- Automation. 

- Simplicity of operation, if manual operation is needed.  

- Materials performance. 

- Thrust generation performance, especially at fast winds.  

- Efficiency. Being more efficient means less fuel consumption. This leads to less air 

pollutant emissions and economical savings.  

The way of obtaining propulsive power from a wingsail is the same as from a traditional sail. 

But of course, the technology is different. In fact, Flettner rotors also use the same physic 

phenomenon to generate propulsion forces: when there is a pressure gradient in a surface due 

to a velocity gradient, there is a force. The main difference of these two wind-assisted 

propulsion systems is that wingsails change its orientation to generate the maximum thrust 

while Flettner rotors change their revolutions per minute. The variable parameter to obtain 

the optimal propulsion power is different in each case. This parameter is α in the case of 

wingsails and Ω for Flettner rotors.  

3.3.3 Floating power plant 

As it is well known, fossil fuels are still dominating the energy generation scenario. It is true 

that, fortunately, renewable energies are becoming more important every year but it is also 

true that most of the world’s power demand nowadays is still covered by fossil fuels. As it has 

been already discussed in this final thesis, the environmental problems are undeniable and the 

future of the energy generation is clearly turning into a more efficient and less polluting path. 

There is a need of generating energy in greener ways and the interest in that does not only 

exist from an ecologist point of view, but also in an economic and social one.  

In this context, energy from hydrogen is one way of transforming the energy industry. 

Bound4Blue has developed and patented a system to generate energy in a green way, using 

the wingsails technology. So the wingsails can be used not only as propellers but also as energy 

sources. The idea is to produce energy from wind speed and from the use of sea water, a fluid 

whose density is quite high, without emitting pollutants.  

The system only uses renewable sources and it consists on a ship that uses wind propulsion to 

generate hydrogen while sailing. The system does not require fixed infrastructures, so it does 

not generate any visual impact, and it produces energy at a lower cost compared to current 

production methods. The system operation can be explained in five main stages: 

1. The ship leaves the port and navigates towards a high-wind area. It is important that 

the vessel sails across areas of constant and high speeds because wind is the source of 

the energy generation system.  
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Figure 3.32: Floating plant propelled by wingsails I (Source: [37]) 

 

2. The vessel is propelled with wingsails technology, so there are no pollutant emissions. 

During navigation, the vessel sails only thanks to the wind.  

 

 

 

 

 

 

  

Figure 3.33: Floating plant propelled by wingsails II (Source: [37]) 

 

3. While the vessel is navigating, energy is being generated thanks to submerged turbines 

that are located under the vessel. This turbines work thanks to the relative speed 

between the ship and the sea. This relative speed appears due to the propelling forces 

of the wingsails. In this stage, mechanical energy is converted into electrical energy. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34: Submerged turbines (Source: [37]) 
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4. The energy produced by the turbines is used to produce hydrogen through electrolysis. 

The hydrogen obtained is stored on board in multiple tanks. Oxygen is also obtained in 

this stage. Hydrogen and oxygen are stored in high pressure tanks.  

 

 

 

 

 

 

 

 

Figure 3.35: High pressure tanks (Source: [37]) 

 

5. When the tanks have reached their maximum capacity of energy storage, the vessel 

sails back to port to download the hydrogen generated. Tanks are unloaded with 

cranes and transported to distribution centres. Then, the process starts again.  

 

 

 

 

 

 

Figure 3.36: Port cranes unloading the tanks (Source: [37]) 

 

Storing hydrogen in the high pressure tanks is a better way of taken advantage of the wind 

power rather than storing electric energy in batteries, because there can be more energy 

stored in pressure tanks than in batteries. Hydrogen can be used for fuel cells or other fuel 

uses. Furthermore, oxygen can be also be commercialised. For example, it can be used for 

medical purposes.  

It ideally requires a potential difference of 1.23 volts to split water. The equation that 

describes de decomposition of water is the following: 

 

2 𝐻2𝑂(𝑙) → 2 𝐻2(𝑔) + 𝑂2(𝑔) (32) 
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Figure 3.37: Water hydrolysis (Source: [38]) 

 

For now, this is only a future implementation and it is only a project in the design stage, but it 

is a very innovative and sustainable way of obtaining energy. It is an outstanding way of taking 

advantage of the wind power to generate energy, simply by propelling ships with wingsails. 

These would be ships that would perform as floating power plants, taking advantage of the sea 

and the energy of the wind in a completely sustainable way, without damaging the air or the 

sea.  

Other projects have been implemented with a very similar idea, such as the Hydrogen 

Challenger, a ship whose purpose was also to obtain hydrogen by electrolysis generating the 

electricity from wind energy, using a wind turbine. But this project never seemed to succeed. 

Furthermore, this ship was propelled by engines so there were air pollutant emissions. 

Bound4Blue’s project seems like an improved and greener idea. Maybe in a future the sea will 

be plenty of ships acting like floating power plants using wind power as a green source to 

generate energy without damaging the Earth.  

 

 

Figure 3.38: Some floating power plants sailing in the sea (Source: [37]) 
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3.4 Wind turbines 

Wind turbines are ingrained in the onshore power generation sector but they are starting to be 

conceived as an offshore technology too.  Nowadays, there are some turbine installation 

vessels, which are specifically designed for the installation of offshore wind turbines. But, a 

part from this, some studies of the performance in boats and ships of wind turbines as 

generators have been taken recently.  

Merchant vessel are not featured with wind turbines but it can be considered logic to 

investigate if wind turbines can be a reliable and efficient technology to install aboard to 

generate electricity in a green way, thus reducing the fuel consumption of the vessel’s 

generators. This would represent a reduction of air pollutant emissions, and possibly wind 

turbines could be studied as a propulsion system too, to reduce the fuel consumption of the 

main engines too.  

To understand and comprehend how wind turbines operate and how can be used in maritime 

transport, a brief introduction to wind turbines is studied in the following pages. Later on 

reviews of the performance of wind turbines in ships are described.  

3.4.1 Introduction to wind turbines 

Wind turbines are basically divided in two main groups:  

- HAWTs: Horizontal Axis Wind Turbines. 

- VAWTs: Vertical Axis Wind Turbines. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.39: HAWT (left) and VAWT (right) (Source: [39]) 
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HAWTs represent most of the market today and come in two basic varieties: upwind or 

downwind, depending on if the location of the rotor is located on the upwind side of the tower 

when the turbine is operating or in the downwind side.  

VAWTs have some characteristics than a priori can be understood as advantages in front of the 

HAWTs: 

- According to proponents of VAWTs, they can capture wind from any direction. In other 

more describing words, they don’t have the need of orientating themselves to the 

wind, as HAWTs need.  

- They are immune to turbulence that wreaks havoc, because they do not need any yaw 

bearing.  

- They can be mounted close to the ground, so this eliminates any need of tall and costly 

towers. 

- Due to the fact that they don’t need tall towers, it is easier to access and repair the 

generator when needed. Routine maintenance is easier.  

In recent years the interest for the VAWT has increased, but the fact that they are mounted at 

ground level can be in fact a disadvantage because they are exposed to low-speed winds, while 

HAWTs are much taller thus exposed to notably faster winds. Hundreds of commercial VAWTs 

were installed in California in the late 1980s and early 1990s [40]. Those wind turbines were 

not experimental, they were really production units, but their performance failed and the 

turbines were removed from service.  VAWTs just don’t extract as much wind energy as a well-

designed HAWT. VAWTs have proven less reliable than HAWTs.  

In a simplified form, a horizontal axis wind turbine consist of blades (generally three) attached 

to a hub. The movement of the turbine’s blades moves the alternator rotor via a shaft, so 

when the rotor spins it produces electricity. The kinetic energy of the wind is first converted to 

mechanical energy (rotation) and then converted to electrical energy, thanks to the alternator. 

An alternator consists of two different parts, the stator and the rotor. The stator has a set of 

stationary windings and the rotor has a set of rotating magnets. As the blades of the turbine 

spins, electricity is generated thanks to the movement of the magnets around the windings, 

which induces an electrical current.  

There exist many designs for wind turbines. In modern ones, usually there is no shaft. The 

blades are directly attached to a faceplate that is attached to a metal cylinder which contains 

the magnets, so together the blades, the face plate and the cylinder form the rotor of the 

turbine, which moves around a set of stationary coils of copper wire (windings).  

The yaw bearing is the element that allows the turbine to turn in response to changes in the 

wind direction. The brushes transfer the electricity from the alternator to the slip rings. The 

slip rings, in turns, connect to an electric wire that runs down the length of the tower, so 

electricity flows down the tower.  

Modern wind turbines generate AC electricity, so some of them are equipped with rectifiers to 

convert AC electricity to DC electricity. Alternator is a concept reserved for generators which 

only produce AC. A wind turbine can have a generator or an alternator.  
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Normally, the rotor and the alternator turn at the same speed (direct drive). But there is also 

the possibility of installing a gearbox to increase the speed of the alternator, thus increasing 

the output of the alternator. This kind of turbine is known as gear-driven turbine.  

 

 

Figure 3.40: Anatomy of a wind turbine (Source: [40]) 

 

Blades have to be made of durable materials and of course, the economic factor is always 

taken into account. For this reason, wind turbines are usually made of synthetic materials, 

various types of composites. Materials that are usually used are: fiberglass, polypropylene, a 

combination of both, carbon fibres… The average life of a blade is 10-20 years. Plastic blades 

have the advantage that they don’t interfere with wireless signals (Internet, TV…), something 

that do happens with metal blades. There exist turbines with 2,3,4,5 and even 6 blades, but 

the turbine that has shown the best overall performance and suffers less from wear and tear 

are the three-blade turbines.  

There may be times when it is necessary to protect the wind turbines from excessive winds or 

other situations. This protection is given via furling. Furling means shift the position of the 

rotor, turning the blades out of the wind, thus reducing the swept area and therefore reducing 

the speed at which the rotor turns.  

Another way of protecting turbines from damage due to excessive spin velocity is changing the 

blade pitch. This means changing the angle of the blades respect the wind. When the wind is 

too fast, the turbine can suffer and be damaged due to a high velocity of rotation of the blades 

and the rotor.  
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Because of that, at a certain value of wind speed, turbines start to change the blade pitch to 

reduce the swept area to slow down the rotor a little bit. The energy generated remains 

notably high. Of course there must also be shut-down mechanisms so the turbine can be 

stopped for maintenance and repairs.  

 

 

 

 

 

 

 

Figure 3.41: Furling of a wind turbine. The blades are not completely facing the wind (Source: [40]) 

 

Swept area is the area of the circle determined by the blades when spinning, so swept area is 

determined by the length of the blades. The bigger the swept area, the more energy can be 

captured from the wind. Swept area has a linear relation with the power available in the wind: 

𝑃𝑊 =
1

2
𝜌𝐴𝑉3 

(33) 

  
Where PW is the power available in the wind, ρ is the air density, A is the swept area and V is 

the velocity of the wind. Note that PW is the power available in the wind but not the power 

that the wind generator will extract, which is influenced by other factors.  

Air density is a function of altitude, temperature and also of relative humidity, although the 

difference between a dry and humid area is usually negligible.  

Blades are probably the most important elements for maximizing the capture of wind energy, 

so they need to be carefully designed (length, geometry, material…).  

As it has been said, the conversion of wind energy to electrical energy involves two main 

stages: a first one where kinetic energy in the wind is converted into mechanical energy to spin 

the rotor and a second one stage in which mechanical energy in converted into electrical 

energy. For defining the converting efficiency of the first stage the power coefficient CP is used 

[41]. It is simply defined as the ratio of the actually captured power wind by the blades to the 

available power in wind: 

 

𝐶𝑃 =
𝑃𝑀

𝑃𝑊
=

𝑃𝑀

1
2 𝜌𝐴𝑉3

 
(34) 
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PM stand for mechanical power and PW stands for wind power available. There are many 

aerodynamic losses in a wind turbine: wake rotation losses, blade-tip, blade-root, profile, etc. 

Due to these losses, the power coefficient is always notably lower than its theoretical limits 

and usually ranges from 30 to 45%. 

For the definition of the converting efficiency of the second stage, several parameters are 

used: 

- Gearbox efficiency (ηgear). When there is a gearbox there are always some losses due 

to the friction. These power losses are usually classified as load-dependent losses and 

no-load dependent losses. The first ones consist of gear tooth friction and bearing 

losses. The other ones consist of oil churning and shaft seal losses.  

- Generator efficiency (ηgen). This coefficient includes all electrical and mechanical losses 

of the generator (usually an alternator). It includes the losses in copper, iron, load, 

friction, etc.  

- Electric efficiency (ηelect). This coefficient is related to all the combined electric power 

losses in the converter, switches, controls, cables, etc. So it includes all electrical losses 

that appear after the generator.  

Combining all this parameters, the total power conversion efficiency of the wind turbine is 

defined:  

𝜂𝑡 = 𝐶𝑃𝜂𝑔𝑒𝑎𝑟𝜂𝑔𝑒𝑛𝜂𝑒𝑙𝑒𝑐𝑡 

 
 

(35) 

Therefore, the effective power of a wind turbine can be calculated with the following 

expression: 

𝑃𝑒𝑓𝑓 = 𝐶𝑃𝜂𝑔𝑒𝑎𝑟𝜂𝑔𝑒𝑛𝜂𝑒𝑙𝑒𝑐𝑡𝑃𝑊 = 𝜂𝑡𝑃𝑊 = 𝜂𝑡

1

2
𝜌𝐴𝑉3 

 
 

(36) 

The Lanchester-Betz limit is the theoretical maximum efficiency of an ideal wind turbine [42].  

It can be demonstrated that no wind turbine can convert more than 59.26% of the kinetic 

energy of the wind into mechanical energy. This means that CP maximum value is 0.5926.  

The maximum power output of the wind turbine is called rated power output. The wind speed 

that generates this rated power output is called rated speed. If the wind becomes faster than 

this rated speed, there will be no increase of the power output because of the protection 

systems of the wind turbine (furling, blade pitch change) to prevent of damaging the turbine 

because of excessive winds.  

When the wind becomes too fast, the turbine will shut down to prevent from damaging. This 

wind speed is called cut-out speed. The cut-in speed is the wind speed at which the wind 

turbine starts to produce usable power. All this can be seen in the following figure which 

shows the power output of the turbine for every wind condition: 
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Figure 3.42: Wind turbine power curve (Source: [42]) 

 

3.4.2 Wind turbines in merchant vessels 

The use of wind turbines on merchant vessels is something completely innovative. Wind 

turbines could become very valuable elements in shipping industry because they can deliver 

power to the ship in two different ways: 

- It can generate electrical power. 

- It can also offer thrust. 

Both forms of power coming from the wind power, so of course, the technology is completely 

sustainable. The implementation of this technology must be carefully in order to optimise its 

performance (vessel’s route, for example). When thinking about the possibility of 

implementing this technology in merchant vessels, there comes to mind some challenges that 

must be taken into account: 

- Requirements of skills for operation and maintenance. 

- Noise. 

- Icing of the blades. 

- Economic costs.  

- Thrust (of the wind turbine) direction. 

However, these are challenges that can be approached in order to make wind turbines a 

competitive wind technology. Cargo owners and ship-owners both have interest in green 

energies because it gives them discounts and also competitive advantages when negotiating 

new contracts.  
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In fact, some wind turbines have already been installed in merchant vessels, with the aim of 

reducing fuel consumption thanks to the electrical power generated by the turbines and 

reducing the air drag. But it is true that, at sea, wind turbines are popular for being installed in 

offshore wind farms, also called wind parks, wind power stations or even wind power plants, 

and not for being installed aboard ships.  

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.43: Saint-Brieuc Bay offshore wind farm of 496 MW in Brittany, France (Source: [43]) 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.44: Offshore wind turbine installation vessel (Source: [44]) 

 

It is fair to mention the importance of offshore wind farms because of the technological 

advance (and challenge) they mean. However, the purpose of this chapter is to study wind 

turbines specifically in merchant vessels, not in offshore wind power plants. To design 

correctly a marine wind turbine, the net yield must be optimised. By net yield is understood 

the sum of the contribution from electrical power and thrust. This net yield must be calculated 

for the range of speeds from cut-in to cut-out and all inflow directions, finding the optimal 

combination of yaw and offset angles, as well as optimal rotor speed and pitch angle.  
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Two-bladed turbines are not popular onshore because of their noise and other dynamics like 

vibrations. But for ships, the reduced mass and a reduced number of components can be seen 

as advantages for two-bladed rotors. Their slightly lower efficiency can be compensated with 

bigger diameters. However, the three-bladed turbines haven been proven reliable so the safer 

design is using a three-bladed turbine, but there is an open door for investigating and 

experimenting the reliability of two-bladed ones.  

When designing a wind turbine, three main parameters must be carefully thought: chord 

length, blade angle and rotor speed. By changing the pitch angle of the blades in the most 

optimal position, the net yield is improved.  

The pitch control system is fundamental in any wind turbine because it enhances the efficiency 

of the turbine by regulating the blade pitch angle and it also is responsible for the shutdown of 

the turbine. It actuates as a safety system in case of high winds or any emergency situation 

that could represent a risk.  

Early technique of active blade pitch control was based in controlling all blades together by 

hydraulic actuators means but this technique can be a little inefficient because, especially for 

wind turbines with a considerable swept area. MW turbines have bigger blades and the hub is 

located higher, so each blade may experience different loads at different positions while 

rotating, because the speed of wind is proportional to the height from the ground (or deck).  

However, this must be carefully considered in onshore turbines because they can be very tall. 

But marine wind turbines are not expected to be as tall as onshore ones, because of logical 

reasons: 

- If the wind turbine is too tall the ship could not sail under bridges or some port 

installations. 

- Problems of stability: the centre of gravity would be too lifted.  

- Some cranes could not operate in loading or unloading operations.  

- Difficulties in the installation of the wind turbine and difficulties in its maintenance 

operations. 

So this collective pitch control technique could actually perform well in ships.  

Some other pitch control techniques have been implemented, allowing control of asymmetric 

aerodynamic loads on the blades. In these newer systems, each blade is equipped with its own 

sensors, controllers and pitch actuator. These main modern systems are widely used in today’s 

wind power industry and can be classified in two types: 

- Hydraulic controlled systems. 

- Electric controlled systems.  

The most significant advantages of hydraulic pitch control system include its large driving 

power, lack of a gearbox and robust backup power. As it is shown in the next figure, a 

hydraulic actuator drives the blade rotating with respect to its axial centreline.  
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Figure 3.45: Hydraulic pitch control system (Source: [42]) 

 

Alternatively, the electric pitch control system uses a motor connected to a gearbox to lower 

the motor speed to the desired control speed. A drive pinion gear engages with a ring gear 

that is rigidly attached to the roof of the rotor blade. There is also a fan for cooling necessities 

of the electric motor. Electric motors can raise the responsiveness rate of the blade pitch 

control system, so an electrical system can be considered more sensitive.  

Other advantages of the electric pitch control system is the fact that avoids the risk of 

environmental pollution due to splits or leakages of the hydraulic fluid and also has a higher 

efficiency that the hydraulic system. There have been proposals of redundant pitch control 

systems to enhance operation reliability in large wind turbines. 

 

 

 

 

 

 

 

 

Figure 3.46: Electric pitch control system (Source: [42]) 
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The main problem of installing a wind turbine aboard is the fact that thrust has positive value 

when aligned with the ship’s heading but it has a negative value when counter to the ship’s 

heading. So there must be studied carefully how big the benefit is when the thrust is positive 

and how big the drawback is on other cases. 

The next table shows results of simulations of the performance of a wind turbine for the case 

of a Rotterdam to New York and back to Rotterdam route, for two different ship velocities. The 

simulation was done by the Chalmers University of Technology, studying a three-bladed 

turbine optimising pitch and chord. The yield is split into the contribution from power and 

thrust. Note that thrust is negative, which means that the turbine has generated a thrust force 

opposing to the forwards direction of the ship. When ship speed decreases (and therefore 

apparent wind velocity decreases) the negative thrust becomes smaller. Of course, this also 

means a reduction in the electrical power generated.  

 

 

Table 3.2: Yield contribution from power and thrust on the Rotterdam–New York route (Source: [45]) 

 

Minimising the thrust in situations when it has negative values is at least equally important as 

maximising it when it helps propel the ship. The strong point of the turbine, therefore, is the 

electrical energy generated more than thrust.  

HAWTs must be orientated correctly using a yaw control system. Like pitch control systems, 

the yaw control system can be driven electrically or hydraulically. Hydraulic systems are 

becoming more a thing of the past, as yaw in modern wind turbines is done by electric motors. 

The system consists of an electrical motor with a speed reducing gearbox, a bull gear fixed to 

the tower, a wind vane for obtaining wind direction information, a yaw deck and a brake to 

lock the turbine when the optimal position has been reached.  

The application of wind turbines in merchant vessels points towards a usage of the wind 

turbine as an electrical power generation more than as a propeller. Today, the storage 

technology of electric energy still remains a challenge. Technologies for wind energy storage 

have been developed over several decades to convert wind energy into various forms of 

energy: 

- Electrochemical energy in batteries. 

- Electrochemical energy in super capacitors.  

- Hydrogen energy by decomposing water. 

- Mechanical energy in compressed air. 

- Kinetic energy. 

- Potential energy for pumping.  

The most popular form of storing energy is using batteries.  
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3.5 Considerations of the main wind power technologies  

To completely understand how the main wind power technologies studied thus far can adapt 

to the regulations and which implications they have in maritime transport and in society in 

general, it is necessary to analyse some economic and legal considerations. In fact, the 

increasing interest from naval companies for green technologies is due to the new legal 

dispositions and to the maritime transport economy.  

As it will be justified in section 3.5.1, wind power technologies show up as one efficient and 

green way to adapt the maritime transport to the economic and legal changes, which are 

mostly lead by environmental necessities.  

So, with these economic and legal changes in the maritime business, ship-owners find in wind 

technologies a way of saving fuel, thus saving money and reducing emissions. But probably 

there is no clue on which technology install aboard each ship. Of course, all systems are 

different so it is logical to think that there is a system that fits each vessel the best. For this 

reason, a comparative of the main wind power technologies (these ones that are more popular 

and relevant in the maritime transport) has been made in section 3.5.2.  

3.5.1 Economic and legal considerations 

One of the most important matters of any wind-assisted propulsion system aboard is the 

expected fuel saving, which is directly related with the economic benefits and with the air 

pollutant emissions of the ship. Commercially, almost all manufacturers give their expected 

fuel savings in percentages. But there is no point in giving information in percentages since any 

wingsail, kite or rotor provides of a power that depends only on itself and not on the ship. The 

percentage of fuel saving do depends on the ship but not the absolute value of the thrust 

generated.  

For example, a Flettner rotor genereates the same thrust being installed in a little boat or 

being installed in a ULCC if the rotor is the same, so giving a percentage of the saved fuel is not 

in fact very descriptive of the performance of the technology, since it depends more on the 

specific fuel consumption of the engine than on the wind-assisted techonology. For a given 

percentage, each vessel would need a completely different rotor, wingsail or kite size.  

The fuel savings should be given in absolute value for every ship case, once the characteristics 

of the engine and the vessel are known.  

The interest in wind power technologies is increasing in the maritime transport, and when a 

ship-owner has to decide which technology install aboard, there are two main economic 

aspects that are taken into account: 

- Payback under five years. 

- Non extra dry dock entrances due to the wind technology installed.  

Capex, or capital expenditure, is a business expense incurred to create future benefit. On the 

other hand, those expenditures required for the day-to-day functioning of the business, like 

wages, utilities, maintenance, and repairs, fall under the category of Opex, or operational 
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expenditure. Opex is the money the business spends in order to turn inventory into 

throughput. Operating expenses also include depreciation of plants and machinery which are 

used in the production process. In other words, Capex is the cost that can be understood as 

the initial investment; for example, the cost of installing a wind turbine or kite in a ship. Opex 

is the cost that the companies suffer because of operation and maintenance; for example, the 

power given to the electric motor to spin a Flettner rotor, costs related to dry dock entrances, 

etc.  

Ship-owners and wind technology systems manufacturers discuss about these concepts that 

defines the economic benefits of the installation of such a system aboard. There is a non-

written law that in this sector, ship-owners asks for a payback under five years. This means 

that the savings obtained from the installation of the system must surpass the Capex in less 

than five years, also subtracting the Opex. The life of a vessel is expected to be approximately 

about 30-35 years. Of course, there are cases in which some vessels can have a longer life and 

also a shorter one.  

These are the basic aspects ship-owners worry for. Their worries are basically related with the 

economy of the ship but also with the compliance of international regulations, basically 

coming from the IMO. The interest of ship-owners in green technologies is increasing because 

of new regulations that are becoming more and more restrictive regards fuel quality. There are 

two main legal aspects that are responsible for the boom of wind power technologies in the 

maritime transport: 

- Limits in CO2 and CO2e emissions.  

- IMO 2020, a new regulation that limits the emissions of SOX. 

IMO 2020 is one of the most significant changes in the history of maritime transport and its 

impact will be transversal since it will affect other industries. It is a regulation set by the IMO 

which says that from January 1, 2020, sulphur oxide emissions from ships will be limited.  

Sulphur levels fall from the limit of 3.5% mass/mass to 0.5% mass/mass from now on. HFO is 

the heaviest product of the distillation of crude oil (so it is the cheapest one, because it is also 

the worst product of the distillation) and it always contains sulphur. This means than with the 

beginning of the new decade, vessels only have the option of using other kinds of fuels that 

have not that sulphur quantities as conventional HFO.  

Normative related to sulphur emissions have been becoming stricter during the last years, as it 

is shown in the next table: 

 

Table 3.3: IMO’s sulphur regulations (Source: [47]) 
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In the so-called ECA (Emission Control Area), areas where the standards and requirements for 

sulphur emissions are stricter, among other requirements, the sulphur limit is set at 0.1% from 

now on.  

 

 

 

 

 

 

 

 

 

Figure 3.47: ECAs and possible future ECAs (Source: [48]) 

 

Considered one of the most interesting alternatives for its environmental impact, the use of 

LNG can reduce sulphur emissions by up to 90%. The low sulphur content of the LNG means 

that ships that use LNG fuels can operate in ECA zones without having to change fuel, 

something that ships propelled with HFO must do. Other alternatives or strategies for helping 

complying with IMO’s regulations are the following: 

- Use of scrubbers. 

- Use of LSF (Low Sulphur Fuels). Low Sulfur Fuels such as MGO (Marine Gas Oil) are one 

of the highest quality marine fuels in the market. Its sulphur concentration, 

approximately 0.1%, is significantly lower, but its cost is also higher than other fuels. In 

February 2019, the price per ton of fuel oil was $420, compared to the $647 of the 

MGO. 

 

Figure 3.48: Price of low sulphur fuel and high sulphur fuel (Source: [49]) 
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All this means that naval companies now compete and try to save money and being efficient 

by reducing fuel consumption, in order to comply with all limits and regulations. Because of 

this, wind power technologies appear as an outstanding and helpful way to comply with 

regulations and being competitive, since these technologies represent fuel savings that lead to 

an emissions reduction which complies with IMO’s regulations.  

