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Abstract: Under the environmental regulations of the International Maritime Organization (IMO), operating ships are required to 

reduce greenhouse gas emissions annually. Existing ships must achieve approximately a 20% reduction in energy efficiency compared 

to the baseline by 2023. Additionally, the Carbon Intensity Indicator (CII) must improve by 1% annually from 2020 to 2022 and by 2% 

annually from 2023 to 2026, compared to 2019 levels. In response, shipping companies and shipyards are showing significant interest 

in various technologies to improve the operational efficiency of existing ships, particularly in rotor sail technology, which can be 

installed through retrofitting. This study verified the total fuel reduction rate achievable by installing a 3-meter rotor sail on the multi-

purpose offshore demonstration vessel being constructed by the Korea Marine Equipment Research Institute (KOMERI) through sim-

ulation. To achieve this, models were developed for the 3-meter rotor sail, the governor, diesel engine, propeller, and the multi-purpose 

offshore demonstration vessel. The simulation results confirmed a fuel-saving effect of 10.12%. 

Keywords: Rotor sail, Maritime substantiation vessel, Physical modeling, Fuel reduction rate 

 
 

1. Introduction 
The International Maritime Organization (IMO) adopted the 

Initial IMO Strategy on the Reduction of Greenhouse Gas (GHG) 

Emissions from Ships in 2018 to reduce GHG emissions from the 

maritime sector. This initial strategy set a target to reduce GHG 

emissions from international shipping by 50% by 2050 compared 

to 2008 levels. In 2023, during the 80th session of the Marine 

Environment Protection Committee (MEPC), the IMO adopted 

the 2023 IMO Strategy on Reduction of GHG Emissions from 

Ships (2023 Strategy), which revised and enhanced the initial 

strategy’s goals. The 2023 Strategy aims to achieve net-zero 

GHG emissions in the maritime sector by 2050.Additionally, dur-

ing the 76th session of the MEPC in June 2021, amendments to 

MARPOL Annex VI were adopted, expanding GHG emission reg-

ulations from new ships (newbuilds) to include existing ships. As 

a result, the Energy Efficiency Existing Ship Index (EEXI) and 

the Carbon Intensity Indicator (CII) came into effect in Novem-

ber 2022.The EEXI quantifies CO2 emissions per unit of cargo 

transported (1 ton) and per unit of distance traveled (1 nautical 

mile) based on engine power, providing a pre-operational 

efficiency benchmark. Ships are required to achieve approxi-

mately a 20% reduction compared to baseline values by 2023. 

The CII measures CO2 emissions during operations, based on 

voyage records and fuel consumption, expressed per unit of cargo 

transported and distance traveled.  

The CII must improve by 1% annually from 2020 to 2022 

compared to 2019 levels and by 2% annually from 2023 to 2026. 

Shipping companies are increasingly focused on developing 

technologies that can immediately enhance the operational effi-

ciency of ships. Technologies to improve the operational effi-

ciency of ships include the use of eco-friendly fuels and systems 

such as shaft generators that utilize wasted energy to aid propul-

sion. However, these technologies face significant challenges 

when being retrofitted onto existing vessels. As a result, there is 

growing interest in rotor sails, which can be more easily installed 

through retrofitting. Rotor sails utilize the Magnus effect, which 

generates thrust through the pressure difference created when 

wind blows against a rotating cylindrical structure (outer body). 

When installed on a ship, rotor sails can achieve fuel savings of 

approximately 6–8% [1]-[2]. 
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In this study, the total fuel reduction rate achievable by in-

stalling a 3-meter rotor sail on the multi-purpose offshore demon-

stration vessel being constructed by the Korea Marine Equipment 

Research Institute (KOMERI) was calculated through simula-

tion. For the calculation, a model of the multi-purpose offshore 

demonstration vessel without the 3-meter rotor sail was created. 

Subsequently, the same vessel equipped with the 3-meter rotor 

sail was modeled under identical input conditions, and the results 

were compared. The detailed models include components such 

as the governor, main engine, propeller, shaft, rotor sail, and ship 

model. After completing the modeling, simulations were con-

ducted using MATLAB Simulink to verify the fuel reduction rate. 

