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Nomenclature 

Symbol [Unit] Explanation 

𝐴 [m²] Area of the wing sail 

𝐶𝑑 [–] Drag coefficient of the wing sail 

𝐶𝑙 [–] Lift coefficient of the wing sail 

𝐶𝑡 [–] Total force coefficient of the wing sail  

𝐶𝑥 [–] Longitudinal thrust coefficient 

𝐶𝑦 [–] Lateral thrust coefficient 

𝐹𝑠𝑎𝑖𝑙 [kN] Total force from WASP system 

𝐻𝑠 [m] Significant wave height 

𝐿𝐷𝐻 [–] Induced drag coefficient  

𝑀𝑠𝑎𝑖𝑙 [kN·m] Moment generated by the WASP system 

𝑛𝑀𝐸 [rpm] Main engine revolutions 

𝑝 − [–] Probability density function 

𝑃𝑀𝐸 [kW] Main engine power 
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𝑇𝑝 [s] Wave peak period 
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𝑉𝑟𝑤 [m/s] Relative wind speed 
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𝑋𝐷 [kN] Added resistance due to drift 

𝑋𝑅 [kN] Added resistance due to rudder 

𝑋𝑐 [kN] Calm water resistance component 

𝑋𝑠𝑎𝑖𝑙(𝑠) [kN] Longitudinal force(s) generated by the WASP 
system 

𝑋𝑤𝑖𝑛𝑑 [kN] Wind resistance component / longitudinal wind 
force 

𝑋𝑤𝑣 [kN] Mean added wave resistance component in 
irregular waves 

𝑌𝑠𝑎𝑖𝑙(𝑠) [kN] Lateral (heeling) force(s) generated by the 
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Executive Summary 

This report presents the development and application of a comprehensive framework for assessing 

the fuel consumption and emissions reduction potential of wind-assisted ship propulsion (WASP) 

retrofit solutions under realistic operating conditions. The objective is to support robust techno-

operational evaluation by consistently comparing baseline and retrofitted ship configurations while 

accounting for operational variability, environmental conditions, and modelling fidelity. 

The assessment framework integrates both short-term and long-term operational analyses through 

the use of synthetic datasets and probabilistic formulations. Key operational parameters, including 

ship speed and loading condition, together with environmental variables such as wind speed, wind 

direction, and wave characteristics, are systematically incorporated. Long-term variability is 

addressed using standardized wind probability statistics within the IMO EEDI framework as well as 

route-specific annual wind statistics derived from historical meteorological data. Expected main 

engine and total fuel oil consumption are estimated using weighted formulations that combine 

conditional performance predictions with joint probability distributions, enabling a consistent 

evaluation of fuel savings across representative service profiles. 

In parallel, the work examined the aerodynamic and operational performance of AWS sails as an 

application example, through high-resolution simulations applied to a bulk carrier on real voyages. A 

comprehensive parametric analysis of mast rotation and wing twist configurations quantified the 

aerodynamic behavior of the sails in terms of lift and drag coefficients over a range of angles of 

attack. The results confirmed that sail trimming and configuration strongly influence performance. 

Different optimization strategies were evaluated, demonstrating that net thrust provides a more 

realistic optimization metric, as it accounts for transverse aerodynamic loads in addition to propulsive 

benefit. Building on this analysis, the theoretical installation of eight AWS sail units showed 

substantial reductions in main engine power demand across a wide range of wind conditions. 

Simulations of a real historical voyage further indicated fuel consumption reductions exceeding 20%, 

with additional improvements achieved when route optimization was applied. 

The developed framework is applied in Section 4 to evaluate two WASP technologies, namely 

suction sails (eSails) of B4B and AWS flexible sails, under both synthetic operating scenarios and 

long-term yearly operational profiles. The results show that increasing the number of devices leads 

to higher fuel savings for both systems, although the achievable net benefits depend on modelling 

fidelity and auxiliary power requirements. For eSails, the inclusion of auxiliary power demand 

reduces total fuel savings relative to main engine savings, highlighting the importance of evaluating 

total fuel consumption. In contrast, AWS sails configurations exhibit higher net savings due to 

negligible auxiliary power requirements. Long-term route-based assessments reveal significant 

variability in savings across routes, driven primarily by wind availability. Overall, the results confirm 

that WASP technologies can deliver measurable fuel savings under realistic operating conditions, 

while emphasizing the critical role of route characteristics, environmental conditions, and system-

specific operational constraints in determining their effectiveness. 
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1 Introduction 

1.1 Aim of the work 

 

This section presents the framework developed for the operational assessment of ship retrofit 

solutions, with the aim of quantifying their impact on fuel consumption and associated emissions 

relative to the initial ship design. The assessment is designed to capture the influence of both 

operational and environmental variability on vessel performance, ensuring that the estimated 

benefits of retrofit measures are representative of realistic service conditions. To this end, the 

analysis considers a wide range of operating scenarios defined by key navigational parameters—

such as ship speed and loading condition—as well as environmental factors, including wind and 

wave characteristics. 

The assessment methodology is based on a systematic comparison between the baseline vessel 

configuration and various retrofit combinations. For each configuration, fuel oil consumption (FOC) 

is evaluated under identical operating conditions, allowing for a direct and consistent comparison of 

performance. The analysis is conducted using the performance and fuel consumption models 

developed in Task T3.2 [1], which are applied uniformly across all examined scenarios. This ensures 

methodological consistency and enables the identification of fuel savings attributable solely to the 

implementation of retrofit solutions, rather than to differences in modelling assumptions or input data.  