In other words, due to the IMO’s regulation that limit the emissions of CO2, CO2e and SOX, all 

ships are being forced to use the same kind of fuels, so the fuel costs per tonne is almost the 

same in all ships. This means that naval companies now have to compete reducing fuel 

consumption. In this situation, this is where wind power technologies straighten up in the 

maritime transport. This is the reason why the technologies studied in this final thesis are 

becoming more and more relevant and important.  

Vessels with wingsails can have one, two, three or even more wingsails. Generally, they may 

be all completely alike. The same happens with rotors, a vessel can have one or more rotors 

and generally they are alike (same height, same diameter, etc.). However, it has not to be 

always like that. They may be different, basically for visibility reasons. There exist SOLAS 

(Safety Of Life At Sea) normative relative to the visibility that there must be from the bridge of 

the vessel [50]. New technologies must be adapted to the regulations of the SOLAS and other 

conventions. However, it is true that the implementation of some new technologies forces 

some revisions of the normative (and sometimes, some changes in the normative). This 

happens especially in classification societies, because some aspects of recently patented 

technologies may not be considered in the standards of classification until when needed.  

If all wingsails or rotors are completely alike or not, the quantity of wingsails or rotors, their 

position and their size, etc., depend, among other factors, on: 

- The deck’s plan (hatches, pipes, cranes, etc.).  

- Vessel’s propulsion requirements. 

- The Regulation 22 of the SOLAS Chapter V, ‘Navigation Bridge Visibility’. 

3.5.2 Comparison of the main wind power technologies 

Once done justifications on why ship-owners are interested in knowing and comparing wind 

power technologies, a comparison between the wind power technologies studied thus far is 

discussed in the following lines.  

Starting with wingsails comparisons, when comparing wingsails respect other wind-assisted 

propulsion systems, wingsails manufacturers do know what their product can offer that others 

system can’t. They are completely aware of the advantages that wingsails can boast. These 

advantages can be summed up in:  

- Simplified operation of the system (completely autonomous). 

- There is no need to deliver them energy (as there is a need of electrical energy to spin 

a Flettner rotor, for example).  

- Wingsails require of less structural reinforcements.  
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- They are foldable so they can almost ‘disappear’ in case of storm or in dangerous 

situations.  

- They have a notable area to generate thrust. 

- There have not almost vibrations.  

- They are notably light. 

- Competitive materials and manufacturing costs. 

One fact that can be considered as a disadvantage for wingsails is the fact that they have 

relatively little lift coefficients, when compared with Flettner rotors. Lift and drag coefficients 

of the wingsails have typical values of about 1-1.5 and 0.02-0.1 respectively, while lift and drag 

coefficients of a Flettner rotor are much bigger, having typical values of about 8-9 and 3-4 

respectively. So, a priori, rotors can generate much more thrust than wingsails. However, 

according to lift and drag forces formulas, these forces are proportional to their respectively 

coefficient but are also proportional to the surface. And a wingsail has got much more surface 

than a Flettner rotor. A rotor with the same surface of a wingsail would be too much high or 

too much width. This would mean: 

- Stability-related problems because the centre of gravity of the ship would lift due to 

the notable height of such a big rotor.  

- Difficulties in the installation, because the rotor should be attached on the deck in 

such a way that having such a tall rotor on the deck during storms would not represent 

a risk.  

- Increased power requirements to spin the rotor. 

 

 

Figure 3.49: Wingsail vs Flettner rotor size comparison (Source: [36] Not public) 
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One feature of the wingsails is that they are foldable, as it is shown in the previous figure. This 

fact solves all the problems related to risks in case of storm, problems related to stability 

matters, visibility, etc. It can be seen as a disadvantage if the mechanism that propels the ship 

is not foldable to reduce its exposed area and its height in case of harsh weather and at port 

operations. This limits the Flettner rotor maximum installable size, for example.  

Comparing wingsails with rotors, other considerations can be done: 

- A rotor is a highly active system as it requires the full structure to be constantly 

rotating at 150-300rpm, requiring of high-power consumption, something that leads to 

a notable Opex. On the other hand, wingsails have no power consumption (lower 

OPEX) because there are no moving elements. The fact that there are no moving 

elements means that the maintenance is lower.  

- Due to the heavy and complex structure of the rotors (there are many bearings and 

actuators), rotors are notably weighty compared to wingsails.  

- Flettner rotors present a high maintenance of foundations and bearings due to 

rotation vibrations and misalignments. Wingsails maintenance is much lower due to 

lower active parts. 

- Flettner rotors have a much higher lift coefficient than wingsails, so they can be 

smaller to compensate the mentioned aspects of weight, stability matters, energy 

consumption, etc.  

- According to wingsails manufacturers, a wingsail is cheaper than an equivalent rotor. A 

rotor has a higher Capex due to heavy and robust internal structure (bearings and 

actuators). 

- According to wingsails manufacturers, wingsails offer lower payback period, precisely 

due to lower Capex and Opex.  

Of course, there is not a system which can be defined as better than another. These are simply 

different systems that will fit better in each vessel case. In one vessel the best fit may be a 

rotor and in another one a wingsail. Both systems have their own characteristics that can be 

taken advantage of more efficiently depending on each vessel. However it is true that 

according to manufacturers, wingsails can save more fuel. On the other hand, there is not any 

new existing ship propelled by wingsails yet.  

Kites technology differs in many aspects from wingsails or rotors technologies. This is the 

reason why comparisons are usually made between rotors and wingsails (more similar 

technologies) while kites stand quite alone.  

Nevertheless, it is obvious that ship-owners also want to be able to compare kites with other 

systems, to decide which wind technology may fit the best in each vessel. So, when talking 

about kites, some considerations that can be made are the following [51]: 

- There can only be one kite installed aboard per vessel. 

- This system is foldable, like wingsails.  

- It operates at higher altitudes, where wind is faster.  
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- High-tech materials due to the notable axils that must support the towing rope. This 

means good performance but also more expensive and specialised materials, 

something that can lead to a higher Capex. 

- It is autonomous, just like other systems, with the little connotation that folding 

requires crew.  

- As wingsails, kite system is passive, which means that it does not need active 

operational power supply.  

- In kites, the traction force is transferred to the ship through the transmission point, 

which is at the deck level. This means that the heeling moment generated is lower 

than in other technologies as lateral force is transferred at a low altitude (deck level).  

- Shorter lever arm.  

Wind turbines are hardly ever compared with the other wind power technologies; today it 

does not really exists a clear place for wind turbines in the maritime transport business. There 

have been studies but this technology is not ingrained in the maritime transport business as 

the other technologies are, at least by now. 

The technology of wind turbines is more focused on the generation of electricity than on the 

generation of a propelling force. In fact, in some wind conditions it is possible that wind 

turbines generate a negative thrust, a force which opposes to the ship forward direction. 

However, in other cases wind turbines can reduce air drag. Wind turbines do not seem to be as 

popular as Flettner rotors, kites or wingsails.  

Either way, there is no doubt that the burning of fuels must be reduced to avoid air pollutant 

emissions, and all wind technologies are useful and are welcome aboard, at least from an 

ecological point of view.  

The maritime transport business must evolve towards a more sustainable direction, because 

the global warming is a real problem with devastating consequences. Global warming is 

affecting humanity, animals, plants and the Earth itself more and more every day. The energy 

of the wind can be used in many forms, for the generation of electricity and for the propulsion 

of ships. Due to the fact that the 90% of the world trade around the world is represented by 

the maritime transport business, the relevance and importance of the merchant vessels and 

their technologies is obvious. The maritime transport must be a role model for other sectors. 

Most of the CO2 emissions come from the transport sector (especially from cars and other 

vehicles) and from the energy generation industry. Merchant vessels are also responsible for a 

notable percentage of the total emissions so they have to implement pioneer technologies 

that help renewable energies to arise and dominate in other sectors.  

With this approach, wind-assisted propulsion systems are factual technologies that are 

demonstrating and will demonstrate even more that is possible to live in a world where are 

carried out all the human activities needed but with less pollution and more respect towards 

the Earth and all living beings.  

Thereby, the technologies studied in this chapter are proves of the viability of the wind power 

use in merchant vessels, with the aim of reducing pollution. 
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Comparison between Flettner rotors and wingsails 
 

Flettner rotors Wingsails 
 

High lift coefficients 
 

Not too much area needed 
 

 
Low lift coefficients 

 
Considerable area needed due to low lift 

coefficients 
 

Not foldable 
 

Foldable 

Considerable Opex 
 

Low Opex 

Have vibrations 
 

Do not have vibrations 

Better visibility from bridge Worse visibility from bridge when fully 
extended 

 
Weightier 

 
Lighter 

Smaller 
 

Bigger when fully extended 

Do have power consumption (except if the 
power used to spin the rotor comes from the 

exhaust gases heat) 
 

Lift ship’s centre of gravity 
 

More than one unit can be installed in the 
same ship 

 
Cause heel 

 
Fuel consumption and pollutant emissions 

reductions of up to 20% (according to 
Norsepower) 

 
Existing ships with Flettner rotors: yes 

 
Autonomous 

 
Altitude: deck level 

 

Have no power consumption 
 
 
 

Lift ship’s centre of gravity 
 

More than one unit can be installed in the 
same ship 

 
Can cause heel when fully extended 

 
Fuel consumption and pollutant emissions 

reductions of up to 40% (according to 
Bound4Blue) 

 
Existing ships with wingsails: no 

 
Autonomous 

 
Altitude: deck level 

 

Table 3.4: Flettner rotors and wingsails comparison (Own source) 
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Comparison between Flettner rotors and kites 
 

Flettner rotors Kites 
 

High lift coefficients 
 

Not too much area needed 
 

 
Low lift coefficients 

 
Notable area to compensate low lift 

coefficient but it is not a problem since kites 
are at high altitudes 

 
Not foldable 

 
Foldable 

Considerable Opex 
 

Considerable Opex 

Have vibrations 
 

Do not have vibrations 

Worse visibility from the bridge Good visibility from the bridge 
 

Weightier for its area 
 

Lighter for its area 

Size: smaller 
 

Size: bigger when fully extended 

Do have power consumption (except if the 
power used to spin the rotor comes from the 

exhaust gases heat) 
 

Lift ship’s centre of gravity 
 

More than one unit can be installed in the 
same ship 

 
Cause heel 

 
Fuel consumption and pollutant emissions 

reductions of up to 20% (according to 
Norsepower) 

 
Existing ships with Flettner rotors: yes 

 
Autonomous 

 
 

Altitude: deck level 
 

Have no power consumption 
 
 
 

Do not lift ship’s centre of gravity 
 

Only one unit can be installed in the same 
ship 

 
Do not cause heel 

 
Fuel consumption and pollutant emissions 

reductions of up to 15% (according to 
SkySails) 

 
Existing ships with kites: yes 

 
Autonomous (except for the folding 

operation) 
 

Altitude: up to 500m 

 

Table 3.5: Flettner rotors and kites comparison (Own source) 
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Comparison between wingsails and kites 
 

Wingsails Kites 
 

Low lift coefficients 
 

Considerable area needed due to low lift 
 

 
Low lift coefficients 

 
Notable area to compensate low lift 

coefficient but it is not a problem since kites 
are at high altitudes 

 
Foldable 

 
Foldable 

Low Opex 
 

Considerable Opex 

Do not have vibrations 
 

Do not have vibrations 

Worse visibility from bridge when fully 
extended 

 

Good visibility from the bridge 
 

Light 
 

Light 

Size: big when fully extended 
 

Size: big when fully extended 

No power consumption 
 

Lift ship’s centre of gravity 
 

More than one unit can be installed in the 
same ship 

 
Cause heel 

 
Fuel consumption and pollutant emissions 

reductions of up to 40% (according to 
Bound4Blue) 

 
Existing ships with wingsails: no 

 
Autonomous 

 
 

Altitude: deck level 
 

No power consumption 
 

Do not lift ship’s centre of gravity 
 

Only one unit can be installed in the same 
ship 

 
Do not cause heel 

 
Fuel consumption and pollutant emissions 

reductions of up to 15% (according to 
SkySails) 

 
Existing ships with kites: yes 

 
Autonomous (except for the folding 

operation) 
 

Altitude: up to 500m 

 

Table 3.6: Wingsails and kites comparison (Own source) 
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3.6 Conclusions of the chapter 
 

 

Conclusions of Chapter 3 

 

 
Flettner rotors, kites and wingsails are the main wind power technologies to propel merchant 
vessels. Wind turbines also help in reducing emissions by generating electricity. They all have 
shown reliability and a good performance aboard merchant vessels.  
 

 
Flettner rotors have a bigger CL coefficients than wingsails or kites so they generate more 
thrust for unit area, but they also have a higher Opex (due to a higher energy intake) and 
cannot be folded so heel, drift and stability aspects are more difficult to control. The three 
systems are autonomous and do not require specialised crew or any extra work.  
 

 
Wind power technologies are becoming more popular and ship-owners are becoming more 
interested, because of new regulations like IMO 2020 and the economic benefits these 
technologies represent. 
 

 
Fuel consumption and pollutant emissions are reduced up to 20% in Flettner rotors, 40% in 
wingsails and 15% in kites (according to Norsepower, Bound4Blue and SkySails respectively).  
 

 
The Flettner rotor is a smooth and tall rotating cylinder which takes advantage of the Magnus 
effect, producing a thrust. 
 

 
If a cylinder rotates about its axis and at the same time is moving through a fluid in a 
perpendicular direction to its axis, it will experience a force perpendicular to both the 
direction of motion and the axis. This phenomenon is known as Magnus effect and it is due to 
this phenomenon that a Flettner rotor can be used as a propeller.   
 

 
The rotor system consists in taking advantage of the lift force perpendicular to the apparent 
wind, which appears thanks to the fact that when the rotor is spinning there exists a velocity 
difference of the air on both opposite sides of the cylinder. That leads to a pressure difference 
which leads to a net force. Lift and drag coefficients cannot be obtained directly from any 
equation. They are tabulated thanks to wind tunnels tests.  
 

 
Electric motors are the most common power sources to spin rotors. Exhaust gases of diesel 
engines can be also used to run a turbine, generating the necessary electricity to spin a rotor.  
 

 
To avoid boundary layer separation, rotors can be a little modified by adding discs or fences. 
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The kite propulsion system can be described as a wing surface which is not supported by 
masts and sails at a high altitude, up to 500 meters. This system is comprised by a launch and 
recovery system, the control system, the kite, the control pod, the towing rope and the force 
transmission point.  
 

 
One of the advantages of using a kite propulsion system is that relative wind velocity can be 
increased by intentioned manipulation of the kite position on the FE. The most common and 
optimal movement of the kite is an infinite-shaped path. Another advantage is that the force 
is applied at deck level so there is not almost any heel.  
 

 
The traction force of the kite is the force that partially propels the ship. The kite acts as a tug, 
towing from the fore.  
 

 
The principle of the wingsails system is to generate a driving force thanks to the cross-section 
of the wingsails, which are symmetrical airfoils, thanks to Bernoulli. A force is generated 
thanks to a pressure difference, just like in the case of kites and rotors.  
 

 
Lift and drag forces of wigsails have components in the forward direction of the ship and also 
in the sideways direction. The resultant forward force is the driving force and the sideways 
force is the heeling force. The DF propels the ship and the HF causes heeling as well as 
drifting.  
 

 
Wingsails cross-sections are symmetrical NACA airfoils. Asymmetrical airfoils have higher lift 
coefficients but they are not suitable for naval propulsion. For this reason, designs with flaps 
in wingsails have been invented in order to improve the performance of the wingsails.  
 

 
Wingsails are foldable structures with a telescopic mast that when fully extended the ribs and 
the skin system forms a rigid body without gaps. There is also a control system which decides 
the most optimal angle position, a rotation system and a hydraulic system. Each wingsail is 
rotated by a hydraulic motor.  
 

 
Wingsails can be also used to propel future floating power plants. These floating power plants 
are vessels whose aim is to navigate across fast wind areas thanks to the wingsails in order to 
obtain hydrogen. Hydrogen is obtained from hydrolysis. The electricity needed for the 
hydrolysis comes from turbines which are actuated thanks to the water which enters into the 
ship at a certain velocity thanks to the ship’s movement, originated by wingsails.   
 

 
Wind turbines are divided in two main groups: HAWTs and VAWTs. The first ones have 
demonstrated better performance on shore and off shore, but VAWTs seem to fit better 
aboard vessels because of air drag reasons and easier installation and maintenance. This 
because VAWTs are smaller. 
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The higher the swept area of the wind turbine is, the higher the power generated is. 
 

 
Wind turbines aboard can generate thrust in some wind conditions but in other ones can 
generate a negative thrust, thus increasing the total drag resistance. For this reason, wind 
turbines are better for electricity generation than for thrust generation.  
 

 
Today, the storage technology of electric energy still remains a challenge. The most popular 
form of storing energy generated by wind turbines is using batteries. 
 

 
It can be demonstrated that no wind turbine can convert more than 59.26% of the kinetic 
energy of the wind into mechanical energy (Lanchester-Betz limit). By changing the pitch 
angle of the blades in the most optimal position, the net yield is improved. The pitch control 
system also actuates as a safety system.  
 
 

Table 3.7: Conclusions of Chapter 3 (Own source) 
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Chapter 4: State of the art of wind power technologies in 

merchant vessels 

4.1 Rotor ships 

Fletter rotors are probably the most ingrained wind power technology in present days. There 

exist some vessels that have been proving for years the viability of this technology as a wind-

assisted system to reduce fuel consumption, such as Fehn Pollux, Viking Grace, E Ship 1, 

Maersk Pelican, MV Afros… However, it all started back in the 1920s, when a few vessels were 

propelled by rotors.  

Flettner rotors are called like this due to Anton Flettner, the inventor and engineer that had 

the idea of using the Magnus effect to propel ships. He was the first who proposed the use of 

rotating cylinders, instead of sails, to propel ships, with motors driving large cylinders mounted 

on the ship’s deck and the wind providing the parallel flow necessary to induce a propulsive 

force. These rotors are sometimes referred also as sails, but of course, it can create some 

confusion.  

It was back in the 1920s, when Anton Flettner built a ship like this for the first time. In 1924, 

the schooner rig on the 52m Buckau consisting in three masts was replaced by two rotors and 

the ship was subsequently renamed the Baden Baden in 1926. Each rotor was 18m high and 

2.7m in diameter. By eliminating the entire structure above the deck of the Buckau, the weight 

was reduced by 28 tons. The rotor system weighed only 7 tons, while the previous structure 

weighed 35 tons [19]. 

The vessel had rotor propulsion and conventional propellers. The vessel became faster than 

before and presented good results. The ship crossed the Atlantic successfully, so it was proven 

for the first time that tall smooth and rotating cylinders could propel a vessel across the sea. As 

a result of this success, the Transportation Department of the German Navy ordered the 

construction of another rotor ship, the Barbara, that had a length of 92m and most important, 

was fitted with three rotors of 17m high that had a diameter of 4m. These rotors were driven 

by a 27 kW electric motor at 150 revolutions per minute.  

The Barbara was the ship that confirmed the viability of the propulsion system and settled up 

the Flettner rotor as factual viable invent. She sailed between Hamburg and Italy for six years 

carrying 3000 tons of cargo and a few passengers. The Baden Baden also had a short operating 

life (just until 1931). At that moment, interest in rotor propulsion was lost quickly, basically 

due to the fact that almost all eyes were upon the steam turbine propulsion and the diesel 

propulsion. At that time, fuel oil prices were notably affordable so ship-owners did not have 

the restlessness of promoting new technologies that were not based on the burning of fuel. 

Furthermore, there was not a social worry neither for the climate change nor other negative 

consequences of the fuel burning and air pollutant emissions. There were no IMO regulations 

limiting the emissions of SOX or CO2, so Flettner rotor technology was viewed as an unknown 

system, not as reliable as the other ones that were dominating the naval propulsion at that 

time.  
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Figure 4.1: Buckau (Source: [52]) 

 

 

Figure 4.2: Barbara (Source: [53]) 

 

Flettner decided that the rotor system of the Barbara should consist of three rotors, each 4m 

in diameter and 17m high. The drive of each of the rotors was by means of a 30 kW motor. 

These rotors had a maximum velocity of 160 rpms. Like the Buckau, each rotor was equipped 
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with an upper bearing and a radial one about 2/3 of the pivot's height. Current rotors are 

made of composite, but back in the middles of the XX century, rotors were made of 

aluminium. The Buckau and the Barbara were the first who rotor propelled ships, but 

unfortunately there was not an interest in boosting the Flettner rotors propulsion system, 

because fuel was notably cheap at that time and there was no certainty in investing in 

experimental prototypes. Furthermore, there was not an ecological mentality.  

Basic data from both ships is the following: 

 Buckau Barbara 

Length (m) 54 89 

Beam (m) 9 13.2 

Draft (m) 3.8 5.4 

Displacement (tons) 645 2830 

Diesel propulsion (kW) 118 2 x 389 

Number of rotors 2 3 

Weight (tons) 3.5 each 12.5 each 

Length of the rotor (m) 18 17 

Diameter (m) 2.7 4 

Maximum velocity (rpms) 125 160 

Material Steel Aluminium 

Electric motor (kW) 10 30 
 

Table 4.1: Buckau and Barbara data (Source: [52], [53]) 

 

Many years had to pass until the Flettner rotor propulsion system had a new opportunity, 

since the next decades that followed Buckau and Barbara until recent years have been 

dominated by fuel oil burning.  

The first modern merchant vessel fitted with Flettner rotors is the E Ship 1, a RoLo owned by 

German’s company Enercon and classified by Germanischer Lloyd. A RoLo (roll-on/lift-off) 

vessel is a vessel type with ramps serving vehicle decks but with other cargo decks only 

accessible when the tides change or by the use of a crane. The ship is basically used to 

transport wind turbine components and has four large rotors that rise from its deck which are 

rotated via a mechanical linkage to the ship's propellers.  

She has been in active service since 2010. The length is 130m, the beam 22.5m and the 

draught is from 6 to 9 m depending on the load case. The conventional propulsion plant 

installed is comprised by two diesel engines of 3.5 MW each one that drive two propellers. 

Besides, there are also four Flettner rotors of 27m high and 4m in diameter. They are not 

driven by electric motors, as were the rotors of the Buckau or the Barbara. In the E Ship 1, the 

ship's exhaust gases provide the heat to generate steam in the boilers, which are connected to 

a downstream steam turbine, which in turn drives the four Flettner rotors. 

The fuel saving is real. Enercon, which is also the manufacturer of the rotors, shows off savings 

of the 40% of the total power generation, with a 16 knots velocity. The power delivered by the 

engines and by the rotors is monitored and it has been proven that in favourable wind 

condition there is a notable fuel saving. This ship is the first modern prove that in this globally 
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warmed world, solutions like Flettner rotor are factual solutions to reduce fuel consumption 

hence reducing air pollutant emissions.  

 

Figure 4.3: The E Ship 1 with the four Flettner rotors on the deck (Source: [54]) 

 

Other vessels which are fitted with rotor system propulsion are the Fehn Pollux, the Maerks 

Pelican, the MV Estraden, the MV Afros and the Viking Grace.  

The Fehn Pollux is a multi-purpose freighter cargo ship with double hull, equipped for the 

carriage of containers, strengthened for heavy cargo, single-decker and gearless. This vessel 

has a length of 89.77m, a breadth of 13.17m and a draught of 5.67m. The vessel is fitted with a 

MWM Deutz SBV 9M 628 main engine, which delivers a power of 930 kW.  

Additionally, there is also a Flettner rotor in the fore of the ship. The rotor is an 18m high 

cylinder with a diameter of 3m. The diameter of its endplate is 6m. Its support structure is a 

cylindrical steel pipe. It is driven by an electric motor of 74 kW but its average power 

consumption is about 20-30 kW. It weighs 16t and has a maximum velocity of 280 revolutions 

per minute.  

The rotor is built of lightweight fibre composite reducing the impact on ship stability. Wind 

tunnel tests have proved the high aerodynamic lift at reduced drag, thus improving propulsion 

performance especially in upwind conditions. 

The rotor of the Fehn Pollux can generate a maximum thrust of 80 kN. Savings in the range of 

about 10-25% can be expected, depending on the speed of the ship and main engine 

performance (and obviously also depending on the route and on the weather conditions such 

as wind velocity). 
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Fehn Pollux data 
 

Type of vessel: Multi-purpose freighter cargo 

Length: 89.77 m 

Beam: 13.17 m 

Draught: 5.67 m 

Main engine power: 930 kW 

Units of Flettner rotors: 1 

Height of the rotor: 18 m 

Diameter of the rotor: 3 m 

Diameter of the endplate: 6 m 

Rotor’s electric motor power: 74 kW 

Weight of the rotor: 16 t 

RPMs of the rotor: 280 rpms 

Thrust of the rotor: 80 kN 

Fuel savings: 10-25% 
 

Table 4.2: Fehn Pollux data (Source: [55]) 

 

Two other rotors were installed on board Maersk Pelican in August 2018. As part of a test, the 

aggregated total fuel saved from 1 September 2018 to 1 September 2019 was 8.2% savings. 

This is equivalent to approximately 1,400 tonnes of CO2.  The rotors, featuring 30 meters in 

height and five meters in diameter, were installed on the product tanker vessel in the port of 

Rotterdam. Another example of a merchant vessel with a Flettner rotor installed to reduce fuel 

consumption is the passenger ship Viking Grace. 

 

 
Viking Grace data 

 
Type of vessel: Ferry 

Length: 218 m 

Beam 31.8 m 

Propulsion: 4 x 7,600 kW (diesel-electric propulsion plant) 

Units of rotors: 1 

Height of the rotor: 24 m 

Diameter of the rotor: 4 m 

Fuel savings: Up to 20% 

CO2 emission reduction: 900 tons per year 

Ship speed: 22 kn 
 

Table 4.3: Viking Grace data (Source: [56]) 

 

The saving potential simulations of the Viking Grace have showed LNG saving of 300 tons per 

year and a CO2 emission reduction of 900 tons per year (and fuel saving of up to 20% in 

favourable wind conditions according to the manufacturer). All this savings thanks to just one 
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rotor.  The rotor is 24m high and 4m of diameter. It was installed in the ship in 2018. Viking 

Grace is driven by four diesel/gas electric engines Wärtsilä 8L50DF (4 × 7,600 kW diesel-electric 

propulsion plant) and it is the first modern passenger ship that has been fitted with a rotor. 

This cruise ferry has length of 218m and a beam of 31.8m. It can reach easily 22 knots and it is 

fitted with two shafts and two fixed pitch propellers. 

Other ships with Flettner rotors are the following: 

- The Ro-Ro cargo ship MV Estraden (two rotors).  

- The ultra-max bulk carrier MV Afros (four rotors). 

The previous examples have been existent ships which are examples of the Flettner rotor 

implementation. Predictably, in the next years more ships will have one or more Flettner 

rotors aboard to generate thrust. Only merchant vessels have been considered, so there have 

been excluded from mentioning boats from university research, recreational boats or any 

other craft not considered as a merchant vessel.  

