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Abstract 

Title of Dissertation:  Application of wind propulsion in the existing fleet on the 

Caspian Sea using real wind data   

Degree:   Master of Science 

 

This research assesses the propulsive power contribution of Flettner rotor and 

Wing sail technologies when used on an RO-PAX ferry operating in the Caspian Sea. 

The evaluation was conducted using a mathematical model calculating the forces 

produced by Wing Sail and Flettner rotor propulsion systems. 

In order to address global climate change issues brought on by greenhouse gas 

emissions from the burning of fossil fuels, research will give solutions using renewable 

energy sources. In addition, will consider installing wind energy on board ships or 

explore the implementation of wind power energy and identify the most efficient 

technique for generating maximum power. First, the model calculated the optimum 

rigid wing sail angles under various wind conditions. Second, the model calculated the 

thrust force and power contribution of the Wing sail and Flettner rotor during selected 

months and days. The model was applied using real wind data for a specific region 

(Caspian Sea) in a selected route, from Baku Port to Kurik Port. Maximum thrust 

results were obtained in July for the Wing Sail, whilst the Flettner rotor generated 

higher values compared to the Wing Sail in October. While analysing and calculating 

the power generation of the Flettner rotor, the maximum value for the spin ratio of the 

rotors was limited to 2. Based on power values, total energy calculations with and 

without wind-assisted propulsion were conducted. Fuel savings for the Flettner rotor 

were found to be around 4-5% in October, however, average fuel savings were about 

2% per year. Accordingly, 7.8 tons of CO2 can be saved per year.  

 

The cost-benefit assessments have shown that the implementation of these new 

technologies on the selected ferry is contingent upon many factors specific to the area 

and the chosen route. In addition, the sail angle optimization model may serve as a 

valuable tool for both design and operational purposes.  

 

Keywords: Optimisation, Rigid wing sail, Flettner rotor, Wind power, spin ratio, 

Fuel/CO2 savings, Cost-benefit analyses. 
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Chapter 1 INTRODUCTION 

 

 

 

Chapter 1.1 Background  

 

The greenhouse effect is a result of greenhouse gases (GHGs) in the atmosphere 

preventing infrared radiation from escaping into space. The result of the artificial 

addition of greenhouse gases since the start of the industrial age (UNFCCC, 2001) is 

global warming, which produces numerous sorts of climatic changes on the earth's 

surface. These GHGs include carbon dioxide (CO2), methane (CH4), nitrous oxide 

(N2O), and fluorinated gases.  

The use of fuel oil in the production of in the energy and transportation sectors, is 

a significant contributor to global GHG emissions. Road transportation is one the 

important sources of GHGs in the transportation sector, according to the International 

Maritime Organization (IMO), the projected contribution of international shipping to 

global greenhouse gas (GHG) emissions is at 2.89%, in its Fourth GHG study (IMO, 

2020). In addition, as per the Fourth IMO GHG Study, there was a 9.6% increase in 

the total greenhouse gas (GHG) emissions of international, domestic, and fisheries 

shipping, rising from 977 million tonnes in 2012 to 1,076 million tonnes in 2018 (IMO, 

2020). The emissions in question include carbon dioxide (CO2), methane (CH4), and 

nitrous oxide (N2O), and are quantified in terms of carbon dioxide equivalent (CO2e). 

There was a notable rise in carbon dioxide (CO2) emissions, with levels escalating 

from 962 million tonnes in 2012 to 1,056 million tonnes in 2018, representing a 9.3% 

surge (IMO, 2020). As a result, worldwide shipping's share of GHG emissions grew 

from 2.76% to 2.89%. To address the issue of climate change and align with the United 

Nations' sustainable development goal 13, the International Maritime Organization 

(IMO, 2023) has established ambitious targets. These targets aim to decrease 

greenhouse gas (GHG) emissions by a minimum of 20% and aim for a 30% reduction 
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by 2030. Furthermore, the IMO aims to achieve a reduction of at least 70% and strive 

for an 80% reduction by 2040, in comparison to the emissions recorded in 2008 and 

achieve a state of net-zero GHG emissions by approximately 2050. 

The replacement of these conventional fuels with alternative clean energy sources 

has been acknowledged as an essential worldwide issue given that shipping heavily 

depends on fossil fuel combustion, which considerably contributes to air pollution 

(IMO, 2018a). Many studies and a number of scholars have concentrated on the 

application of renewable energy systems (RESs) and energy storage systems for ships, 

and have proposed various alternatives to fossil fuels. Since many alternative fuels 

have a low flashpoint, safety concerns related to storage and onboard use must be taken 

into consideration, such as hydrogen's strong flammability or ammonia's toxicity 

(Marketa, 2020). In addition, a life cycle analysis of the fuel should be taken into 

account when comparing the costs and environmental advantages of various fuels.  

On the other hand, technologies based on renewable energy offer enticing 

alternatives for achieving the marine industry's zero-emission goal. Over the course of 

the last 150 years, there have been significant transformations in the propulsion energy 

sources used by ships. Notable shifts include the transition from sail power, which 

relied on renewable energy, to the utilisation of coal, heavy fuel oil (HFO), and marine 

diesel oil (NFNR Alkhaledi et al., 2023). The reason why is because wind-assisted 

propulsion is one of the few ship technologies that offer double-digit fuel and 

emissions reductions, Wind-Assisted Ship Propulsion (WASP) is a potential option 

and is anticipated to be a significant source of renewable energy for the shipping sector 

in the future. To harness the power of the wind and produce forward force, equipment 

like rotor sails, wing sails, or soft sails are used in wind propulsion. A readily available 

and sustainable energy source at sea, wind power may directly power ships without 

losing any energy (Konstantinos, 2020). Different wind propulsion systems, 

commonly referred to as wind-assisted propulsion, can be retrofitted to current ships 

as an additional power source (Konstantinos, 2020). In order to enhance fuel 

efficiency, optimise the thermal efficiency of the primary propulsion system, and align 

with forthcoming zero-emission objectives in the maritime sector, the integration of 
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renewable energy technologies as auxiliary propulsion systems may offer a viable 

pathway towards sustainability across diverse ship categories within the marine 

industry (NFNR Alkhaledi et al., 2023). 

In order to achieve better sustainable future shipping, comply with new 

regulations, to solve above mentioned issues, this thesis is mainly focused on 

implementation renewable energy sources, especially retrofitting to existing vessel 

which will be determine propulsive power contribution from wind technology on the 

selected route (from Baku Port to Kurik Port) in the Caspian region. Implementation 

of this technology will help to reduce fuel consumption and GHG emissions.  

 

Chapter 1.2 Problem statement/motivation   

 

The current use of fossil by society has a number of negative effects. These include 

the threats of air pollution, acid rain, and resource depletion. This succinct introduction 

focuses on one of these issues: global climate change brought on by greenhouse gas 

emissions from the burning of fossil fuels.  

Technologies that increase the energy efficiency of systems using conventional, 

non-renewable energy sources are also a part of renewable energy and sustainable 

energy systems. Energy demand growth will be slowed down, the usage of fossil fuels 

will be drastically reduced, and pollutant emissions will be decreased through 

increasing the effectiveness of energy systems or creating cleaner and more efficient 

energy systems (Climate change 2007: Synthesis report; an assessment of the 

intergovernmental panel on climate change, 2008).  

To address these issues, this research will give solutions using renewable energy 

sources. Also, will consider installing wind energy on board ships, or to explore the 

implementation of wind power energy and identify the most efficient technique for 

generating maximum power. Therefore, using renewable energy sources will help to 

improve energy efficiency, in addition, it aids in the reduction of fuel use while 

simultaneously decreasing operational expenses.   
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Chapter 1.3 Aim and objectives 

 

The aim of this study is to investigate the possible contribution of implementation 

of wind propulsion technologies (Flettner rotor and Wing sail) on the RO-RO 

Passenger ferry in the Caspian region. The study will achieve the following objectives:  

➢ Compare different renewable energy technologies for their suitability on 

various types of vessels, especially Ro-pax, to achieve energy efficiency and 

the possibility of reducing carbon emissions,  

➢ Calculate and determine the effective power of FRs and wing sails on vessels 

in this region. 

➢ To determine fuel saving and CO2 emission reduction. 

➢ To evaluate economic aspects in order to implement these technologies. 

 

Chapter 1.4 Research questions 

 

➢ What kind of technology is available to use on-board ships? 

➢ What are the possible contributions of Flettner rotor (FR) systems and Wing 

sails to the propulsion power of Roll-on/Roll-off Passenger (Ro-Pax) vessels? 

➢ How much fuel can be saved and CO2 emission be reduced?  

➢ What are the costs associated?  

 

Chapter 1.5 Research limitations 

 

The below mentioned the limitations of this study:  

➢ The comprehensive evaluation of the socio-economic effects resulting from the 

application of these technologies has not been conducted. 

➢ For the different months and days, one route was selected: From Baku Port to 

Kurik Port 
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➢ The selected days from various months for analysing was from AIS data 

provider (Marine Traffic), so, the vessel did voyages from Baku Port to Kurik 

Port only those days in selected months. 

For the simplifications:  

➢ For the retrofitting of wind technologies, it was assumed that the vessel going 

without any drift. It means there was no consideration about any 

hydrodynamics effects. 

➢ In the context of retrofitting possibilities, it is believed that the weight of the 

Wing sail and FR (Flettner rotor) does not affect the stability of the vessel or 

its wetted surface area. Consequently, any resulting changes in total ship 

resistance may be considered minimal. 

➢ For the simplification, ship heading is equal to ship course. It is not realistic, 

but for the first generation it is a reasonable simplification. 
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Chapter 2 LITERATURE REVIEW 

 

 

 

 Chapter 2.1 Chapter overview 

 

This chapter mainly focuses on various wind assisted ship propulsion 

technologies, specially FRs and wing sails, their contribution to emission savings and 

reduction of the fuel consumption. Along with the key research on this technology, 

several contributions from various bodies of literature have been evaluated. 

These new and current ships may become more energy efficient and depend 

less on fossil fuels by utilising a variety of technology (Delft & Fraunhofer, 2016). We 

can divide energy efficiency measures into two categories: technological procedures 

that reduce energy use by making design changes and operational strategies that 

modify how ships are utilized in order to use less energy. In addition to this, economic 

measures are another type, which are considered to be mid-term measures and are due 

to be evaluated and adopted by IMO in the coming years. 