Specifically, in [1] the modelling framework of the NTUA’s weather routing tool was presented in 

detail. The main module named “Ship Model” was introduced and was broken down into its several 

components. In addition, two different approaches were formulated (see [2], [3]) regarding the 

assumed degrees of freedom. Initially, a longitudinal 1-Degree Of Freedom (1-DOF) ship model was 

implemented, focusing on the prediction of total resistance and fuel oil consumption under different 

environmental conditions. Subsequently, the modelling framework was extended to account also for 

transverse forces and yaw moments (3-DOF) in order to enable the assessment of Wind-Assisted 

Ship Propulsion (WASP) systems. Within this context, suction type sails from B4B were examined 

as a representative case study. 

To comprehensively capture the operational profile of the vessel, both short-term and long-term 

assessments are performed. Short-term assessments focus on discrete operating scenarios that 

span representative ranges of ship speed, draft, wind, and wave conditions. These scenarios are 

generated through synthetic datasets, which are constructed to ensure adequate coverage of 

realistic combinations of environmental loads and vessel operating points. Long-term assessments, 

on the other hand, aim to account for variability over extended periods of service by incorporating 

probabilistic descriptions of environmental conditions and ship operation. In this context, ship speed 

is treated as a random variable, while wind and wave conditions are described using joint probability 

distributions. Section 2 describes the previously mentioned framework.  

In the first instance, the AWS sails system is considered as an auxiliary propulsion device and 

assessment regarding its efficiency is conducted and presented in Section 3. The system provides 

additional thrust to support the main propulsion and its contribution depends strongly on the 

prevailing wind conditions. Therefore, its effectiveness can only be properly evaluated within a 

realistic operational framework that accounts for environmental variability. The AWS sails system 

was integrated into the NTUA’s weather routing tool, allowing its aerodynamic performance to be 

assessed along with vessel’s hydrodynamics, propulsion limits and environmental conditions. The 
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integration enables the auxiliary thrust produced by the sails to be accounted in the required main 

engine power, fuel consumption and operational constraints along the route. 

For a given configuration consisting of eight sails, a detailed simulation was initially conducted for a 

real voyage of the Kamsarmax bulk carrier(MV Kastor) which was examined in D3.2 , both with and 

without the AWS sails installed. In this way, the direct impact of the auxiliary propulsion system is to 

be presented. Subsequently, route optimization was applied to the same voyage, allowing the vessel 

trajectory to vary in response to the combined effects of optimal weather routing and auxiliary thrust. 

This approach makes it possible to assess the combined gains arising from the interaction between 

the AWS sails and the optimized weather routing, providing a comprehensive evaluation of the 

system’s performance under realistic operating conditions. 

The application of the proposed operational assessment framework is presented in Section 4 for the 

evaluation of wind-assisted ship propulsion (WASP) retrofit solutions. The methodology is applied to 

assess the performance of selected technologies under both synthetic and route-based long-term 

operational conditions. In particular, the analysis covers the generation and evaluation of synthetic 

datasets for representative operating scenarios, the implementation of IMO-based long-term wind 

statistics, and the assessment of selected voyages undertaken during a representative operational 

year. The resulting fuel consumption and emissions savings are presented and discussed for the 

examined retrofit options, including eSails and AWS sails, providing a quantitative basis for 

comparing their effectiveness under realistic service conditions. Finally key conclusions of the study 

are presented in Section 5.  
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2 Framework for operational assessment 

A systematic investigation will be conducted to quantify the fuel savings achieved by various 

combinations of retrofit options in comparison with the initial ship design. The analysis will consider 

a wide range of realistic operational scenarios, incorporating key navigational parameters such as 

ship speed and mean draft, as well as environmental conditions including wind and wave 

characteristics. These scenarios will be defined based on synthetic datasets to ensure 

comprehensive coverage of representative operating conditions. In addition, a long-term 

assessment of operational profiles will be included to capture variability over extended periods of 

service. Specifically, the long-term assessment will consider weather statistics for two distinct cases: 

(i) the IMO wind probability matrix used in the EEDI calculation framework, and (ii) annual wind 

statistics along the routes operated by the examined ship within a representative year. Moreover, 

ship’s speed will be considered as a random variable.  

The evaluation will be performed using the models developed in Task T3.2, which will be applied 

consistently across all examined scenarios. Each scenario will be assessed for both the retrofitted 

ship and the baseline configuration, allowing for a direct comparison of performance and fuel 

consumption. The resulting fuel savings will be quantified and analysed to identify the most effective 

retrofit combinations under both short-term and long-term operational conditions. 

Based on this approach, Figure 1 presents the calculation flowchart that outlines a structured 

methodology for assessing the impact of retrofit solutions on fuel consumption and emissions. The 

process begins with the definition of the retrofit options to be evaluated, followed by the selection of 

operational scenarios or specific routes representative of the ship’s service profile. Based on these 

scenarios, synthetic datasets are generated to capture the relevant operational and environmental 

conditions. Using these data, the total fuel oil consumption (FOC) of both the initial and the retrofitted 

ship configurations is calculated. Finally, the results are compared to derive the corresponding fuel 

consumption and emissions savings attributable to the retrofit measures. 

In particular, the main engine (ME) FOC is estimated by accounting for the probability density 

functions of the governing parameters for the examined loading condition, namely ship speed 𝑉𝑠, 

wind characteristics (speed 𝑉𝑡𝑤 and direction 𝛩𝑡𝑤), and wave conditions (significant wave height 𝐻𝑠 

and peak period 𝑇𝑃) (Εq.1). A weighted formulation is employed (Eq.2), where joint probability 

distributions are used to combine the effects of these parameters and compute the expected ME 

FOC as the sum of the conditional fuel consumption values multiplied by their corresponding 

probabilities. Similar to Eq. 1, a weighted total FOC can be also calculated.  