2. Modeling of the Maritime Substantiation

Vessel 

2.1 Specification Analysis of the Maritime Substantiation 

Vessel 
The multi-purpose maritime substantiation vessel is being con-

structed to establish a market entry foundation for domestic 

equipment companies that have completed product development 

and land-based verification but are facing difficulties entering the 

market due to the lack of a track record for vessel application. 

Once the vessel is completed, it will operate on a regular route 

between Pohang and Donghae, helping the equipment companies 

secure a continuous track record and enhance their technological 

capabilities. 

To simplify the modeling, the vessel is composed of a main 

engine, shaft, and propeller. Table 1 below summarizes the spec-

ifications of the multi-purpose maritime substantiation vessel. 

The cargo weight of the multi-purpose maritime substantiation 

Table 1: Specifications for maritime substantiation vessel 

Parameter Value 
Dead weight 17,000 metric ton 

Length overall 132 m 
Length between per-

pendiculars 
126 m 

Breadth 23 m 
Depth 13.5 m 
Draft 9.5 m 

Main engine MAN 6S35ME-GI 9.7 
Generator 690kW × 3 

Speed 11.5 knots 
LNG tank 380 m3 

Fuel oil tank 380 m3 

vessel is 17,000 metric tons. The vessel's overall length is 132 

meters, with a length between perpendiculars of 126 meters, a 

beam of 23 meters, a depth of 13.5 meters, and a draft of 9.5 me-

ters. The vessel has a speed of 11.5 knots and is equipped with a 

MAN 6S35ME-GI 9.7 main engine. It also has three 690 kW 

generators. 

2.2 Configuration of a Multi-Purpose Maritime Substanti-

ation Vessel Model with the Application of a Rotor Sail 
The multi-purpose maritime substantiation vessel model with 

the application of a rotor sail is configured as shown in Figure 1 

below. 

The governor model is a device that controls the rotational 

speed of the main engine. It takes the set ship speed (Wi) and the 

actual ship speed (Vs) as input values, and outputs the fuel injec-

tion amount (Us). The engine model takes the fuel injection 

amount from the governor model and the shaft load torque (Qe) 

from the shaft model as input values, and outputs the engine 

speed (We). 

The shaft model takes the engine speed from the main engine 

model and the load torque (Qa) from the propeller model as in-

puts. Based on the torque value, it outputs the shaft load torque 

delivered to the engine model and the shaft rotational speed (Ws) 

delivered to the propeller model. The propeller model is calcu-

lated based on the shaft rotational speed and the ship speed from 

the ship model, and it outputs the propeller's rotational torque 

(Tp) and the load torque for the propeller model.  

The ship model is configured to output the ship speed based 

on the propeller's rotational torque and the torque (Tfr) from the 

Flettner rotor model. The Flettner rotor model takes the wind di-

rection (Wdeg) and wind speed (Va) as inputs, with the output 

being the torque value of the Flettner rotor model. 

Figure 2 below shows the model of the multi-purpose mari-

time substantiation vessel using Matlab-Simulink. The model is 

designed to compare fuel consumption rates: the purple box at  

Figure 1: Ship model composition maritime substantiation ves-

sel 
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the top represents the existing multi-purpose maritime substanti-

ation vessel model, while the gray box at the bottom represents 

the model with the application of a rotor sail. The governor 

model, engine model, shaft model, and propeller model are con-

figured identically in both models, with the rotor sail model in-

cluding an additional Flettner rotor model. 

Additionally, the ship model has an increased weight equiva-

lent to the weight of the rotor sail in the model with the rotor sail 

applied. An integrator has been installed at the output of the gov-

ernor model in this model to measure fuel consumption, allowing 

the accumulated value of the consumed fuel to be tracked. 

2.3 Modeling of the multi-purpose maritime substantia-

tion vessel governor model 
The governor model of the multi-purpose maritime substantia-

tion vessel was modeled using a PI controller. Figure 3 shows 

the modeling of the governor model. 