 Renewable energy technologies present themselves as appealing alternatives 

for attaining the objective of zero emissions within the maritime industry. Therefore, 

there is a collective global endeavour to advance the utilisation of sustainable 

renewable energy as a means of propelling ships. Furthermore, the utilisation of 

renewable energy technologies as an adjunctive propulsion system for maritime 

vessels has the potential to serve as a viable remedy for mitigating the adverse 

consequences associated with the consumption of fossil fuels and the resultant 

emissions (Carlton et al., 2013). Renewable energy sources are both the most 

traditional and cutting-edge kinds of energy that civilization uses today. Alternative 
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ship propulsion system designs must be developed and evaluated for performance and 

environmental impact in order to meet maritime emission reduction targets. 

 

Chapter 2.2 Wind propulsion concepts 

 

The wind energy industry grew as other technologies did, and researchers 

worked to provide effective ways to utilise wind energy. Wind propulsion methods are 

either in the early stages of development or have only been adopted by a few customers 

on a very modest scale, despite their promise to reduce fuel use and consequently lower 

GHG emissions from shipping. By using the wind energy source directly and 

physically converting it to propulsion, wind propulsion eliminates any energy 

conversion issues and delivers an efficient energy alternative that is compatible with 

all other energy sources selected (MEPC 79-INF.21). Over other forms of GHG 

mitigation, wind propulsion offers a number of notable advantages. In order to fulfil 

the carbon budgets required by the Paris Agreement, the sector must first quickly 

reduce emissions by using short-term carbon reduction strategies (Bullock et al., 

2020). Action must be taken right now that uses refit technologies to target current 

ships. Both of these requirements are met by wind propulsion, which is now in use on 

some fleet boats that have retrofitted wind propulsion systems (Mason, 2021). Wind 

propulsion is considered to be one of the limited numbers of effective GHG mitigation 

options capable of reducing carbon dioxide emissions, as well as other pollutants such 

as SOx and NOx (Bows-Larkin et al., 2014). People who work in the shipping business 

are once again paying attention to wind propulsion technology as a result of pressure 

from international environmental policies. The sails lower the main engine's required 

power to maintain the same speed, hence reducing fuel consumption and carbon 

emissions (Mason, 2021) (Figure 1). The principal advantages of utilising wind energy 

on ships are, in essence, the same as those of using wind energy generally, decrease in 

the utilisation of traditional energy sources and the subsequent reduction in the release 

of hazardous gases (Wang et al., 2022). The optimization results indicate that the 

implementation of renewable energy systems on a ship may result in a significant 
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reduction of 36% in CO2 emissions, in comparison to a ship that operates without such 

systems (NFNR Alkhaledi et al., 2023). According to the Fourth IMO GHG Study 

(IMO, 2020), the conventional fuel price of 375 USD can result in a CO2 emission 

reduction of 36% through the implementation of cost-effective technologies. In the 

event that the price increases to 750 USD, a higher reduction of 80% in CO2 emissions 

can be achieved through the same cost-effective technologies. Conversely, if the price 

decreases to 188 USD, a lower reduction of 25% in CO2 emissions can be attained 

through the utilisation of cost-effective technologies. In the year 2050, the cost-

effective reduction of carbon dioxide (CO2) emissions constitutes 13% of the total, 

with a price of 375 USD for conventional fuel. A decrease of 26% in CO2 emissions 

may be achieved by the use of cost-effective solutions, given a budget of 750 USD. 

Especially CO2 abatement potential for wind power can be achieved around 1% for 

2030 and approximately 2% for 2050. According to the 2023 GHG Strategy, a basket 

of candidate measure(s) that are capable of delivering on the reduction objectives 

should be created, and an economic element, on the basis of a marine GHG emissions 

pricing system, should be finalized as part of this process (IMO, 2023). In the future 

there most likely will be a price on carbon emission.  

Wind propulsion technologies, also known as WPTs, provide a potential 

technological solution for reducing carbon emissions in the shipping industry. These 

technologies may be used alongside battery-powered or fossil fuel propulsion systems 

as an additional means of propulsion (Thies & Ringsberg, 2022). The proportion of 

vessels constructed during the period of 2010 to 2014 amounts to 29% of the total 

tonnage of the worldwide fleet. This signifies a significant market opportunity for 

implementing energy-efficient technology, such as wind-assisted propulsion or other 

forms of energy conversion, via retrofitting (Clarksons Research, 2022a). The use of 

wind as an energy source may be seen as both free and renewable due to its little 

frictional resistance in open seas as opposed to land. Consequently, wind exhibits a 

competitive advantage over other developing cleaner propulsion technologies in the 

shipping industry (Talluri et al., 2018). Numerous contemporary wind propulsion 

technologies are now being designed and refined, primarily with the objective of 

https://www.sciencedirect.com/science/article/pii/S0040162523002445?via%3Dihub#b55
https://www.sciencedirect.com/science/article/pii/S0040162523002445?via%3Dihub#b15
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mitigating fuel consumption and minimizing emissions of air pollutants (Ballini et al., 

2017). These technologies can be used either optimized with the combination with the 

primary engine or primary source of the propulsion where conventional engines are 

used only in exceptional.   

The estimated power savings may then be securely turned into emissions 

reductions, and the economic impact can be measured, using reliable wind data. In 

order to evaluate the return on investment for wind-assisted ships, this is an essential 

financial factor. Although their volatility is unexpected, oil prices are known to have 

an impact on interest in more sustainable propulsion solutions (Khan et al., 2021).  

 

Figure 1  

Effects of design technologies on GHG savings 

 

Note. From “A review of wind-assisted ship propulsion for sustainable commercial 

shipping: latest developments and future stakes” by Khan, L., Macklin, J., Peck, B., 

Morton, O., & Souppez, J. B. R, Proceedings of the Wind Propulsion Conference 

2021, Royal Institution of Naval Architects  

(https://research.aston.ac.uk/en/publications/a-review-of-wind-assisted-ship-

propulsion-for-sustainable-commerc). Copyright 2021 by The Authors. 

https://research.aston.ac.uk/en/publications/a-review-of-wind-assisted-ship-propulsion-for-sustainable-commerc
https://research.aston.ac.uk/en/publications/a-review-of-wind-assisted-ship-propulsion-for-sustainable-commerc
https://research.aston.ac.uk/en/publications/a-review-of-wind-assisted-ship-propulsion-for-sustainable-commerc
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In general, the six major kinds of wind propulsion technology for ships are: rigid 

sails/wing sails, turbo sail/suction wings, soft sails, towing kites, Flettner rotors, and 

wind turbines (Figure 2). Among these technologies, Flettner rotors and wing sails are 

more common and effective technologies. In this research Flettner rotor and Wing sail 

will be discussed and analysed based on weather conditions and specific route for the 

performance of the wind assisted propulsion.  

 

Figure 2  

Various Wind Assisted Propulsion Technologies 

 

Note. From “The role of technology in green ship design” by Hirdaris, S., & Fai, C, 

11th International Marine Design Conference (volume 1, p 11-14), 2012, IMDC2012 

Secretariat Department of Naval Architecture and Marine Engineering University of 

Strathclyde (http://doi.org/10.13140/RG.2.1.4242.0564). Copyright 2012 by Spyros 

E. Hirdaris. 

 

Chapter 2.2.1 Rigid sails/Wing sails 

 

Aerodynamically, rigid wing sails are aerofoils that resemble the wings of an 

aeroplane. Their vertical orientation and capacity to provide lift on either side are their 

key differences. As a sailboat must tack while following the wind, this final quality is 

essential. This is why rigid wing sails typically have symmetric NACA profiles. 

http://dx.doi.org/10.13140/RG.2.1.4242.0564
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Increasing the aerofoil’s effective camber allows trailing-edge flaps to provide more 

lift. Although employing trailing-edge flaps results in a larger maximum lift 

coefficient, the stall angle is decreased. The most popular trailing-edge devices used 

today in the maritime industry are simple flaps and slotted flaps (Reche-Vilanova et 

al., 2021). As mentioned before, two (2) types of sails can be used in the maritime 

industry. However, it has been demonstrated that rigid sails and wings provide higher 

lift coefficients than soft sails (Khan et al., 2021).  Numerous properties of rigid wing 

sails make them an ideal option for wind-assisted propulsion. The shape of rigid wing 

sails offers better lift-to-drag ratio than conventional soft sails, enabling high 

performance sailing ships to cruise at previously unheard-of speeds. Its interior 

construction provides the aerofoil a consistent form that is independent of the tension 

in the lines, unlike traditional sails. This makes it considerably simpler and more exact 

to determine the ideal trim (the angle of attack can be modified rapidly and simply 

given wind conditions). After installing these devices, no personnel augmentation is 

necessary, and crew safety is always maintained. Commercial ship modified with rigid 

wing sails in a trial showed considerable fuel savings of 15% to 25% (Reche, 2020).  

The use of the wing sail device on a ship has the potential to decrease fuel consumption 

and CO2 emissions by around 10-20%, contingent upon factors like as the sailing area, 

speed, and size of the vessel. Importantly, this reduction may be achieved without 

compromising the ship's speed (Wang et al., 2022).  

 

Chapter 2.2.2 Flettner rotor   

 

Flettner rotors are rotating cylinders that can provide fluid dynamic lift by 

employing the Magnus effect when submerged in a fluid stream. The German engineer 

Anton Flettner, who examined the efficiency of spinning cylinders as a ship's 

propulsion system in the 1920s, is credited with the invention of this concept (De 

Marco et al., 2016) (Figure 3).  
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Figure 3  

The Magnus effect on the Flettner rotor 

 

Note. From Wind Propulsion Principles (p. 27) by Konstantinos M. Fakiolas, 2020. 

Copyright 2020 by Konstantinos Fakiolas. 

 

 Similar to aeroplane wings, Flettner rotors provide lift, but the lift is much greater 

than it would be for a fixed sail with a similar geometry because of the rotor's rapid 

rotational speed. There develops a thin boundary layer surrounding the rotor as it 

rotates. This layer of air follows the cylinder's revolving surface; as a result, on one 

side, it flows against the wind's direction, slowing it down, while on the other side, the 

wind flow is simultaneously accelerating the rotor. Similar to the Bernoulli principle, 

this causes a pressure difference that causes a force to flow perpendicular to the wind 

from a place of high pressure (low relative air flow) to a region of lower pressure (high 

relative air flow) (Konstantinos, 2020) (Figure 4). Since the top pressure is greater than 

the bottom pressure, an upward lift force is produced.  
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Figure 4  

An image showing the Magnus effect that a spinning Flettner rotor produces 

 

Note. From “Rotor sail GHG reduction potential, modelling and sea trial validation” 

by Paakkari, V., Hurford, A., & Carddock, C, 5th Innov’Sail Conference, 2020. 