 
𝐸[𝐹𝑂𝐶] = 

∫ 𝑓(𝑀𝐸 𝐹𝑂𝐶|𝑉𝑠, 𝑉𝑡𝑤, 𝛩𝑡𝑤, 𝐻𝑠, 𝑇𝑃) 𝑝(𝑉𝑠)𝑝(𝑉𝑡𝑤, 𝛩𝑡𝑤)𝑝(𝐻𝑠, 𝑇𝑃)dVsdVtwdΘtwdHsdTP 

 

Eq. 1  

 
 

𝑀𝐸 𝐹𝑂𝐶̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = ∑ ∑ ∑ ∑ ∑ 𝑓(𝑀𝐸 𝐹𝑂𝐶|𝑉𝑠,𝑖 , 𝑉𝑡𝑤,𝑗 , 𝛩𝑡𝑤,𝑘, 𝐻, 𝑙𝑠 , 𝑇𝑃,𝑚)𝑤(𝑉𝑠,𝑖)𝑤(𝑉𝑡𝑤,𝑗 , 𝛩𝑡𝑤,𝑘)𝑤(𝐻𝑠,𝑙 , 𝑇𝑃,𝑚)

𝑚𝑙𝑘𝑗𝑖

 
Eq. 2  

 
 

Where for the general parameter A (e.g. VS) used in Eq.1 and 2 above, it stands that: 

 𝑤(𝐴𝑖) = ∫ 𝑝(𝐴)𝑑𝐴
𝐴𝑖+1

𝐴𝑖

 
Eq. 3  
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and ∑ 𝑤(𝐴𝑖) = 1𝑖  

 

Figure 1: Τhe calculation flowchart. 
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3 WASP retrofits 

3.1 Evaluation of AWS sail 

For the evaluation of AWS sail system a total of 28 cases were analysed, each corresponding to 

different mast rotation and twist settings (see Figure 2 and Table 1). The aerodynamic performance 

of every case was evaluated using the NTUA solver (D4.8, [[3]]). For each case, the aerodynamic 

coefficients, namely the lift coefficient 𝐶𝑙 and the drag coefficient 𝐶𝑑, were estimated over a range of 

angles of attack (AOA) from 0° to 90°. In addition, the corresponding vertical center of effort (VCOE) 

was determined for each configuration. 

 

Figure 2: Typical configurations. 

Table 1: Available cases and their configuration. 

Case 
No. 

Mast Rotation 

(deg) 

Wing Twist (deg) 

1 0 0 

2 5 5 

3 10 10 

4 15 10 

5 15 15 

6 20 10 

7 20 15 

8 20 20 

9 25 10 

10 25 15 

11 25 20 

12 25 25 

13 30 10 

14 30 15 

15 30 20 

16 30 25 
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17 35 10 

18 35 15 

19 35 20 

20 35 25 

21 40 10 

22 40 15 

23 40 20 

24 40 25 

25 45 10 

26 45 15 

27 45 20 

28 45 25 

In Figure 3 the aerodynamic coefficients for some of the above mentioned cases are plotted against 

the respective AOA. 

 

Figure 3: Example Cases along with their aerodynamic coefficients for corresponding angle of attack. 

The aerodynamic coefficients are resolved into thrust from sail (Χ𝑠𝑎𝑖𝑙) and corresponding side force 

from sail (𝑌𝑠𝑎𝑖𝑙), while also the total force from a single sail (F𝑠𝑎𝑖𝑙) are calculated as follows: 

Y𝑠𝑎𝑖𝑙(ΑΟΑ) = 𝜌/2 ∗ 𝑉𝑟𝑤
2 ∗ 𝐴 ∗ (𝐶𝑙(ΑΟΑ) ∗ 𝐶𝑜𝑠(𝛩𝑟𝑤) + 𝐶𝑑(ΑΟΑ) ∗ 𝑆𝑖𝑛(𝛩𝑟𝑤))    Eq.  4 

𝑋𝑠𝑎𝑖𝑙(ΑΟΑ) = 𝜌/2 ∗ 𝑉𝑟𝑤
2 ∗ 𝐴 ∗ (𝐶𝑙(ΑΟΑ) ∗ 𝑆𝑖𝑛(𝛩𝑟𝑤) − 𝐶𝑑(ΑΟΑ) ∗ 𝐶𝑜𝑠(𝛩𝑟𝑤))    Eq.  5 

F𝑠𝑎𝑖𝑙(ΑΟΑ) = 𝜌/2 ∗ 𝑉𝑟𝑤
2 ∗ 𝐴 ∗ 𝐶𝑡(ΑΟΑ) Eq.  6 

 

where 

𝐶𝑦(𝐴𝑂𝐴) = 𝐶𝑙(ΑΟΑ) ∗ 𝐶𝑜𝑠(𝛩𝑟𝑤) + 𝐶𝑑(ΑΟΑ) ∗ 𝑆𝑖𝑛(𝛩𝑟𝑤)     Eq. 7 

𝐶𝑥(𝐴𝑂𝐴) = 𝐶𝑙(ΑΟΑ) ∗ 𝑆𝑖𝑛(𝛩𝑟𝑤) − 𝐶𝑑(ΑΟΑ) ∗ 𝐶𝑜𝑠(𝛩𝑟𝑤) Eq. 8 
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𝐶𝑡(ΑΟΑ) = √𝐶𝑥
2 + 𝐶𝑦

2 Eq.  9 

and 

𝛩𝑟𝑤 is the Relative Wind Direction 

𝑉𝑟𝑤 is the Relative Wind Speed 

𝜌 is the air density 

𝐴 is the area of the wing sail. 