 

 

Figure 4.4: From left to right and from top to bottom: Fehn Pollux, Viking Grace, Maersk Pelican and MV Afros 
(Source: [55], [56]) 
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4.2 State of the art of kites 

The kite system has been proven in many studies. For example, German company SkySails, has 

collected data from different ships which are equipped with the SkySails propulsion system, in 

order to determine fuel savings. One of the most representative demonstrations of the 

effectiveness of the system can be found in the fuel consumption vs ship speed graph of the 

ship MV Theseus: 

 

 

 

Figure 4.5: Comparison of the fuel consumption of the MV Theseus with and without the kite system (Source: 
[25]) 

 

The previous figure shows clearly how fuel is reduced thanks to the propulsion power 

generated by the kite. There appear all measurements of fuel consumption for every ship 

velocity, as well as the regression line for each case (case of the kite system operating and case 

of the kite system not operating).  

Fuel savings percentages become bigger at faster ship speeds, which is completely 

understandable since the lift force of the kite is proportional to the square of the airflow 

velocity, this is, the relative wind speed. The position and the path of the kite are constantly 

modified to maximise the propulsion power, attending to the ship’s velocity (and other 

parameters).  

The Theseus is a cargo/container ship constructed in 2000, with a length of 89,6m and a 

breadth of 11,65m. Its summer DWT is about 2500 tons. As it can be seen in the figure, if the 

ship is sailing at 4 knots speed, the fuel consumption of the ship when propelled only by the 

main engine is about 120 kg/h. In the same sailing condition (4 knots velocity), the ship has a 

fuel consumption of 100 kg/h, so there is a 17% of fuel savings. At 10 knots, if the ship is only 



Chapter 4: State of the art of wind power technologies in merchant vessels 

 

 

109 
 

propelled by the main engine, the fuel consumption is about 255 kg/h. If the kite propulsion 

system is operating, the fuel consumption falls to 155 kg/h. That means that for a 10 kn speed 

case, there is a fuel saving of a 40%. Therefore, there is also a notable air pollutant emissions 

reduction. So, in the best case, the kite system saves 100 kg/h, which results in a total of 2.4 

tons of fuel per day if the ship sails at this speed (of course, not every day the wind is ideal).  

 

 
MV Theseus data 

 
Type of vessel: Cargo/container ship 

Year: 2000 

Length: 89.6 m 

Beam: 11.65 m  

DWT: 2500 tons 

Fuel savings at 4 kn: 17% 

Fuel savings at 10 kn: 40% 
 

Table 4.4: MV Theseus data (Source: [27]) 

 

The MV Theseus ship is, without doubt, one of the more important accolades of the German 

company SkySails. However, it is not the first ship propelled by a kite system. The Wessels 

Shipping Company entered into a partnership with SkySails to pilot and test the system on 

their ship MV Micheal A., in 2007. They then ordered further systems, the first of which was 

the German container cargo ship, the MS Beluga SkySails; this ship was the world’s first ship 

partially powered by a kite system.  

 

 
MS Beluga SkySails data 

 
Type of vessel: Multi-Purpose Heavy Lift Project Carrier 

Year: 2008 

Length: 132 m 

Beam: 16 m  

DWT: 9832 tons 

Fuel savings: 10-35% 
 

Table 4.5: MS Beluga SkySails Data (Source: [27]) 

 

The Beluga SkySails is equipped with a 160m2 kite. The kite is designed to fly at heights 

between 100m and 500m to maximise the benefit of the wind. The first travel of the ship took 

place in 2008 and it was considered a success. However, in 2019, the ship was renamed to 

‘Onego Deusto’ and the new ship-owner is Onego Desuto BV. Now the vessel sails under a 

Netherlands flag.  
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Figure 4.6: MS Beluga SkySails (Source: [57]) 

 

There is no doubt that SkySails is the most important company related to kites in naval 

propulsion, but it is fair to say that there are also other projects and companies that also are 

studying the kite system as a wind-assisted propulsion system. For example, some projects are 

being developed by Airseas, a France-based spin-off of Airbus Group. Airseas started 

discussions with Japanese shipping company K Line on how to apply the system aboard the 

company’s vessels. Recently, the duo officially signed a long-term agreement that will result in 

the installation of the system on one of K Line’s ships. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Commercial image of the Airseas kite system (Source: [58]) 
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4.3 Ongoing projects with wingsails 

Wingsails technology can be installed in almost any type of vessel. The crescent moon 

wingsails designed by the University of Tokyo are for a cape-size bulker, but the designs made 

by the Spanish innovative company Boun4Blue contemplate other types of vessels. In fact, 

their ongoing projects (projects with closed agreements with ship-owners) consist in the 

implementation of the wingsails technology in a fishing vessel and a theatre vessel, among 

others. Furthermore, they have also contemplated study cases with a chemical tanker, a ferry 

and a bulkcarrier. It is remarkable the fact that wingsails can be installed in a chemical tanker 

vessel (whose deck is plenty of pipes).  This is a prove of wingsails capabilities to adapt to 

different ship typologies.  

In the study case of the chemical tanker, the tanker has got the following characteristics: 

 
Chemical tanker data 

 
Length  157 m 

Beam:  23.5 m 

Draught:  9.6 m 

Deadweight: 19.350 dwt 

Main engine power:  5110 kW 

Cruise speed: 13 kn 

Note: This chemical tanker is fictional but with logical characteristics values.  

Table 4.6: Chemical tanker data (Source: [34]) 

 

For a proposed case that the vessel is a liner which sails between Seattle and Yokohama 

(distance of 4.104 NM), the estimated travel time is 316 hours (13 days) and the average fuel 

consumption of the main engine is supposed to be 0.578 tonnes per hour (without wingasails).  

0.578
𝑡

ℎ
∗ 316 ℎ = 182.4 𝑡𝑜𝑛𝑛𝑒𝑠 (𝑝𝑒𝑟 𝑜𝑛𝑒 𝑤𝑎𝑦 𝑡𝑟𝑖𝑝) 

A vessel of these dimensions could have from 1 to 3 wingsails of the following characteristics: 

 

Wingsails data 
 

Height: 30 m 

Width: 12 m 

Weight: 14 tonnes per wingsail 

Airfoil: NACA 0025 

Fuel savings with 1 unit: 7.12% 

Fuel savings with 2 units: 13.97% 

Fuel savings with 3 units: 20.69% 
 

Table 4.7: Wingsails data (Source: [34]) 
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Note that the airfoil is symmetrical because the first two digits are the same, 00. According to 

Bound4Blue’s calculations, with these three wingsails installed the ship would experiment a 

notable fuel reduction of the 20.69%. If there were only two wingsails, the fuel reduction 

would be of 13.97% and if there was just one the fuel reduction would be of 7.12%. These 

percentages, of course, can vary with the weather. The values given are for an average of ten 

years.  

Assuming that the ship is sailing 208 per year, this would suppose a yearly fuel reduction of 

597 tonnes (with three wingsails). Assuming a reasonable fuel cost of 550€/t, the saved money 

escalates to 328.307€ yearly. The most important operating cost of a merchant vessel is fuel, 

so being able to reduce about the 20% of the fuel consumption makes an enormous impact on 

the company economy. Of course, having a 20% fuel reduction also means polluting a 20% less 

from propulsive matters. And most of the energy generated in a ship is generated to propel.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Design of a chemical tanker with wingsails (Source: [34]) 

 

This is a study case and for now, there is not any chemical tanker sailing the seas propelled by 

wingsails. However, wingsails on merchant vessels are almost here, are almost present. In fact, 

Bound4Blue has a confidential ongoing project about a 120m bulk carrier, which will be 

assisted with one 12x30m wingsail (12m width and 30m high) and will navigate across the 

Atlantic Ocean.  

Another ongoing project of Bound4Blue is a 37m Fishing vessel. This one is not confidential. 

There is a closed agreement with OR.PA.GU to integrate the wingsail system in one of its 

largest fishing vessels, the Balueiro Segundo. The vessel will be equipped with an 8x20m 

wingsail and will sail in the Pacific Ocean, in South America.  
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Figure 4.9: Design of the Balueiro Segundo with the 8x20m wingsail (Source: [59]) 

 

OR.PA.GU was founded in La Guardia (Pontevedra), on March 15, 1996 [60]. The Guardeses 

Longline Organization (OR.PA.GU.) was established in order to regulate, develop and promote 

the fishing activity of longline and frozen longline vessels, and defend the interests of the 

members of this organization, being able to adopt the necessary measures to guarantee the 

rational exercise of fishing.The type of fishing developed by the vessels belonging to this 

organization corresponds to the modality of the longline, fishing primarily swordfish and 

related species.  

Bound4Ble has also signed an agreement with the well-known Spanish theatre company, La 

Fura dels Baus, to integrate their system into The Naumon vessel. One 8x20m wingsail will be 

installed in this vessel that sails across the Cantabrian Sea.  

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Design of the Naumon with the 8x20m wingsail (Source: [59]) 
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La Fura dels Baus is a Spanish theatre company created in 1979 [61]. Self-defined as a ‘friction’ 

theatre group looking for a scenic space different from the traditional one, its montages and 

diverse products have evolved mixing imagination, morbidity, performance, mechatronics and 

installations of great amazingness, always in a dramatic context of collective creation. La Fura 

dels Baus consists in hundreds of people, including actors, athletes, tightropes, technicians, 

designers, managers and collaborators, among others. The company offers opera, films, text 

theatre, digital theatre, etc.  

 

4.4 Wind turbines experiences  

Compared to wingsails, Flettner rotors or kites, wind turbines are not that popular among 

merchant vessels. However, some wind turbines have been already installed in some ships and 

have proved a good performance. Wind turbines can create thrust in some wind conditions 

and can also he helpful to reduce air drag, hence reducing consumption and emissions. But the 

main aim of their installation aboard is to reducing fuel consumption thanks to the electrical 

power generated, the idea is to reduce the consumption of the generators more than the 

consumption of the main engines.  

VAWTs seem to be more attractive to ship-owners than HAWTs. It can be due to the simplier 

installation, operation and maintenance of the VAWTs. Generally, a VAWT is shorter than a 

HAWT and this reduced height can be advantageous on ships, because of stability aspects and 

becase installing the blades and rotors at a notable height could represent a problem in 

bridges or som ports and also more difficult maintenance or repairing tasks.  

  

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Two VAWTs on the Stena Jutlandica ferry (Source: [62]) 
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The previous figure shows two VAWTs installed on the bow of a merchant vessel, the Stena 

Jutlandica ferry.  Both wind turbines are mounted on 4m high masts, located in the bow. Both 

turbines are alike and produce 4 kW each one, generating 23.000 kWh per year approximately. 

This energy is used for the electrical necessities of the vessel, such as lighting, and it is 

equivalent to the domestic electricity consumption of four normal home during one year. It is 

also expected that the turbines reduce the air resistance of the ship.  

Simulations showed that the total air drag coefficient diminished from 0.56 to 0.51 thanks to 

the wind turbines of the bow. The turbines were designed also with this purpose. Calculations 

estimate that these turbines represent a fuel consumption reduction of 80-90 tonnes per year. 

Other considerations of these turbines were related to vibrations and noise. They were 

especially designed to minimise both. In fact, they are located in front of a passengers hall. In 

ferries, it is important to be able to limit noise levels. The manufacturer of these wind turbines 

is Urban Green Energy, a company specialised in VAWTs designed to take advantage of the 

changing wind flows at low altitudes, near the surface.  

 

 

 

 

 

 

 

 

 

Figure 4.12: Detail of a Cochrane wind turbine, the type of VAWT installed in the Stena Jutlandica (Source: [42]) 

 

Back in 2004, NIPPI Corporation, a subsidiary of Kawasaki, started operational tests on a VAWT 

generator that was developed jointly with Nippon Yusen Kabushiki Kaisha. This wind turbine 

was installed aboard the NYK Line’s car carrier Andromeda Leader. Its main characteristics are 

the following: 

- Height of 4.5 m. 

- Diameter of 4m.  

- Power generation capacity of 30kW in a wind velocity of 25m/s. 

This system is designed with a control safety mechanism against rolling and pitching of the ship 

in order to ensure uninterrupted operation and safety. The energy generated by the turbines is 

used to illuminate the cargo storage area, and partly shares the power system with the ship’s 

diesel generator. It is another demonstration of the fact that wind turbines are a reliable 
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technology to generate electricity but not for propulsion. Maintenance is easy due to its 

location. Moreover, calculations show that the noise of the turbine is quite low: 60dB or less 

during a 12m/s wind at 50m from the unit, according to NIPPI’s test results.  

Another example of the implementation of wind turbines aboard vessels can be found in the 

Hydrogen Challenger. This was a ship of a length of 66m, a refitted coastal tanker (previously 

named Bernd) that was thought to use a vertical axis wind turbine to generate electricity for 

the electrolysis of water. The idea was to obtain hydrogen thanks to the power of the wind, 

using the electricity produced by the turbine. The idea is similar to the floating power plant 

from Bound4Blue explained in chapter 3, but using a wind turbine instead of wingsails. 

Another difference is that the Hydrogen Challenger was propelled by diesel engines so it was 

not completely green. The total hydrogen storage and transportation capacity was about 1200 

m3. However, this project failed. Behind the project was a dubious company whose trail later 

fizzled out.  

 

 

 

 

 

 

 

 

 

Figure 4.13: VAWT aboard the Andromeda Leader (Source: [63]) 

 

 

Figure 4.14: The Hydrogen Challenger (Source: [64]) 
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4.5 Conclusions of the chapter 
 

 

Conclusions of Chapter 4 
 

 
First merchant vessels with wind-assisted propulsion were Buckau and Barbara, in the 1920s. 
They both were propelled by rotors. Although the innovation was a success, the interest in 
wind propulsion was lost at that time because of low oil prices and the lack of environmental 
regulations. The interest was not recovered until XXI century.  
 

 
Nowadays, the state of the art of the main wind power technologies (rotors, kites, wingsails 
and wind turbines) is evidence that there is no doubt wind power is the most efficient and 
viable renewable energy for naval propulsion.  
 

 
Fletter rotors are probably the most ingrained wind power technology in present days. There 
exist some vessels that have been proving for years the viability of this technology, such as 
Fehn Pollux, Viking Grace, E Ship 1, Maersk Pelican, MV Afros… 
 

 
MV Micheal A., MV Theseus or MS Beluga SkySails are demonstrations of the reliability of 
kites in merchant vessels, with fuel savings of 10-35%. 
 

 
Fuel savings in the range of about 10-25% can be expected from vessels with rotors installed. 
 

 
Fuel savings percentages become bigger at bigger ship speeds.  
 

 
Wind power technologies can be installed in any kind of vessels. There are technologies that 
fit better in determined types of vessels. For example, wingsails are suitable for tankers, 
rotors are suitable for cruises, but neither wingsails nor rotors are suitable for containerships. 
Kites can be installed almost in any type of vessel. 
 

 
WASP represents new business opportunities for companies. Finnish Norsepower and British 
ANEMOI are the two main Flettner rotors designers and manufacturers. German SkySails and 
French Airseas are the two main kite systems designers and manufacturers. Spanish 
Bound4Blue is the main wingsails designer and manufacturer. Note that all these companies 
are European.  
 

 
Considering all technologies whose state of the art has been studied in this chapter, the 
following types of vessels can be propelled by wind-assisted systems: cruises, general cargo 
ships, tankers, containerships, reefers, RoRos, bulkers, fishing vessels…  
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In this chapter the application of wind-assisted technologies in almost any type of vessel has 
been discussed, even in theatre vessels such as Naumon. This demonstrates that wind 
technologies are adaptable to any type of vessel. Furthermore, more than one unit of rotors, 
wingsails or wind turbine can be installed aboard the same ship. This is not like this with kites.  
 

 
VAWTs seem to be more suitable for merchant vessels than HAWTs.  
 

 
Wind turbines have been used aboard vessels to generate electricity for hydrolysis, thus 
obtaining hydrogen thanks to the power of the wind. 
 
 

Table 4.8: Conclusions of Chapter 4 (Own source) 
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Chapter 5: Other wind power technologies  

5.1 Turbosails 

The main wind power technologies have been studied thus far. There is no doubt that kites, 

Flettner rotors and wingsails (and a little bit more modestly wind turbines too) fill almost all 

the wind-assisted propulsion market and projects horizon. These are the wind-assisted 

systems that can be found at sea nowadays, in merchant vessels. However, there exist more 

technologies that also have their own space and relevance in the innovative ambit of wind-

assisted propulsion. There are other concepts that are also being studied in many projects and 

in some cases have been installed and tested aboard vessels, like the two turbosails installed in 

the Alcyone ship. Turbosails are one example of these ‘other’ technologies, which are not as 

popular as kites, rotors or wingsails but can be promising too. 

Turbosails are sometimes also referred as suction wings or ventifoils. The concept of a 

turbosail can be briefly described as a non-rotating wing with vents and a fan (or a similar 

device) which produces boundary layer suction in order to maximise the thrust generated.  

The Turbosail is a marine propulsion system, with an ovoid-section cylinder which acts like a 

sail, generating thrust. Furthermore, it has a powered boundary layer control system to 

improve lift across a wide angle of attack, simply by suction and moving a single flap at the 

back of the sail. So a turbosail is just an airfoil (quite different from conventional ones used in 

naval propulsion) with a mobile flap and a fan. The aspiration system pulls air into the tubes, 

and is used to increase the depression on one side of the sail; a reaction force occurs as the 

result of the pressure difference.  

The use of fan aspiration, which requires engine power, increases the generated reaction force 

compared to the unpowered device. The lift coefficient of a turbosail is approximately from 3.5 

to 4 times superior to lift coefficients of conventional wings, but always considering that the 

fan is actuating. Without boundary layer suction, the propulsion of a turbosail is poor. The fan 

is located in the cylinder and sucks the flow. 

 

 

 

 

 

 

 

 

Figure 5.1: Inside view of a turbosail (Source: [65]) 
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The idea of the turbosail is to increase the CL by preventing flow separation along the airfoil 

thanks to the fan suction and the fact that the cross-section of the structure is very thick, 

compared to other airfoils. This system has a high efficiency because the lift to drag ratio is 

notably high. CL has typical values around 7. However, to be efficient, there must be power 

consumption because of the suction system. 

 

 

 

 

 

 

 

 

 

Figure 5.2: Scheme of a turbosail (Source: [66]) 

 

The ventilator is inside the structure and sucks the flow inside the ovoid tube. The flap helps 

maximising the thrust. The suction area is the permeable part of the surface, whereby the flow 

is sucked thanks to the fan.  

 

 

 
Figure 5.3: Influence of boundary layer suction on the aerodynamic coefficients on the Turbosail (left) and a 

NACA0012 profile (right) (Source: [65]) 

 

When the suction is not applied, the Turbosail has really poor aerodynamic performances as a 

sail. As it can be observed in the previous figure (left), when there is no suction, the CL/CD ratio 

is very low, never higher than 0.5. This means that the turbosail system is completely 

inefficient without boundary layer suction. In fact, it produces more drag than thrust (due to 

its geometry).  
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However, if the suction system is working, the ratio is higher than 1 for any angle of attack. 

Considering α of 10º, the ratio has a value of approximately 2.8. The higher the angle of attack, 

the higher the ratio is. Considering α=20º, the ratio value is approximately 6. It means that the 

lift force is six times bigger than the drag force.  

For the case of NACA airfoils, the influence of boundary layer suction is also very important. 

The CL/CD ratio can be doubled thanks to the suction for almost any angle of attack between 

10º and 20º, as it is shown in the last figure. In addition to the efficiency improvement, the 

suction can also greatly modify the flow patterns, such as the vortex shedding. This is because 

the boundary layer separation is delayed by the suction; the separation appears quite later so 

vortexes are partially or completely avoided.  

Boundary layer separation is a not wished phenomenon because it raises the drag resistance. 

The apparition of the boundary layer separation depends only on the flow and comes when 

the velocity of the particles in the surface of the solid is zero (among other conditions, 

equations (4) and (5) of the chapter 2). Turbulent flow helps to avoid boundary layer 

separation, so the higher the Reynolds number is, the better for avoiding that phenomenon. 

The suction is a very good way of lifting Re, because Re is proportional to the velocity of the 

fluid so if the fluid particles flow faster, vortexes are more avoidable.  

 

 

Figure 5.4: Influence of boundary layer suction on the vortex shedding in a NACA0012 airfoil (Source: [65]) 

 

In the left, the airfoil is under the situation of uncontrolled flow and in the right under the 

situation of control by suction. It is evident that suction helps lifting the CL/CD ratio and avoids 

vortexes. Vortexes are clearly delayed thanks to the suction. The control by boundary layer 

suction has been shown to be of great interest to modify the aerodynamic coefficients, thus 

generating higher propelling forces, either for a bluff body (such as a turbosail) or for an airfoil. 

A bluff body can be defined as a body that, as a result of its shape, has separated flow over a 

substantial part of its surface.  

As Flettner rotors, turbosails are devices that for increasing the propeller force, take advantage 

of its high coefficients. A turbosail can also have a notable area but the concept is more 

focused on obtaining great thrust values thanks to a high lift coefficient more than thanks to 
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big areas (which would be the case of other technologies such as kites or wingsails). The price 

for this bigger coefficient is an energy intake. The same happens with Flettner rotors, which 

need an energy intake in order to rotate. In fact, Flettner rotors and turbosails have a lot of 

things in common and, of course, also some differences.  

 

 
Turbosail and Flettner rotor comparison 

 
   

Turbosail 
  

 
Flettner rotor 

Principle: 
 

Boundary layer 
suction 

 

Magnus effect 

Size: 
 

Relatively small Relatively small 

Consumption: 
 

Moderate Slightly higher 

CL/CD: 
 

High High 

Existing vessels with this technology: 
 

Yes, but not 
merchant vessels 

Yes 

 
Risks: 

 
Slowly moving parts 

 
 

 
Large rotor rotating at 

notable speeds 
 

Areas of improvement: 
 

High Low 

Causes heel: 
 

Yes Yes 

Units aboard: 
 
Opex: 
 

More than one 
 

Uncertain 

More than one 
 

Considerable 

 

Table 5.1: Turbosail and Flettner rotor comparison (Own source) 

 

The suction wing concept has been extensively tested for aeronautics since the 40s and 50s. So 

the origin of this concept is not related with vessels but with aeronautics. It was in 1985 when 

the suction wing concept was adapted to marine propulsion by Malavard, Charrier and 

Cousteau, aboard the Alcyone ship.  

The Alcyone is an experimental vessel owned by the Cousteau Society. It was constructed as a 

ship for expeditions and at the same conceived to test the innovative marine propulsion 

system of turbosails. The ship is defined as a research ship. It was built in 1985 by the shipyard 

Ateliers & Chantiers La Rochelle Pallice.  Its hull has an innovative design made of lightweight 

and resistant aluminium and the stern has a catamaran shape to increase stability. The bow 

has not the shape of a catamaran, it is single-hull.  
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Alcyone data 

 

Year: 1985 

Type of vessel: Research 

Length: 31.4 m 

Beam: 8.8 m 

Draught: 2.3 m 

Speed: 10.5 kn 

Crew: 12  

Turbosails aboard: 2  

Turbosails area: 10.2 m2  (each one) 

Turbosails fuel savings: 20-35% 
 

Table 5.2: Alcyone data (Own source) 

  

The Alcyone has got wind-assisted propulsion: it has two diesel engines as the main source of 

energy and two 10.2 m2 turbosails, with an elliptical section of 1.35 × 2.05 m and an exposed 

surface area of almost 21 m2. The speed depends on the wind conditions, ranging between 

10.5 - 12 knots. The Alcyone is equipped with computers to optimize the operation of both 

turbosails and diesel engines. To maintain a constant speed, the engines automatically take 

control when the wind descends, and they stop completely when the wind is stronger enough 

and oriented in the right direction. This means that the wind-assisted propulsion system is 

autonomous, although the crew can also govern the ship propulsion. When the suction is not 

applied, the turbosail has got really poor aerodynamic performances; high drag appears but 

there is not almost any lift force. This situation stands like this for any wind direction (any 

angle of attack). When the extractor located at the top of the structure is turned on the 

performances are clearly improved for any angle. In some designs, fans can be located on the 

bottom of the structure and in other designs fans are located on the top, like the case of the 

Alcyone.  

The idea of installing such a device aboard a vessel was developed in the 80s by French 

researcher Jacques Cousteau and his team (Lucien Malavard and Bertrand Charrier).The 

projects developed by German Anton Flettner in the 1920s were used as fundaments for this 

innovative idea. However, as it has just been explained, these two technologies use different 

principles. In the first wind tunnels test, it was clearly demonstrated that turbosails have a 

notably high lift coefficient.  

The first turbosail design was tested at sea in a small catamaran called Moulin a Vent. 

Cousteau and his companions validated the system sailing from Tangier to New York. After 

that experience, the Alcyone was built and sailed for the first time from La Rochelle in France 

to New York, across the Atlantic. Since then, the Alcyone has been the research vessel of the 

Cousteau Society, making several trips: Mexico in 1986, California in 1987, the islands of 

Hawaii to Alaska in 1988, New Guinea that same year, etc. In 1990 a study of the great white 

sharks took place in Australia thanks to the vessel. Other trips have been: Madagascar in 1994, 

Namibia in 1996, Caspian Sea in 1998, etc. In 2001 the ship returned to La Rochelle, for a 

complete rejuvenation. 
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For the time being, the concept of turbosails in more focused on recreational boats or other 

type of ships more than on merchant vessels. But, in the end, this is another wind-assisted 

propulsion system and the fuel savings are between 20-35% depending on every weather 

condition, so this system can be also implemented aboard merchant vessels just like Flettner 

rotors. 

 

 

Figure 5.5: The Alcyone, I (Source: [67]) 

 

 

Figure 5.6: The Alcyone, II (Source: [67]) 
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5.2 Hull design  

Wind power technologies studied thus far have in common the fact that they all consist in 

installing a device aboard which generates a thrust thanks to the speed of the relative wind. All 

this technologies can be installed in existing vessels because they ‘only’ involve the addition of 

the device in the ship: a kite, a wingsail, a Fletnner rotor, a wind turbine or a turbosail. 

However, there exists a concept that uses wind power energy to propel the ship, not thanks to 

a device installed aboard but thanks to the own constitution of the ship. The own hull of the 

ship could act as a propeller without the needing of adding any device or structure on the 

deck.  

A wingsail, for example, is a device which takes advantage of the pressure difference 

generated between its both face. It is a naval-adapted airfoil. The hull of a vessel could be 

designed with such a geometry that acts also like an airfoil, so the vessel would be propelled 

itself. This is a futuristic concept but it could be actually developed if future designs of new 

ships are adapted to this idea. There does not exist any vessel yet with such a hull. But there 

are some studies and designs of this concept and there are even some patents of this 

technology.  

 

  

Figure 5.7: Futuristic vessels propelled by their own hull (Source: [68]) 

 

The concept consists in designing the hull of the ship with an airfoil shape so the vessel acts as 

a propeller itself. To generate a considerable thrust, there must be a considerable area, 

according to formula (24). Because of this, the hull designs of this technology are very tall. The 

freeboard of the vessel could be about 30 meters or even more.  