Copyright 2020 by The Authors  

 

The use of Flettner rotor technology for wind-assisted propulsion has considerable 

promise as a ship-assistance propulsion system, contributing to fuel conservation, 

enhanced thermal efficiency, and reduced emissions in the ship's primary power source 

(Talluri et al., 2018). Several previously finished research projects looked at designing 

and analysing Flettner rotors as a support marine propulsion system. Lu and Ringsberg 

(2019) compared the Flettner Rotor, a wind sail, and the DynaRig idea as three wind-

assisted ship propulsion systems for the Aframax Oil Tanker travelling between Gabon 

and Canada. According to this study, the type of ship, speed, route of the voyage, and 

weather have a big impact on how much fuel can be saved. Additionally, the Flettner 

rotor earned the highest significant fuel-saving percentage in contrast to the other 

technologies, according to the results conducted by Lu and Ringsberg (2019). In 2015, 
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two Norsepower rotors with dimensions of 18 m in height and 3 m in diameter were 

installed on a 9700 DWT Ro-Ro Carrier, which resulted in an annual 5% fuel savings. 

Using a numerical model, Traut et al. (2012) calculated that a 50,000 DWT bulk 

carrier outfitted with three Flettner rotors might save up to 16% of fuel travelling from 

Tubarao to Grimsby. After modelling additional routes for five case studies, Traut et 

al. (2014) discovered that the average wind power contribution was between 193 kW 

and 373 kW per rotor, which equates to 2%–24% fuel savings for a normal ship. For 

a 14,700 DWT chemical tanker, Pearson (2014) calculated up to 10% yearly fuel 

savings per rotor using a software model to analyse the viability of placing Flettner 

rotors on board ships. According to Talluri et al. (2018), rotor sails might save up to 

20% of fuel on commercial cargo ships when three rotors were deployed. 

 

Figure 5  

Rotor with end-plate 

 

Note. From Wind Propulsion Principles (p. 27) by Konstantinos M. Fakiolas, 2020. 

Copyright 2020 by Konstantinos Fakiolas. 
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These days, the FRs are used by a vast majority of ships powered by wind 

(Table 1). These FRs offer ships (both newly constructed and older ships through 

retrofitting options) a fantastic opportunity to comply with stricter environmental 

regulations. The ship experiences thrust and sideways forces as a result of the lift (L) 

and drag (D) forces produced by the FR as a result of pressure differences surrounding 

it. Depending on the spin ratio, the flow around a Flettner rotor can be either steady or 

unsteady, and the forces that arise are influenced by the aspect ratio and Reynolds 

number (Kramer et al., 2016).  

Table 1  

Adoptions of WASP technology 

 

Note. From New Wind Propulsion Technology: A Literature Review of Recent  

Adoptions, by C. Todd, V. Kosmas, K. Renken, M. Acciaro, 2020, WASP  

(https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-

WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf).Copyright 

2020 by WASP. 

https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf
https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf
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Chapter 2.2.3 Flettner rotor and Wing sail comparisons   

 

In research done by Kramer et al. (2016), a comparison was made between Flettner 

rotors (FRs) and Wing sails. Computational Fluid Dynamics (CFD) analysis has 

shown that the drift is influenced by many factors, including the specific characteristics 

of the sail, the hydrodynamics of the ship's hull, the sail control system used, and the 

presence or absence of retractable sails. Consequently, the extent of energy savings is 

contingent upon these aforementioned factors. The outcome revealed that, while 

exhibiting superior thrust output per unit area compared to sails, the FRs induced a 

greater amount of extra drift resistance, particularly in the non-retractable 

configuration, resulting in a diminished overall propulsive force. The research 

effectively elucidated the impact of drift on the efficacy of different technologies in 

ship propulsion. The fact that this technology takes up less space on deck than 

compared to other technologies is one of its benefits (Lu & Ringsberg, 2019) 

In recent decades, there has been a development of hybrid sail designs that include 

design aspects from both soft sails and rigid sails. Researchers at the National 

Maritime Research Institute (NMRI) in Tokyo, Japan have put up a suggested example 

of this particular form of sail. According to the findings of Fujiwara et al. (2003), the 

performance of the NMRI hybrid sail, as determined by wind tunnel tests and 

calculations, exhibited superior characteristics in terms of lift and drag when compared 

to both soft and rigid sails. Despite its potential, the NMRI hybrid sail has not been 

installed on any commercial vessel so far. The extent to which fuel consumption can 

be reduced through the implementation of rigid sails exhibits significant variation and 

is contingent upon several factors, such as the overall sail area, the specific type(s) of 

rigid sails employed, and the prevailing wind conditions experienced during voyages 

(Atkinson & Binns,2018b; Smith, Newton, Winn, &Rosa,2013; Smulders,1985; 

Viola, Sacher, Xu, & Wang,2015). The most reliable predictions might potentially be 

derived from the operating experiences of vessels equipped with JAMDA sails. 

According to Ouchi et al. (2011), the Shin Aitoku Maru has reportedly achieved an 

average fuel savings of about 10%. In relation to carbon dioxide (CO2) emissions, it 
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has been observed that a Roll-on/Roll-off (Ro-Ro) vessel with a deadweight tonnage 

(DWT) of 27,000, engaged in a trip between Rotterdam and New York at a speed of 

16 knots, would produce an estimated 77 tonnes of CO2 emissions every journey 

(Laboratory for Maritime Transport,2013). If a fuel efficiency improvement of 10% is 

assumed, it is estimated that this might result in a decrease of roughly 7.7 tonnes of 

carbon dioxide (CO2) emissions each journey. The extent of SOx and NOx emissions 

reduction would vary depending on the kind of fuel used. 

Due to the significant difference in lift coefficients between the Wing sails and the 

Flettner rotors, a direct comparison of the performance is challenging. According to 

Thies and Ringsberg (2022), the Wing sails feature a trapezoid planform with a span 

of 77 m and a chord length of 12 m at the base, whereas the Flettner rotors are only 5: 

30 m in size. Therefore, a single Wing sail can shade more than 40% of the deck 

area compared to a single Flettner rotor that may shade 20% or less. In addition, as a 

result of the tests of 2 types of wind technology (Flettner rotor and wing sails), the 

possible thrust coefficient and resulting needed sail area are two key differences 

between these sail types. In order to reach equal speeds throughout a range of 180 

degrees actual wind angles in full sailing mode, it was demonstrated that the Wing 

sails needed to be more than 3.5 times larger than the Flettner rotors. The Wing sails, 

however, turned out to be more effective in wind-assisted propulsion mode. When it 

comes to performance, the Flettner rotors are more effective in reaching and downwind 

circumstances, while the Wing sails are more advantageous in headwinds. The use of 

both sail types on the same ship was not investigated, but it may be highly intriguing 

for future projects (Thies & Ringsberg, 2023).  

When compared to the sail area, Flettner rotors produce enormous forces. A 

Flettner rotor can frequently produce substantially more thrust than a wing sail with 

an equal sail area, depending on the ship's speed and the wind direction. The side force 

to thrust ratio, on the other hand, is also higher, which implies that for a given amount 

of propulsion, the ship is also pushed laterally with a significantly greater force 

(Kramer et al., 2016). Kramer et al. (2016) analyzed 2 various sails, trust coefficient 

and side force to thrust ratio with different ships speed to wind speed ratios. The result 
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shows that since the wind velocity makes the thrust coefficient non-dimensional, an 

increase in ship speed can actually result in a greater thrust coefficient for the wing 

sail. The Flettner rotor, which has a lower lift-to-drag ratio, is an exception to this. For 

a given amount of thrust, the Flettner rotor typically has a much larger side force. 

Kramer et al. (2016) conducted a comparison study between FRs and sails that used 

CFD found that the drift relies on the type of sail, the ship's hull's hydrodynamics, the 

sail control system, and whether or not the sails are retractable. As a result, the energy 

savings rely on these aspects as well. The result was that, despite having better thrust 

generation per unit area than sails, the FRs caused more additional drift resistance, 

especially in the non-retractable design, and ultimately delivered less effective 

propulsive force. The effects of drift on the contribution of various technologies to 

ship propulsion were clearly highlighted in this study. 

 

Chapter 2.2.4 Fuel savings calculations on routes   

 

The quantity of fuel that can be saved is the main topic of the articles and claims 

made by WASP technology developers. This serves the interests of shipowners and 

operators. Ship owners that have already embraced WASP technology made the 

significance of a genuine economic return on their investment very evident, as was 

shown at the GST 2020 Wind Propulsion Forum in Copenhagen. In other words, given 

the capital expenditure needed and operational risks involved, such as technological 

uncertainties, counterpart concerns, and port operations, pollution reduction alone is 

unlikely to persuade ship owners and justify an investment in WASP technology. To 

ensure that the potential financial upside outweighs the expenses and dangers, an 

economic case must be produced (Chou et al., 2020).  

To determine the effect of wind propulsion on current routes, three main 

approaches are utilized in the literature: (i) a Great Circle Route (GCR) computation; 

(ii) using noon report data; and (iii) using an automated identification system (AIS) 

data. Each approach has one main thing in common. Studies use weather data to 

determine the power contribution of the sail at each waypoint, and they then determine 
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the total power and cumulative fuel used along the entire voyage (Mason, 2021). Real-

world shipping data, or noon report data, is gathered on board each vessel once every 

24 hours. Numerous important performance indicators are included in this data, 

including the location, time, average speed, and weather (Aldous et al., 2013).  

Although the data can be used in many other research, studies on ship routing with 

wind assistance also use the data. According to Noon report data, some studies have 

been conducted in the literature along various routes. For example, Lu and Ringsberg 

(2019) used this information to determine the effectiveness of wind propulsion 

technology along two distinct routes: from the Netherlands to Brazil and from Canada 

to Gabon. The findings indicate that all three sail technologies (Flettner rotor, DynaRig 

and Wing sails) help reduce fuel consumption from 5.6% to 8.9%. On the examined 

itineraries, the Flettner rotor reduced fuel consumption the highest while utilizing the 

smallest sail area.  Howett et al. (2015) also conducted studies along other different 

routes to determine the effectiveness of wind propulsion. Important essential 

performance measures of the ship's operation are described in the AIS data. For wind 

assisted vessels, this information is also utilized to compute the effectiveness of the 

wind propulsion. Comer et al. (2019) study involved calculating the Flettner rotors' 

influence using meteorological and AIS data. Delft & Fraunhofer (2016) conducted 

yet another study evaluating the effect of wind propulsion on particular routes. This 

method has benefits since it takes into consideration actual shipping activity, which 

improves the results' accuracy. The research' findings repeatedly shown that WASP 

technologies have the ability to significantly reduce fuel use on board ships under a 

variety of circumstances, as shown in Tables 2 and 3. It's vital to keep in mind that 

various studies use different factors in their models for things like technology 

specification (e.g., quantity, dimensions, technical specifications), ships (e.g., kind and 

size of the ships, speed), wind conditions, and routes. The table seeks to list research 

conducted on typical commercial ships, which account for the vast bulk of tonnage 

globally (Chou et al., 2020).  
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Table 2  

Flettner rotors fuel savings review 

 

Note. From New Wind Propulsion Technology: A Literature Review of Recent  

Adoptions, by C. Todd, V. Kosmas, K. Renken, M. Acciaro, 2020, WASP  

(https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-

WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf).Copyright 

2020 by WASP. 