Last but not least, the generated moment is obtained from: 

𝑀𝑠𝑎𝑖𝑙(𝐴𝑂𝐴) = 𝑉𝐶𝑂𝐸𝐴𝑂𝐴 ∗ F𝑠𝑎𝑖𝑙(ΑΟΑ)    Eq. 10  

The above-mentioned forces generated by each sail were calculated for all possible combinations 

of key sailing parameters and for all configurations stated in Table 1. Specifically, relative wind 

direction RWD) ranged from 0° to 180°, relative wind speed RWS from 0 to 35 m/s and angle of 

attack (AOA) from 0° to 90°. An example of the generated table is shown in Table 2, which was 

created using a step of 5° for relative wind direction, 5 m/s for relative wind speed and 1° for AOA.  

Another variable named “𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡” is also calculated and used as the optimization parameter to 

query the table and find the optimal wing configuration (Case and AOA) for a given combination of 

RWD and RWS, where “𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡” is maximized.  

"𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" = 𝑋𝑠𝑎𝑖𝑙 −
|𝑌𝑠𝑎𝑖𝑙|

𝐿𝐷𝐻

 Eq.  11 

Where, 𝐿𝐷𝐻  is the induced drag on the vessel due to side force from the wings and is assumed for 

the analysis equal to 7, while also a maximum moment limit of 1500 kN (per sail) is imposed as a 

reasonable design / safety constraint. 

Table 2: Example of Data used in the Optimization Model. 

Cas
e 

No. 

RWD 
(deg) 

RWS 
(m/s) 

AoA 
(deg) 

Xsail 
(kN) 

Ysail 

(kN) 

“Net 
Thrust
” (kN) 

Moment 
(kNm) 

Cl     
(-) 

Cd       

(-) 
VCOE 

(m) 

1 25 10 16 8.13 23.11 4.83 218.35 1.154 0.114 8.91 

1 25 10 17 8.23 23.33 4.90 219.99 1.165 0.114 8.89 

1 25 10 18 8.28 23.51 4.92 221.30 1.174 0.115 8.88 

1 25 10 19 8.29 23.67 4.91 22.26 1.184 0.118 8.86 

1 25 10 21 8.14 23.97 4.72 223.65 1.191 0.130 8.83 

1 25 10 22 7.96 24.10 4.52 223.92 1.193 0.141 8.82 

1 25 10 23 7.70 24.25 4.24 224.09 1.194 0.155 8.81 

1 25 10 24 7.35 24.39 3.86 224.06 1.193 0.173 8.80 

1 25 10 25 6.88 24.52 3.38 223.68 1.189 0.195 8.79 

1 25 10 26 6.32 24.66 2.80 222.34 1.184 0.222 8.77 

1 25 10 27 5.67 24.75 2.14 222.51 1.175 0.252 8.76 

1 25 10 28 4.97 24.82 1.42 221.59 1.164 0.283 8.75 

1 25 10 29 4.20 24.83 0.65 220.19 1.149 0.317 8.74 
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3.1.1 AWS sail case study 

The ship examined for the following analysis and the upcoming results is a bulk carrier (MV Kastor) 

with the main characteristics shown in Table 3, which was also used in D3.2 as the reference ship. 

Another WASP system is also integrated into the weather routing tool and its impact on route 

selection and ship’s efficiency will be examined. The vessel is assumed to be equipped with 8 AWS) 

sails, each of 345m2. A potential configuration of these wing sails is shown in Figure 4 and their 

exact location is also presented in Table 4. 

Table 3: MV Kastor main characteristics. 

Parameter ID Value 

Length B.P. [m] 225.50  

Breadth [m] 32.26  

Depth [m] 20.05  

Scantling Draft [m] 14.45  

Design Draft [m] 12.20  

Ballast Draft (mean) [m] 6.38  

DWT [t] 81600 

Main Engine MCR [kW] 9930  

Service Speed [kn] 14.3  
 

Table 4: Sails’ location of the proposed 
configuration. 

Sails’ set Distance from AP 
(m) 

1st 81.27 

2nd 107.22 

3rd 132.31 

4th 158.26 
 

 

 

Figure 4: AWS sails configuration for the MV Kastor. 

In this case study, the vessel is assumed to travel at a speed of 11 knots with a loading condition at 

the scantling draft of 𝑇 = 14.45 meters. The weather conditions correspond to a significant wave 

height (𝐻𝑠) of 2 meters and a peak wave period (𝑇𝑝) of 10 seconds, while the true wind speed (𝑉𝑡𝑤) 

is 7.5 m/s (Table 5). For the purpose of this analysis, it is assumed that the wind and waves are 

coming from the same direction. The ship model is used to account for the added resistance due to 

wind and waves, as detailed in previous deliverable reports.  



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D3.3 – Operational Synthesis Evaluation 

Dissemination level – PU 

Page 20 of 57 

Table 5: Weather and loading conditions for the case study. 

Parameter Value 

Scantling draft [m] 14.45  

Ship speed [kn] 11  

Wave height [m] 2 

Wave peak period [s] 10  

True wind speed [m/s] 7.5  

Different approaches were examined and are presented in the following, focusing on the selection 

of the optimal Case, the corresponding sails’ trim angle and the optimization variable (as described 

in Section 3.1). Regarding the optimization variable, initially the optimization is carried out using 𝑋𝑠𝑎𝑖𝑙 

and afterwards the "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" variable is employed, as outlined above in Section 3.1.  