The bigger the freeboard is, the bigger the area is and therefore the powerful the thrust is. This 

fact defines and limits the type of vessels that could be designed with this concept. Not all 

vessels are suitable for this innovative architecture. For example, there is no point in 

constructing a general cargo ship with this hull design concept, because of the following 

reasons:  
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- The vessel would be too tall and therefore the vessel’s stability would be null. 

- There would not be port installations and cranes able operate in load operations.  

A RoRo or a passenger ship would be more appropriate for this hull design, because these are 

types of vessels whose cargo is more likely to be inside the vessel and not on the main deck. 

The height of the vessel could be used for dividing the freeboard in several decks for cargo, like 

a tall parking building with many levels. Vessels with extremely heavy loads would not be a 

good option neither, because of the lifted centre of gravity that a vessel with this architecture 

has.  

The vessel’s hull is shaped like a symmetrical airfoil going in the relative wind, which generates 

an aerodynamic lift giving a thrust in the ship’s direction. However, in nowadays projects of 

this technology there is also cruise control, which makes use of an LNG-powered propulsion 

system, so this system is also considered a wind-assisted propulsion system.  Fuel savings are 

expected on about 60%. This means that this concept also reduces: 

- 80% of CO2 emissions. 

- 90% of NOX emissions. 

- 100% of SOX emissions. 

This also means that a ship with such a hull is capable of approximately 70 days of steaming 

(worst-case scenario) between bunkering, according to designers.  

The most developed patent of this concept is owned by Norwegian company Lade AS. The 

company was established in 2010 to develop the project named Vindskip. The state of the art 

of this design consists in both a Norwegian Patent and a WIPO PCT International Patent on the 

concept. 

 

Figure 5.8: Lade As design of a RoRo with a symmetrical airfoil hull (Source: [69]) 
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Lade AS has been working in a specific RoRo design of the following characteristics: 

 
RoRo data 

 
Length : 195 m 

Beam: 49 m / 26 m (trimaran hull) 

Design draft: 8.5 m 

Lightship draft: 5.4 m 

Design speed: 18 kn 

Net parking area: 56,810 m2 

Main engine power:  5400 kW at 750 rpm – able to run on LNG & Biogas 

Generator 1 power: 3450 kW at 720 rpm – able to run on LNG & Biogas 

Generator 2 power: 3600 kW at 720 – able to run on MDO & Biofuel 
 

Table 5.3: RoRo data (Own source) 

 

With LNG-electric propulsion machinery installed, it is possible to reduce the need for total 

installed power (thus reducing contamination) as the auxiliary engines can contribute with 

power to the propeller, still maintaining the requirement for redundancy for safety reasons 

and the need for a minimum cruise speed. The system offers a high level of efficiency over a 

wide range of power outputs, minimising GHGs and NOX emissions. It also eliminates sulphur 

emission so the system meets with the new IMO’s regulations.  The vessel is thought to be 

driven only by LNG and wind power. However, the engines can also burn biogas, biofuel and 

MDO. In the next figure there is represented the scheme of the LNG propulsion system, with 

its two generators and the main engine, as well as the main electrical panel, the battery, the 

LNG tanks, the reduction gear, the propeller and the rudder.  

 

Figure 5.9: LNG propulsion system scheme (Source: [70]) 
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The shape of the vessel’s hull is shown in the next figure, where it can be observed that the 

ship acts as a giant sail. It is important to get a fast velocity in order to increase the apparent 

wind and therefore increase the thrust generated. In the top of the figure it can be seen the 

vessel from above and the bottom of the picture is the same vessel but with a schematic 

drawing of how airfoil-shaped hull propels the ship. 

 

 

 

 Figure 5.10: Airfoil-shaped hull (Source: [68]) 

 

Weather conditions are important in every type of wind-assisted propulsion system because 

obviously the performance of the technology depends on the wind. Nevertheless, in the 

Vindskip project, weather prediction is even more important than in other technologies 

because of the essence of the technology. It is not a device than can be folded (such as a 

wingsail or a kite) or stopped (such as a Flettner rotor) in extreme weather conditions. 

Obviously, the shape of the hull is what it is in any condition so the weather prediction must be 

taken very carefully. Furthermore, the vessel is very high because of the need of a 

considerable area to generate the propelling force. A tall vessel is always more delicate in 

terms of ship stability. 

Wind speed and its direction must be predicted so the vessel sails a route where wind propels 

and not supposes an air drag resistance increasing. Because of the big area that is in contact 

with the air, air drag is more considerable in a vessel like this than in conventional vessels. 

Algorithms can give the optimum wind angle for maximum effect of the design, although it 

means that the route of the ship can be slightly modified. This is an inconvenient because if the 

ship sails a longer route in order to take advantage of the wind, maybe the fuel consumption 

has been higher simply because the route is longer. Therefore, a compromise solution must be 

reached. A computer program must assess all the available data in order to calculate the 

vessel’s best route, always with the priority idea of consuming the smallest fuel quantity 

possible.  
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Figure 5.11: Lift coefficient as a function of the angle of attack (Source: [68]) 

 

The wind power system of Vindskip takes advantage of the apparent wind generating a 

positive thrust in the ship’s direction as a function of the angle of attack. According to Lade AS 

nomenclature, CX is the lift coefficient and β is the angle of attack. In this thesis, the 

nomenclature used is CL for the lift coefficient and α for the angle of attack, but this 

clarification is made in order to avoid any confusion due to the nomenclature of the previous 

figure, which is extracted from the official website of the Lade AS company. As it can be 

observed, the thrust is completely different depending on the angle of the attack (direction of 

the wind).  

- For a range of angles between 0º and 20º, the coefficient is negative. The same 

happens for a range of angles between 60º and 65º. This means that there appears a 

force that slows down the ship instead of propelling it. This situation must be 

completely avoided in order to not consuming fuel excessively.  

- For a range of angles between 20º and 60º, the coefficient is positive which means 

that the force propels the ship forwards. The maximum value of the coefficient is 

about 0.42 and appears for an angle of attack of about 48º. The value is always quite 

little because the forms of the hull must be adapted to contain the cargo, to minimise 

hydrodynamic drag forces and to general arrangement plan necessities. The little lift 

coefficient values are compensated with big values of area in contact with the wind, 

recalling the genera formulas for lift and drag coefficients, (24) and (25).  

The clue for improving the performance of the vessel’s propulsion is the fast speed of the ship. 

Sailing at a speed of more than 16 knots, the apparent wind has an angle of attack which gives 

the Vindskip a positive thrust that can represent a considerable fuel consumption reduction 

most of the time, analysing the statistics of wind conditions.  For this reason, the designed 

cruise speed must be around 18 knots, as in the example of the RoRo given before.  

Knowing that there can be situations in where the hull’s shape represent an increase of the 

total resistance more than a propelling force technology, the favourable wind conditions must 

be frequent and long enough in order to get a positive global result of fuel savings and 

emissions reduction, so the route and design parameters must be studied really carefully.  
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5.3 Non-rigid sails 

Sails have been the elements that have propelled vessels during centuries. From an 

anthropologic point of view, the use of poles and oars are considered the first propulsion 

systems. After that, non-rigid sails (usually referred simply as sails) came and stablished 

themselves as the most important propulsion system until the apparition of the steam 

propulsion. Sails propelled merchant vessels for centuries and they have never disappeared in 

recreational or competition boats. In fact, they are coming back in the current maritime 

transport.  

By sail is understood any structure that uses wind power to propel a sailing craft. With this 

definition, almost all technologies studied in this thesis are considered sails: Flettner rotors, 

wingsails, kites, turbosails…  However, the word ‘sail’ is usually used to refer to traditional 

sails, new designs of sails (such as the dynarig concept) or wingsails more than to rotors or 

kites, although referring to a rotor or a kite as a sail cannot be labelled as a mistake.  

Sails are the naval concept analogue to wings in aeronautics. A basic distinction between sails 

must be done:  

- Rigid sails (sometimes referred as hard sails).  

- Non-rigid sails (also known as soft sails).  

Rigid sails are basically wingsails. However, as it has just been explained, by sail is understood 

any structure that uses wind power to propel a sailing craft, so rotors or any other rigid 

propulsive device would be also included in this group. So, rigid sails have been studied 

exhaustively along previous chapters. However, it is interesting to mention that some concepts 

related with rigid sails (some other innovative and more futuristic concepts) can take 

advantage not only of wind power but also of solar energy too. There exist designs of rigid sails 

with solar panels in order to generate electric energy. For example, the Eco Marine Power’s 

EnergySail technology utilizes an array of rigid sails which can utilize both wind and solar 

energy [71].  

On the other hand, non-rigid sails are less futuristic and are factual technologies patented and 

already experimented and tested. Obviously, current non-rigid sails are not the same they 

were before, many years ago. Current soft sails are part of innovative propulsion system 

designs, such as the Dynarig concept.  

The Dynarig technology has only been installed aboard a super yacht so it cannot be 

considered as a wind propulsion system for merchant vessels. However, its implementation on 

merchant could be just a matter of a time. In fact, it is a sailing propulsion system created by 

German engineer William Prölss in the 60s as a wind-assisted propulsion system for merchant 

ships which was presented at the Shipbuilding Society Congress in 1967, at the conference ‘On 

the question of the economics of wind-powered merchant ships’, and there exist some 

projects of merchant vessels that will be equipped with a Dynarig system. By the time being, 

this technology has only been installed aboard the Maltese Falcon, a super yacht sailboat built 

in 2006. The low price of oil never materialized that Prölss's idea, although the Dynarig 

continued to improve during the following decades. 
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Maltese Falcon data 

 
Length: 88 m 

Length waterline level: 78.22 m 

Beam: 12.6 m 

Draught: 6 m 

Airdraft: 58.2 m 

Displacement: 1240 t 

Rig type: Dynarig 

Upwind sail surface: 2400 m2 

Hull material: Steel 

Superstructure material: Aluminium 

Spars material: Carbon fibre 

Fuel capacity: 81,300 l 

Main engines: 2 x 1.800 HP Deutz 

Generators: 2x 280 kW / 1x 125 kW / 1x 80 kW 

Builder: Perini Istanbul / Yildiz Gemi 

Naval architect: Dykstra Naval Architects 
  

Table 5.4: Maltese Falcon (Own source) 

 

The system is arranged as a fore-and-aft rigged ship. A fore-and-aft rig consists of sails that are 

set along the line of the keel rather than perpendicular to it. The system is composed of three 

self-supporting masts, independent one of each other. They all have movement and can rotate 

on its base.  

Each of them supports five sails. The total surface of the sails is 2,400 m2. Each mast measures 

approximately 58 meters high. They are made of carbon fibre. Each mast supports six spars 

fixed to it. Sails are folded inside the masts and are unfolded by just at the push of a button in 

six minutes, thanks to a guide system and four electric motors.  

Once the sails have been unfolded, the sails of each spar do not form any gap between them, 

so the sails of the same mast act as a single but huge sail. The Dynarig is much more efficient 

than traditional sailboats, and allows Maltese Falcon to reach speeds of 20 knots sailing. 

However, the Maltese Falcon can also navigate without wind, thanks to its two engines of 

1,300 kW each.  

The control system consists of a software that detects parameters such as wind speed and its 

direction. The system shows all parameters to the operator in real time. One single person 

could operate the boat because the interface is simplified. There are six habitation cabins with 

a total capacity of twelve people, but there are many more cabins. The ship is designed to have 

a crew of eighteen people. Although it is not a merchant vessel, it is an undeniable 

demonstration that modernised soft sails can be used to propel ships efficiently. Its main 

disadvantage is the enormous area needed to generate the thrust so there are types of vessel 

that would not be compatible with this system, but vessels with a clear deck could be assisted 

with this system in order to save fuel.  
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Figure 5.12: The three masts of the Maltese Falcon (Source: [72]) 

 

 

 Figure 5.13: Unfolded sails of the Maltese Falcon (Source: [72]) 

 

It is true that the introduction of such a system in the maritime transport would provoke a lot 

of reviewing on the regulations relative to the visibility from the bridge, especially if the system 

is square-rigged, because with the classical arrangement plan of nowadays merchant vessels 

these sails would be too big. In a square rig system the primary driving sails are carried on 

horizontal spars, which are perpendicular or square to the keel of the vessel and to the masts. 

This is not the case of the Maltese Falcon, which is fore-and-aft rigged. 
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The Maltese Falcon is the only vessel in which the Dynarig system has been installed and the 

ship has been sailing for years, but there are projects of future merchant vessels fitted with 

this system. This is the case of the Irish company B9 Shipping, whose B9 Sail Cargo Ship design 

is featured with the Dynarig system combined with an off-the-shelf Rolls-Royce engine 

powered by liquid bio methane. The company goal is to design the first merchant vessel which 

has a 0% consumption of fossil fuels: 

- 60% of the propulsion power comes from the Dynarig system. There are three masts 

and all of them can rotate.  

- 40% of the propulsion power comes from biogas-powered Rolls Royce engine. The 

biogas will be produced by the anaerobic digestion of food waste and other 

commercial and industrial organic waste.  

This energy source is being proved by B9 Organic, a company associated with B9 Shipping. 

However, the engines can also be operated with LNG in absence of biogas. The sails are 

adapted to the ship necessities: there are no riggings near hatcher or at the deck level so cargo 

handling can be easily done. The concept of the B9 Sail Cargo Ship also includes the help of a 

kite in order to reach that 60% of the propulsion power coming from wind technologies. The 

scheme of the vessel is the following: 

 
Figure 5.14: The B9 Sail Cargo Ship concept (Source: [73]) 

 

Finally, there exist some other projects that combine solar energy and wind power, such as the 

already mentioned Eco Marine Power’s EnergySail technology [71]. These types of projects can 

use soft sails or rigid sails and at the same time, solar panels. Examples of this wind power and 

solar energy combination can be the already mentioned Eco Marine Power’s EnergySail 

technology [71] or the STX Eoseas, a cruise ship that is designed to save emissions of CO2 by 

50%, SO2 by 100%, NOX by 90% and ashes by 100%, thanks to an innovative sail concept 

patented by STX France which helps in using wind energy for propulsion. Some projects even 

consider the use of wave energy to generate electricity aboard, like the E/S Orcelle. 
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5.4 Conclusions of the chapter 
 

 

Conclusions of Chapter 5 
 

 
Turbosails, non-rigid sails and hull-design concepts are technologies that can help reducing 
emissions.  
 

 
Turbosails and non-rigid sails systems such as the Dynarig system have been proven aboard 
vessels and have demonstrated reliability and a good performance. However, these vessels 
are not cargo ships so the future of these technologies in merchant vessels is uncertain for the 
time being.  
 

 
A turbosail produces boundary layer suction in order to maximise the thrust generated by 
preventing flow separation along the airfoil thanks to fan suction. Without boundary layer 
suction, the propulsion of a turbosail is poor. But with the fan actuating, the lift coefficient of 
a turbosail is approximately from 3.5 to 4 times superior to lift coefficients of conventional 
wings. 
 

 
Boundary layer separation is delayed by the suction; the separation appears quite later so 
vortexes are partially or completely avoided. 
 

 
The concept of turbosails is more focused on obtaining great thrust values thanks to a high lift 
coefficient more than thanks to big areas. The price for this bigger coefficient is an energy 
intake. 
 

 
Turbosails fuel savings are between 20-35%. 
 

 
The hull of a vessel could be designed with such a geometry that acts also like an airfoil, so the 
vessel would be propelled itself. This idea is being studied but there does not exist any 
merchant vessel yet with such a hull. 
 
 

 
To generate a considerable thrust with the hull, there must be a considerable area. Because 
of this, hull designs of this technology are very tall. The freeboard of the vessel could be about 
30 meters or even more. 
 

 
Estimated emissions reductions for an airfoil hull design are the following: 80% of CO2 
emissions, 90% of NOX emissions and 100% of SOX emissions. 
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Hull design technology is designed to be assisted with a LNG-electric propulsion system.  
 

 
Knowing that there can be situations in where the hull’s shape represent an increase of the 
total resistance more than a propelling force technology, the favourable wind conditions must 
be frequent and long enough in order to get a positive global result of fuel savings and 
emissions reduction, so route and weather prediction must be studied really carefully. The 
vessel must be fast (around 18 kn) so the apparent wind always is favourable to the airfoil-
shaped hull.  
 

 
In a Dynarig system, once the sails have been unfolded, the sails of each spar do not form any 
gap between them, so the sails of the same mast act as a single but huge sail. There exist 
projects of future merchant vessels in which 60% of the propulsion power comes from the 
Dynarig system. 
 

 
There exist projects that combine wind power, solar energy and even wave energy in order to 
generate electricity aboard and propel the ship in a green way.  
 

 

Table 5.5: Conclusions of Chapter 5 (Own source) 
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Chapter 6: Case study 

6.1 Description of the case study 

The case study of the thesis has been done as if it was a real engineering office project.  

The purpose of this case study is to quantify the reduction of air pollutant emissions and 

demonstrate the viability of wind-assisted propulsion to transform shipping into a much more 

sustainable activity.  

As it is obvious, the performance of any wind power technology depends on many factors, 

being wind conditions and ship’s speed some of them. So in order to carry out a case study it is 

necessary to define some basic conditions. To do that, an existing merchant vessel has been 

chosen to be object of study and a route has been defined so weather conditions can be 

approximately predicted. 

This case study in entirely based in real data and represents a realistic example of how wind 

energy can improve naval propulsion from a technical and ecological point of view, 

demonstrating the energy benefits of wind power technologies. Propelling forces, fuel savings, 

air pollutant emissions and other values are calculated for each main technology case, always 

considering the same vessel and route in every case, in order to compare and contrast the 

performance of each technology   

The vessel chosen for the case study is the RoPax Ciudad de Mahón, previously known as 

Zurbarán. The acronym RoPax (roll-on/roll-off passenger) describes a RoRo vessel built for 

freight vehicle transport along with passenger accommodation. The Ciudad de Mahón was 

built in Izar Shipyards in Seville, in 2000, for the company Norfolk-Line, and was acquired by 

the company Acciona Trasmediterránea in 2006.  

The ship is registered in the port of Santa Cruz de Tenerife, Spain.The vessel was named 

Zurbarán until 2019, when the name was changed to Ciudad de Mahón.  

 

Figure 6.1: Ciudad de Mahón ship, I (Source: [74]) 
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The decision of choosing this vessel for the implementation of wind power technologies is 

justified with the fact that this type of vessel (RoPax) is suitable for the installation of wind 

power devices because of its general arrangement plan, as well as its hull forms or its relatively 

clear decks and structures. There are several places in the ship where rotors, wingsails, kites or 

wind turbines could be installed. Furthermore, most of previous real experiences of vessels 

with wind power technologies installed aboard are ferries or RoRos.  

The decision has been taken inspired by these examples and argumentations: 

- The E Ship 1 vessel is a RoLo cargo ship with four Flettner rotors. Deck space and its 

form are similar in the Ciudad de Mahón. The Ciudad de Mahón is larger so there is 

even more deck space. 

- The MS Viking Grace is another example of cruise ferry with a wind power technology 

device installed aboard. 

- The Stena Jutlandica vessel is a ferry with two VAWTs installed in the bow. The forms 

of the ship are very similar to the Ciudad of Mahón.  

- A kite can be installed in almost any type of vessel which has a minimum deck space in 

the bow, which is the case of the studied vessel. 

Once analysed the state of the art of the main wind power technologies (chapter 4), it is 

obvious that wind power technologies can be installed in almost any type of vessel, but ferries 

and RoRos are some of the types of vessels which require less modifications in order to install 

wind power devices in existing vessels.  

Basic data from the ship is the following: 

 
Ciudad de Mahón data 

 
IMO number: 9181091 

Flag: Spain 

Year: 2000 

Type: RoPax 

Classification society: Lloyd’s Register of Shipping 

Ship-owner: Acciona Trasmediterranea 

LOA: 180 m 

Length between perpendiculars: 168.7 m 

Beam: 25 m 

Draught: 6.2 m 

Main deck depth: 8.7 m 

Upper deck depth: 15.3 m 

Displacement:  16,845 t 

Deadweight: 7,369 t 

Net tonnage: 6,645 NT 

Gross tonnage: 22,152 GT 

Hull’s material: Naval steel 

Speed (at 0.85 MCR): 21 kn 
 

Table 6.1: Ciudad de Mahón data (Source: [75]) 



Study and analysis of the use of wind power for the propulsion of merchant vessels. Case study 

 

 

138 
 

HFO is consumed in the main engines and generators while MDO is consumed in boilers and in 

the emergency generator. However, the fuel system also allows consuming MDO in the main 

engines. It is important to start and finish the operations of main engines with MDO in order to 

prevent damaging of the engines. Relevant information about the vessel’s engines and 

generators is summarized in the following table: 

 
Engines and generators data 

 

Main engines 
Number of main engines: 4 

Type: Wärtsilä 9L38 

Power: 5940 kW each one 

Speed at MCR power: 600 rpm 

Generators 
Number of generators: 2 

Type: Wärtsilä 6L20 

Power: 870 kW each one 

Speed at MCR power: 900 rpm 
 

Table 6.2: Engines and generators data (Source: [75]) 

 

Power values are given in MCR. The main engines are 4-stroke diesel engines. Each engine has 

9 cylinders and the configuration is in-line. The engines are turbocharged, which means that air 

enters at a pressure higher than 1 atm.  

The ship is propelled by two Now John Crane Lips PR130/4 CPP propellers, of 11,800 kW each 

one, spinning at 138.8 rpm. They are controllable pitch propellers and have 4 blades each one. 

So the total power consumed by the propellers is: 

𝑃𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟𝑠 = 2 ∗ 11,800 𝑘𝑊 = 23,600 𝑘𝑊 

This value is almost the total amount of power that can deliver all four main engines 

combined: 

𝑃𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 = 4 ∗ 5,940 𝑘𝑊 = 23,760 𝑘𝑊 

If losses are littler than 160 kW, all main engines working at MCR can deliver the total amount 

of power propellers can use to propel the ship.  

The total power generated by diesel generators is: 

𝑃𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 = 2 ∗ 870 𝑘𝑊 = 1,740 𝑘𝑊 

According to Wärtsilä: 

- Fuel consumption of main engines: 183 g/kWh [76]. 

- Fuel consumption of diesel generators: 193 g/kWh [77]. 
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Fuel consumption values given before correspond to the engines consuming HFO. If they are 

consuming MDO instead of HFO, the fuel consumption remains almost the same, around 1 

g/kWh lower.  

The vessel is also fitted with four shaft generators (one for each main engine) and, of course, 

with an emergency generator, so part of the electric demand is covered by the shaft 

generators and not only by the diesel generators. The shaft generators work thanks to the 

main engines, and the emergency generator only works in case diesel generators are both 

damaged or cannot work. So there is no point in adding the power generated by the shaft 

generators or by the emergency generator to the power generated by main engines and diesel 

generators: there cannot be any situation in which the power generated is higher than the 

total generated by the four main engines and the two diesel generators. 

Therefore, the maximum power the vessel can consume is: 

𝑃𝑇𝑜𝑡𝑎𝑙 = 𝑃𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 + 𝑃𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 = 23,760 𝑘𝑊 + 1,740 𝑘𝑊 = 25,500 𝑘𝑊 

This is the total installed power, without considering the emergency generator.  

The design speed of the vessel is 21 kn. This velocity is reached at 0.85MCR. This means that 

main engines must work at: 

0.85 ∗ 𝑃𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 = 0.85 ∗ 23,760 𝑘𝑊 = 20,196 𝑘𝑊 

Considering the diesel generators too, the total power consumption of the vessel at design 

speed is: 

𝑃𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑝𝑒𝑒𝑑 = 0.85 ∗ 𝑃𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 + 𝑃𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 = 20,196 𝑘𝑊 + 1,740 𝑘𝑊 = 21,936 𝑘𝑊 

This vessel usually sails routes which include the port of Barcelona and ports of Balearic Islands 

or Andalusia.  The future trips of the vessel are unknown, as well as programmed dry docks 

schedules and the number of sailing days per year. Obviously, the weather is also unknown but 

some considerations can be done in order to approximate quite correctly some sailing 

conditions, taking into account that wind power technologies cannot work in all wind 

conditions. The conditions and considerations made regards wind situations are the following: 

- Taking into account that the ship sails between Barcelona, Andalusia and the Balearic 

Islands, the average wind speed for these routes is 4-6 m/s, as it can be seen in next 

figure. In this case study, it is taken for granted that the ship always sails in the 

Mediterranean Sea, doing the same trips. These trips include the ports of Barcelona, 

Mahón, Palma de Mallorca, Ibiza, Almería and Málaga.  

 

- The Ciudad de Mahón ship has a design speed of 21 kn: 
 

21 𝑘𝑛 
0.514 𝑚/𝑠

1 𝑘𝑛
= 10.8 𝑚/𝑠 

This means that the vessel’s speed is more relevant than true wind speed; the vessel’s 

speed is faster than true wind speed most of the time. The following figure is a map of 
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the annual average wind speeds, for the period from year 1981 to year 2010. Wind 

speed values are given in m/s. 

 

 

Figure 6.2: Map of the annual average wind speeds. Values in m/s (Source: [78]) 

 

As it can be seen, the Mediterranean Sea has got an annual average wind speed of 4-6 

m/s. 

 

- Wind power technologies are operative for values from 3 to 8 of the Beaufort scale, 

approximately. This means that wind power technologies are operative for a range of 

wind speeds from 4 m/s to 22 m/s, approximately. Of course, each technology has its 

own range but they are all quite similar in this aspect. Some of them can be folded 

(wingsails, kites) and other ones cannot (rotors, wind turbines).  

 

- It is necessary to have an estimated value of the hours per year the vessel sails in order 

to estimate the air pollutant emissions per year. The vessel is estimated to sail 12 

hours per day, 330 days a year, once the historical AIS data services of the vessel have 

been consulted. This makes a total annual hours of sailing of: 
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12 ∗ 330 = 3,960 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

Of course, the plans of the ship-owner are unknown and predicting the weather is always 

uncertain, so it is difficult to predict exactly how many days the ship will be sailing every year, 

the annual average wind speed for each year or the number of hours at port or dry dock and 

other situations. 

However, all considerations have logical average values and those values that have been 

possible to consult, such as annual average wind speeds or the design speed, have been 

consulted.  

The Mediterranean Sea is not precisely the part of the world with fastest winds, but the study 

case is faithful to the real routes of the Ciudad the Mahón. There is also an extra point of 

interest in analysing the study case with these routes since this final thesis has been 

elaborated in the Barcelona School of Nautical Studies.  

Furthermore, if it is demonstrated that wind power technologies perform well in the 

Mediterranean Sea, it can be taken for granted that they will perform even better in most seas 

of the world. 