 

https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf
https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf
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Table 3  

Wing sails fuel savings review 

  

Note. From New Wind Propulsion Technology: A Literature Review of Recent  

Adoptions, by C. Todd, V. Kosmas, K. Renken, M. Acciaro, 2020, WASP  

(https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-

WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf).Copyright 

2020 by WASP. 

 

As per above discussion, based on literature review, it shows that, there are not 

many research has been done based on real weather condition, specific route. Most of 

the research conducted numerical, experimental or CFD analyses. In addition, for 

specific region it is hardly to see such analyses. In order to examine and analyze with 

specific route, in specific region (Caspian Sea) based on real wind conditions and 

vessel coordinates in the selected route have been conducted in this research. From the 

next chapter, in Chapter 3 all the information about the analyze, calculations will be 

given. In Chapter 4, results and discussion will be mentioned.  

 

 

 

https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf
https://vb.northsearegion.eu/public/files/repository/20210111083115_WASP-WP4.D5B-NewWPTALiteratureReviewofRecentAdoptions-Final.pdf
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Chapter 3 RESEARCH METHODOLOGY 
 

 

 Chapter 3.1 Chapter overview 

 

The methodology consists of calculation of sail optimization model and 

effective power of the wind assisted propulsion technology in Caspian Sea region with 

the use of real wind data order to accomplish the objectives of this study. The sail 

optimization model done based on the previous work by Nyanya and Vu (2019). In 

order to calculate the power contribution, created a computer program that can 

forecast, assess, and compare the performance of wind-assisted cargo ships using two 

types of WASPS: rigid wing sails and Flettner rotor sails. In order to determine results 

and to achieve the aim, a mathematical model was implemented using the 3.11 version 

of the Python programming language and the Microsoft Excel software packages. The 

third chapter is divided into two main sections, for each WASP model.  

 

Chapter 3.2 Wing sails. Sail optimisation model 

 

A sailing ship uses the wind's force in relation to the motion of its sails to 

generate propulsion power. The apparent wind speed is the wind velocity that is 

blowing relative to the sails and is the consequence of the superposition of wind 

velocity and ship motion. It has a size and a direction, and when it hits the sail, it 

produces forces called lift and drag that are orthogonal to one another. The resultant 

force is the force produced by these two forces. The thrust force (Ft), which represents 

the total propulsive force component aligned with the ship's heading, is determined by 

multiplying this force with the angle formed between the resulting force and the ship's 

velocity. The suggested model computes the value of “Ft” by following a series of 

steps. 

Step 1: Angle between ship heading and wind velocity calculation 
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𝛼 = 𝑗. 𝐴𝑛𝑔𝑙𝑒𝑠𝑡𝑒𝑝.
𝜋

180
(𝑟𝑎𝑑)  … (1) 

where 𝛼 is the angle between ship heading and wind velocity, j.Anglestep is an 

increment of angle 𝛼 in radians.  

𝜃 = 𝑡𝑎𝑛−1(
𝑢∙sin 𝛼

𝑉𝑟𝑒𝑓+𝑢∙cos 𝛼
)(𝑟𝑎𝑑) … (2) 

where Vref represents the ship velocity in meters per second, 𝜃 is the angle between 

ship velocity and apparent wind speed and u represents the velocity of wind in m/s.  

Step 2: Apparent wind speed calculation 

𝑉𝐴 = √𝑉𝑟𝑒𝑓2 + 2𝑉𝑟𝑒𝑓𝑢 cos 𝜃 + 𝑢2 (m/s) … (3) 

where Vref represents the ship velocity in m/s, u represents the velocity of the wind in 

metres per second.  

Step 3: Calculation of Lift (L) and Drag (D) forces  

𝐿 =
1

2
∙ 𝜌 ∙ 𝐶𝐿 ∙ 𝐴 ∙ 𝑉𝐴

2  (𝑁)  … (4) 

𝐷 =
1

2
∙ 𝜌 ∙ 𝐶𝐷 ∙ 𝐴 ∙ 𝑉𝐴

2  (𝑁)  …. (5) 

where 𝜌  is the air density, CL, and CD are the lift and drag coefficients, respectively 

(Sheldahl & Klimas, 1981). The variable A denotes the surface area of the sail, 

whereas Va indicates the magnitude of the apparent wind speed. 

For 𝛽, it can be calculated using the trigonometric ratio tangent as D and L, which is 

always perpendicular to each other:  

𝛽 = 𝑡𝑎𝑛−1(
𝐷

𝐿
)  … (6) 

where L and D, are lift and drag force respectively.  

Calculation of angle between the resultant force and ship velocity (Gamma) 

𝛾 =
𝜋

2
− 𝜃 + 𝛽  (𝑟𝑎𝑑)     … (7) 

where 𝜃 the angle between the wind speed and the ship's velocity is, and the angle 

between the resulting force and lift force is 𝛽. 

For the resultant force calculation will be as below 

𝐹𝑟 = √𝐿2 + 𝐷2  (𝑁)      … (8) 

Total propulsive force will be calculated as below 

𝐹𝑡 =  𝐹𝑟 ∙ cos 𝛾  (𝑁)     … (9) 
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where Fr is resultant force, A is the area of the sail and 𝛾 angle between the resultant 

force and heading of the ship. 

The power output will be calculated as below 

𝑃 =  𝐹𝑡 ∙ 𝑉𝑟𝑒𝑓 (𝑊)    … (10) 

The optimal sail angle (φ) that generates the most thrust force is determined by 

iteratively repeating this procedure for all possible sail directions, with angle 

increments of 5 degrees. Subsequently, the sail angle that yields the highest thrust force 

is chosen as the ideal sail angle. 

 

Chapter 3.2.1 Definitions of variables 

 

During this stage, the initial values of variables were established. Table 4 

presents a comprehensive overview of the input variables utilised in the program, 

along with their corresponding definitions. 

 

Table 4  

Definition of the variables 
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Note. Created by Author 

 

Chapter 3.2.2 Explanation of the flow of the program 

 

The program started with inputting the constant values and dimensions. Then 

these variables will be inserted in the changing different loops.  

In the first loop in the program, “j”, (0, Anglemax/Anglestep), the wind 

direction values start to change from 0 to 355 degrees with the angle increment 

(Anglestep) 5, 72 different sail positions were produced inside the loop. After that, the 

variable j was used to calculate alpha (α) as shown in equation (1).  

After that, alpha was used for the next step, for the second loop. As shown in 

Appendix 1, loop 2 is inside loop 1. In this loop, wind speed “i” ranges from 1 to 25 

meters per second (m/s) with increment=1, from Vsstart to Vsmax. In this loop, there 

were 3 cases using the “if” condition in order to make the atan function (inverse 

tangent) applicable to all angles.  

- “If 1”: 𝑉𝑟𝑒𝑓 = −𝑢 ∗ cos 𝛼 then θ=π/2; 

- “If 2”: α<=(π/2) or α>=(3π/2) then 𝜃 = 𝑡𝑎𝑛−1(
𝑢∙sin 𝛼

𝑉𝑟𝑒𝑓+𝑢∙cos 𝛼
); 
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- “If 3”: α > (π/2) or α < (3π/2) then 𝜃 = 𝑡𝑎𝑛−1 (
𝑢∙sin 𝛼

𝑉𝑟𝑒𝑓+𝑢∙cos 𝛼
) + 𝜋 

Then the “θ” value will be used for the Apparent wind speed calculation as shown in 

equation (3). 

After the calculation of the apparent wind speed, the coming step is loop 3.  

The third loop was applied to determine the resulting thrust force, and the process was 

then repeated for each sail angle to determine which is the most advantageous for the 

sailing situation. The program then goes back to loop 2 to determine the new value of 

the wind speed after the third loop has finished. The third loop (loop 3) is inside loop 

2, which with the variable 'k' altering with each iteration, loop 3 calculates the sail 

angles for a full 360° rotation of the sail for each value of “i”. The value “k" is used in 

order to put the data from the "NACA0015.text" file, which is used in the "Input Data" 

phase, consisting of the angle of attack, coefficient of lift (CL), and coefficient of drag 

(CD). In this loop, Lift force and drag force will be calculated based on equations (4) 

and (5) respectively. In order to calculate the angle beta by evaluating various 

combinations of the lift force, drag force, and their relationships, “If” conditions were 

used in this loop. 

- “If 1”: L=0 then β=π/2 

- “If 2”: L < 0 then 𝛽 = 𝑡𝑎𝑛−1 (
𝐷

𝐿
) − 𝜋 

- “If 3”: L > 0 then 𝛽 = 𝑡𝑎𝑛−1 (
𝐷

𝐿
) 

As mentioned above, “If” conditions were used to determine the beta angle based 

on the relationship between the lift force and the drag force, considering various cases 

of their variables. It is necessary in order to handle accurately of the negative lift 

coefficient. This presumption, which was used to keep the model's complexity to a 

minimum, was that the ship had a highly effective keel that could keep it travelling in 

the intended direction despite the application of sideways forces. 

In the end, the program determined and selected the best angle of attack between 

the wind and the sail as well as the maximum value of the force from the wind 

(FthrustOptimum). After that, the force angle and sail angle were calculated.  
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The final procedure of the written program was to export the results into data files 

in text format and graphs. The graph is a polar graph which is illustrated to determine 

the optimum sail angle for a given wind speed and direction, by plotting various 

angles.  

The text files which will be shown in the program are shown below:  

- 'FthrustOptimum.txt' - Maximum force from wind (N) 

- 'optimumangledata.txt' - Best angle of attack between wind and sail 

- 'sailangle.txt' – Angle between the sail and the ship velocity 

- 'aparentwindangle.txt' – Angle between the apparent wind and the ship velocity. 

- 'gamma.txt' - Angle between the resultant force and the ship velocity. 