Beginning with optimization using 𝑋𝑠𝑎𝑖𝑙, different scenarios were tested regarding Case selection 

and sails’ trimming: 

 Test Case 10 without trimming, Figure 5 (considering RWD coincides with AOA). 

 Test Case 10 with constant AOA at 19degrees, Figure 6. 

 Test Case 10 with optimal trimming, Figure 7. 

 Optimizing Case selection with optimal trimming, Figure 8. 

 

 

Figure 5: AWS sails system forces for Case 10 without trimming (RWD=AOA). 
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Figure 6: AWS sails system forces for Case 10 at 19 AOA. 

 

 

Figure 7: AWS sails system forces for Case 10 with optimal trimming of the sails. 
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Figure 8: AWS sails system forces for optimal Case with optimal trimming of the sails. 

It is obvious that even trimming sails at a constant angle for the same test Case, the generated 

forces of the AWS sails are strongly affected impacting the overall performance of the system. 

Moving a step forward, it is tested the same Case while perform optimal trimming to the sails (Figure 

7). Finally, the last scenario presents the optimization on both the selected Case and the sail’s 

trimming (Figure 8). 

The deviations for the longitudinal and transverse forces for the above scenarios are summarized in 

Figure 9.  

It becomes clear that sails thrust is maximized through the combined optimization of both Case 

selection and sails trimming. This improvement is not limited to an increase in the peak thrust 

magnitude but also extends the range of operating conditions for which enhanced thrust is achieved. 
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Figure 9: Generated thrust (𝑋𝑠𝑎𝑖𝑙𝑠) and side forces (𝑌𝑠𝑎𝑖𝑙𝑠)  from the sails for the different scenarios under 
investigation. 
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After analysing the influence of Case selection and sails trimming on the system forces, the next 

step is to examine how the optimization parameter affects the query process of the generated table 

(Section 3.1) and the resulting choice of Case and sails trimming. 

 

Figure 10: Generated forces while using optimization parameter 𝑋𝑠𝑎𝑖𝑙. 

 

Figure 11: Generated forces while using optimization parameter "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡". 
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Using "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" as the optimization parameter yields a favorable effect on the AWS sails system, 

since similar longitudinal forces are achieved with reduced side forces. This indicates that a more 

efficient aerodynamic configuration is selected, since lower lateral loads reduce the hydrodynamic 

forces required from the hull and/or the rudder.   

 

Figure 12: Comparison of the generated thrust forces by the AWS sails system between different 
optimization parameters. 

 

Figure 13: Comparison of the generated side forces by the AWS sails system between different 
optimization parameters. 
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This impact is more evident in the comparative Figure 12 and Figure 13 regarding the thrust forces 

and the side forces, between the two  different optimization approaches, respectively. 

Continuing this work in accordance with the similar case study presented for the WASP system from 

B4B, drift and rudder angles should be monitored to ensure they do not exceed their limitations, 

allowing the ship to maintain its course. Additionally, the added resistance caused by drift and rudder 

should be considered in the total resistance, since it affects the required power from the main engine. 

The following results are based on "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" parameter for the optimization regarding Case 

selection and sails’ trimming, as already presented. 

In Figure 14 the generated drift and rudder angles are compared for different angles of relative wind, 

both with and without the AWS sails. As shown, their peaks are found around 20 degrees of relative 

wind, where the transverse forces are significantly high (Figure 15). As expected, the longitudinal 

component of the rudder resistance is also high at the same wind angles. 

 

 

Figure 14: Drift and rudder angles vs. relative wind and wave direction. 
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Figure 15: Transverse forces vs. relative wind direction. 

All the longitudinal forces are presented in Figure 16. Calm water resistance 𝑋𝑐 is steady and equals 

406.93 [kN], but it is not included in Figure 16, to maintain the clarity in the graph. 

 

Figure 16: Longitudinal forces vs. relative wind direction. 

Figure 17 and Figure 18 show the main engine power and ME FOC required respectively, comparing 

cases where the AWS system is installed versus not installed. For safety reasons, a minimum load 

of 25%MCR has been applied to the demanded power represented by a straight line in the below 

diagrams. 
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Figure 17: ME power with/without AWS sails. 

 

Figure 18: ME FOC with/without AWS sails. 

In addition, polar graphs have been created, considering the same ship speed and loading condition, 

showing the ΜΕ power savings when using the AWS system Figure 19 and Figure 20. Calculations 

were performed considering various true wind directions within a 0–180 degree range for several 

values of true wind speeds, and the results are plotted against this range and alongside with the 

corresponding relative wind direction. The wave conditions are same as mentioned in Table 5. 
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Figure 19: Power savings in kW vs true wind speed direction (left) and relative wind direction (right). 

 

Figure 20: Power savings percentages vs true wind speed direction (left) and relative wind direction (right). 

To conclude the evaluation of AWS sails system in this study, another comparative analysis is 

conducted adding to the process a limitation of 400kN on the side forces generated by the system. 

The differences in ME Power are defined by adding the aforementioned 𝑌𝑠𝑎𝑖𝑙𝑠 limit, while comparing 
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also different optimization approaches based on "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" and 𝑋𝑠𝑎𝑖𝑙 (Thrust). Results are shown 

in Figure 21 as a function of relative wind direction in a range of 0-180deg. 

 

Figure 21: Power savings percentages vs relative wind direction, while applying limitation of maximum 
400kN on side forces and optimizing using "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" (left) and 𝑋𝑠𝑎𝑖𝑙 (right). 