 

 

Figure 6.3: Ciudad de Mahón ship, II (Source: [74]) 

 

The following table summarizes all the relevant characteristics of the caste study which are 

needed to estimate the emissions of the ship and the performance that wind power 

technologies can have.  
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Case study characteristics 

 
Vessel: Ciudad de Mahón 

Type: RoPax 

Speed: 10.8 m/s 

LOA: 180 m 

Beam: 25 m 

Draught: 6.2 m 

Fuel: HFO in main engines and generators. 
MDO in boilers and emergency generator. 
MDO is also used to start or stop main engines and generators. 

Main engines power: 23,760 kW 

Generators power: 1,740 kW 

Total installed power: 25,500 kW 

Design speed power: 20,196 kW (main engines). 85% MCR. 
1,740 kW (diesel generators). 100% MCR. 
21,936 kW (total). 

Fuel consumption: 183 g/kWh (main engines). 
193 g/kWh (diesel generators). 
20 kg/h (average consumption of the auxiliary boiler). 

Routes: Barcelona – Mahón – Palma de Mallorca – Ibiza – Almería – 
Málaga. 

Average wind speed: 4-6 m/s 

Sailing hours: 3,960 hours per year. 
 

Table 6.3: Case study characteristics (Source: Own source) 

 

6.2 Fuel consumption and emissions of the ship 

Global shipping activities are responsible for approximately 3% of total CO2 emissions, 10-15 % 

of total NOX emissions and 5-8 % of total SOX emissions. These are considered the most 

important and harmful emissions of ships. However, CO and PM emissions are also calculated. 

6.2.1 Fuel consumption calculation 

Firstly, it is necessary to calculate the annual fuel consumption of the vessel in order to 

calculate the emissions. It can be calculated using the fuel consumption values of each type of 

engine (main engines, diesel generators and auxiliary boiler).  

The ship is estimated to sail 12 hours per day, 330 days a year. However, while the ship is in 

port condition, diesel generators are working. The vessel can be connected to the shore power 

while being in port, so the total hours per day that diesel generators are working has been 

estimated to 18 hours instead of 12.  

The amount of working hours of the auxiliary boiler is assumed to be the same as diesel 

generators.  
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𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑚𝑎𝑖𝑛 𝑒𝑛𝑔𝑖𝑛𝑒𝑠: 12 ℎ𝑜𝑢𝑟𝑠 ∗ 330 𝑑𝑎𝑦𝑠 = 3,960 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑑𝑖𝑒𝑠𝑒𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠: 18 ℎ𝑜𝑢𝑟𝑠 ∗ 330 𝑑𝑎𝑦𝑠 = 5,940 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝑏𝑜𝑖𝑙𝑒𝑟: 18 ℎ𝑜𝑢𝑟𝑠 ∗ 330 𝑑𝑎𝑦𝑠 = 5,940 ℎ𝑜𝑢𝑟𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

 

It must be taken into account that the Ciudad de Mahón sailings are quite short, because the 

vessel always sails between Barcelona, Andalusia and the Balearic Islands. The distance cannot 

be considered long for a shipping trip, and, in fact, the vessel usually does more than one trip 

per day. This means that there are many hours of port condition instead of sailing condition. 

The vessel is a RoPax so these port times are reasonable.  

The auxiliary boiler always burns MDO, while main engines and diesel generators are 

estimated to consume MDO only 10% of the total annual working hours. This 10% of hours 

corresponds to the starting and stopping operations of the engines and other considered 

situations. During normal functioning, the four main engines and the two diesel generators 

burn HFO, because although this fuel’s quality is lower than MDO, its usage cheapens the 

operation of the vessel, since HFO is considerably cheaper than MDO. 

The next table summarizes the fuel consumption of the vessel per year. 

 

  
Main engines 

 

 
Diesel generators 

 
Auxiliary boiler 

Total working hours  3,960 h 5,940 h 5,940 h 

HFO working hours 3,564 h 5,346 h 0 h 

MDO working hours  396 h 594 h 5,940 h 

HFO fuel consumption 183 g/kWh 193 g/kWh - 

MDO fuel consumption 182 g/kWh 192 g/kWh 20 kg/h 

AFC (HFO) 13,172 t 1,795 t - 

AFC (MDO) 1,456 t 198 t 119 t 
 

Table 6.4:  Breakdown of the fuel consumption of the ship per year (Own source) 

 

The annual fuel consumption (AFC) of every engine and every situation (number of hours 

burning each type of fuel) can be calculated according to the following equation: 

 

𝐴𝐹𝐶 = 𝐸𝑛𝑔𝑖𝑛𝑒′𝑠 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 ∗ 𝑝𝑜𝑤𝑒𝑟 ∗ 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 
 

(37) 

 

𝐴𝐹𝐶𝐻𝐹𝑂,𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 = 183
𝑔

𝑘𝑊ℎ
∗ 20,196 𝑘𝑊 ∗ 3,564 ℎ = 1.3172 ∗ 1010𝑔 = 13,172 𝑡 

𝐴𝐹𝐶𝐻𝐹𝑂,𝐷𝑖𝑒𝑠𝑒𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 = 193
𝑔

𝑘𝑊ℎ
∗ 1,740 𝑘𝑊 ∗ 5,346 ℎ = 0.1795 ∗ 1010𝑔 = 1,795 𝑡 

𝐴𝐹𝐶𝑀𝐷𝑂,𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 = 182
𝑔

𝑘𝑊ℎ
∗ 20,196 𝑘𝑊 ∗ 396 ℎ = 0.1456 ∗ 1010𝑔 = 1,456 𝑡  
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𝐴𝐹𝐶𝑀𝐷𝑂,𝐷𝑖𝑒𝑠𝑒𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 = 192
𝑔

𝑘𝑊ℎ
∗ 1,740 𝑘𝑊 ∗ 594 ℎ = 1.98 ∗ 108𝑔 = 198 𝑡 

 

In the case of the auxiliary boiler, the fuel consumption value is given in kg/h, because it is the 

average fuel consumption, considering all load situations. So the AFC of the auxiliary boiler is: 

𝐴𝐹𝐶𝑀𝐷𝑂,𝐴𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝐵𝑜𝑖𝑙𝑒𝑟 = 20
𝑘𝑔

ℎ
∗ 5,940 ℎ = 118,800 𝑘𝑔 = 119 𝑡 

 

Therefore, the total annual HFO consumption of the vessels is: 

 

𝐴𝐹𝐶𝐻𝐹𝑂,𝑇𝑜𝑡𝑎𝑙 = 𝐴𝐹𝐶𝐻𝐹𝑂,𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 + 𝐴𝐹𝐶𝐻𝐹𝑂,𝐷𝑖𝑒𝑠𝑒𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 = 

= 13,172 𝑡 + 1,795 𝑡 = 14,967 𝑡 

 

and the total annual MDO consumption of the vessel is: 

𝐴𝐹𝐶𝑀𝐷𝑂,𝑇𝑜𝑡𝑎𝑙 = 𝐴𝐹𝐶𝑀𝐷𝑂,𝑀𝑎𝑖𝑛 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 + 𝐴𝐹𝐶𝑀𝐷𝑂,𝐷𝑖𝑒𝑠𝑒𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟𝑠 + 𝐴𝐹𝐶𝑀𝐷𝑂,𝐴𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝐵𝑜𝑖𝑙𝑒𝑟 = 

= 1,456 𝑡 + 198 𝑡 + 119 𝑡 = 1,773 𝑡 

 

 
Annual fuel consumption of the Ciudad de Mahón ship 

 
 

HFO 
 

 
MDO 

 
14,967 t 

 

 
1,773 t 

 

Table 6.5: Annual fuel consumption of the Ciudad de Mahón ship (Own source) 

 

These values are given in tons. However, all these values are yearly considered, so the Ciudad 

de Mahón has got a consumption of 14,967 tons of HFO per year and 1,773 tons of MDO per 

year. These values have been calculated assuming that the ship sails at the design speed (main 

engines at 0.85MCR) and that diesel generators operate at their nominal power (MCR), for the 

previously reasoned working hours. The auxiliary boiler fuel consumption has been considered 

according to its average load condition. 

6.2.2 Emissions calculation 

Emissions can be calculated using engine’s power data, but it is more accurate to calculate 

emissions from the annual fuel consumption [79], which is the method used in this thesis.  
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The fuel consumption has been just calculated. To calculate emissions using this method [80], 

the following equation must be used: 

𝐸 = 𝐹𝐶 ∗ 𝐸𝐹 (38) 
 

Where: 

- E is the emission of each pollutant in kg. 

- FC is the fuel consumption in tons. Considering the fuel consumption per year, FC=AFC. 

- EF is the emission factor of each pollutant in kg of pollutant per fuel ton. 

Emissions for each pollutant must be calculated separately, using equation (38), since each 

pollutant has its own EF. The EF of each pollutant also differs attending to the fuel. HFO and 

MDO have got different EF. 

The following table shows the values of EF for each case. 

 

 
 
 

 
Emission Factors [kg/fuel ton] 

 
 

Pollutant 
 

 
HFO 

 
MDO 

CO2 3,179 3,179 

CO 2 4 

SOX 46 8 

NOX 87 54 

PM 7 2 
 

Table 6.6: Emission Factors [kg/kWh] (Source: [80]) 

 

The previous table makes evidence of the higher quality of MDO in front of HFO. Using MDO, 

SOX, NOX and PM emissions fall down abruptly. The main ship emissions are CO2, CO, SOX, NOX 

and PM so calculations have been made for all these pollutants. 

 

CO2 emissions 

𝐶𝑂2𝑇𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
=  𝐶𝑂2𝐻𝐹𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

+ 𝐶𝑂2𝑀𝐷𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
= 

=  𝐹𝐶𝐻𝐹𝑂 ∗ 𝐸𝐹𝐶𝑂2,𝐻𝐹𝑂 + 𝐹𝐶𝑀𝐷𝑂 ∗ 𝐸𝐹𝐶𝑂2,𝑀𝐷𝑂 = 

= 14,967 𝐻𝐹𝑂 𝑡𝑜𝑛𝑠 ∗ 3,179
𝐶𝑂2 𝑘𝑔

𝐻𝐹𝑂 𝑡𝑜𝑛
+ 1,773 𝑀𝐷𝑂 𝑡𝑜𝑛𝑠 ∗ 3,179

𝐶𝑂2 𝑘𝑔

𝑀𝐷𝑂 𝑡𝑜𝑛
= 

= 53,216,460 𝑘𝑔 = 53,216.460 𝑡 
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CO emissions 

𝐶𝑂𝑇𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝐶𝑂𝐻𝐹𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + 𝐶𝑂𝑀𝐷𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 

=  𝐹𝐶𝐻𝐹𝑂 ∗ 𝐸𝐹𝐶𝑂,𝐻𝐹𝑂 + 𝐹𝐶𝑀𝐷𝑂 ∗ 𝐸𝐹𝐶𝑂,𝑀𝐷𝑂 = 

= 14,967 𝐻𝐹𝑂 𝑡𝑜𝑛𝑠 ∗ 2
𝐶𝑂 𝑘𝑔

𝐻𝐹𝑂 𝑡𝑜𝑛
+ 1,773 𝑀𝐷𝑂 𝑡𝑜𝑛𝑠 ∗ 4

𝐶𝑂 𝑘𝑔

𝑀𝐷𝑂 𝑡𝑜𝑛
= 

= 37,026 𝑘𝑔 = 37.026 𝑡 

 

SOX emissions 

𝑆𝑂𝑋 𝑇𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
=  𝑆𝑂𝑋𝐻𝐹𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

+ 𝑆𝑂𝑋𝑀𝐷𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
= 

=  𝐹𝐶𝐻𝐹𝑂 ∗ 𝐸𝐹𝑆𝑂𝑋,𝐻𝐹𝑂 + 𝐹𝐶𝑀𝐷𝑂 ∗ 𝐸𝐹𝑆𝑂𝑋,𝑀𝐷𝑂 = 

= 14,967 𝐻𝐹𝑂 𝑡𝑜𝑛𝑠 ∗ 46
𝑆𝑂𝑋 𝑘𝑔

𝐻𝐹𝑂 𝑡𝑜𝑛
+ 1,773 𝑀𝐷𝑂 𝑡𝑜𝑛𝑠 ∗ 8

𝑆𝑂𝑋 𝑘𝑔

𝑀𝐷𝑂 𝑡𝑜𝑛
= 

= 702,666 𝑘𝑔 = 702.666 𝑡 

 

 

NOX emissions 

𝑁𝑂𝑋 𝑇𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
=  𝑁𝑂𝑋𝐻𝐹𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

+ 𝑁𝑂𝑋𝑀𝐷𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
= 

=  𝐹𝐶𝐻𝐹𝑂 ∗ 𝐸𝐹𝑁𝑂𝑋,𝐻𝐹𝑂 + 𝐹𝐶𝑀𝐷𝑂 ∗ 𝐸𝐹𝑁𝑂𝑋,𝑀𝐷𝑂 = 

= 14,967 𝐻𝐹𝑂 𝑡𝑜𝑛𝑠 ∗ 87
𝑁𝑂𝑋 𝑘𝑔

𝐻𝐹𝑂 𝑡𝑜𝑛
+ 1,773 𝑀𝐷𝑂 𝑡𝑜𝑛𝑠 ∗ 54

𝑁𝑂𝑋 𝑘𝑔

𝑀𝐷𝑂 𝑡𝑜𝑛
= 

= 1,397,871 𝑘𝑔 = 1,397.871 𝑡 

 

PM emissions 

𝑃𝑀𝑇𝑜𝑡𝑎𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  𝑃𝑀𝐻𝐹𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + 𝑃𝑀𝑀𝐷𝑂 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 

=  𝐹𝐶𝐻𝐹𝑂 ∗ 𝐸𝐹𝑃𝑀,𝐻𝐹𝑂 + 𝐹𝐶𝑀𝐷𝑂 ∗ 𝐸𝐹𝑃𝑀,𝑀𝐷𝑂 = 

= 14,967 𝐻𝐹𝑂 𝑡𝑜𝑛𝑠 ∗ 7
𝑃𝑀 𝑘𝑔

𝐻𝐹𝑂 𝑡𝑜𝑛
+ 1,773 𝑀𝐷𝑂 𝑡𝑜𝑛𝑠 ∗ 2

𝑃𝑀 𝑘𝑔

𝑀𝐷𝑂 𝑡𝑜𝑛
= 

= 108,315 𝑘𝑔 = 108.315 𝑡 
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The following table summarizes the calculated emissions for each pollutant. 

 
Emissions of the Ciudad de Mahón ship 

 
 

Pollutant 
 

 
Emission 

 
CO2 

 

 
53,216 tons per year 

 
CO 

 
37 tons per year 

 

 
SOX 

 
702 tons per year 

 

 
NOX 

 
1,397 tons per year 

 

 
PM 

 
108 tons per year 

 
 

Table 6.7: Emissions of the Ciudad de Mahón ship (Own source) 

 

These values correspond to the yearly air pollutant emissions of the ship without any wind 

power technology installed and with all the conditions and considerations reasoned before. 

These values are notably high but are also completely logical for a ship of these dimensions 

and load conditions. Moreover, the vessel’s engines burn HFO and MDO so the results are 

concordant.  

 

6.3 Performance of wind power technologies 

The fuel consumption and air pollutant emissions of the vessel have been calculated. These 

emissions are notably high because of the following reasons: 

- The ship is considerably large (LOA of 180 m).  

- The ship sails at a notably high speed. The design speed is 10.8 m/s. Hydrodynamic 

resistance lifts quickly with speed so the hydrodynamic resistance that is overcome by 

the ship is notable. This leads to high fuel consumption.  

- The ship operates at high load conditions in order to reach the design speed and 

satisfy all electrical consumers.  

- The fuels used are HFO and MDO. Both lead to considerable air pollutant emission, 

especially HFO. MDO usage leads to notably SOX, NOX and PM emissions reduction. 

However, CO2 emissions remain the same.  
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With the aim of reducing as much air pollutant emissions as possible, all wind power 

technologies are individually tested. Their performance is analysed and quantified. The final 

and most important parameter to be calculated is the emission reduction of each pollutant, 

considering that the design speed, the load conditions and all the other conditions of the ship 

and considerations remain the same. The idea is that the vessel keeps operating the same as 

always, but consuming less fuel, thus polluting less.  

Wind power technologies have to generate as much power as possible. The power generated 

by wind devices is power that the engines will not have to generate. This power saving leads to 

a fuel saving that leads to air pollutant emissions reduction. 

6.3.1 Algorithm to estimate annual air pollutant emissions reductions 

For rotors, kites and wingsails, the algorithm used to calculate annual air pollutant emissions 

reductions is the same, because these three technologies basic principles are the same and 

they all generate a driving force which propels the ship forwards, thus reducing fuel 

consumption of the main engines while sailing. The algorithm to estimate the annual air 

pollutant emissions reductions obtained by wind turbines is different because of the nature of 

the device. Generally, wind turbines aboard are used to generate electricity and not to propel 

the vessels.  

Nomenclature has slightly changed from one wind technology to another in chapter 3. For 

example, lift force was referred as FL when studying Flettner rotors and simply as L when 

studying wingsails or kites. This is because this thesis respects the standardised nomenclature 

which is usually used by engineering offices of each wind technology. However, to avoid 

confusion, from now on the nomenclature used is the one used for the explanations of 

wingsails in chapter 3. This decision is justified because it has been the nomenclature used for 

the fieldwork of the thesis.  

When a fluid flows along the surface of an airfoil, there appear two forces: lift and drag. These 

two forces have components in the forward direction of the ship and also in the sideways 

direction. From now on, the resultant forward force is referred as driving force (DF) and the 

sideways force is referred as healing force (HF). This is because the DF is the force which 

propels the ship forwards; it is the force analogue to the thrust force generated by the 

propeller. 

The lift force is perpendicular to the apparent wind direction while the drag force is parallel to 

the apparent wind direction. These forces must be discomposed in y direction components 

and x direction components. For the case of wingsails and kites, lift and drag forces are 

obtained from the following equations: 

 

𝐿 =
1

2
𝜌𝑉2𝑆𝐶𝐿 

 
 

(24) 

𝐷 =
1

2
𝜌𝑉2𝑆𝐶𝐷 

(25) 
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- Lift (L) and drag (D) are measured in N. 

- ρ is the density of air, 1.225 kg/m3 

- V is the apparent wind in m/s. 

- S is the surface of the wingsail or the kite m2. 

- CL is the lift coefficient and CD is the drag coefficient. 

For the case of Flettner rotors, these formulas are slightly different: 

𝐿 =
1

2
𝜌𝑉2𝐷𝐿𝐶𝐿 

 
 

(24b) 

𝐷 =
1

2
𝜌𝑉2𝐷𝐿𝐶𝐷 

(25b) 

 

- D is the diameter of the rotor [m]. 

- L is the length of the rotor [m]. 

If the device being studied is a rotor, a kite or a wingsail, the geometry of the force vectors and 

velocity vectors are always as follows: 

 

 

 

 

 

 

 

 

Figure 6.4: Direction of the forces in accordance with the wind direction (Own source) 

 

Analysing the previous figure and using some trigonometry basics, only by knowing the values 

of the lift and drag forces and the value of the angle β, the DF can be determined. β is the 

angle which forms the direction of the apparent wind with the direction of the DF, which is the 

ship’s forward direction. 

The DF has got the positive y direction, so: 

𝐷𝐹 = 𝐿𝑠𝑖𝑛𝛽 − 𝐷𝑐𝑜𝑠𝛽 (26) 
 

This equation is obtained from decomposing lift and drag forces in the x and y directions and 

applying basic trigonometry. It can also be deduced that: 
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𝐷𝐹 =
1

2
𝜌𝑉2𝑆(𝐶𝐿𝑠𝑖𝑛𝛽 − 𝐶𝐷𝑐𝑜𝑠𝛽) 

 

(28a) 

This is the value of the DF for each wind condition. Each wind condition is described by: 

- The velocity of the apparent wind is defined by V, in m/s. 

- The direction of the apparent wind is defined by β. This is the angle between the 

direction of the ship and the direction of the wind.  

Equation (28a) is valid for values of β from 0º to 180º (kites, wingsails).Kites and wingsails can 

only propel in a range of 180º, because they are symmetrical airfoils. Flettner rotors can 

operate 360º because they can spin clockwise or counter-clock wise.  

For the case of Flettner rotors, equation (28) is slightly different: 

𝐷𝐹 =
1

2
𝜌𝑉2𝐷𝐿(𝐶𝐿𝑠𝑖𝑛𝛽 − 𝐶𝐷𝑐𝑜𝑠𝛽) 

 

(28b) 

Equation (28b) is valid for values of β from 0º to 180º. For values of β from 180º to 360º, the 

equation must be corrected as follows (because now Flettner rotors spin in the opposite 

direction): 

𝐷𝐹 =
1

2
𝜌𝑉2𝐷𝐿(𝐶𝐿sin (𝛽 − 180º) + 𝐶𝐷cos (𝛽 − 180º)) 

 

(28c) 

Once the DF has been calculated for every wind condition, the power of the wind power 

technology can be calculated using the next equation: 

 

𝑃 = 𝐷𝐹 ∗ 𝑉𝑆 (39) 
 

Where: 

- P is the propulsion power of the device [kW]. 

- DF is the propelling force [kN]. 

- VS is the design speed of the ship [m/s]. The design speed of the Ciudad de Mahón is 

10.8 m/s.  

This power is the amount of power that the main engines do not have to generate so they can 

work at a lower load condition, thus consuming less fuel, thus reducing emissions. The new 

fuel consumption of the main engines has to be calculated again to calculate the new 

emissions, so reduction of air pollutants emissions can be obtained. In the case of wind 

turbines, the effective power they generate is determined by the next equation: 

𝑃𝑒𝑓𝑓 = 𝐶𝑃𝜂𝑔𝑒𝑎𝑟𝜂𝑔𝑒𝑛𝜂𝑒𝑙𝑒𝑐𝑡𝑃𝑊 = 𝜂𝑡𝑃𝑊 = 𝜂𝑡

1

2
𝜌𝐴𝑉3 

(36) 

  
Details on how the power of wind turbines is calculated can be found later, in the wind 

turbines performance section. 
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6.3.2 Flettner rotors 

Flettner rotors generate a thrust that allows reducing the load condition of the main engines 

without decreasing the ship’s speed. If there is enough space in the ship, it is obvious that from 

an energetic point of view is better to install two rotors instead of just one. The Ciudad de 

Mahón has got enough space in the highest deck. This deck is usually referred as sky deck. 

The stern of the ship is quite clear but this is because this space is destined to cargo. This space 

is used by some vehicles when the ship is fully loaded. It has been considered as a requirement 

that the total cargo space of the ship cannot be reduced due to the installation of wind power 

devices. Therefore, the most optimal place to install two rotors without sacrificing cargo space 

is in the sky deck.  

This decision is also inspired by the case of the MS Viking Grace, a cruise ship that recently was 

fitted with a Flettner rotor in the sky deck. The MS Viking Grace is an example of successful 

implementation of Flettner rotors aboard merchant vessels. However, there is only one rotor 

while The Ciudad de Mahón ship has got enough space for two rotors of considerable 

dimensions.  

The following figure shows the MS Viking Grace with the rotor in the sky deck: 

 

Figure 6.5: The MS Viking Grace with a rotor in the highest deck (Source: [81]) 

 

In the following image of the Ciudad de Mahón ship it can be appreciated that the sky deck is 

suitable to be fitted with two Flettner rotors. There is the enough space for two rotors and 

they can be installed at an enough distance so they do not experiment the influence one of 

each other. 

They must be installed at a certain distance so the airflow is not negatively modified from on 

rotor to the other due to wake phenomenon, for example. They are one in front of the other, 

considering the forwards direction, and they are alike.  
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Figure 6.6: The Ciudad de Mahón with two rotors in the sky deck, I (Source: [82]) 

 

The larger the diameter and the length of the rotors are, the bigger the driving force is. So 

rotors must be as big as possible (always considering stability aspects and the sky deck space 

available). The displacement of the ship is 16,845 t and a standard Flettner rotor of 25m of 

length weighs around 30 tons, so the installation of two Flettner rotors of 25m is considered 

assumable. The diameter of the rotors is 5m.  

  

 

 

 

 

 

 

 

Figure 6.7: Lift and drag coefficients per spin ratio (Source: [19]) 

 

Flettner rotors manufacturers claim that standard values of CL and CD are 8 and 1 respectively. 

In fact, one of the main advantages of Flettner rotors in front other wind power technologies is 

the fact that they can obtain high lift coefficients, so they can obtain notable driving forces 
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with less area than other wind devices. Lift and drag coefficients vary with the spin ratio, as it 

can be seen in the previous figure. 

The values of these coefficients also depend on Reynolds number and other parameters. 

Standard values for lift coefficients, drag coefficients and spin ratios of Flettner rotors are the 

following [36]: 

- CL ≈ 8 

- CD ≈ 1 

- Spin ratio ≈ 5 

 
Flettner rotors data 

 
Units: 2 

Length: 25 m 

Diameter: 5 m 

Weight: 30 t (each one) 

Estimated CL: 8 

Estimated CD: 1 

Spin ratio: 5 

Endplate diameter: 7 m 
 

Table 6.8: Flettner rotors data 

 

Both rotors have an endplate in their top end, in order to increase the lift coefficient, thus 

improving their thrust generation performance. The endplates cannot be seen in the 

schematic arrangement of the rotors in the las image of the Ciudad de Mahón, because this 

figure is very schematic and it only aims to indicate the position of the rotors.  

The thrust of both rotors are already considered in the calculations. The driving force has got 

the forward direction of the ship, so it must be kept in mind that the DF is the true thrust 

generated by the wind power device.  

- To obtain the propulsion power polar diagram of Flettner rotors, equations (24), (25), 

(26), (28b), (28c), and (39) are used. 

- Once the propulsion power of the rotors is known, the fuel consumption of the ship is 

calculated again using equation (37).  

- New emissions are calculated using equation (38), so reduction can be calculated.  

A detailed explanation of the algorithm to the previous calculations can be found in 6.3.1. 

Calculations of the new fuel consumption and new emissions are done for three different 

performances of the wind power technology, defining three different scenarios: optimistic, 

realistic, and pessimistic. These scenarios depend on wind conditions, ship’s load conditions, 

ship’s direction, weather, etc.  
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Figure 6.8: Polar diagram: 2 Flettner rotors of 25m x 5m (Own source) 
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The polar diagram is the tool which describes the performance of rotors the best. In the 

previous polar diagram it is represented the propulsive power in kW generated by both rotors 

for every wind condition, attending to the speed of the wind and its direction. V is the relative 

wind, sometimes also referred as apparent wind, and VS is the speed of the Ciudad de Mahón, 

10.8 m/s. β, which is the angle formed by the direction of V and the direction of the speed, is 

analysed from 0º to 360º, considering every possible wind condition.  

It can be observed that the best angles to generate thrust are around 90º and 270º. This is 

completely logical and expected because lift forces of Flettner rotors are perpendicular to 

wind’s direction, so if the apparent wind blows from 90º or 270º, the lift generated (which is 

the main component of the DF) has a forwards direction. Of course, rotors must be spinning 

counter-clock wise or clockwise depending on if the wind comes from starboard or from 

portside, in order to propel the ships forwards and not backwards.  