 

Chapter 3.3 Calculation of thrust force and power of Wing sail using real wind 

data 

 

In order to get actual vessel operation data, the program was run based on real 

weather conditions and vessel data. Using its cutting-edge forecasting systems, the 

European Centre for Medium-Range Weather Forecasting (ECMWF) continually 

reanalyses its historical meteorological observations. The most recent stage in this 

procedure is the ERA-INTERIM project, which offers a global library of atmospheric 

reanalysis data from 1979 to the present (Howett et al., 2015). The data is available in 

various formats, but for the purpose of this study, the computer program (Wind 

Propulsion Program) was run using 36 years' worth of wind speed and direction data 

at a 10m reference height in NetCDF (experimental) format: 10m u-component of 

wind (an eastward component of the 10m wind) and 10m v-component of wind (a 

northward component of the 10m wind) were used for analysing and calculation of the 

Thrust force and Power.  

We want to analyse during the voyage of the vessel from Baku Port to Kurik 

Port, what power can obtain from different wind speeds and wind angles and what is 

the reduction of fuel consumption and CO2 emission in the selected route.  
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First, constant variables were inputted, like constant vessel speed, area of the 

wing sail and others, in order to define the other variables that will be used in the 

calculation. As the vessel did its journey for different months, days and times, start 

time and end time were added from the AIS data provider (Marine Traffic). In order 

to calculate vessel location, the thrust force and power output for every 1-hour 

frequency during the voyage, “time_points” were defined. It will be used for the 

calculations of thrust force and power for different wind speeds and wind angles, as 

the computer program will run for many iterations. Then the coordinates for the start 

point Baku Port and end point Kurik Port were inputted. The next step was, with the 

use of AIS data (Marine Traffic), the coordinates of the vessel during the voyage were 

inputted. Based on these coordinates, then the ship heading was calculated. Next, the 

main loop “y” was created, which will run as a range of length of time_points (0, 

len(time_points)). Inside this loop, TWS (True wind speed) over the time during the 

voyage, the angle difference between ship heading and wind, based on above 

mentioned ship heading calculation and the angle between ship and apparent wind 

were calculated. Then in order to define the different u (an eastward component of the 

10m wind) and v (a northward component of the 10m wind) wind directions, need to 

have to put “if” statements and calculate the angle of the true wind (alpha). Inside this 

loop, another loop, a sail angle loop, “z”, was created in order to calculate lift force 

and drag force with the use of the above-mentioned equation (equations 4 and 5, in 

Chapter 3.2). The “z” loop runs in a range of 0 to datapoint. Datapoint shows the 

number of CL and CD coefficients for the “NACA0015” aerofoil. Based on those 

forces, the angle between the resultant force and lift force and the angle between the 

resultant force and ship velocity was calculated. This then will be used to calculate the 

resultant force (equation 8, in Chapter 3.2), thrust force to the vessel from wind 

(equation 9, in Chapter 3.2), optimum thrust force and power (equation 10, in Chapter 

3.2). After calculating the output power, the Energy was calculated with the use below 

formula: 

𝐸 =  𝑃 ∙ 3600 (𝐽)   … (11) 
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where P is the output power and the number 3600 illustrates the time, as energy 

calculates power multiplied by time.  

The results that will be discussed in Chapter 4 were generated with the use of 

Python software. All above-mentioned calculations in “Wind Propulsion Program” 

code were attached as Appendix 2. 

 

Chapter 3.3.1 Flettner Rotor 
 

The propulsive power produced by the FRs was computed using CL and CD data 

obtained from early experimental findings based on Jakob Ackeret's work (Pearson, 

2014), which was obtained from a different investigation. The decision to adopt the 

Ackeret results is based on two key factors: its widespread acceptance as high-quality 

data within the scientific community and its high-velocity ratio range (up to 8 when 

most of the sources are up to 4).  The data of CL and CD were extracted (into the Excel 

sheet) from the curves (Figure 6) in Pearson (2014) with the help of a digitization 

software tool (WebPlotDigitizer version 4.6) with step lengths of 0.05 for the SR. A 

script-based computer program (Python 3.11) was used to iteratively determine the 

propulsive power generated under various situations. Next, the difference in fuel usage 

between the ship without FRs and the ship with FRs was used to compute the reduction 

in CO2 emissions.  

Here, the SR was limited to a number of “2”, because higher SR could negate 

the benefits of the rotors due to the exponential growth in power needed to spin the 

rotors. 
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Figure 6  

Substitution of SR for CL and CD 

 

Note. From “The use of flettner rotors in efficient ship design”, by D. Pearson, 

Influence of EEDI on Ship Design (p. 162-196), 2014, ResearchGate  

(https://www.researchgate.net/publication/287081987). Copyright ResearchGate 

International Publishing. 

 

Figure 7  

Plan view of the Azerbaijan RO-PAX with the indication of the positions of FR 

 

Note. Created by Author 

https://www.researchgate.net/publication/287081987
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Figure 8  

Profile view of the Azerbaijan RO-PAX with the indication of the position of FR 

 

 

 

Note. Created by Author 

The figure below shows the simplified presentation of the different forces and 

parameters involved in various operations of FRs. In order for the ship's course and its 

velocity to be in sync, this figure makes the assumption that there is very little drift.  

 

Figure 9  

Various forces produced by FR 

 

Here, TWS: True Wind Speed 

𝑉𝑠: Ship velocity 
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𝑉𝑇: True wind speed (TWS) 

𝑉𝐴: Apparent wind speed 

𝑅: resultant of L and D 

𝛼: angle between the ship heading and AWS 

𝛽: angle between L and R 

𝛾: angle between R and ship heading  

𝜔: Spin velocity of FR  

 

Note. Created by Author 

 

All calculations mentioned in Chapter 3.3 and loops were done for the Flettner 

rotor as well. However, the only difference was in the second loop. The main variable, 

“z” will run in the range of 0 to datapoint, but the datapoint in this code was different 

compared to the wing sail one. The difference was that the number was 26 and it shows 

SR (spin ratio), CL (lift coefficient) and CD (drag coefficient) data obtained from early 

experimental findings based on Jakob Ackeret's work, as mentioned earlier. After 

calculating lift and drag force, further calculations, such as resultant force, thrust force, 

power and energy were the same as mentioned earlier in Chapter 3.3. For more details, 

the “Wind Propulsion Program” code is attached as Appendix 3. 

 

Chapter 3.4 Fuel savings calculation and cost analyses. 

 

The fuel savings were calculated for each voyage from different months and 

days considering the main engine fuel consumption with the constant speed without 

wind-assisted propulsion. Furthermore, the fuel consumption with wind-assisted 

propulsion was calculated and based on the difference fuel savings were identified. 

The analysis in order to determine cost-benefits, was conducted using the prevailing 

fuel oil prices and anticipated prices of the technologies based on information provided 

by suppliers.  
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Chapter 4 RESULTS AND DISCUSSION 

 

 

 

Chapter 4.1 Chapter overview 

 

In this chapter, results from the sail angle optimisation model for wing sail and 

the results from the “Wind Propulsion Program” were analysed and discussions were 

given. The calculations were done using all the equations that were given in Chapter 

3 and the “Wind Propulsion” program applied to the Ro-Pax ferry which was selected 

for the case study. The calculations were performed to determine the amount of 

effective wind power available from selected wind technology with the use of real 

wind data. This was accomplished using the outputs of the wind sail angle optimisation 

program's optimum force, which were then applied to the calculation for effective 

available propulsive power. 

 

Chapter 4.2 Outputs from Sail Angle Optimisation Model 

 

The program's results after three runs with three (3) cases of aerofoils are 

shown in this section: NACA0009 aerofoil, NACA0012 aerofoil and NACA0015 

aerofoil are shown. After running several times, the program, the force thrust of 3 

various aerofoils at wind speed 25m/s is analysed and shown in Figure 10. The figure 

shows that when comparing three different aerofoil designs, Aerofoil NACA 0015 

offers the greatest values for optimal force thrusts in the range of wind angles from 0 

to 75 degrees, from 80 to 110 degrees, and from 270 to 360 degrees. Furthermore, 

when calculating the Lift force, it is seen that the lift coefficient of the NACA0015 
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aerofoil exhibits higher values in comparison to other aerofoils. Based on the 

calculations and analyses conducted, the NACA0015 aerofoil has been selected for 

wing sail design for further examination and computation.   

 

Figure 10  

At a wind speed of 25 metres per second, the optimal force thrusts of three different 

aerofoils 

 

Note. Created by Author 

 

Chapter 4.2.1 Polar graphs of the NACA0015 aerofoil at wind speed 25m/s 

 

The ideal sail angles were found when the "Sail Optimisation Model" programme 

was run on the aerofoil NACA - 0015 at a wind speed of 25 m/s. There are 4 coloured 

lines in the following polar graphs (Figure 11). The full code of the “Sail angle 

optimisation model” is provided in Appendix 1.   

- Black line represents Wind direction 

- Green line represents Apparent wind  
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- Red line represents Sail angle 

- Blue line represents Resultant force angle 

 

Figure 11  

The optimum sail angle of the NACA0015 aerofoil at wind speed 25m/s 

 

Note. Created by Author 

In order to understand the polar graph, discussion will be done in this section. 

In the following figures, it will be explained in detailed some of the polar graphs. Ship 

velocity will be shown as “v”, wind velocity will be “u” and apparent wind will be 

presented as “Va”.  

1. The first polar graph shows that wind is blowing to the ship at the 0-degree 

angle. Figure shows that, wind blows in 0-degree wind angle to the ship. As shown 

from the figure, ship velocity and wind velocity are opposite and as a result apparent 

wind will be “Va=u-v”, which can produce a big drag force. Therefore, the sail must 

rotate at an angle of 180 degrees with respect to the wind direction. The goal is to as 

much as possible lessen the drag force. 
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 Figure 12  

Optimum sail angle 0 degree. Wind speed 25m/s, ship speed 14 knots 

 

Note. Created by Author 

2. The second polar graph, shows wind direction blows to the ship at a 45-degree 

angle and as a result, it produces apparent wind at a 35.62-degree angle. In order to 

achieve maximum force, thrust (Ft), the sail needs to turn to the 23.62-degree angle. 

From the polar graph and program, we can define the angle between the resultant 

force and ship heading which is a -55.65-degree angle. The figure below illustrates it.  

 

Figure 13  

Optimum sail angle at 45 degrees at wind speed 25 m/s, ship speed 14 knots 

 

Note. Created by Author 

3. The third polar graph shows wind direction blows to the ship at a 90-degree angle. 

It all adds to the apparent wind, which has an angle of 74.37 degrees towards to the 
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ship heading. In order to achieve maximum thrust force (Ft) sail needs to turn to the 

62.37-degree angle. About -16.89 degrees of angle exists between the resulting force 

and the ship's direction. 

From the polar graph, we can see that there is an opposite relationship between 

the values of wind angles 225, 270 and 315 degrees and the values of wind angles 

135,90 and 45. This is because the lift coefficients, which correspond to wind angles 

from 0 to 180 degrees, have opposite values to those of the lift coefficients, which 

correspond to wind angles from 360 to 180 degrees. 