In Table 6 the average ME power savings in MCR percentages due to AWS sails system are 

presented, when using different optimization parameters and/or adding the 𝑌𝑠𝑎𝑖𝑙𝑠 limitation. 

Table 6: ME Power savings in MCR percentages when using AWS sails considering different approaches. 

 𝒀𝒔𝒂𝒊𝒍𝒔 ≤ 𝟒𝟎𝟎𝒌𝑵 𝒀𝒔𝒂𝒊𝒍 
no limit 

 

Optimization with:  

(1) 
Thrust (𝑋𝑠𝑎𝑖𝑙) 

(2) 
𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡 

(3) 
𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡 

(3)-(2) 
Differences 

Vtw [kn]  [%] [%] [%] [%] 

10 4.82 4.86 4.93 0.07 

14 6.21 6.29 6.82 0.53 

18 7.43 7.63 7.39 -0.24 

22 7.94 7.99 6.40 -1.59 

26 7.95 8.05 2.25 -5.80 

30 8.31 8.36 1.46 -6.9 

Obviously, by adding the constraint on side forces, gains achieved by AWS sails can be increased 

especially for higher wind speeds. 

3.2 Route optimisation  

The performance of the WASP system was examined on a specific route enabling also the option of 

weather routing optimization. Therefore, the assessment concerns the effect of the WASP system 

on fuel savings considering its operation along the same route of the ship (“real” route), as well as 

the fuel savings of the optimal route derived using NTUA’s weather routing tool. This tool has been 

described in D3.2 and it shall be noticed that the optimal route process considers the ship equipped 
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with the WASP system. In D3.2 [1] it was shown that optimal routes when a WASP system is 

activated are potentially different from the respective one when the WASP is not used or installed.  

In this study, all calculations and route optimization concern the voyage of MV Kastor on 22.05.2022, 

whose main characteristics are reported in Table 7. The same voyage is to be simulated while 

utilizing the AWS sails.  

The voyage is from Port Louis (Mauritius) to Singapore, although the upcoming simulation of the real 

voyage and the respective optimization are focused on the voyage segment between Port Louis 

(Mauritius) and north of Banda Aceh (Indonesia). The remaining part of the voyage was not relevant 

to the route optimization and was therefore excluded from the process (Figure 22). The specific 

voyage is selected since it was carried out right after under water hull cleaning, while the exact 

loading condition (KG, LCG) was considered. During the voyage a diesel generator (DG) is assumed 

to be working at a constant load of 400kN (average value from noon reports) as analysed in D3.2. 

Table 7: Kastor Voyage on 22.05.2022. 

Parameter Value 

Voyage duration [days] 10.26  

Average speed over ground [kn] 11  

Distance travelled [nm] 2721.88  

Mean draft [m] 13.10  

 

 

Figure 22: The main segment of the real voyage which has to be optimized. 

In Figure 23 the total FOC of the simulated real voyage is presented with and without the auxiliary 

thrust device, highlighting significant fuel savings along the entire route when the system is 

employed. Similarly, Figure 24 presents the respective ME power and RPM for the same voyage 

under both configurations, enabling a direct comparison of the propulsion requirements with and 

without the AWS sails. 
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Figure 23: Total FOC for the real voyage with and without (w/o) AWS sails. 

 

 

Figure 24: ME Power and RPM with and without (w/o) AWS sails. 

Figure 25 presents the thrust force produced by the eight sails system throughout the voyage, 

illustrating its variation in response to the prevailing wind conditions (speed and direction). It is 

observed that, particularly during the first 700nm of the voyage, the generated thrust forces exceed 

400kN. In addition, in this segment of the route, the most pronounced reductions in fuel consumption 

are also observed as already presented. 
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Figure 25: Sails’ longitudinal force and wind conditions along the real voyage. 

Optimization was conducted using Genetic Algorithm (GA) tuned with a population of 100 individuals 

over 100 generations. The resulted optimal path is depicted in Figure 26 and comparative analysis 

between the real voyage and the optimal path with and without AWS sails is also presented in Table 

8. 

 

Figure 26: Real voyage (red) and optimal path (black). 
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Table 8: Comparison between the real voyage and the optimal path with and without AWS sails. 

 

Distance Duration ME FOC 
ME FOC 

Diff. 
Total FOC 

Total 
FOC 
Diff. 

[nm] [days] [t] [%] [t] [%] 

w
/o

 A
W

S
 

s
a
il

s
 Real Voyage 

(red) 
2721.88 10.26 182.86 - 203.08 - 

Optimal 
(black) 

2757.32 10.39 175.57 3.98 196.05 3.46 

w
it

h
 A

W
S

 

s
a
il

s
 Real Voyage 

(red) 
2721.88 10.26 140.78 23.01 161.00 20.72 

Optimal 
(black) 

2757.32 10.39 134.26 26.57 154.73 23.80 

The optimal path proposed by the GA achieves about 24% reduction in total FOC, while if the 

auxiliary propulsion is not installed, gains from route optimization are restricted to 3.46%. Total FOC 

of both routes (real and optimal) is also presented in Figure 27. 

 

Figure 27: Total FOC for the real voyage and the optimal path. 

Correspondingly, Figure 28 shows the ME power for the real and the optimal path along with the 

generated thrust from the sails for the same paths. It is observed that the main engine (ME) power 

demand is reduced even in regions where the thrust forces generated by the sails remain similar or 

are even lower. This behaviour can be more effectively explained by the diagram presented in Figure 

29. 
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Figure 28: ME Power and generated thrust from sails for the real voyage and the optimal path. 