Both rotors together can generate a maximum propulsion power of almost 9,000 kW if wind 

blows really fast (V=24-26 m/s) from starboard or portside. Obviously, this situation is 

punctual. The most probable wind situations generate a propulsion power from 2,000 kW to 

6,000 kW. This range of power delimits the three possible scenarios analysed: 

- Optimistic scenario: average propulsion power of 6,000 kW. 

- Realistic scenario: average propulsion power of 4,000 kW. 

- Pessimistic scenario: average propulsion power of 2,000 kW. 

Flettner rotors are wind power devices whose generated power propels the ship, so this power 

leads to a HFO consumption reduction of the main engines. Rotors do not perform at port so 

when they perform, engines are consuming HFO and not MDO.  

The results of the annual fuel and emissions savings are shown for each scenario.  
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FLETTNER ROTORS ANNUAL SAVINGS 
 

 
Rotors: 2 units of 25m x 5m 

Ship: Ciudad de Mahón 
Design speed of the ship: 21 kn  
Estimated sailing hours: 3,960 h 

 

The power of each scenario is the annual average power 
 

 

Optimistic scenario: 6,000 kW 
 

 

Savings [t] 
 

 

Savings [%] 

HFO 3,913 26 

MDO 0 0 

CO2 12,440 23 

CO 8 21 

SOX 180 26 

NOX 340 24 

PM 27 25 

 

Realistic scenario: 4,000 kW 

 

Savings [t] 
 

 

Savings [%] 

HFO 2,608 17 

MDO 0 0 

CO2 8,294 16 

CO 5 14 

SOX 120 17 

NOX 227 16 

PM 18 17 

 

Pessimistic scenario: 2,000 kW 

 

Savings [t] 
 

 

Savings [%] 
 

HFO 1,304 9 

MDO 0 0 

CO2 4,147 8 

CO 3 7 

SOX 60 9 

NOX 113 8 

PM 9 8 
 

Table 6.9: Flettner rotors annual savings (Own source) 
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6.3.3 Kite 

Kites can be installed in almost any type of vessel because they operate up to 400 m above the 

deck level; they do not almost any space of the vessel. They only need a little space in the bow 

for the winch, the folding space, etc. However, there can only be installed one unit per vessel. 

It would be unviable to use two kites at the same time because of the risk it represents to have 

two kites flying at a close distance; they would collide.  

One of the advantages of using a kite propulsion system is that relative wind velocity can be 

increased by intentioned manipulation of the kite position on the Flight Envelope. 

Furthermore, kites can operate at high altitudes, where the wind is faster, thus generating 

more force than they would generate at deck level.  

Once analysed the market of kites for merchant ships propulsion, it has been checked that the 

biggest kite has an area of 400 m2. Considering the LOA and the high emission levels of the 

Ciudad de Mahón ship, the area of the kite for the case study has been set to 375 m2. An 

optimal value for the ratio would be close to 3.5. Kites have got considerable smaller 

coefficients than rotors. So the values of lift coefficient and drag coefficient have been set to 2 

and 0.6 respectively.  

 

Kite data 
 

Kite 

Units: 1 

Surface: 375 m2 

Weight: 0.1 t 

Material: UV – Resistant synthetic fibre 

Estimated CL: 2 

Estimated CD: 0.6 

Towing tope 

Collapse load: 800 kN 

Length: 450 m 

Diameter: 35 mm 

Material: Dyneema 

Max. flying altitude: 350 m 
 

Table 6.10: Kite data (Own source) 

 

A standard weight of the kite is 100 kg. They are made of synthetic fibre that are resistant to 

UV rays and other inclement weather. Towing ropes are usually made of Dyneema. It is an 

ultra-strong polyethylene fibre that offers maximum strength combined with minimum weight. 

The collapse load of the towing rope is 800 kN. This means that there cannot be any situation 

in which the kite generates more than this force. Otherwise, the towing rope would suffer of 

excessive axil force and would break. The system is expected to fly at a maximum altitude of 

350 m, in order to take advantage of faster winds, so the total length of the towing rope is 450 

m. All data has been obtained doing research of existing kite systems and adapting the values 

to the characteristics of the case study. 
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Figure 6.9: Polar diagram: 1 kite of 375m
2
 (Own source) 
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From the previous polar diagram it can be deduced that in excellent conditions, the kite is able 

to generate 3,500 kW, with fast winds blowing from optimal directions. The polar diagram has 

been done considering the same relative wind conditions than in the case of rotors. The 

calculations have been done considering the same range of speeds. However, there are some 

differences between both cases.  

- The range of angles at which the kite can perform is smaller, when compared with the 

case of rotors.  

- The kite flies at a considerable height. A priori, this is seen as a good characteristic of a 

kite but the altitude has to be taken carefully. While flying at high altitudes, the kite 

experiences faster winds so the forces generated are stronger because L ∝ V2 and D ∝ 

V2. However, if the kites flies too high, the DF can be notably reduced because wind 

does not increase anymore and the kite tows more upwards than forwards, as it can 

be seen in the following figure: 

 

 

 

 

 

 

 

 

 

Figure 6.10: Geometry of the kite towing force (Source: [24]) 

 

The bigger ϴ is, the weakest the real towing force is. Therefore, the flying height must 

be considered carefully.  

So, on one hand, flying high is positive because there are faster winds. On the other hand, 

flying at an excessive height can make the forwards component of the force generated by the 

kite too small. Looking at the polar diagram, the most probable wind situations generate a 

propulsion power from 1,000 kW to 3,000 kW. This range of power delimits the three possible 

scenarios analysed: 

- Optimistic scenario: average propulsion power of 3,000 kW. 

- Realistic scenario: average propulsion power of 2,000 kW. 

- Pessimistic scenario: average propulsion power of 1,000 kW. 

Kite is a wind power device whose generated power propels the ship, so this power leads to a 

HFO consumption reduction of the main engines in sailing conditions. The results of the annual 

fuel and emissions savings are shown for each scenario.  
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KITE ANNUAL SAVINGS 
 

 
Kite: 1 unit of 375 m2 

Ship: Ciudad de Mahón 
Design speed of the ship: 21 kn  
Estimated sailing hours: 3,960 h 

 

The power of each scenario is the annual average power 
 

 

Optimistic scenario: 3,000 kW 
 

 

Savings [t] 
 

 

Savings [%] 

HFO 1,957 13 

MDO 0 0 

CO2 6,220 12 

CO 4 11 

SOX 90 13 

NOX 170 12 

PM 14 13 

 

Realistic scenario: 2,000 kW 

 

Savings [t] 
 

 

Savings [%] 

HFO 1,304 9 

MDO 0 0 

CO2 4,147 8 

CO 3 7 

SOX 60 9 

NOX 113 8 

PM 9 8 

 

Pessimistic scenario: 1,000 kW 

 

Savings [t] 
 

 

Savings [%] 
 

HFO 652 4 

MDO 0 0 

CO2 2,073 4 

CO 1 4 

SOX 30 4 

NOX 57 4 

PM 5 4 
 

Table 6.11: Kite annual savings (Own source) 
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6.3.4 Wingsails 

Wingsails are fitted with a hydraulic system which allows rotation, so wingsails can be 

positioned at the best direction in order to take advantage of the wind. Therefore, the values 

of CL and CD are assumed to be constant because they are always optimised.  

As it has been explained in chapter 3, wingsails have a control system. The functioning of the 

control system is quite easy, but it is completely effective. In fact, it is one of the most 

important parts of the system because it determines in which position must be orientated the 

wingsail in order to obtain the maximum propulsion power.  

For every β (this means, every wind direction condition) there is an angle of attack α that 

maximises the DF. So the control system must deduce which direction the wind comes from. 

An anemometer is in charge for that. The apparent wind velocity and its direction is obtained 

so the wingsails can be orientated towards the right position, because the system already 

knows which α is the most optimal for this situation.  The hydraulic motor is connected to the 

control system and abides the order from the controller, moving the wingsail. 

The mast is made of naval steel and the other parts of the wingsails are made of aluminium 

and fiberglass composites. The mast works exactly as any telescopic crane and crane 

manufacturers have always studied and done their cranes using steel, so the use of steel for 

the telescopic masts of wingsails is the most logical decision (and most economical). 

It has been considered as a requirement that the total cargo space of the ship cannot be 

reduced due to the installation of wind power devices. Therefore, the most optimal place to 

install wingsails without sacrificing cargo space is in the sky deck. So it has been decided to 

install two wingsails in the sky deck of the Ciudad de Mahón. They are located in the same 

position as they were the Flettner rotors. The stern of the ship is quite clear but this is because 

this space is destined to cargo. This space is used by some vehicles when the ship is fully 

loaded. 

In naval propulsion, wingsails have symmetrical cross-sections. ‘Airfoil Tools’ has been used to 

analyse the performance of wingsails airfoils. The two most commons naval airfoils for 

wingsails are NACA 0015 and NACA 0025 [34],[45]. It has been decided to analyse the airfoil 

NACA 0015 for this case study. This airfoil has got a maximum thickness of 15% at 30% of its 

chord. 

 

 

Figure 6.11: NACA 0015 airfoil (Source: [83]) 
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Great Reynolds number values are expected because of the considerable speed of wind and 

the length of wingsails. The Reynolds number is a dimensionless value that depends on the 

velocity, wing chord and fluid, according to equation (30). The Ncrit value is used to model the 

turbulence of the fluid or roughness of the airfoil It is also dimensionless. Airfoil Tools has a 

section explaining the method and also the table of suggested values. For example, for dirty 

wind tunnels situations, Ncrit values go from 4 to 8, for average wind tunnel situations, Ncrit is 

considered 9 and for clean wind tunnel situations Ncrit goes from 10 to 12. Sailing situations of 

ships are assumed to have relatively low Ncrit values. The Mach number is 0 in all simulations 

of the software.  

The optimal wingsail position, a priori, may be the one which maximises the driving force. 

However, it is possible that at this position the healing force becomes too strong. If the healing 

force is too strong, the hull resistance can increase to the point that the wind propulsion may 

be not profitable, because the added propulsion power delivered by the wing may be littler 

than the added hull resistance due to the drift caused by the healing force. So the optimal 

orientation is always a compromise solution between the values of the DF and the HF, or what 

is the same, between the values of CL and CD. This is the reason why the curve CL vs CD is so 

important.  

It also must be taken into account that the stall phenomenon must be avoided.  Stall is a 

reduction in the lift coefficient generated by the aerofoil and it happens when the angle of 

attack increases too much. This occurs when the critical angle of attack is exceeded. The 

critical angle of attack is typically about 15 degrees, but it may vary significantly depending on 

the Re and the own aerofoil. This phenomenon, of course, is not desired. The inconvenient is 

that this point appears very close to the angle of maximum CL. This means that the wingsails 

must be carefully orientated with an optimal angle of attack but without exceeding it, in order 

to avoid stall.  

With all this considerations, the polar diagrams of the NACA 0015 airfoil must be analysed. 

These polar diagrams show results for different values of Re and Ncrit. α is on the horizontal 

axis and the analysed parameter in the vertical axis. The curves are in different colours, 

attending to the following caption: 

 

 

 

 

 

 

 

 

Figure 6.12: Caption of the polar diagrams (Source: [83]) 
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Figure 6.13: CL vs α polar diagram of NACA 0015 airfoil (Source: [83]) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14: CD vs α polar diagram of NACA 0015 airfoil (Source: [83]) 
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Figure 6.15: CL vs CD polar diagram of NACA 0015 airfoil (Source: [83]) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16: CL/CD polar diagram of NACA 0015 airfoil (Source: [83]) 
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Important remarks from the previous polar diagrams are the following: 

- The orange curve has got the maximum CL values. 

- The orange curve is the second curve with highest CL/CD values (and it is very close to 

the first one). 

- The orange curve corresponds to relatively high values of Re and relatively low values 

of Ncrit. These values than can be considered an assumable estimation for the case of 

wingsails.  

- For these three reasons, this curve is the chosen one to study and analyse the 

performance of wingsails.  

- For this curve, stall appears at α=18º approximately. So the control system of wingsails 

must not allow wingsails to be orientated at an angle of attack bigger than 17º.  

- The maximum CL/CD ratio appears at 10.25º and has a value of 75.1.  

- The maximum CL value is 1.463 and appears exactly at α=17.25º. For this angle of 

attack, CD has a value of 0.0435. 

- Therefore, the optimal α is considered to be 17º. 

- CL and CD are estimated to be 1.5 and 0.04 for the following calculations. 

There are two wingsails in the Ciudad the Mahón ship. They are considered to have similar 

dimensions as the wingsails manufactured by Bound4Blue: height of 35 m and length of 12 m, 

so they have an approximate surface of 420 m2 each one. They fill all the available space of the 

sky deck of the Ciudad de Mahón. 

 

 
Wingsails data 

 
Units: 2 

Height: 35 m 

Length: 12 m 

Estimated surface: 420 m2 (each one) 

Weight: 15 t (each one) 

Estimated CL: 1.5 

Estimated CD: 0.04 

Airfoil: NACA 0015 

Optimal α: 17º 

Stall α: 18º 
 

Table 6.12: Wingsails data (Own source) 

 

The polar diagrams of the propulsion power generated by wingsails in every wind condition are 

elaborated. These diagrams define the performance of the technology for every wind 

condition (speed and direction). 
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Figure 6.17: Polar diagram: 2 wingsails of 420m
2
 with same orientation (Own source) 
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Figure 6.18: Polar diagram: 2 wingsails of 420m
2
 with different orientation (Own source) 
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In the previous polar diagrams it is represented the propulsive power in kW generated by 

wingsails for every wind condition, attending to the speed of the wind and its direction. In the 

case of wingsails, two polar diagrams of the propulsion power are elaborated, because there 

are two different possibilities to be considered for this system.  

1) Generally, all units of wingsails are completely alike: same airfoil, same dimensions 

and same orientation. If they all have the same orientation, the system can only cover 

about 180º of wind directions, because in other situations the DF generated would be 

negative, due to the geometry of the airfoils. Wingsails can rotate 360º but cannot 

take advantage of all wind situations. Merchant vessels wingsails do not have flaps. 

The flap concept is detailed in chapter 3.  

2) An alternative to this is to install wingsails with different orientations. The Ciudad de 

Mahón is fitted with two wingsails, so if each one covers a range of 180º 

approximately, both wingsails together can cover a complete 360º circumference, so 

they can cover any wind direction. This is possible if one airfoil is installed upside 

down. However this option has an evident disadvantage: both wingsails cannot 

operate together because they do not operate at same positions.  

Therefore, using option 2, the polar diagram is completely covered but the propulsion power is 

half reduced because only one wingsail is capable of generating a positive thrust. They cannot 

generate a positive DF simultaneously. Wingsails can be folded, so in order to avoid that the 

wingsail which is in bad orientation generates a negative DF, it can be folded and simply 

‘disappear’.  

Using option 1, the polar diagram is only half covered. But the propulsion power generated 

doubles the power of option 2. Assuming that wind blows from all directions for the same total 

annual hours, at the end of the year, both options save the same amount of fuel because the 

average propulsion power is the same. But if it is known that the route has got certain 

predominant winds, option 2 should be considered if the vessel is a liner.  

Looking at the polar diagrams, it can be observed that the best angles to generate thrust are 

around 90º and 270º. This is completely logical and expected because lift forces of wingsails 

are perpendicular to relative wind’s direction, so if the relative wind blows from 90º or 270º, 

the lift generated (which is the main component of the DF) has a forwards direction.  The 

maximum propulsion power is about almost 5,000 kW if relative wind blows really fast (V=24-

26 m/s) from starboard or portside. The most probable wind situations generate a propulsion 

power of about 3,250 kW. In slow wind conditions, wingsails can generate about 1,500 kW. 

Therefore, the three possible scenarios analysed are the following: 

- Optimistic scenario: average propulsion power of 5,000 kW. 

- Realistic scenario: average propulsion power of 3,250 kW. 

- Pessimistic scenario: average propulsion power of 1,500 kW. 

Wingsails are wind power devices whose generated power propels the ship, so this power 

leads to a HFO consumption reduction of the main engines. Wingsails do not perform at port 

so when they perform, engines are consuming HFO and not MDO. The results of the annual 

fuel and emissions savings are shown for each scenario. 
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WINGSAILS ANNUAL SAVINGS 
 

 
Wingsails: 2 units of 35m x 12m 

Ship: Ciudad de Mahón 
Design speed of the ship: 21 kn  
Estimated sailing hours: 3,960 h 

 

The power of each scenario is the annual average power 
 

 

Optimistic scenario: 5,000 kW 
 

 

Savings [t] 
 

 

Savings [%] 

HFO 3,261 22 

MDO 0 0 

CO2 10,367 19 

CO 7 18 

SOX 150 21 

NOX 284 20 

PM 23 21 

 

Realistic scenario: 3,250 kW 

 

Savings [t] 
 

 

Savings [%] 

HFO 2,120 15 

MDO 0 0 

CO2 6,738 13 

CO 4 11 

SOX 98 14 

NOX 184 13 

PM 15 14 

 

Pessimistic scenario: 1,500 kW 

 

Savings [t] 
 

 

Savings [%] 
 

HFO 978 7 

MDO 0 0 

CO2 3,110 6 

CO 2 5 

SOX 45 6 

NOX 85 6 

PM 7 6 
 

Table 6.13: Wingsails annual savings (Own source) 
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6.3.5 Wind turbines 

The energy benefits of two wind turbines aboard the Ciudad de Mahón are now studied. There 

are several places where wind turbines can be installed: in the bow, in the sky deck, etc. They 

could be installed even in the stern of the ship, like the case of the two VAWTs of the Stena 

Jutlandica ferry: 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.19: Two VAWTs on the Stena Jutlandica ferry (Source: [62]) 

 

However, with the aim of obtaining the maximum power possible, the Ciudad de Mahón ship 

is studied with two HAWTs instead of VAWTs. Generally, horizontal axis wind turbines are 

more reliable and can extract more power from the wind. Two HAWTs of considerable 

dimensions can be installed in the sky deck of the ship, where rotors or wingsails have also 

been thought to be.  

The bigger the swept area, the more energy can be captured from the wind. Swept area is the 

area of the circle determined by the blades when spinning, so swept area is determined by the 

length of the blades. On-shore wind turbines can have very big blades, but it is obvious that 

aboard a merchant vessel wind turbines must be quite small. The Ciudad de Mahón ship has 

got a beam of 25m. Considering the dimensions of the ship, both wind turbines are conceived 

to have blades of 10 meters long (both wind turbines are completely alike). This way, the 

diameter of the swept area is 20 meters, so it is smaller than the beam. Three-bladed HAWTs 

are the most standardised ones, so the wind turbines of the ship also have three blades each 

one.  

Both wind turbines are located in the sky deck so there is nothing in front of them that could 

modify the airflow. Moreover, they are located at a considerable altitude. Because of this 
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reasons, the height of both wind turbines is desired to be quite short, so they do not affect 

negatively the stability of the ship. However, the blades are 10 meters long so they must rotate 

at least at more than 10 meters from the sky deck. Considering all this, the height of wind 

turbines is decided to be 25 meters (the centre of the swept are is located at 25 meters above 

the sky deck level). Therefore, when turbines are operating, there are 15 meters of margin 

between the lowest point of the blades and the deck level. People can walk safely along the 

sky deck.  

 
Wind turbines data 

 
Units: 2 

Type: HAWT 

Length of blades: 10 m 

Diameter of swept area: 20 m 

Swept area: 314 m2 

Height: 25 m  (structure) + 10 m (blades) 

Number of blades: 3 

CP: 0.5926 (Lanchester-Betz limit) 

Ηgearηgenηelec: 0.9 

Rotation:  Yaw movement 
 

Table 6.14: Wind turbines data (Own source) 

 

The following equations which are used to estimate the power generated by wind turbines 

have been presented in chapter 3.  

Swept area has a linear relation with the power available in the wind: 

𝑃𝑊 =
1

2
𝜌𝐴𝑉3 

(33) 

  
Where PW is the power available in the wind, ρ is the air density, A is the swept area and V is 

the speed of the relative wind.  

Knowing that there are two wind turbines and their dimensions, it is possible to calculate the 

power available in the wind using the previous equation, as a function of the relative wind 

speed.  

𝑃𝑊 =
1

2
𝜌𝐴𝑉3 → 𝑃𝑊 =

1

2
∗ 1.225

𝑘𝑔

𝑚3
∗ 𝜋 ∗ (10𝑚)2 ∗ 2 𝑢𝑛𝑖𝑡𝑠 ∗ 𝑉3 ∗

𝑚

𝑠
 

𝑃𝑊 = 384.85 ∗ 𝑉3 [𝑊] 

PW is the power available in the wind but not the power that wind turbines extract. The 

conversion of wind energy to electrical energy involves two main stages: a first one where 

kinetic energy in the wind is converted into mechanical energy to spin the rotor and a second 

stage in which mechanical energy in converted into electrical energy. For defining the 

converting efficiency of the first stage the power coefficient CP is used. It is simply defined as 
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the ratio of the actually captured power wind by the blades to the available power in wind. 

There are many aerodynamic losses in a wind turbine: wake rotation losses, blade-tip, blade-

root, profile, etc.  

For the definition of the converting efficiency of the second stage, several parameters are 

used: gearbox efficiency (ηgear, losses due to the friction), generator efficiency (ηgen, electrical 

and mechanical losses of the generator, such as copper and iron losses or friction losses) and 

electric efficiency (ηelect, this coefficient is related to all the combined electric power losses in 

the converter, switches, controls, cables, etc.).  

Combining all this parameters, the total power conversion efficiency of the wind turbine is 

defined:  

𝜂𝑡 = 𝐶𝑃𝜂𝑔𝑒𝑎𝑟𝜂𝑔𝑒𝑛𝜂𝑒𝑙𝑒𝑐𝑡 

 
 

(35) 

Therefore, the effective power of a wind turbine can be calculated with the following 

expression: 

𝑃𝑒𝑓𝑓 = 𝐶𝑃𝜂𝑔𝑒𝑎𝑟𝜂𝑔𝑒𝑛𝜂𝑒𝑙𝑒𝑐𝑡𝑃𝑊 = 𝜂𝑡𝑃𝑊 = 𝜂𝑡

1

2
𝜌𝐴𝑉3 

 

𝑃𝑒𝑓𝑓 = 𝜂𝑡

1

2
𝜌𝐴𝑉3 = 𝜂𝑡 ∗ 384.85 ∗ 𝑉3 

(36) 

 

The Lanchester-Betz limit is the theoretical maximum efficiency of an ideal wind turbine [42].  

It can be demonstrated that no wind turbine can convert more than 59.26% of the kinetic 

energy of the wind into mechanical energy. This means that CP maximum value is 0.5926.  

Assuming that the product of ηgear, ηgen, and ηelect is 0.9 and knowing that CP has got a maximum 

value of 0.5926, the total power conversion efficiency of the wind turbine has a value of: 

𝜂𝑡 = 𝐶𝑃𝜂𝑔𝑒𝑎𝑟𝜂𝑔𝑒𝑛𝜂𝑒𝑙𝑒𝑐𝑡 = 0.5926 ∗ 0.9 = 0.53334 

Therefore: 

𝑃𝑒𝑓𝑓 = 𝜂𝑡

1

2
𝜌𝐴𝑉3 = 0.53334 ∗ 384.85 ∗ 𝑉3 

𝑃𝑒𝑓𝑓 = 205 ∗ 𝑉3 [𝑊] 

𝑃𝑒𝑓𝑓 = 0.205 ∗ 𝑉3 [𝑘𝑊] 

This last expression gives the real power that both wind turbines together generate for every 

wind condition. Wind turbines are fitted with yaw bearings. A yaw bearing is the element that 

allows the turbine to turn in response to changes in the wind direction, thus optimising the 

power generation.  

The following diagram shows the curve of Peff, attending to the speed of relative wind.  
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Figure 6.20: Effective electric power generated by two HAWTs (Own source) 

 

V is the relative wind and Peff is the effective electrical power that both wind turbines of the 

Ciudad de Mahón generate for each wind condition. Rotors, kites and wingsails generate a 

power which is used to propel the ship forwards. In the case of wind turbines, this power is not 

used to propel the ship but to satisfy electric demands of the ship. This means that diesel 

generators can operate at lower load conditions thanks to the wind turbines, thus consuming 

less fuel, thus polluting less. Wind turbines can perform greatly in navigation condition 

because the power generated is function of V3. In fast wind conditions, the electric power 

generated increases quickly. Furthermore, the RoPax Ciudad de Mahón is a fast ship (design 

speed of 21 knots), so this helps all wind power technologies to perform great.  

Wind turbines have an advantage that all other wind power technologies do not have. All 

other wind power technologies only can perform while the ship is sailing because they operate 

propelling the ship. However, wind turbines can also perform in port conditions because the 

power they generate can be used in every moment; there are always electric consumers. 

Therefore, to calculate the fuel savings and the air pollutant emissions savings, port hours have 

also been taken into account. The three possible scenarios analysed are the following: 

- Optimistic scenario: average electric power of 4,000 kW. 

- Realistic scenario: average electric power of 2,000 kW. 

- Pessimistic scenario: average electric power of 500 kW. 

The average electric power changes quickly with the average wind, because Peff ∝ V3. The total 

power of the diesel generators is 1,740 kW, so there are situations in which the total electric 

demand of the ship is covered only by wind turbines. This means that wind turbines can 

generate more power than the necessary. This extra power can be used for propelling the ship, 

as it is explained in 6.4.  

0

1000

2000

3000

4000

5000

6000

0 5 10 15 20 25 30 35

Peff [kW] 
 

V [m/s] 

Effective electric power generated by two 
HAWTs 

 



Study and analysis of the use of wind power for the propulsion of merchant vessels. Case study 

 

 

174 
 

 

WIND TURBINES ANNUAL SAVINGS 
 

 
Wind turbines: 2 HAWTs of 314 m2 swept area 

Ship: Ciudad de Mahón 
Design speed of the ship: 21 kn  

Estimated total hours operating: 5,940 h 
 

The power of each scenario is the annual average power 
 
 

Optimistic scenario: 4,000 kW 
 

 

Savings [t] 
 

 

Savings [%] 

HFO 1,795 12 

MDO 200 11 

CO2 6,341 12 

CO 4 12 

SOX 84 12 

NOX 167 12 

PM 13 12 

4,000 kW - 1,740 kW = 2,260 kW of extra power 
 

 

Realistic scenario: 2,000 kW 
                                       

 

Savings [t] 
 

 

Savings [%] 

HFO 1,795 12 

MDO 200 11 

CO2 6,341 12 

CO 4 12 

SOX 84 12 

NOX 167 12 

PM 13 12 

2,000 kW – 1,740 kW = 260 kW of extra power 
 

 

Pessimistic scenario: 500 kW 

 

Savings [t] 
 

 

Savings [%] 
 

HFO 516 3 

MDO 57 3 

CO2 1,822 3 

CO 1 3 

SOX 24 3 

NOX 48 3 

PM 4 3 
 

Table 6.15: Wind turbines annual savings (Own source) 
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6.4 New wind-assisted propulsion system 

All current wind-assisted propulsion systems have been studied in this final thesis. With the 

aim of contributing as much as possible to a green development of naval propulsion, this thesis 

also includes a description and an analysis of a new wind-assisted propulsion system for 

merchant vessels, conceived from the study of the existing technologies and from own ideas. 