 

Chapter 4.3 Initial case. Data validation 

 

As mentioned in Chapter 3, for our calculation wind data was obtained from 

Copernicus, ERA5 hourly data. To determine the accuracy of the analysis, we 

compared the information obtained with Marine traffic.  

In the “Wind Propulsion Program”, wind speed was calculated over the voyage 

time. Selected vessel (Ro-Pax) makes roughly 6-7 voyages from Baku Port to Kurik 

Port in a month. The comparison was done on the trip from Baku Port to Kurik Port, 

the voyage started on 13 October at 09:30 a.m. and ended on 14 October at 06:30 a.m. 

During the voyage of the vessel, wind speed ranged from 4 m/s to almost 9m/s. As 

mentioned earlier in Chapter 3, in this study, 10m height wind data was collected from 

the source (Copernicus, ERA5). Every model is slightly different. In order to validate 

our analyses, 100m height wind speed data was also collected and analysed. As seen 

from Figure 14, 100m height wind data is closer to the wind data from Marine Traffic 

compared to 10m height wind data. The wind data from Marine Traffic is quite an 

optimistic model and is somewhat different from Copernicus data.  In this study, as 

mentioned, 10m-height wind data was chosen, to use a conservative approach.  

Because a 10m-height wind is closer to the sail area compared to a 100m-height wind 

(to the aerodynamic centre). 
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Figure 14  

Wind Speed comparison (13 October-14 October) 

 

Note. Created by Author 

As mentioned before, wind speed comparisons were done for various days also 

from different months, in order to validate our calculation with Marine Traffic.  

In addition, the location of the vessel during the voyage coordinates for every 

1 hour was obtained from AIS data provider (Marine Traffic) data and plotted with the 

use of a “Wind Propulsion Program” (Figure 15).  
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Figure 15  

Vessel locations along the route 

 

Note. Created by Author 

 

Chapter 4.4 Case study: Application to Ro-Ro Passenger type of vessel. 

 

For the purpose of this research, a Ro-Ro Passenger vessel with the IMO 

number 9843106 was chosen. The following Table 5, provides an overview of the 

vessel's specifications: 
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Table 5  

RO-RO Passenger ferry specifications 

 

 

Note. Created by Author 

 

Chapter 4.4.1 Analyse the wind propulsion contribution.  

 

As per Admiralty Sailing Direction, wind data for the year was divided into 4 

quadrants: January, April, July and October ("Sailing directions (Pilots)," 2023). In 

our analyses, to compare different weather conditions, various days from the above-

mentioned months were selected in order to calculate the Thrust force and Power over 

the route. The “Wind Propulsion Program” carried out various iterations, for different 

TWS (True wind speed), TWA (True wind angle) and for different best sailing angles 

for wing sails. For the Flettner rotor, the program also carried out above-mentioned 
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values, in addition for various spin ratios of the FR. Basically, in various weather 

conditions, wind propulsion can show different results. Based on that, in this chapter, 

voyages from different days and months will be discussed.  

 First, the analysis was done at the beginning of the year, the winter season, on 

27 January 2023. The voyage started at 23:30 p.m. on 27th January and ended at 23:30 

p.m. on 28th January. The coordinates of the ship over the trip are inputted into the 

program in order to plot the vessel route on the map. From the start point (Baku Port) 

the ship goes in the South-West direction and accordingly the vessel heading is 189 

degrees. Then according to the given coordinates, vessel heading changes respectively. 

The calculation of the heading is done throughout the route in order to validate the 

ship’s movement.  

 

Figure 16  

Vessel position during the voyage 

 

Note. Created by Author 
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The wind direction and speed can change over time. Based on the wind data 

from Copernicus, the wind speed and direction in the region of the selected route were 

calculated. As per Figure 17, the wind speed varies from 3-4 m/s to 8-9 m/s.  

 

Figure 17  

Wind speed data for 27-28 January (m/s) 

 

Note. Created by Author 

 

The optimum thrust force was calculated overtime during the voyage of the 

vessel using a “Wind Propulsion Program”. As explained in Chapter 4.2.1, sails can 

be turned at various angles in order to obtain better lift force. For different wind angles 

thrust force can be changed and accordingly to achieve better thrust force calculations 

have been done. The optimum thrust force was found to average during the voyage to 

be 40.36 Newtons per 1 square meter (1m2). Then using the equation (10, in Chapter 

3.2), the constant speed of 13.05 knots (6.712 m/s) multiplied by this time-averaged 

forward force produced a time-averaged propulsive power of 270.92 Watts per m2 of 

sail area. The wing sail specifications from (Konstantinos, 2020) were used. From the 

literature, the sail area was selected 240m2 and the average power output of this sail 
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area will be around 65 kW. However, on the same day, if we look at the Flettner rotors 

analyses, it is clearly seen that Flettner rotors show much more power output compared 

to wing sails at the same wind speed. For the calculation of thrust force and the power 

output of FR, when implementing the “Wind Propulsion Program” code for spin ratio 

(SR), a constraint was imposed to limit the number to a maximum of 2. As seen below 

figure (Figure 18) it is obvious that the Wing sail was able to harness wind compared 

to the Flettner rotor and could produce higher power values. 

This constraint was introduced with the aim of minimising the power required 

for FR. At each and every location along the route, the transient power contribution 

from the technology is determined and computed for each and every set of wind data. 

The average power output of the 175m2 Flettner rotor will be 45.41 kW. The obtained 

power was almost similar to the research conducted by Traut et al. (2014), which was 

at a ship velocity of 15 knots, the net power reaches its highest values within the range 

of 42.2-386.7 kW when subjected to wind speeds ranging from 5 m/s to 20 m/s. This 

is because the vessel speed in our analyses is 13.05 knots and the wind speed ranges 

from 3 m/s to 8 m/s as mentioned before. Figure 18 shows, the power produced during 

the trip of the vessel for the Wing sail and Flettner rotor. As per the graph, it is obvious 

that the Flettner rotor can get higher power output when the wind speed is over 8 m/s 

compared to the wing sail. And this is the basic idea of the wind propulsion 

technologies. You can get more power when the wind speed is high enough. However, 

at some points, because of various wind directions, the wing sail can get some amount 

of power while FR generated very low power. 

Various days in January have been done analyses for Wing sail and for Flettner 

rotor, in order to see the impact of the different wind conditions. On January 17 at 

00:00 a.m., the trip started and on the same day at 22:00 p.m., it ended. For the 

calculation of the thrust force and power were done above mentioned formulas. For 

the 1m2 wing sail, the average thrust force over time was found around 28.5 Newtons, 

for the average propulsive power was found almost 192 Watts per 1m2 of wing sail 

area. However, for the Flettner rotor for the same days, because of various power 

requirements, various conditions results were different compared to wing sails. On the 
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same day, the average thrust force and the output power were found 9315.3 Newtons 

and around 65.53kW respectively for the 175m2 area (Figure 19). 

 

Figure 18  

The power output of Wing sail and Flettner rotor for 27 January 

Wing sail 

 

Flettner rotor 

 

 

Note. Created by Author 
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On the next day, on January 25 results were slightly different. The voyage 

started at 10:00 p.m. on January 25 and ended at 07:00 a.m. on January 26. The average 

thrust force was found around 31.98 Newtons per 1m2 wing sail area and the 

calculated power output from thrust force was 224.40 Watts per 1 square meter wing 

sail area. For the Flettner rotor, on January 25, the results for the 175m2 area were 

2465.15 Newtons and 12kW thrust force and power respectively. On this day, the wind 

speed was very low, as a result, the power output of both the Wing sail and Flettner 

rotor were very low. Even for the Flettner rotor, almost until the end of the journey, 

the generated power was below 20kW (Figure 20).  

The last journey for January was on the 31st. Because of the low wind speed 

and various wing angles, the results for this day were a little lower compared to other 

days in the same month. The results for this day were found 22.83 Newtons as an 

average thrust force and 153.29 Watts as an average power output for the 1m2 wing 

sail area. As mentioned at the beginning of this section, from the equation (equation 9, 

in Chapter 3.2), the thrust force and from the equation (equation 10, in Chapter 3.2) 

the output power was calculated for all months.  
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Figure 19  

The calculated power of Wing sail and Flettner rotor for 17 January 

Wing sail

 

Flettner rotor 

 

 

Note. Created by Author 
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Figure 20  

Power over the time of Wing sail and Flettner rotor (January 25)  

Wing sail 

 

Flettner rotor 

 

 

Note. Created by Author 
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Figure 21  

The power output of the Wing sail and Flettner rotor during the journey (31 

January) 

Wing sail 

 

Flettner rotor 

 

 

Note. Created by Author 
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The results for the 31st January were found for Flettner rotor 8527.59 Newtons 

as a thrust force and almost 58kW as an average power for 175m2 area during the trip 

from Baku Port to Kurik Port. Even though the wind speed was low, the Flettner rotor 

showed higher results compared to wing sails at some times during the trip (Figure 

21).  

The second analysis was done in the summer season, in order to show various 

wind speeds and their impact on the power output. The vessel starts its trip from Baku 

Port on 21 July at 18:34 p.m. and ends at Kurik Port on 22 July at 16:30 p.m.  

 

Figure 22  

Vessel positions along the route (21 July – 22 July) 

 

Note. Created by Author 
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In order to plot vessel location every 1-hour frequency on the map (Figure 22), 

the calculation was conducted based on the coordinates taken from AIS Data (Marine 

Traffic). As you can see below table, using the coordinates taken from AIS data, all 

the ship headings were calculated separately for each coordinate using a “Wind 

Propulsion” program and shown as degrees (Table 6). This calculation has been done 

for all the voyage days in various months in order to check the vessel course in the 

given route.  

 

Table 6  

Ship heading calculations of the ferry 

 

Note. Created by Author 

 

The Thrust force was found to average during the voyage to be 28.90 Newtons 

per 1 square meter (1m2). In order to calculate power, equation 10, in Chapter 3.2 will 

be used with the constant speed of 13.05 knots (6.712 m/s) multiplied by this time-

averaged forward force produced a time-averaged propulsive power of 193.9 Watts 

per 1m2 of wing sail area. It is because the wind speed in the selected route and over 
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time is very low in order to get potential power for sail. The Flettner rotor on 21 July, 

in the selected route, shows various values compared to the wing sail. The average 

power of the Flettner rotor is around 24kW for a 175m2 area. From Figure 24, it can 

be seen that, at the beginning of the journey, whenever wing sail showed higher values 

while FR showed lower values. After some time, the power output of both technologies 

showed almost the same trend only with a difference in power values. In addition, FR, 

most of the time over the trip generated low power, almost less than 20kW. This is 

because on this day the wind speed was very low compared to other days in July. From 

the Figure below it is obvious that the highest wind speed is around 8 m/s just for some 

time during the journey. In addition, the wind angle has a significant impact in order 

to generate proper power.  