Figure 29 illustrates the rudder resistance and the corresponding rudder angles for both the real and 

the optimal voyage, as they evolve along the routes. At certain route segments the auxiliary system 

may generate lower thrust, however, it operates more effectively overall, as it achieves reduced 

rudder resistance and consequently, lower rudder angles. This reduction contributes to lower 

propulsion power demand, despite the locally decreased thrust production. Finally, Figure 30 

compares the prevailing wind conditions for both routes. 

 

 

Figure 29: Rudder resistance (XR) and rudder angle (delta) for the real voyage and the optimal path. 
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Figure 30: Wind conditions (speed & direction) for the real voyage and the optimal path. 
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4 Long-term operational assessment  

4.1 Synthetic dataset generation  

The synthetic dataset was constructed by developing a structured set of operating scenarios that 

span representative and realistic ranges of environmental and vessel conditions as derived by the 

analysis of its operational characteristics (D3.1). Ship speed was varied from 10 to 13 knots in 1-

knot increments, while the vessel was assumed to operate at a constant mean scantling draft of 

14.45 m. Sea states were defined through combinations of significant wave height, ranging from 2 

to 5 m in 1 m steps, and peak wave period, ranging from 7 to 14 s in 1 s increments. For each sea 

state, wave headings were varied from 20° to 180° relative to the vessel in 20° increments, ensuring 

coverage from near-head seas to following seas and enabling a broad assessment of directional 

effects. 

Wind conditions were incorporated in a physically consistent manner by correlating the significant 

wave height with the mean true wind speed through the empirical relationship 𝐻𝑠 = 0.115𝑉𝑡𝑤
1.41. This 

approach ensured that higher sea states were associated with correspondingly stronger winds, 

reflecting realistic weather conditions. In addition, the true wind heading was assumed to coincide 

with the wave heading, thereby maintaining aligned wind–wave systems and simplifying the 

directional coupling between environmental loads acting on the vessel. In total, the combination of 

the parameters results in the generation of 1152 scenarios. Moreover, for each scenario in the 

synthetic dataset, it is examined whether the calculated operating point of the main engine (𝑃𝑀𝐸,𝑛𝑀𝐸) 

lies within the loading diagram, thereby ensuring safe operation. If this condition is not met, the 

scenario is classified as unfeasible. Furthermore, if the derived PME value is lower than 25% MCR, it 

is set to a minimum of 25% MCR to ensure safe operation of the main engine. 

Table 9: Range of parameters for synthetic dataset generation  

Parameter Range  

Ship Speed [kn] [10,13,1]  

Mean draft [m] 14.45 

Significant wave height [m] [2,5,1] 

Peak wave period [s] [7,14,1] 

Wave heading [deg] [20,180,20] 

Mean true wind speed [m/s] [7.58,14.518,2.125] 

4.2 Results for the eSails case study 

This analysis concerns B4B’s eSails WASP installed on the MV Kastor. The system was extensively 

examined in Deliverable D3.2, particularly for cases similar to those presented in Section 3. It should 

be noted that the proposed arrangement includes four eSails; however, in the following analysis, 

scenarios with one to four eSails are considered. Table 10 presents the locations of the eSails, while 

Figure 31 illustrates a typical arrangement for the case of four devices. 

Table 10: Locations of the four eSAILs. 

eSail Distance from AP (m) 

1st 55.55 

2nd 81.27 

3rd 158.26 

4th 185.94 
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Figure 31: Arrangement of the four eSAILs. 

Moreover, as mentioned previously, two ship performance prediction models were employed in D3.2, 

[[1],[2]] namely a 1-DOF and a 3-DOF model. The results in D3.2 indicated that, when using the 3-

DOF model, fuel savings were reduced due to the adverse effects of drift and increased rudder 

resistance induced by the sails. Therefore, both models are first utilized in the present analysis to 

further examine this effect in a more extensive dataset.  

Figure 32 presents the main engine fuel oil consumption (ME FOC) results in terms of probability 

density functions (PDFs) for the cases of one and four eSails, using both models. It is evident that, 

as the number of devices increases, the differences between the two models become more 

pronounced. In particular, when four eSails are installed, the lateral effects of the sails are captured 

only by the 3-DOF model, leading to more significant deviations between the two approaches. 

 

Figure 32: PDF of ME FOC [tn/day] for 1 eSail (left) and 4 eSails (right) using the 1-DOF and 3-DOF 
models.  

Therefore, to more realistically evaluate the fuel savings attributable to the WASP, the 3-DOF model 

is employed. Figure 33 presents the corresponding savings in ME FOC as well as in total fuel oil 
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consumption (total FOC). The latter metric is required, as it accounts for the auxiliary power demand 

associated with eSail operation. As can be observed, the estimated savings are lower when total 

FOC is considered. Quantified results will be presented next.  

 

Figure 33: PDF of ME FOC [tn/day] (left) and total FOC [tn/day] (right) using the 3-DOF model without and 
for 4 eSails case. 

The number of eSails considered in the analysis naturally affects the achievable savings potential. 
Therefore, as discussed previously, cases with one to four eSails have been examined, with the 
corresponding results presented in Figure 35. In addition, Figure 36 illustrates the average 
percentage savings derived from the respective distributions, compared against the initial design, for 
the range of eSails considered and for both prediction models. First, it is observed that increasing 
the number of eSails leads to higher potential savings, with both models exhibiting the same overall 
trend. In all cases, the savings in total FOC are lower than those in ME FOC, due to the inclusion of 
auxiliary power requirements. 