Wind power technologies are able to reduce the fuel consumption of the ship, lowering the 

load conditions of main engines or diesel generators. Merchant ships need to be propelled by 

conventional means but wind technologies can be very useful to reduce notably the pollution 

generated by merchant vessels. It has been demonstrated that for an existing vessel such as 

the Ciudad de Mahón, air pollutant emissions can be reduced up to 25% thanks to wind power 

devices.  

Wind power technologies performance aboard the Ciudad de Mahón have been analysed one 

by one, but it also exists the possibility of installing different devices at the same time. In fact, 

this new wind-assisted propulsion system is based on using wind turbines and wingsails at the 

same time.  

Firstly, an explanation of the main ideas of this new system is detailed, justifying these ideas 

with all necessary equations. Then, the performance of this system is analysed aboard the 

vessel Ciudad de Mahón, as it has been done with the other wind power technologies and 

using the same criteria it has been used along the case study thus far.  

6.4.1 Concept 

The basic ideas of this wind-assisted propulsion system are the following: 

- This is a wind-assisted propulsion system, so the vessel must have main engines which 

must be used for slow wind conditions, port conditions, manoeuvring conditions, etc. 

For new vessels that could be designed taking into account this system, it would be 

desirable that engines operate with LNG. For most of the already existing vessels, such 

as the Ciudad de Mahón, engines burn HFO or MDO.  

- The ship is fitted with as many wingsails as it is possible. In new vessels, wingsails could 

be conceived as the main propellants. In existing vessels, wingsails can act as wind-

assisted power devices to generate extra thrust, just as it has been studied.  

- The ship is also fitted with wind turbines. These wind turbines are in charge to 

generate as electric power as possible.  

- Thanks to the driving force of the wingsails (and to the thrust of the conventional 

propellers driven by main engines if it is necessary), the ship is in motion so the water 

in which the hull is submerged has a certain velocity. The velocity of the water is the 

speed of the ship.  

- Some of this water that flows along the hull is absorbed by some ‘holes’ of the hull. 

Each one of these inlets leads water to a pump, one pump for each inlet. These holes 

thought to be near the keel level.  

- This water gains pressure thanks to pumps that are driven by electric motors. The 

electricity of these electric motors is generated by the wind turbines of the ship.  
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- After that, water flows through nozzles, thus reducing its pressure in order to increase 

its velocity as much as possible.  

- This water has changed its velocity notably, thus generating a thrust according to 

equation (43), due to multiple water jets (one for each installed pump).  

The idea is to expulse water at a high velocity thanks to the energy obtained by wind turbines, 

using this energy in pumps. Water is much denser than air so there is no point in using air 

instead of water, because water can generate much stronger propelling forces. However, 

these propelling forces are generated thanks to the power of the wind so this system can be 

defined as a wind-assisted propulsion system too.  

Therefore, the ship is doubly wind-assisted. The ship is propelled by: 

- Main engines. 

- Wingsails. 

- Water jets.  

 

 

Figure 6.21: Diagram of the energy conversions of the system (Own source) 
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To obtain the electric power that wind turbines can generate from wind power, equations (33), 

(34), (35) and (36) can be used. With these equations, all losses of wind turbines are 

considered. All the electric power generated by wind turbines is used to drive the pumps of 

the system, because these pumps are driven by electric motors. There are some losses in this 

process, which are considered in the efficiency of the pumps. The system has to be designed 

according to the power generated: the total generated power must be divided to be used in 

several pumps. All pumps together must be able to increase the pressure of the designed 

volume of water flow of the system.  

The power consumed by a pump can be calculated according to the following expression: 

𝑃𝑝𝑢𝑚𝑝 =
𝜌𝑔𝑄𝑝𝑢𝑚𝑝ℎ

𝜂𝑝𝑢𝑚𝑝
 

(40) 

Where: 

- Ppump is the power consumed by the pump. 

- ρ is the density of the water. For the case of sea water, ρ=1,025 k/m3. 

- g is gravity, 9.81 m/s2. 

- Qpump is the volume of water per unit of time of each pump [m3/s]. 

- h is the head of the pump at specific flow [m]. 

- ηpump is the efficiency of the pump. 

Knowing the available power generated by wind turbines, the number of pumps and their Q 

can be adapted to the vessel’s requirements. The idea is to generate the maximum h as 

possible. Once knowing the h of each pump at a specific flow, it can be quantified the changes 

in pressure and velocity of the water, using the Bernoulli equation.  

The Bernoulli equation can be written as follows: 

𝑉𝑆
2

2𝑔
+ 𝑍1 +

𝑃1

𝜌𝑔
+ ℎ =

𝑉𝑗𝑒𝑡
2

2𝑔
+ 𝑍2 +

𝑃2

𝜌𝑔
+ ℎ𝑓 

(41) 

 

Where: 

- VS is the speed of the ship, because it is the speed at which water enters the system 

through the inlets (approximately) [m/s]. 

- Vjet is the velocity of the water jets [m/s]. 

- P1 and P2 are the values of the pressure of the water (inlet and outlet respectively) 

[Pa]. 

- Z1 and Z2 are the elevation of the point from a reference plane (inlet and outlet 

respectively) [m]. 

- hf is the value of the head losses of the hydraulic system [m]. 

- The other parameters are already defined. 

Equation (41) is very useful to analyse hydraulic systems and installations, because all 

components of the equations are in [m]. Using Bernoulli, the changes of pressure and velocity 

in every point of the water jet system can be known. The head of the pump must be used to 
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increase the velocity of the water jet. The velocity of the jet determines the area of the outlet, 

according to the following expression: 

𝑉𝑆𝐴𝑖𝑛𝑙𝑒𝑡 = 𝑉𝑗𝑒𝑡𝐴𝑜𝑢𝑡𝑙𝑒𝑡 (42) 
 

Where: 

- Ainlet is the cross-sectional area of the inlets (the ‘holes’ in the hull) [m2]. 

- Aoutlet is the cross-sectional area of the outlet (the end of the nozzle) [m2] 

With the previous expression, the final area of the nozzle can be determined, because it is 

nothing more than the area of the outlet. The thrust generated by this jet system can be 

calculated using the following equation: 

𝑇 = 𝜌𝑄(𝑉𝑗𝑒𝑡 − 𝑉𝑆) (43) 
 

T is the thrust generated [N]. Once T is obtained, the propulsion power can be deduced using 

equation (39), as in the case of the DF generated by any other wind-assisted propulsion 

system.Water jet propulsion exists but not in merchant vessels, and water jet propulsion has 

never been thought to satisfy its energy intakes from wind power, thus generating thrust 

without emitting any pollutant.  

 

 

 

 

 

 

 

 

 

Figure 6.22: Non-merchant vessel propelled by water jets (Source: [84]) 

Figure 6.23: Typical water jet propulsion system of recreational boats (Source: [85]) 
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The last figure shows an example of an existing water jet system. There are many differences 

between already existing systems and the system devised. In a merchant vessel, such as the 

Ciudad de Mahón, there must be several pumps in order to generate enough thrust to propel 

the ship. These pumps are not driven by any combustion engine but by electric motors which 

operate thanks to the energy obtained from the wind. This new jet system does not generate 

any pollutants. Furthermore, it must be taken into account that the ship is not propelled by 

water jets only, but also by wingsails.  

6.4.2 Estimated performance 

In order to analyse the energetic viability of this new propulsion concept for merchant vessels, 

it is studied in the same conditions as the other analysed wind power technologies (Flettner 

rotors, kites, wingsails and wind turbines). This system implementation is analysed in the 

Ciudad de Mahón ship.  

The system is conceived to obtain DF from wingsails and at the same time generating electric 

power from wind turbines, to supply electric power to the pumps of the jet system and to 

other electric consumers, if wind conditions are good enough to generate that much 

electricity. It has been proved previously that there are situations in which wind turbines can 

generate more electric power than both diesel generators of the ship combined. If it is like 

this, the first 1,740 kW generated by wind turbines are destined to the electric demand of the 

ship, thus replacing the diesel generators, and the extra power is destined to the pumps of the 

jet system. It has been calculated that wind turbines and wingsails have a good performance 

aboard the Ciudad de Mahón ship.  

- In an optimistic scenario, the propulsion power of wingsails is 5,000 kW and the 

electric power generated by wind turbines is 4,000 kW. 

- In a realistic scenario, the propulsion power of wingsails is 3,250 kW and the electric 

power generated by wind turbines is 2,000 kW. 

- In a pessimistic scenario, the propulsion power of wingsails is 1,500 kW and the 

electric power generated by wind turbines is 500 kW. 

The performance of the new system is also studied for these three possible scenarios, 

considering the same wingsails and the same wind turbines than before, since these wingsails 

and wind turbines have been already analysed and their performances have been quantified. 

Therefore, it must be assumed that the Ciudad de Mahón is able to be fitted with two 

wingsails and two wind turbines at the same time. For visibility reasons (Regulation 22 of the 

SOLAS Chapter V, ‘Navigation Bridge Visibility’), it is not feasible to install a wingsail in the bow, 

because the superstructure (including the bridge) is also in the bow. However, the installation 

of one wind turbine in the bow can be assumable because the wind turbines designed for this 

case study are HAWTs with a notable height and, of course, their blades are in constant motion 

so there is still an acceptable visibility from the bridge. Therefore, the most optimal disposition 

of wind power technologies aboard the Ciudad de Mahón ship is the following: 

- Two wingsails in the sky deck, as it was previously considered. 

- One wind turbine in the bow and another one in the stern.  
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In an optimistic scenario, wingsails generate 5,000 kW. This power is obviously all dedicated to 

propulsion. At the same time, wind turbines are generating 4,000 kW. This means that both 

diesel generators can be shut down because the total power of diesel generators (1,740 kW) 

can be replaced by the green power generated by wind turbines. Therefore, there is no 

pollution due to diesel generators.  

There are 4,000 – 1,740 = 2,260 kW of extra electric power generated by wind turbines. This is 

the power that is used by pumps to generate thrust by water jets. An exhaustive search has 

been done consulting several centrifugal pumps technical catalogues, in order to find a pump 

that could fit well in this system. The pumps of the system are thought to be centrifugal, since 

this is the type of pumps with highest volume per hour ratios.  

The centrifugal pump whose characteristics are defined by the following pump curve has been 

considered a good fit for the system. 

 

 
 

Figure 6.24: Curve pump (Source: [86]) 

 

Looking at the highest curve of the previous figure, it can be observed that for a Q=2,000 m3/h, 

the pump can give 77 m of head, while having an efficiency of about 76%. From this data, the 

electrical consumption of the pump can be deduced with equation (40): 
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𝑃𝑝𝑢𝑚𝑝 =
𝜌𝑔𝑄𝑝𝑢𝑚𝑝ℎ

𝜂𝑝𝑢𝑚𝑝
=

1,025
𝑘𝑔
𝑚3 ∗ 9.81

𝑚
𝑠2 ∗ 2,000

𝑚3

ℎ
∗ 77𝑚

3,600𝑠 ∗ 0.76 ∗ 1,000
= 565.98 𝑘𝑊 

 

The electric consumption of the pump can be assumed to be 566 kW. This is a very powerful 

pump, one of the largest ones in the market, as it is obvious since its duty is to propel a 

merchant vessel of almost 200m.  

In best situations (optimistic scenario), the extra power of wind turbines is 2,260 kW. This 

means that up to four units of this pump can operate simultaneously, consuming all the extra 

power generated by wind turbines. Therefore, it is decided to install four pumps of these 

characteristics, so they all together can give a volumetric flow ratio of 4*2,000=8,000 m3/h. In 

a realistic scenario, the electric extra power is 260 kW, while in a pessimistic scenario there is 

no extra power generated by wind turbines so diesel generators power cannot be replaced 

completely. Therefore, there are two options to be considered in these scenarios: 

- Use the power generated by wind turbines only in the pumps of the jet system.  

- Not use the jet system and use the power of wind turbines to reduce the load 

conditions of the diesel generators.  

To obtain propulsion power from the energy of wind turbines involve many energy 

conversions (wind power, mechanical power of the blades, electric power of the wind 

turbines, mechanical power of the pump, etc.). For this reason, in situations where there is no 

extra power it is more logical to use the power of wind turbines in other electric consumers of 

the vessel (thus reducing the load conditions of the generators) and not in the jet system, 

simply because there will be less losses. The use of pumps to generate jet waters is expected 

only in good wind conditions, this is, in optimistic scenarios. The savings of this system in a 

pessimistic scenario are simply the savings obtained by wingsails and by wind turbines 

together.  

 

 
Pumps data 

 
Units: 4 

Type: Centrifugal 

Head: 77 m (each one) 

Volumetric flow rate: 2,000 m3/h (each one) 

Efficiency: 76 % 

Electric consumption: 566 kW (each one) 

Manufacturer: DAB water technology [86] 

Model name: KDN 350-500  

Pumped liquid temperature range: From -10 °C to +120°C 

Maximum ambient temperature: +40°C 
 

Table 6.16: Pumps of the new system data (Source: [86]) 
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There are four water jet pumps in the system, so there are four inlets in the hull, since each 

pump works individually. It is designed this way so the system can be adapted to different 

power conditions (different scenarios). If there is enough extra energy generated by wind 

turbines, all for pumps can operate simultaneously, thus operating a total volumetric flow rate 

of 8,000 m3/h. The higher the flow rate is, the stronger the thrust is. So the number of pumps 

operating simultaneously depends on the electric power generated by wind turbines on every 

wind condition. To analyse and to dimension the jet system, it is enough to study one single 

pump. The maximum thrust generated is the quadruple of the obtained thrust of this single 

pump, since there are four pumps.  

P1 is assumed to be the hydrostatic pressure. It is the pressure of the water which enters the 

system through the inlet. The inlet is assumed to be close to the keel level so knowing that the 

vessel has got a draft of 6.2 meters, P1 can be calculated: 

𝑃1=𝑃𝑎𝑡𝑚 + 𝜌𝑔𝐻 (44) 
 

H is the water column. In this case, H=draught because as it has just been said, the inlet is 

assumed to be in the keel level.  

𝑃1 = 101,325 𝑃𝑎 + (1,025
𝑘𝑔

𝑚3
∗ 9,81

𝑚

𝑠2
∗ 6.2𝑚) = 163,668 𝑃𝑎 → 164 𝑘𝑃𝑎 

P2 is assumed to be slightly bigger than P1 (in the end of the nozzle). This is because if water at 

this point had a lower pressure than the hydrostatic pressure, the water jet could not get out 

of the nozzle. In other words, it is assumed that almost all the head provided by the pump is 

used in increasing the speed of water, to obtain a water jet as powerful as possible. In fact, 

what happens in the system is that the pump increases the pressure of the fluid and then the 

nozzle, thanks to its changing cross-sectional area, decreases the pressure of water, thus 

increasing the velocity of the water jet. Therefore, P2 is considered to be 200 kPa. 

Z1 and Z2 are assumed to be equal because the outlet is also close to the keel level.Of course, 

there are head losses in the system. The performance of the system is estimated so in order to 

simplify calculations, hf is assumed to have a reasonable value of 5m per pump.  

With all these justifications, the equation of Bernoulli can be used to obtain Vjet because all 

values are known:  

𝑉𝑆
2

2𝑔
+ 𝑍1 +

𝑃1

𝜌𝑔
+ ℎ =

𝑉𝑗𝑒𝑡
2

2𝑔
+ 𝑍2 +

𝑃2

𝜌𝑔
+ ℎ𝑓 

𝑉𝑆
2

2𝑔
+

𝑃1

𝜌𝑔
+ ℎ =

𝑉𝑗𝑒𝑡
2

2𝑔
+

𝑃2

𝜌𝑔
+ ℎ𝑓 

𝑉𝑗𝑒𝑡 = √2𝑔(
𝑉𝑆

2

2𝑔
+

𝑃1

𝜌𝑔
+ ℎ −

𝑃2

𝜌𝑔
− ℎ𝑓) 

𝑉𝑗𝑒𝑡 = 38.2 𝑚/𝑠 
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The pump has a volumetric flow rate of 2,000 m3/h and the design speed of the ship is 10.8 

m/s. These values determine the cross-sectional area of the inlet: 

𝑄𝑝𝑢𝑚𝑝=𝑉𝑆𝐴𝑖𝑛𝑙𝑒𝑡 → 𝐴𝑖𝑛𝑙𝑒𝑡 =
2,000

𝑚3

ℎ

3,600𝑠 ∗ 10,8
𝑚
𝑠

= 0.0514 𝑚2 

(45a) 

 

Knowing the speed of the water jet, the cross-sectional area of the outlet (of the end of the 

nozzle) is also determined: 

𝑄𝑝𝑢𝑚𝑝 = 𝑉𝑗𝑒𝑡𝐴𝑜𝑢𝑡𝑙𝑒𝑡 → 𝐴𝑜𝑢𝑡𝑙𝑒𝑡 =
2,000

𝑚3

ℎ

3,600𝑠 ∗ 38.2
𝑚
𝑠

= 0.0145 𝑚2 

(45b) 

 

The total volumetric flow ratio of the system is the volumetric flow ratio of all four pumps: 

𝑄 = 4 ∗ 𝑄𝑝𝑢𝑚𝑝 = 4 ∗ 2,000
𝑚3

ℎ
= 8,000

𝑚3

ℎ
= 2.2222

𝑚3

𝑠
  

Now that the speed of the water jet has been calculated, the thrust generated can also be 

calculated, using equation (43).  

𝑇 = 𝜌𝑄(𝑉𝑗𝑒𝑡 − 𝑉𝑆) = 1.025
𝑘𝑔

𝑚3
∗ 2.2222

𝑚3

𝑠
∗ (38.2

𝑚

𝑠
− 10.8

𝑚

𝑠
) = 62,411 𝑁 = 62.411 𝑘𝑁 

This is the total thrust generated by all four water jets when pumps are operating at its 

maximum power. This means that this is the thrust obtained for the defined optimistic 

scenario, in which wind turbines generate an extra power of 2,260 kW. 

The propulsion power of the water jets is: 

𝑃𝑤𝑎𝑡𝑒𝑟 𝑗𝑒𝑡𝑠 = 𝑇 ∗ 𝑉𝑆 = 62.411 𝑘𝑁 ∗ 10.8
𝑚

𝑠
= 674 𝑘𝑊 

This power is an extra propulsion power that helps reducing fuel consumption of main engines, 

just as wingsails. Once being quantified the propulsion power generated by water jets, the fuel 

consumption reductions and the air pollutant emissions reductions of this new system can also 

be quantified. In poor wind conditions, pumps do not operate so the total power generated by 

the new system is the propulsion power of wingsails and the electrical power of wind turbines. 

In good wind conditions in which wind turbines are able to generate more electrical power 

than the MCR power of diesel generators, the total power generated by this new system is the 

total of: 

- The propulsion power generated by wingsails and water jets. 

- The electric power generated by wind turbines equivalent to the MCR power of the 

generators.  

Water jets are a good way to use the extra electric energy generated by wind turbines to 

generate propulsion power, thus reducing pollution.  
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NEW SYSTEM ANNUAL SAVINGS 
 

 
Wind turbines: 2 HAWTs of 314 m2 swept area 

Wingsails: 2 units of 35m x 12m 
Centrifugal pumps: 4 units of 566 kW  

Ship: Ciudad de Mahón 
Design speed of the ship: 21 kn  

Estimated total hours operating: 5,940 h 
 

The power of each scenario is the annual average power 
 

Optimistic scenario: 5,674 kW (propulsion 

power) + 1,740 kW (electric power)  

 

Savings [t] 
 

 

Savings [%] 

HFO 5,496 37 

MDO 200 11 

CO2 18,106 34 

CO 12 32 

SOX 254 36 

NOX 489 35 

PM 39 36 

Realistic scenario: 3,250 kW (propulsion 

power) + 1,740 kW (electric power)                                    

 

Savings [t] 
 

 

Savings [%] 

HFO 3,915 26 

MDO 200 11 

CO2 13,080 25 

CO 9 23 

SOX 182 26 

NOX 351 25 

PM 28 26 

Pessimistic scenario: 1,500 kW (propulsion 

power) + 500 kW (electric power) 

 

Savings [t] 
 

 

Savings [%] 
 

HFO 1,494 10 

MDO 57 3 

CO2 4,932 9 

CO 3 9 

SOX 69 10 

NOX 133 10 

PM 11 10 
 

Table 6.17: New system annual savings (Own source) 
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6.5 Conclusions of the chapter 

 

Conclusions of Chapter 6 
 

 
The merchant vessel studied is the RoPax Ciudad de Mahón. The ship is propelled by 4 main 
engines of 5940 kW each one. The engines burn HFO and MDO. The ship is estimated to sail 
3,960 hours per year at a design speed of 10.8 m/s. The ship has a LOA of 180 m, a beam of 25 
m and a draught of 6.2 m.  
 

 
To obtain results as accurate as possible, the annual working hours of main engines, diesel 
generators and auxiliary boiler have been estimated separately, as well as the time burning 
each fuel.  
 

 
Without any wind power device installed aboard, the Ciudad de Mahón has got the following 
annual fuel consumption: 

- 14,967 tons per year of HFO 
- 1,773 tons per year of MDO 

 

 
Without any wind power device installed aboard, the Ciudad de Mahón has got the following 
annual emissions: 

- 53,216 tons per year of CO2 
- 37 tons per year of CO 
- 702 tons per year of SOX 
- 1,397 tons per year of NOX 
- 108 tons per year of PM 

 

 
Considerations about weather and wind conditions have been done. To analyse the 
performance of wind technologies in every wind condition, polar diagrams have been 
elaborated. These polar diagrams give the value of the propulsion power generated by each 
wind technology in each wind condition.  
 

 
The algorithm used to calculate the driving force and the propulsion power of each wind 
power technology has been described and justified. Once knowing the propulsion power 
generated by wind power technologies, the reductions of the annual fuel consumption can be 
calculated. Therefore, the annual emissions reductions can be calculated too. At the end of 
each wind power device analysis, saving results are given in annual tons in percentage.  
 

 
Two Flettner rotors of 25m x 5m can generate 6,000 kW of propulsion power in optimistic 
wind conditions. This represents a HFO saving of 26% and a reduction of air pollutants 
emissions of 21-26%. Other possible scenarios are also considered. Specific values of the 
emission reduction of each pollutant can be found in table 6.9.  
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One kite of 375m2 can generate 3,000 kW of propulsion power in optimistic wind conditions. 
This represents a HFO saving of 13% and a reduction of air pollutants emissions of 11-13%. 
Other possible scenarios are also considered. Specific values of the emission reduction of each 
pollutant can be found in table 6.11.  
 

 
Wingsails have been designed using a NACA 0015 airfoil. 
 

 
Two wingsails of 35m x 12m can generate 5,000 kW of propulsion power in optimistic wind 
conditions. This represents a HFO saving of 22% and a reduction of air pollutants emissions of 
18-21%. Other possible scenarios are also considered. Specific values of the emission 
reduction of each pollutant can be found in table 6.13.  
 

 
Two HAWTs of 314m2 of swept area can generate 4,000 kW of electric power in optimistic 
wind conditions. This represents a HFO saving of 12%, a MDO saving of 11% and a reduction 
of air pollutants emissions of 11-12%. Other possible scenarios are also considered. Specific 
values of the emission reduction of each pollutant can be found in table 6.15.  
 

 
In good wind conditions, up to 2,260 kW of extra electric power can be generated by wind 
turbines. This means that wind turbines can cover all electric demands of the vessel and also 
generate electric power that can be used in a new propulsion system. 
 

 
The idea of this new propulsion system is to use this extra electric power generated by wind 
turbines in centrifugal pumps in order to expulse water jets at high velocity, thus generating a 
forward thrust. The system is conceived to propel the ship thanks to wingsails, water jets and 
also using main engines when needed.  
 

 
With two HAWTs of 314m2 of swept area and two wingsails of 35m x 12m, the new system 
can generate 5,000 kW of propulsion power from wingsails, 674 kW of propulsion power from 
water jets and 1,740 kW of electric power from wind turbines. The reality is that wind 
turbines are generating about 4,000 kW of electric energy but once all electric demands of the 
vessel are covered, part of this power is converted into propulsion power of water jets. 
 

 
In good wind conditions, this new system has been estimated to have a HFO saving of 37%, a 
MDO saving of 11% and a reduction of air pollutants emissions of 32-36%. Other possible 
scenarios are also considered. Specific values of the emission reduction of each pollutant can 
be found in table 6.17.  
 

 
All wind power technologies have been demonstrated to perform well. However, Fletner 
rotors present the advantage that they are more adaptable to wind conditions by just 
changing their rotation. Therefore, they are expected to have a slightly higher annual 
propulsion power average.  
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The new system proposed presents the highest values of fuel savings and pollutants 
reductions among all wind power technologies analysed in the case study, so it can be 
considered an optimal system to take advantage of the extra electric energy generated by 
wind turbines, converting this electric power into propulsion power.  
 

 
It has been demonstrated that fuel savings up to 37% and air pollutant emissions reductions 
up to 36% can be obtained without sacrificing cargo space, thanks to the usage of wind power 
technologies.  
 
 

Table 6.18: Conclusions of Chapter 6 (Own source) 
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General conclusions 

The specific conclusions of each chapter are remarked at the end of each chapter. However, 

the general conclusions of the thesis are discussed along the following lines.  

Wind power technologies are reliable and can obtain great fuel savings. This statement has 

been demonstrated in this thesis with arguments, explanations, descriptions, and calculations. 

Merchant vessels cannot be uniquely propelled by wind power technologies but the concept of 

wind-assisted propulsion is a realistic solution to minimise the environmental impact of 

maritime transport. Wind power devices are the most effective technologies to reduce air 

pollutant emissions, simply by avoiding these emissions. They may be the first realistic 

opportunity to introduce renewable power into shipping.  

However, the future of wind-assisted propulsion is full of challenges. To be adopted more 

widely in the future, wind-assisted propulsion must overcome many technical, operational and 

commercial challenges. The current structure of the shipping industry hinders the 

implementation of wind-assisted propulsion, basically because of the scepticism of ship-

owners.  

There is a social restlessness regard global warming and climate change, and wind power rises 

as the best tool for maritime transport to contribute to the fight against this global problem. 

This restlessness may not be shared with ship-owners, but there is another factor that leaves 

no doubt that many changes must be taken by the shipping industry: new international 

regulations about the maximum limits of emissions. Due to new IMO’s regulations that limit 

the emissions of CO2, CO2e and SOX, almost all ships are being forced to use the same kind of 

fuels, so the fuel costs per ton are almost the same in all ships. The days of consuming HFO 

with high contents of sulphur are over, due to the IMO 2020. This means that reducing fuel 

consumption is more priority than ever for naval companies because ships must consume 

more expensive fuels now. In this context, wind power technologies straighten up: the 

technologies studied in this final thesis are becoming more relevant and more important every 

day.  