The input values for the governor model are the set ship speed 

(Wi) and the output ship speed (Vs), and the output value is the 

fuel injection amount (Us). Here, the fuel injection amount is lim-

ited to a range between 0 and 1, and to prevent error accumula-

tion due to integration in a saturated state, anti-windup has been 

added. Equations (1) and (2) below are the formulas for the gov-

ernor model. 

Figure 3: Modeling of governor model 

𝑈𝑈𝑠𝑠 = 𝐾𝐾𝑝𝑝(𝑊𝑊𝑖𝑖 − 𝑉𝑉𝑠𝑠) + 𝐾𝐾𝑖𝑖 ∫�(𝑊𝑊𝑖𝑖 − 𝑉𝑉𝑠𝑠) − 𝐾𝐾𝑤𝑤�𝑈𝑈𝑠𝑠 −

𝑠𝑠𝑠𝑠𝑠𝑠(𝑈𝑈𝑠𝑠)��𝑑𝑑𝑑𝑑                        (1) 

𝑠𝑠𝑠𝑠𝑠𝑠(𝑈𝑈𝑠𝑠) = �
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑖𝑖𝑖𝑖 𝑈𝑈𝑠𝑠 ≥ 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚

𝑈𝑈𝑠𝑠, 𝑖𝑖𝑖𝑖𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 < 𝑈𝑈𝑠𝑠 ≤ 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑖𝑖𝑖𝑖𝑈𝑈𝑠𝑠 ≤ 𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚

 (2) 

Here, Wi is the set speed of the governor, and Vs is the output 

speed of the ship. Additionally, Kp is the proportional gain, Ki is 

the integral gain, Kw is the anti-windup gain, Umax is the maxi-

mum fuel injection amount, and Umin is the minimum fuel injec-

tion amount. Finally, Us is the output value of the governor, 

which is the fuel injection amount. The proportional gain (Kp) is 

set to 1.8, the integral gain (Ki) is set to 0.5, the anti-windup gain 

(Kw) is set to 0.2, the maximum fuel injection amount (Umax) is 

set to 1, and the minimum fuel injection amount (Umin) is set to 0. 

Figure 2: Maritime substantiation vessel modeling for verification of fuel reduction rate 
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2.4 Modeling of the Main Engine Model of the Multi-Pur-

pose Maritime Substantiation Vessel 
The modeling of the vessel's main engine has been extensively 

studied, and generally, the engine is divided into combustion and 

rotational systems. The combustion system is modeled as a first-

order element reflecting pure delay time, while the rotational sys-

tem is also modeled as a first-order element, and the entire system 

is modeled as a non-oscillatory second-order system [3]-[6]. In 

this study, although the target vessel is equipped with a dual-fuel 

engine, both the pre- and post-installation models of the rotor sail 

use the same vessel model. Therefore, for the sake of simplifica-

tion, the vessel was modeled using the aforementioned non-os-

cillatory second-order system model. Figure 4 below shows the 

modeling of the main engine model. 

The main engine model consists of a combustion system 

model and a rotational system model. The fuel injection amount 

(Us), the output value of the governor, is used as the input for the 

combustion system model, and the torque generated here is trans-

mitted to the rotational system model. The rotational system 

model takes the load torque value (Qe) from the shaft model and 

the torque value from the combustion system model as inputs, 

and the engine's rotational speed (We) is output. The combustion 

and rotational system models are expressed by the following 

equations (3) and (4). 

𝑄𝑄(𝑠𝑠) = 𝐾𝐾𝑒𝑒
1+𝑇𝑇𝑓𝑓𝑠𝑠

𝑈𝑈(𝑠𝑠)   (3) 

𝑊𝑊𝑒𝑒(𝑠𝑠) = 𝐾𝐾𝑟𝑟
1+𝑇𝑇𝑟𝑟𝑠𝑠

[𝑄𝑄(𝑠𝑠) −𝑄𝑄𝑒𝑒(𝑠𝑠)]  (4) 

Here, Q(s) represents the torque value of the combustion sys-

tem model, and We(s) represents the rotational speed value of the 

rotational system model. In the combustion system model equa-

tion, the proportional gain (Ke) is set to 2, and the combustion 

system time constant (Tf) is set to 6.5. In the rotational system 

model equation, the proportional gain (Kr) is set to 0.08, and the 

rotational system time constant (Tr) is set to 0.05. 