 

Figure 23  

Wind speed over time (21 July-22 July) 

 

Note. Created by Author 

 

As mentioned earlier, analyses were done for various journeys on different 

days. In the summer season, in July, the ferry did almost 7 trips from Baku Port to 

Kurik Port. Analyses for various days in July will be discussed below. 
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Figure 24  

The power output of the Wing sail and Flettner rotor (21 July)  

Wing sail 

 

Flettner rotor 
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The first voyage was at the beginning of the month, 1 July. Using the equation 

(equation 9,10 in Chapter 3.2) in the “Wind Propulsion” program and after many 

iterations, the average thrust force for the 1m2 wing sail area was found around 27.80 

Newtons. Therefore, the calculated average power over the time was around 186.64 

Watts for the same wing sail area. Analyses were conducted for various days in July 

for Flettner rotors also. For the first voyage of this month, 1 July, results showed that 

even though wind speed was high for about 6-7 hours over time, the average thrust 

force was around 3191 Newtons and the average generated power was about 22kW.  

 

Figure 25  

The output Power of the Wing sail and Flettner rotor (1 July) 

Wing sail 
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Flettner rotor 

 

 

Note. Created by Author 

 

The next trip started on July 5 and ended on July 6. After running the “Wind 

Propulsion” program, the average thrust force was found 37.58 Newtons per 1m2 wing 

sail area. The average power was calculated using the formula and was found 252.32 

Watts for the same sail area. On the other day, 5 July, the results were found about 

10066 Newtons as an average thrust force and almost 68kW power generated by FR 

for the 175m2 area. Figure 26 demonstrates generated power during the voyage. The 

maximum power above 300kW for the Flettner rotor was obtained only at the 

beginning of the trip, for about 1-2 hours. 
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Figure 26  

The Power curve over the time for both wind propulsion (5 July) 

Wing sail 

 

Flettner rotor 

 

 

Note. Created by Author 

On the other day, on 7 July, the results showed slightly lower values because 

of low wind speed. The calculated average thrust force was found 34.13 Newtons and 

the average power was 218.42 Watts per 1m2 wing sail area. On the same day, for the 
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Flettner rotor for 175m2 area, the calculated average thrust force and average power 

output were found about 2739 Newtons and 19kW respectively. According to wind 

propulsion technologies, this amount of power is very low, almost even to zero. This 

is because the TWS is very low (Figure 27) and TWA created more drag force rather 

than lift force. As per Figure 28, the generated power by the Flettner rotor was almost 

below 30kW during the voyage, however, the values for the wing sail showed slightly 

higher.  

 

Figure 27  

Wind speed during the voyage on 7 July 

 

Note. Created by Author 

 

The ferry made the next journey on 14 of July. For that day, the wind speed 

was very low as it was on 7 July and as a result, a small amount of the thrust force and 

power was obtained. The thrust force for the 1m2 wing sail area was found around 

22.35 Newtons, therefore the amount of power was approximately 150 Watts for the 

same sail area (Figure 29). Nevertheless, similar results to the values on July 7 can be 
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seen for the Flettner rotor on 14 July. The average thrust force was almost similar to 

the result on July 7, around 2590 Newtons. 

 

Figure 28  

The power output of the Wing sail and Flettner rotor (7 July) 

Wing sail 

 

Flettner rotor 

 

 

Note. Created by Author 
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Therefore, the average power was 17kW per 175m2 FR. The power fluctuated over 

time and the maximum power was less than 50kW over the journey. 

 

Figure 29  

Changing power over the time for Wing sail and Flettner rotor (14 July) 

Wing sail 

 

Flettner rotor 
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However, on 18 July, the average thrust force was about 30.7 Newtons and 

power was obtained around 201.9 Watts per 1m2 wing sail area. Figure below shows 

the fluctuation of the power on this day, because of changing wind speed and angle. 

The result for the Flettner rotor for 18 July showed that, because of the low wind speed 

the obtained values were not enough in order to use as a propulsion.  

 

Figure 30  

The power output of Wing sail and Flettner rotor (18 July)  

Wing sail 

 

Flettner rotor 

 

Note. Created by Author 
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The average thrust force was found 2541 Newtons and the average generated power 

was around 17kW for the 175m2 area of FR (Figure 30).  

On the other hand, on the last voyage for July, on July 26, the results were 

slightly higher for wing sail compared to the previous day. The average thrust force 

was found 35.98 Newtons per 1m2 wing sail area. Therefore, the average power output 

was around 241.54 Watts for the same sail area (Figure 31).  

 

Figure 31  

The power output over the time for Wing sail and Flettner rotor (26 July) 

Wing sail 

 

Flettner rotor 
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On this day, wind speed was higher some time of the trip compared to other days in 

the same month. As a result, the average thrust force was higher, about 6270 Newtons 

and the average power was found 43kW for the 175m2 area of the Flettner rotor. 

The third analysis was done in the autumn season for the comparison of the 

wind speed and output Power. The vessel starts its journey from Baku Port on 15 

October at 20:00 p.m. and ends at Kurik Port on 16 October at 20:00 p.m. The vessel 

positions every 1-hour frequency during the trip are shown below figure and the above-

mentioned ship heading calculations are also done for this route.  

 

Figure 32  

Vessel positions during the voyage 

 

Note. Created by Author 

 



63 

 

In order to calculate the Power output first need to calculate the thrust force 

from the wing sail as per equation (equation 9, In Chapter 3.2) and based on the thrust 

force values the average thrust force will be approximately 20 Newtons. Using the 

equation (equation 10, in Chapter 3.2), the power was calculated for the wing sail and 

the value was 132.77 Watts per 1m2 wing sail area.  

On the other days in October, analyses and calculations showed different 

values for wing sails and for the Flettner rotor. Firstly, the results for the wing sail will 

be discussed. On the first day of October, the ferry made a journey from Baku Port to 

Kurik Port. The calculated average thrust force was 26.4 Newtons for the 1m2 wing 

sail area. The average power for the same area was found 178 Watts (Figure 33).  

 

Figure 33  

The calculated power for 240m2 sail area (1 October) 

 

Note. Created by Author 

 

The other days in October will be illustrated below table. As per the below 

table, Table 7, the results for the 8 and 13 of October showed almost the same. That is 

because, on both of these days, wind speed was approximately the same and was not 

high enough in order to obtain proper power. However, if we look at the next days, 24 
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and 29 October, in those days results were higher compared to other days. Based on u 

and v data, during the voyage on these days, the wind speed demonstrated higher 

values. As a result, from the calculations with the use of the “Wind Propulsion” 

program, can be obtained some amount of power in order to use as a propulsion of the 

ferry.  

 

Table 7  

Calculated average thrust force and average power for the 1m2 wing sail over time 

 

Note. Created by Author 

 

On the other hand, the Flettner rotor showed slightly higher power outputs 

compared to wing sails in the same month. As per the below table, for almost all the 

days, the power generated by FR showed higher values compared to wing sail. The 

wing sail area was selected 240m2 however the Flettner rotor area was chosen 175m2. 

For comparison, for almost the same area FR generates more power compared to wing 
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sail. When it comes to performance, the Flettner rotors are more effective in reaching 

and downwind circumstances, while the Wing sails are more advantageous in 

headwinds (Thies & Ringsberg, 2023). As per analyses during the voyages, below 

figures illustrate according to literature, during the headwinds, when the wind angle 

(alpha) was less than 50 degrees, wing sail can get positive power values, however 

Flettner rotor showed negative values (Figures 34 and 35). When the vessel was 

against the wind, the Wing sail showed better performance compared to the Flettner 

rotor.  

 

Figure 34  

The power output of Wing Sail and Flettner rotor on various wind angle. Alpha- is 

the relative angle between true wind speed and ship heading.  

 

Note. Created by Author 
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Figure 35  

The power output of Wing Sail and Flettner rotor on various wind angle. Alpha- is 

the relative angle between true wind speed and ship heading.  

 

Note. Created by Author 

 

As seen from the aforementioned analysis, many elements of the Power 

showed negative values for the Flettner rotor, indicating that the corresponding wind 

speed and direction would result in a negative power output. In instances when these 

rotors produce a negative trust force, it is possible to reduce their speed, cease their 

operation, or retract them in order to mitigate power losses, since they will only 

encounter air resistance. In order to prevent power losses that FRs may produce if 

operated at improper wind speeds and directions or even SR, this highlighted the 

significance of good weather routing and wind condition data.  
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Table 8  

The generated thrust force and power for a 1m2 area of FR over the time in October 

 

Note. Created by Author 

To generalize all the above analyses and discussion, based on various wind 

speed and angle results showed different values. For the wing sail, it has the 

opportunity, can get better lift force and from that good amount of power while 

changing the sail direction. From this point of view, if the headwind is more dominant 

during the voyage, we can get better power values with the wing sail compared to the 

Flettner rotor. However, in July most of the day's wing sail showed better performance 

in comparison with FR. As per Figures 36 and 37, also as discussed earlier, for various 

days in July, the power output of Wing Sail (Blue line) on almost all the voyage days 

was higher compared to the Flettner rotor (Orange line).  
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Figure 36  

The comparison of the power of 240m2 area Wing sail and 175m2 area Flettner 

rotor 

Power output on 7th July 

 

Power output on 14th July 
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Note. Created by Author 

 

Figure 37  

The comparison of the power of 240m2 area Wing sail and 175m2 area Flettner 

rotor 

Power output on 18th July 

 

Power output on 21st July
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Note. Created by Author 

 

Figure 38  

The comparison of the power of 240m2 area Wing sail and 175m2 area Flettner 

rotor 

Power output on 1st October 

 

Power output on 8th October 

 

 

Note. Created by Author 
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Figure 39  

The comparison of the power of 240m2 area Wing sail and 175m2 area Flettner 

rotor 

Power output on 13th October 

 

Power output on 15th October 
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Note. Created by Author 

On the other hand, in October all the voyage days FR had higher power values 

in comparison to wing sail. As mentioned earlier, for the same wind speed and angle, 

Flettner rotors can give higher lift force and power compared to wing sails. As per the 

above figures, Figures 38 and 39, as discussed before, in October the results for the 

Flettner rotor were higher than Wing sail. It is a quite an interesting point that seasonal 

factors played an important role in this region.  