Therefore, either for an economic incentive or an environmental motivation, wind power 

devices, such as Flettner rotors, wingsails or kites, are expected to become the propellers of 

the future.  

Flettner rotors, wingsails, and kites are the main wind power devices that can be used to 

generate propulsion power, thus reducing the required power from main engines and 

therefore reducing emissions. To satisfy the electric demand aboard, wind turbines can be 

adapted to be installed aboard and generate electric power, thus reducing the required power 

from diesel generators and therefore reducing emissions too.  

This thesis has proposed a new propulsion system that is based on the usage of wingsails to 

generate propulsion power and wind turbines to generate electrical power, not only to satisfy 

the electric demands of the ship, but also to drive centrifugal pumps whose aim is to expel 

water jets at high speed, hence generating a thrust that propels the vessel. It has been 
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demonstrated that the emissions of the ship of the case study are reduced up to 36% using this 

innovative system. This system has been concluded to be advantageous especially in situations 

of enough wind when wind turbines are able to generate the required electrical power.  

This thesis has also demonstrated the viability of implementing wind power technologies 

aboard existing vessels, analysing and quantifying the fuel consumption reduction and the air 

pollutants emissions reductions of the Ciudad de Mahón, a RoPax propelled by diesel engines. 

Combining diesel engines and wind power technologies, such as rotors, wingsails, kites or wind 

turbines, notable reductions have been estimated, depending on every wind condition.  

The frailty of these technologies is obvious: the dependence of wind. But the definition of 

wind-assisted propulsion is also the counterargument to this frailty: wind-assisted propulsion 

is the use of one or more devices to capture the energy of the wind with the aim of reducing 

the amount of propulsion power or electric power to be generated by main engines or 

generators, respectively. So wind power technologies are not conceived to propel the ship 

completely by themselves. They are conceived to reduce fuel consumption.  

Finally, it can be said that the thesis has fulfilled all aims and requirements:  

- All main conventional propulsion systems of merchant vessels have been explained. 

The physics behind the thrust generation have also been explained. 

- To introduce and contextualize wind power in naval propulsion, some basic aspects 

have been discussed, such as the shipping implication in the pollution problem, air 

drag concepts, etc.  

- A compilation of the main wind power technologies for the propulsion of merchant 

vessels has been exhaustively elaborated and studied: Flettner rotors, kites, wingsails, 

and wind turbines. Moreover, other wind power technologies that could show up in 

merchant vessels propulsion in the future, such as turbosails or soft sails, have also 

been studied. 

- Exhaustive research has been done to analyse all these systems and also to define the 

state of the art of each system.  

- A case study has been elaborated to determine and quantify the performance of the 

main wind power technologies. Calculations of the annual fuel savings, propelling 

forces, air pollutant emissions reductions, etc. have been done.  

- A new system for the propulsion of merchant vessels has been designed with the aim 

of contributing to new ideas. This new system has also been analysed in the case 

study, just like the other devices.  

- Fieldwork tasks have also been carried out. They have been an opportunity to 

approach this thesis not only from an academic point of view but also from a 

professional point of view. The certification of meeting and collaboration with the 

wingsails manufacturer Bound4Blue can be found in the annexes.  
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Economic costs of the thesis 

Several engineering consulting companies have been asked for their approximate consultant 

services price, in order to estimate a reasonable price per hour for the elaboration of this 

thesis. Assuming a standard engineering consulting service price of 30€/hour, the cost of this 

thesis has been set in 20€/hour.  

The following table is the cost breakdown of the thesis. 

 

Cost breakdown 
 

 
Task 

 

 
Hours 

 
Price per hour 

 
Price 

Definition of the idea 15  
 
 
 
 
 
 
 
 
 

20 € 

300 € 

Definition of the purposes of the thesis 15 300 € 

Bibliographic research 100 2000 € 

Documentary research 150 3000 € 

Analysis of the information 170 3400 € 

Fieldwork  80 1600 € 

English related tasks 130 2600 € 

Definition of the case study 10 200 € 

Case study analysis 100 2000 € 

Case study calculations 100 2000 € 

Writing of the contents 300 6000 € 

Elaboration of conclusions 25 500 € 

Oral defence related tasks 50 1000 € 

Reunions with the thesis director 5 100 € 

 
 

Total time: 

 
 

1250 h 
 
 

 
 

Total price: 
 

 

 
25000 € 

 

 Table E.1: Cost breakdown of the thesis (Own source) 

 

The thesis is estimated to have a cost of 25,000€. The total estimated time invested in the 

thesis is 1,250 hours. The tasks that have been carried out throughout the elaboration of this 

thesis are the following: 
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 Definition of the idea: at first, the main idea was to relate naval technology with 

renewable energies. The final idea resulted in studying wind power technologies for 

the propulsion of merchant vessels. 

 Definition of the purposes of the thesis: the general purpose of the thesis is to study 

wind power technologies aboard merchant vessels, with the aim of reducing fuel 

consumption, thus reducing air pollutant emissions. Specific purposes are the 

following:  

- Elaborate an encyclopedia of wind power technologies for the propulsion of 

merchant vessels.   

- Analyse a case study, quantifying the reduction of emissions obtained thanks to 

the implementation of wind power technologies. 

- Propose a new system for the propulsion of merchant vessels.  

 Bibliographic research: includes only published books. They are technical books, 

academic text books, etc., such as the one used for explaining the Magnus effect [19] 

or the one used for explaining the basics of wind turbines [42], among many others. 

The bibliographic research, as well as the documentary research, has been long and 

exhaustive.  

 Documentary research: includes all references except published books. These 

references are mainly technical articles of classification societies and manufacturers, 

articles, international regulations, IMO reports, etc.  

 Analysis of the information: this includes the distinction of relevant information and 

the analysis of the references consulted, as well as the development of this 

information. 

 Fieldwork: the fieldwork relates to the meeting and collaboration with the wingsails 

manufacturer Bound4Blue, as well as to the interview with the CTO of the company. 

The fieldwork has been an opportunity to approach this thesis not only from an 

academic point of view but also from a professional point of view. The case study of 

the thesis has been done as if it was a real engineering office project. 

 English related tasks: English is not the native language of the author of the thesis. 

However, the thesis has been written in English so it can reach to a larger number of 

readers that could be interested in wind power technologies for naval propulsion. This 

academic work is public.  

 Definition of the case study: this task relates to the development of the idea of the 

case study. 

 Case study analysis: this task relates to the definition of the characteristics and 

considerations of the study case and the analysis of all the contents of the case study. 

 Case study calculations: these calculations include annual fuel consumptions, 

propelling forces, air pollutant emissions reduction, etc. The case study of the thesis 

has been done as if it was a real engineering office project. 

 Writing of the contents: this includes the writing of the chapters, as well as the 

writings of the other contents of the thesis, the transcription of the interview and the 

formal aspects of this document.  

 Elaboration of conclusions: Once all the other tasks have been carried out, final 

conclusions of the thesis have been exposed at the end of the thesis. Furthermore, at 

the end of each chapter, the specific conclusions of the chapter are also discussed.  
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 Oral defence related tasks: these tasks are the ones that have been carried out in 

order to prepare the oral defence. These tasks are the elaboration of the main 

contents of the oral defence and the elaboration of visual resources, among others.  

 Reunions with the thesis director: this relates to the hours spent with the director 

discussing the elaboration of the thesis.  
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Annex 2: Interview with David Ferrer Desclaux, CTO & Project Manager 

at Bound4Blue 

 

A2.1 Aim of the interview 

Bound4Blue is a Spanish company founded in 2015 and located in Rubí whose innovative eco-

friendly solution brings aviation technology to the shipping industry, via a new foldable 

wingsail designed specifically for assisted clean propulsion of vessels. The projects of this 

company are completely affined to the aspects studied in this final thesis, so a contact attempt 

was done asking if it would be possible to get some technical information from the company or 

arranging a meeting. Fortunately, Bound4Blue replied with a lot of predisposition and a 

meeting with the Chief Technical Officer and Project Manager of the company, David Ferrer 

Desclaux, was arranged, planned for 7th January 2020. The meeting consisted of a person-to-

person interview and discussion that took place in Bound4Blue’s offices, in Rubí. This meeting 

has been very useful and helpful to acquire all the knowledge and information necessary to 

write the chapters of this thesis related to wingsails, as well as to understand the physics of 

this technology, its implementation aboard, its economic consequences and, of course, the 

contribution of this technology to reduce pollution.  

This interview is not transcribed literally. In fact, the language used in the meeting was Spanish 

(including David’s answers), so there has been a posterior translation work. The questions, that 

are in bold, were the guidelines for the meeting. After searching for information and learning 

the basics of wingsails the weeks before to the meeting, some questions were prepared to ask 

David with the aim of defining the aspects to be discussed. So the answers given in this 

interview are not literally David’s answers to each question. The answers given in these pages 

are written after the interview using all the notes taken during the meeting, and also using all 

the material given by Bound4Blue, as well as other sources information that can be found in 

the bibliography. The aim of this annex is to show all the discussed aspects of the meeting 

because much of the information related to wingsails has been obtained thanks to this 

meeting.  

A2.2 Interview 

How do wingsails generate the thrust to propel the ship? How can it be calculated and 

optimised?  

The physics behind this wind-assisted propulsion system are quite similar to other systems, 

such as the Flettner rotor system. The air flows along the wingsail and due to the geometry of 

the cross-section of the wingsail, the air flows faster in one side of the sail. According to 

Bernoulli, if velocity drops then pressure rises and if velocity rises then pressure drops. 

Because of this, a pressure difference between the two sides of the cross-section exists, and 

therefore there is a net force. There is also a pressure difference between the leading edge 

and the trailing edge of the aerofoil, since air particles get a little ‘stuck’ in the leading edge 

and therefore velocity of air particles in the leading edge drops notably and pressure rises. The 

two forces generated are called lift and drag.  
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Figure A1: Direction of the forces in accordance with the wind direction (Own source) 

 

Both forces have components in the forward direction of the ship and also in the sideways 

direction. Wingsails engineering offices refer to the resultant forward force as driving force 

and to the sideways force as heeling force. This is because the DF is the force which propels 

the ship forwards; it is the force analogue to the thrust force generated by the propeller, while 

the HF causes heeling, as well as drifting. Only by knowing the values of the lift and drag forces 

and the value of the angle β, the DF and the HF can be determined. β is the angle which forms 

the direction of the apparent wind with the direction of the driving force, which is the ship’s 

forward direction. For the case of wingsails, lift and drag forces are obtained from the next 

formulas: 

𝐿 =
1

2
𝜌𝑉2𝑆𝐶𝐿 

 

𝐷 =
1

2
𝜌𝑉2𝑆𝐶𝐷 

 
 

From the previous figure and explanation, it can be obtained that: 

𝐷𝐹 = 𝐿𝑠𝑖𝑛𝛽 − 𝐷𝑐𝑜𝑠𝛽 
 

𝐻𝐹 = 𝐿𝑐𝑜𝑠𝛽 + 𝐷𝑠𝑖𝑛𝛽 
 
 

These equations are obtained from decomposing lift and drag forces in the x and y directions 

and applying basic trigonometry. The next formulas are obtained combining the four equations 

just mentioned.  

𝐷𝐹 =
1

2
𝜌𝑉2𝑆(𝐶𝐿𝑠𝑖𝑛𝛽 − 𝐶𝐷𝑐𝑜𝑠𝛽) 

 

𝐻𝐹 =
1

2
𝜌𝑉2𝑆(𝐶𝐿𝑐𝑜𝑠𝛽 + 𝐶𝐷𝑠𝑖𝑛𝛽) 
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These equations are the most important ones in the process of designing a wingsail. They are 

the ones which govern all the design stage. The angle β must be optimised in such a way that 

maximises the DF at minimal HF. To find the optimal β means to find the optimal position of 

the wingsails. Obviously, the direction of the wind cannot be controlled but wingsails can be 

rotated in order to create lift force in the desired direction, thus optimising the driving force.  

The angle of attack is defined as the angle that forms the chord line of the aerofoil with the 

direction of the flow, and it is represented by symbol α. If α varies, so will do β. Their relation is 

not trivial. However, simulation tools allow to determine which α maximises de DF for every β, 

this is, for every apparent wind direction condition.   

 

How is lift coefficient obtained? And drag coefficient? 

CL and CD are obtained empirically. Designers have two options to determine these 

coefficients: 

- Wind tunnel testing. 

- Usage of already tabulated values of the coefficients. 

If the aerofoil has been already tested (like NACA aerofoils) there is no need in making wind 

tunnel tests, because the results of the tests can be found.  

 

In the design stage, how is the optimum aerofoil obtained?  

Bound4Blue uses NACA airfoils, so there is no need of wind tunnel testing. The NACA aerofoils 

are aerofoil shapes developed by the National Advisory Committee for Aeronautics (NACA). 

They are the most standardised ones and they are very used in many engineering ambits. The 

NACA four-digit wing sections define the profile by: 

- First digit describing maximum camber as percentage of the chord. 

- Second digit describing the distance of maximum camber from the aerofoil leading 

edge in tenths of the chord.  

- Last two digits describing maximum thickness of the aerofoil as percent of the chord. 

So the first two digits refer to the curvature of the aerofoil while the last two digits refer to the 

thickness. For example, the NACA 4309 aerofoil has a maximum camber of 4% located 30% 

(0.3 chords) from the leading edge with a maximum thickness of 9% of the chord. A 

symmetrical NACA aerofoil would be indicated with two zeros in the first digits. 

 

How is the heeling force compensated?  

The heeling force is not desired and in fact, it has some negatives consequences. The heeling 

force can be compensated with the rudder of the ship, but there are effects that are not 

avoidable. The two main effects of the heeling force are the following: 
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- Heel. This consequence is not very relevant if the stability studies for the installation of 

the wingsail have been done accurately. The same happens with Flettner rotors. Both 

technologies lift the centre of gravity of the ship. 

- Drift. This consequence is much more relevant from the point of view that it is more 

unpredictable. Drift increases the hull resistance because the ship sails forward but 

with a certain angle respect the forward direction: it means that the ship can sail 

forwards (thanks to the rudder that compensates the drift caused by the wingsail) but 

slightly askew. The heeling force of the wingsails has a sideways direction so the ship is 

drifted. This deflection can be compensated by the rudder, orientating it correctly thus 

making an opposed force that compensates the heeling force. The ship’s path can be 

corrected but there is still drift. This is because the wingsail’s heeling force is applied at 

a certain point of the ship’s length (obviously where the wingsails is located) and the 

rudder’s force is applied at the aft (obviously where the rudder is located), so there is a 

certain distance between these two forces, thus there exists a moment that makes the 

ship slightly askew. This phenomenon is responsible for a hull resistance increase. This 

drift must be as little as possible because the consequences of the hull resistance are 

difficult to predict. Ships are designed to navigate straight, not askew, so it is 

complicated to predict the consequences regards to the structural resistance of the 

hull.  

 

Are all wingsails made of different elements that can move or are simply rigid elements? 

It is known that asymmetrical aerofoils have a better propulsion performance, because they 

have a higher lift coefficient than symmetrical aerofoils. However, in naval propulsion 

asymmetrical aerofoils are not used in wingsails because the DF could have the opposite 

desired direction, depending on the direction of the wind. If the airfoil of the wingsail is 

asymmetrical, it can be given a situation when wind comes from a direction for which DF 

generated by the airfoil has not a forward direction, but a backwards one. If the airfoil is 

asymmetrical, although it can rotate, there is no physical way to get the desired direction for 

the DF.  

 

 

 

 

 

 

 

Figure A2: Lift force directions if wingsails had asymmetrical airfoils (Own source) 
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For this reason, the asymmetrical airfoil can be replaced by a symmetrical one that is attached 

by its trailing edge with another airfoil, also symmetrical, which can rotate. This one is followed 

by another airfoil, which can also rotate. These different parts attached to the first airfoil are 

known as flaps. The idea of adding these flaps is to configure the shape of the original airfoil by 

rotating the flaps. All parts can rotate to modify the angle of attack, hence optimising the DF. 

For now, all ongoing projects conceive wingsails without flaps. Nowadays, in naval world, flaps 

only exist in competition sailing boats, not in merchant vessels.  

An alternative to the flaps was proposed by the University of Tokyo, UT, within the Wind 

Challenger Project (WCP). The wingsail designed by the UT has the main characteristic that its 

airfoil has a crescent moon shape. This shape is not symmetrical (respect the chord line) but 

generates a lift force orientated in the desired direction. The inconvenient is that the CL is 

slightly lower because of this geometry; the extremes of the airfoil are not aerodynamically 

optimal since they are not very rounded.  

 

In terms of structure, components, operation, etc., how do wingsails work?  

A wingsail can be understood as a foldable structure whose ribs and skin are movable and 

when they are completely extended, the cross-section of the structure has got the designed 

aerofoil geometry. This structure allows keeping the same cargo capacity on a wide range of 

vessels. Their integration in existing vessels does not reduce the available cargo volume, so it 

does not have a negative economic impact, since it does not take any space from enclosed 

rooms, holds or tanks.  It only requires a few square meters in the deck surface, where it must 

be attached. Probably the most problematic ship for a wingsail would be a containership.  

The components of a wingsail are the following: 

- The ribs. The ribs are in charge of generating the shape of the airfoil and transmitting 

the aerodynamic loads to the mast. 

- The skin. The skin is in charge of generating the external surface of the wingsail. Of 

course, there must be a surface to be a force.  

- A telescopic mast. The telescopic mast is the core piece of the wingsail structure and is 

one of the most important parts, being in charge of holding shear stress and bending 

moment generated by aerodynamic and inertial loads. Furthermore, it provides the 

folding and rotation capability of the technology.  

- The control system. It is autonomous. It is in charge of positioning the wingsail to the 

most appropriate position and folding it in case of stormy weather or in port 

operations. It also has manual mode. 

- The rotation system. The rotation system is very similar to the ones used on cranes. 

The vertical rotation axis is aligned with the mast. 

- The hydraulic system. In the hydraulic system there are the actuators that provide 

power to the folding and rotation systems. 
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Figure A3: Folding process of the wingsail (Source: [36] Not public) 

The folding process is simple: the telescopic mast descends, so the ribs get folded and the skin 

bends itself in different parts. This system is automatic and much easier to operate than the 

operations done with conventional and traditional sails.  

 

What materials are wingsails made of? 

Wingsails are basically made of steels, aluminium and fiberglass composites. The materials 

used for wingsails are widely known in the shipping industry. The steel used in is naval steel. 

When a technology is that much new, it is always difficult for ship-owner to give it a chance. 

The mast is made of naval steel and the other parts of the wingsails are made of aluminium 

and fiberglass composites. In the selection of materials for each part of the wingsails, it must 

be reached a compromise solution between weight, cost and quality factors.  

Merchant vessels shipyards are not as familiarised with fiberglass composites as they are with 

naval steel, so it is another reason for not abusing of fiberglass, apart from its well-known 

elevated cost. The mast is telescopic, so it is a delicate part of the system. The mast works 

exactly as any telescopic crane and crane manufacturers have always studied and done their 

cranes using steel, so the use of steel for the telescopic masts of wingsails is the most logical 

decision (and most economical).  

This is well seen by ship-owners, because the use of steel gives reliability and cheapens 

fabrication costs. The mast is studied, designed and built for marine works and it is resistant to 

highly corrosive, humid and saline environments. 
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How does the hydraulic system works? 

To rotate the wingsail, in the bottom there is a hydraulic system (which also actuates the 

telescopic mast) which works exactly as a crane. There is a hydraulic motor which moves a 

mechanism that moves all the wingsail. There is a speed reducer and of course there are 

hydraulic cylinders for the mast. There is nothing different from a conventional telescopic 

crane. 

 

How does de control system works? 

The control system is completely autonomous, so the crew is not required to do any extra task. 

The functioning of the control system is quite easy, but it is completely effective. In fact, it is 

one of the most important parts of the system because it determines in which position must 

be orientated the wingsail in order to obtain the maximum propulsion power. As it has been 

explained previously, for every β (this means, every wind direction condition) there is an angle 

of attack α that maximises the DF. So the system must deduce which direction the wind comes 

from. An anemometer is in charge for that.  

The apparent wind velocity and its direction is obtained so the wingsails can be orientated 

towards the right position, because the system already knows which α is the most optimal for 

this situation.  The hydraulic motor is connected to the control system and abides the order 

from the controller, moving the wingsail.  

There are also safety parameters with determined values to fold the wingsail when necessary, 

to avoid damages and risks. The control system operates with a PLC (Programmable Logic 

Controller). The wingsail have two main states (folded or unfolded), apart from the concrete 

orientation. All the folding and unfolding actions, as well as the rotation movements, are 

completely automatic although the control system also has a manual mode.  

 

Which is the range of angles that a wingsail can cover?  

They can rotate 360º. 

 

Are all wingsails of the same ship completely alike? 

Vessels with wingsails can have one, two, three or even more wingsails. Generally, they may 

be all completely alike. The same happens with rotors, a vessel can have one or more rotors 

and generally they are alike (same height, same diameter, etc.). However, it has not to be 

always like that. They may be different, basically for visibility reasons. There exist SOLAS 

(Safety Of Life At Sea) normative relative to the visibility that there must be from the bridge of 

the vessel. New technologies must be adapted to the regulations of the SOLAS and other 

conventions.  



Annexes 

 

207 
 

If all wingsails are completely alike or not, the quantity of wingsails, their position and their 

size, etc., depend, among other factors, on: 

- The deck’s plan (hatches, pipes, cranes, etc.).  

- Vessel’s propulsion requirements. 

- The Regulation 22 of the SOLAS Chapter V, ‘Navigation Bridge Visibility’. 

 

What is the expected fuel saving? 

Commercially, almost all wind-assisted technologies manufacturers give their expected fuel 

savings in percentages. But there is no point in giving information in percentages since any 

wingsail, kite or rotor provides of a power that depends only on itself and not on the ship. The 

percentage of fuel saving do depends on the ship but not the absolute value of the thrust 

generated.  

For example, a Flettner rotor (or a wingsail, or a kite) genereates the same thrust being 

installed in a little boat or being installed in a ULCC if the rotor is the same, so giving a 

percentage of the saved fuel is not in fact very descriptive of the performance of the 

technology, since it depends more on the specific fuel consumption of the engine than on the 

wind-assised techonology.  

The fuel savings should be given in absolute value for every ship case, once the characteristics 

of the engine and the vessel are known.  

The interest in wind power technologies is increasing in the maritime transport, and when a 

ship-owner has to decide which technology install aboard, there are two main economic 

aspects that are taken into account: 

- Payback under five years. 

- Non extra dry dock entrances due to the wind technology installed.  

Naval companies now compete and try to save money and being efficient by reducing fuel 

consumption, in order to comply with all limits and regulations. Because of this, wind power 

technologies appear as an outstanding and helpful way to comply with regulations and being 

competitive, since these technologies represent fuel savings that lead to an emissions 

reduction which complies with IMO’s regulations.  

In other words, due to the IMO’s regulation that limit the emissions of CO2, CO2e and SOX, all 

ships are being forced to use the same kind of fuels, so the fuel costs per tonne is almost the 

same in all ships.  

This means that the wat that naval companies have to compete now is reducing fuel 

consumption. In this situation, this is where wind power technologies straighten up in the 

maritime transport. 
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Which may be the benefits and advantages of this system respect other wind-assisted 

propulsion systems? 

One feature of the wingsails is that they are foldable. This fact solves all the problems related 

to risks in case of storm, problems related to stability matters, visibility, etc. It can be seen as a 

disadvantage if the mechanism that propels the ship is not foldable to reduce its exposed area 

and its height in case of harsh weather and at port operations, as it happens in Flettner rotors. 

So it is an advantage that wingsails are foldable.  

 

 

Figure A4: Wingsail vs Flettner rotor size comparison (Source: [36] Not public) 

 

Other advantages are the following: 

- Simplified operation of the system (completely autonomous). 

- There is no need to deliver them energy (as there is a need of electrical energy to spin 

a Flettner rotor, for example).  

- Wingsails require of less structural reinforcements.  

- They are foldable so they can almost ‘disappear’ in case of storm or in dangerous 

situations.  

- They have a notable area to generate thrust. 

- There have not almost vibrations.  

- They are notably light. 

- Competitive materials and manufacturing costs. 
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One fact that can be considered as a disadvantage for wingsails is the fact that they have 

relatively little lift coefficients, when compared with Flettner rotors. Lift and drag coefficients 

of the wingsails have typical values of about 1-1.5 and 0.02-0.1 respectively, while lift and drag 

coefficients of a Flettner rotor are much bigger, having typical values of about 8-9 and 3-4 

respectively. So, a priori, rotors can generate much more thrust than wingsails. However, 

according to lift and drag forces formulas, these forces are proportional to their respectively 

coefficient but are also proportional to the surface. And a wingsail has got much more surface 

than a Flettner rotor. A rotor with the same surface of a wingsail would be too much high or 

too much width. This would mean: 

- Stability-related problems because the centre of gravity of the ship would lift due to 

the notable height of such a big rotor.  

- Difficulties in the installation, because the rotor should be attached on the deck in 

such a way that having such a tall rotor on the deck during storms would not represent 

a risk.  

- Increased power requirements to spin the rotor. 

 

What is the idea of the floating power plant?  

Environmental problems are undeniable and the future of the energy generation is clearly 

turning into a more efficient and less polluting path. There is a need of generating energy in 

greener ways and the interest in that does not only exist from an ecologist point of view, but 

also in an economic and social one.  

Energy from hydrogen is one way of transforming the energy industry. Bound4Blue has 

developed and patented a system to generate energy in a green way, using the wingsails 

technology. So the wingsails can be used not only as propellers but also as energy sources. The 

system only uses renewable sources and it consists on a ship that uses wind propulsion to 

generate hydrogen while sailing. The system does not require fixed infrastructures, so it does 

not generate any visual impact, and it produces energy at a lower cost compared to current 

production methods. 

The system operation can be explained in five main stages: 

1. The ship leaves the port and navigates towards a high-wind area.  

2. The vessel is propelled with wingsails technology, so there are no pollutant emissions. 

During navigation, the vessel sails only thanks to the wind.  

3. While the vessel is navigating, energy is being generated thanks to submerged turbines 

that are located under the vessel. This turbines work thanks to the relative speed 

between the ship and the sea. This relative speed appears due to the propelling forces 

of the wingsails.  

4. The energy produced by the turbines is used to produce hydrogen through electrolysis. 

The hydrogen obtained is stored on board in multiple tanks. Oxygen is also obtained in 

this stage. Hydrogen and oxygen are stored in high pressure tanks.  
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5. When the tanks have reached their maximum capacity of energy storage, the vessel 

sails back to port to unload the hydrogen generated, unloading the tanks. Then, the 

process starts again.  

Storing hydrogen in the high pressure tanks is a better way of taken advantage of the wind 

power rather than storing electric energy in batteries, because there can be more energy 

stored in pressure tanks than in batteries. Hydrogen can be used for fuel cells or other fuel 

uses. Furthermore, oxygen can be also be commercialised. For example, it can be used for 

medical purposes.  

 

 

Rubí, 7th January 2020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