Figure 4: Modeling of main engine model 

2.5 Modeling of the Flettner Rotor Model 
To model the rotor sail, the input values for the rotor sail must 

first be defined. The wind speed and wind direction defined here 

are the true wind speed (TWS) and true wind angle (TWA). To 

apply the wind speed and wind direction relative to the moving 

ship, the apparent wind speed (AWS) and apparent wind angle 

(AWA) must be used. Figure 5 below explains the relationship 

between true wind speed, true wind angle, apparent wind speed, 

and apparent wind angle based on the ship's speed. 

When the ship is propelled at a speed and direction of BS and 

a wind of TW blows, the wind affecting the ship becomes AW. 

The apparent wind direction and apparent wind speed are given 

by Equations (5) and (6) as follows: 

𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑡𝑡𝑡𝑡𝑡𝑡−1 � sin(𝑇𝑇𝑇𝑇𝑇𝑇)×𝑇𝑇𝑇𝑇𝑇𝑇
𝐵𝐵𝐵𝐵+𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇𝑇𝑇𝑇𝑇)×𝑇𝑇𝑇𝑇𝑇𝑇

�         (5) 

𝐴𝐴𝐴𝐴𝐴𝐴 =

�(sin (𝑇𝑇𝑇𝑇𝑇𝑇) × 𝑇𝑇𝑇𝑇𝑇𝑇)2 + (𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇𝑇𝑇𝑇𝑇) × 𝑇𝑇𝑇𝑇𝑇𝑇)2        (6) 

Here, AWA is the apparent wind angle, AWS is the apparent 

wind speed, TWA is the true wind angle, TWS is the true wind 

speed, and BS is the ship's speed. The Apparent Wind Angle 

(AWA) was calculated using the vector summation of the ship's 

speed and direction, the True Wind Direction (TWD), and the 

True Wind Speed (TWS). The Apparent Wind Speed (AWS) is 

determined by applying the Pythagorean theorem to the magni-

tudes of the true wind speed and the ship's speed. 

Figure 5: Description of true wind and apparent wind 

Figure 6: Modeling of flettner rotor model 
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To calculate the output torque (Tfr) of the rotor sail, the thrust 

coefficient (CT) must first be calculated. In this paper, the thrust 

coefficient from the work of Ruihua Lu & Jonas W. Ringsberg 

was used [7]. Figure 6 below shows the modeling of the Flettner 

rotor model. 

The input values for the Flettner rotor model are the true wind 

speed (TWS), true wind angle (TWA), and ship speed (Vs), and 

the output value is the output torque (Tfr). The output torque is 

calculated using Equation (7) as shown in the model. 

𝑇𝑇𝑓𝑓𝑓𝑓 = 𝐶𝐶𝑇𝑇
1
2
𝜌𝜌(𝐴𝐴𝐴𝐴𝐴𝐴)2𝑆𝑆    (7) 

In the equation, ρ is the air density, AWS is the apparent wind 

speed, and S is the area of the rotor sail.  

2.6 Modeling of the Shaft, Propeller, and Ship Model 
The shaft model and propeller model apply the Open-water 

propeller characteristics model proposed by NTNU [8]-[11]. The 

shaft model takes the rotational speed (We) from the main engine 

and the load torque (Qa) from the propeller as inputs and outputs 

the shaft rotational speed (Ws). The propeller model takes the 

shaft rotational speed and the ship speed as inputs and outputs 

the propeller's rotational torque (Tp) and load torque. 

Figure 7 below shows the modeling of the ship model. 

The ship model takes the propeller's rotational torque and the 

output torque from the Flettner rotor model as inputs, and outputs 

the ship speed. The ship model is represented by Equation (8). 