Summarizing all the above-mentioned analyses, the following figure shows the 

performance of both technologies in different months and days. It can be concluded 

that wind speed, wind direction and different seasons have very significant impacts on 

the performance of these types of technologies. The figure below demonstrates the 

average power for a 1m2 area for both the Wing sail and Flettner rotor for different 

months and days.  

 

Figure 40  

Comparison of the average power of Wing sail and Flettner rotor for different 

months 
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Note. Created by Author 

Chapter 4.5 Fuel consumption reduction and economic analyses. 

 

In Chapter 4.4.1 the thrust force and power output were discussed for the wing 

sail and for the Flettner rotor. As mentioned earlier, in general speaking Flettner rotor 

showed higher results on the same day in a specific selected route. So, in this Chapter 

fuel consumption reduction and economic analyses for the use of the Flettner rotor will 

be discussed for various days from various months.  

For the analyses the vessel speed selected constant over the time (13.05 knots 

or 6.712 m/s). So, the power of the vessel also was constant at 3900 kW. For all the 

days, total energy without wind-assisted was calculated, then using the “Wind 

Propulsion” program, the energy for each day for the selected route for every hour was 

calculated and was summed as the total energy for the days separately. However, as 

the Flettner rotor cylinder spins, some amount of power is needed for spinning the 

rotor. For this study, for energy requirement for the spinning of the rotor, 10% of the 

Total energy with wind-assisted propulsion was chosen as an assumption in order to 

calculate fuel consumption reduction. As a next step, MASS of fuel was calculated for 

both scenarios and from that fuel savings calculations were conducted.  

Table 9 demonstrates fuel savings for the various days from different months 

in order to make obvious different cases. As seen below table (Table 9), the maximum 

fuel saving can be achieved by almost 5 % in the voyage on October 15. However, the 

lowest amount was found as 0.55 %. The results were slightly similar to the study for 

3 various (Dynarig, Wing sail and Flettner rotor) WASP technologies conducted by 

Lu and Ringsberg (2019). According to Lu and Ringsberg (2019), when compared to 

a vessel that does not have sails, their statistics reveal fuel savings of 5.6% to 8.9%. 

From the above analyses and calculations, the generated power was higher in October, 

because of the seasonal conditions and high wind speeds. As a result, fuel savings 

achieved their higher values in this month. Generally, it has been shown that, while all 

other variables remain constant, an increase in wind speed leads to greater energy 

production from the WASP technology, hence yielding higher fuel savings. Seasonal 
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differences showed that the Flettner rotor performed better in the autumn to winter 

seasons.  

 

Table 9  

Fuel savings of 175m2 FR 

 

Note. Created by Author 

 

While the absolute fuel savings for rotors and wing sails tend to grow as ship 

speed increases (for the real case), the relative fuel savings actually decrease. The 

rationale for this phenomenon is the fact that, with the escalation of energy demand, 

the ship's fuel consumption is more significantly influenced by the power demand 

rather than the contribution of rotors or wing sails (Lu & Ringsberg, 2019; Delft & 

Fraunhofer, 2016). In addition, any other factors such as wave height and ocean 

currents were not considered in this study. Based on the literature, these factors have 
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a significant negative impact on the performance of the vessel (Smith et al., 2013). The 

cost of gasoline accounts for more than half of total ship expenditures in the vast 

majority of situations; hence, any reductions in fuel costs, regardless of how tiny they 

may be, represent enormous savings in terms of money (Chou et al., 2020). In addition, 

the program as it was written now does not retract the Flettner rotor during 

unfavourable wind conditions, to reduce its resistance. Hence, practical fuel savings 

may be higher than estimated in the modelling. 

According to Tillig et al. (2020), the estimated price of 1 Flettner rotor will be 

around 1,160,000 EUR, including installation costs and it is generally assumed that 

annual maintenance expenses amount to 2% of the initial installation costs. It is known 

that generally speaking, 1 vessel's lifetime period is about 25 years. The determination 

of interest rates typically follows a commercial framework. However, several experts 

have suggested that a larger discount rate should be used from a socioeconomic 

perspective (IMO, 2020). Taking into consideration this, the analyses, it was 

conducted for a 25-year period with a discount rate of 5%. From the above figure, 

average fuel savings for all months were an average of 2%. As it is known that, fuel 

oil costs are not stable and fluctuate, so, for our study, it was assumed the fuel oil price 

was on average 600 USD per ton. The fuel consumption of the ferry for the whole year 

was 3479.11 tonnes and around 2,087,466 USD per year it cost for this vessel. Every 

ton of fuel emits 3.2 tons of CO2 and if IMO in the mid-term will adopt Carbon prices 

in the future as a market-based measure, every ton of CO2 will come on top of the fuel. 

As per above mentioned analyses and discussion, CO2 emission can be reduced by 

around 7.8 tonnes. If the Carbon price enters into force in 2026 and assumed that the 

Carbon price will be around 100 USD per ton, based on that, monetary and CO2 

savings will be around 55,314.78 USD annually and the project will have a payback 

period (PP) of 20 years. Table 10 shows the economic analyses of the project.  
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Table 10  

The project's economic assessments. Cash Flow (CF), Discounted Cash Flow (DCF), 

Cumulative Discounted Cash Flow (CDCF) AND Cumulative Cash Flow (CCF) 

 

Note. Created by Author 

Furthermore, the adoption of environmentally friendly practices has become 

increasingly prevalent across various transportation sectors. It is evident that shipping 

companies that prioritise sustainability will likely dominate future markets. Therefore, 

the perceived financial burden associated with investing in greening initiatives should 

not hinder companies, as such efforts will not only ensure a larger market presence but 

also facilitate a swift recovery of invested capital. 

 

 



77 

 

 

 

Chapter 5 CONCLUSION AND RECOMMENDATIONS 

 

The study calculated the efficiency of a rigid wind propulsion system via the 

optimisation of its sail angle, with the aim of maximising power generation for ship-

based applications. In addition, the main focus of this research was to calculate thrust 

force and power with the use of real wind data taken from satellite data (Copernicus, 

ERA5), in the Caspian region for the specific route (Baku Port to Kurik Port). For the 

optimisation model data for aerofoil was taken from NACA (National Advisory 

Committee for Aeronautics) wind tunnel tests in order to calculate wind power. 

According to the literature review and conducted analyses, the study found that there 

are various renewable energy technologies for various types of commercial vessels. 

Among these technologies, first FRs and second Wing sails are more promising as a 

WASP.  The conclusions of this study are as follows: 

- Based on the analyses, it revealed that the obtained thrust and power values 

significantly depend on the wind speed and wind angle. For the wing sail, the 

maximum average thrust force was found 40.36 Newtons and the maximum 

average power was around 271 Watts per 1m2 wing sail area (65kW for 240m2 

wing sail area) at the beginning of the year, 27 January. For different times of 

the year obtained power values were 253 Watts, 218 Watts and 242 Watts per 

square meter, for the summer season, on different days in July, 194 Watts, 189 

Watts, 200 Watts and 207 Watts for the autumn season, on various days in 

October.   

- However, compared to Wing sail, Flettner rotor results were different. The 

maximum average thrust force was 116 Newtons per square meter and the 

maximum average power value was 777 Watts per square meter (137kW for 

175m2 area). For different times of the year, the generated power was 375 
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Watts, 260 Watts and 331 Watts for the beginning of the year, on different days 

in January, 108 Watts, 97 Watts, 137 Watts, 245 Watts for the summer season 

and 465 Watts, 598 Watts, 514 Watts, 777 Watts, 288 Watts and 377 Watts for 

the autumn season, various days in October.  

- From the analysis and results of the selected months, it can be concluded that 

roughly, 2.5% fuel savings per year were obtained for the Flettner rotor and 

accordingly, 7.8 tons of CO2 can be saved per year by implementing this 

technology. 

As seen above values, at the end of the year, especially in the autumn season when 

the wind speed is quite high compared to other days in the year, the Flettner rotor is 

more effective and efficient compared to the Wing sail. However, some other times in 

the year Wing Sail showed higher power values than FR. The use of wind energy in a 

selected region is not unambiguously efficient or inefficient. Based on the findings of 

the research, it is feasible to acquire enough power and energy during periods 

characterized by elevated wind speeds, both on a monthly and daily basis. 

Nevertheless, the use of this technique proves to be inefficient in conditions of low 

wind speed.  

- Up to 55,314 USD could be saved annually and the project payback period 

considering mid-term market-based measures will be 20 years. In conclusion, 

based on this analysis and discussion, without market-based measures, it will 

not be beneficial however with market-based measures, after 20 years the 

project will get payback.  

The research recommendations will be as follows:  

- WASP technologies are considered a viable alternative for decarbonization due 

to their technological compatibility, affordability and already being 

implemented on ships. 

- In the future more accurate wind data, for more journey schedules for more 

than 2 years, with more detailed analyses such as wind tunnel tests, 

Computational Fluid Dynamics (CFD) research, should be conducted.  
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- Additional investigation is necessary to enhance the optimisation of several 

factors that impact the efficacy of wind systems and the adoption of this 

technology. The factors under consideration include the impact of technologies 

on stability, extra resistance, drift and heel angle.  

- It is also recommended that more studies be carried out in order to discover the 

true impacts that sails have on one another as well as the effects that the Flettner 

rotor has when it is mounted on the ship by using wind tunnel tests and 

Computational Fluid Dynamic models (CFD).  

-  In future research, a comprehensive socio-economic analysis may be 

conducted.  
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Appendices 

Appendix 1 Sail angle optimisation model ( to the NACA0015 airfoil 

application) 
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Appendix 1: Sail angle optimisation model ( to the NACA0015 airfoil 

application) (continued) 
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Appendix 1: Sail angle optimisation model ( to the NACA0015 airfoil 

application) (continued) 
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Appendix 1: Sail angle optimisation model ( to the NACA0015 airfoil 

application) (continued) 
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Appendix 2: Wind Propulsion program for Wing Sail 
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Appendix 2: Wind Propulsion program for Wing Sail (continued) 
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Appendix 2: Wind Propulsion program for Wing Sail (continued) 
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Appendix 2: Wind Propulsion program for Wing Sail (continued) 
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Appendix 2: Wind Propulsion program for Wing Sail (continued) 
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Appendix 2: Wind Propulsion program for Wing Sail (continued) 
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Appendix 3: Wind Propulsion program for Flettner rotor  
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Appendix 3: Wind Propulsion program for Flettner rotor (continued) 

 

 

 

 

 

 

 

 

 

 



13 

 

Appendix 3: Wind Propulsion program for Flettner rotor (continued) 
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Appendix 3: Wind Propulsion program for Flettner rotor (continued) 
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Appendix 3: Wind Propulsion program for Flettner rotor (continued) 
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Appendix 3: Wind Propulsion program for Flettner rotor (continued) 
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