(𝑀𝑀𝑠𝑠 + 𝑀𝑀𝑎𝑎)𝑉́𝑉𝑠𝑠 = (1 − 𝑡𝑡𝑑𝑑)𝑇𝑇𝑝𝑝 − 𝑅𝑅𝑇𝑇(𝑉𝑉𝑠𝑠) + 𝑇𝑇𝐹𝐹𝐹𝐹       (8) 

Ms and Ma are the ship's weight and additional weight due to 

fluid dynamics, Vs is the ship's speed, td is the thrust coefficient, 

Tp is the propeller's rotational torque, RT is the total resistance 

acting on the hull, and finally, TFR is the output torque from the 

Flettner rotor model. Here, the ship's speed is modeled to increase 

Figure 7: Modeling of ship model 

in inverse proportion to Ms and Ma, and in direct proportion to 

Tp. Additionally, as the ship's speed increases, the total resistance 

acting on the hull is modeled to increase accordingly. Further-

more, the modeled Flettner rotor system was designed to include 

the additional output torque, as shown in Figure 6. 

3. Simulation Results
The simulation was analyzed for various ship speeds between 

0 and 300 seconds. Figure 8 shows the set ship speeds for differ-

ent operating scenarios. 

The set rotational speeds were as follows: 0-50 seconds 

1.8[knots], 50-100 seconds 3.7[knots], 100-200 seconds 3.7-

9.2[knots], and 200-300 seconds 11[knots]. Notably, the ship's 

most frequently operated speed range, 11[knots], was set to 40% 

of the total operating range. The ship speeds defined in the sim-

ulation were determined based on interviews with operators of 

multipurpose offshore demonstration vessels, representing the 

speed ranges of the entire fleet as proportions. Figure 9 and Fig-

ure 10 below shows the inputs for true wind direction and true 

wind speed.  

Figure 8: Set ship speed 

Figure 9: True wind direction settings 

Figure 10: True wind speed settings 
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Figure 11: Speed of maritime substantiation vessel 

Figure 12: Main engine rotation speed 

Figure 13: Propeller rotation torque 

The True Wind Direction (TWD) and True Wind Speed (TWS) 

were defined as input values for the model by analyzing the an-

nual average wind speed and wind direction in the East Sea and 

Pohang, the routes taken by the multipurpose offshore demon-

stration vessel, using data from the Meteorological Data Open 

Portal. Figure 11 below shows the ship speed (Vs). 

The red line represents the ship speed without the rotor sail, 

while the blue line represents the ship speed with the rotor sail. 

It can be observed that in the low-speed section, the output speed 

exceeds the control speed due to the influence of the wind. Fig-

ure 12 shows the main engine output rotational speed (We). 

In the section after 250 seconds, where there is little wind, the 

engine rotational speeds are nearly identical. However, before 

250 seconds, it can be seen that the engine rotational speed of the 

ship with the rotor sail is lower. This occurs when the True Wind 

Direction (TWD) has an angle between 180deg and 200deg and 

the True Wind Speed (TWS) is 8 m/s, resulting in the highest ro-

tor sail torque between 200 and 250 seconds. Additionally, after 

250 seconds, the True Wind Speed drops sharply to 1 m/s, and it 

was observed that the rotor sail torque also decreases drastically. 

Figure 13 shows the propeller rotational torque (Tp). 

Similarly, in the section after 250 seconds with little wind, the 

propeller's rotational torque values are almost identical. 

4. Conclusion
In this paper, models of the governor, main engine, shaft, pro-

peller, and ship of the multi-purpose maritime substantiation ves-

sel were created, and simulations were conducted to verify fuel 

consumption rates through the use of rotor sails. The simulation 

results showed that the total fuel consumption rate for the vessel 

without rotor sails was 145.3, while the vessel with rotor sails 

had a total fuel consumption rate of 130.6, indicating a fuel re-

duction effect of approximately 10.12%. 

This paper does not address the generator power consumption 

associated with rotor sail operation, nor does it apply the thrust 

coefficient of the 3-meter rotor sail that would be used on the 

actual vessel. Future research will include these two aspects in 

the development of the vessel model. 
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