Focusing on the differences between the prediction models (Figure 37), it becomes evident that 

these differences increase as the number of devices increases. Moreover, the discrepancies in ME 

FOC savings are more pronounced than those in total FOC savings. This outcome is expected, as 

the influence of lateral forces - captured only in the 3-DOF model - becomes more significant with a 

higher number of installed devices, directly affecting the main engine power demand. In contrast, 

when only a single eSail is considered, the differences between the two models are nearly identical 

across all saving categories. 

 

Figure 34: Cumulative density function (CDF) of ME FOC [tn/day] and total FOC [tn/day] for several eSails 
devices. The 3-DOF model is used. 
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Figure 35: Bow-whisker plots of the difference of ME FOC [tn/day] and total FOC [tn/day] for several 
eSails devices. The 3-DOF model is used.  

 

 

Figure 36: % average ME FOC and total FOC savings in terms of number of sails and model employed. 
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Figure 37: Difference in savings between the 1-DOF and 3-DOF model. 

On the other hand, examining the difference between ME FOC and total FOC savings (Figure 38) 

highlights the impact of the auxiliary power requirements, which increase as the number of eSails 

increases. For instance, when using the 1-DOF model, the auxiliary power demand reduces the net 

savings by nearly 6% when four eSails are installed, whereas this reduction is less than 2% when 

only a single eSail is used. Moreover, this effect is slightly more pronounced when applying the 1-

DOF model, as it predicts higher ME FOC savings compared to the 3-DOF model. 

 

Figure 38: Difference in savings between ME FOC and total FOC (effect of the auxiliary power of eSails) 
when considering the 1 and 3-DOF model respectively. 

Finally, Figure 39 presents a density plot of the ME FOC savings [t/day] as a function of true wind 

speed and direction. An increase in fuel savings is clearly observed as the number of sails 
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considered increases. The plot also highlights the range of wind headings that significantly affect sail 

efficiency. It should be noted, however, that the ship’s speed varies between 10 and 13 kn. 

 

Figure 39: Density plots of %savings of ME FOC [tn/day] in terms of true wind speed and direction. 

4.3 Results for the AWS sails case study 

The same synthetic dataset and operating conditions were also used to evaluate the fuel savings 

achieved by the AWS sails. In this study, configurations with 4, 6, and 8 sails were examined. The 

auxiliary power required for sail operation was assumed to be negligible, in accordance with 

information provided by the sail manufacturer (AWS); therefore, only ME FOC savings are reported. 

Figure 40 presents the PDF and CDF of the ME FOC for the various sail configurations, as well as 

for the baseline case without sails. A reduction in fuel consumption is observed in all sail-assisted 
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cases, with the most pronounced savings occurring for the configuration with 8 sails. This trend is 

also illustrated in Figure 41.  

 

Figure 40: PDD (left) and CDF (right) of ME FOC [tn/day] for the cases of 4, 6, 8 kai without the AWS 
sails. 

 

 

Figure 41: Box-whisker plots of ME FOC [tn/day] (left) and the difference of ME FOC [tn/day] compared to 
the initial design (right) for the cases of 4, 6 and 8 AWS sails. 

Furthermore, Figure 42 shows that significant savings are achieved over a wider range of wind 

speeds and directions, owing to the optimization of the sail settings (mast rotation and wing twist), 

as described in the previous section. The average percentage savings relative to the baseline ship 

design are presented in Figure 43. It should be noted that the average values are computed by 

assigning equal weight (i.e., equal probability of occurrence) to each of the 1153 scenarios in the 

synthetic dataset. 
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Figure 42: Density plots of %savings of ME FOC [tn/day] in terms of true wind speed and direction, for the 
cases of 4, 6 and 8 AWS sails. 

 

 

Figure 43: Average % ME FOC savings per number of AWS sails. 
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4.4 Long-term assessment in selected routes 

4.4.1 Definition of the IMO long-term assessment synthetic dataset  

As a first step to evaluate the weighted ME FOC and total FOC according to Eq. 2, long-term wind 

statistics specified by the IMO are employed [[4]]. These statistics are used in the performance 

assessment of WASP systems within the EEDI framework. In particular, the IMO defines a wind 

probability matrix that is used to construct the probability weights 𝑤(𝑉𝑡𝑤, 𝛩𝑡𝑤) appearing in Eq.2. 

Furthermore, to simplify the analysis for demonstration purposes, the significant wave height 𝐻𝑠  is 

assumed to be correlated with the mean wind speed through the empirical relationship introduced 

previously, while the wave peak period TP is fixed at a representative average value of 11.5 s, 

consistent with typical wave period ranges. Under these assumptions, each combination of wind 

speed 𝑉𝑡𝑤 and direction 𝛩𝑡𝑤  corresponds to a unique pair of wave parameters (𝐻𝑠 and 𝑇𝑃).  With 

respect to ship speed, the distribution shown in Figure 45 is adopted, based on the statistical analysis 

of operational data presented in D3.1. The range of variation of the above parameters result to the 

definition of a new synthetic dataset which is shown in Table 11.  

 

Figure 44: Routes and density plot of wind statistics (true wind speed and direction) according to the IMO 
EEDI wind probability matrix. 

 

Table 11: Range of parameters for the IMO synthetic dataset 

Parameter Range  

Ship Speed [kn] [10,13,1]  

Mean draft [m] 14.45 

Mean true wind speed [m/s] [1,25,1] 

Mean true wind heading [deg] [0,360,5] 

Significant wave height [m] 
Correlated to mean 

true wind speed 
[1.01-12.14]  

Peak wave period [s] 11.5 

Mean wave heading [deg] 
Similar to mean 

true wind heading 
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Figure 45: Probability weights of ship’s speed. 

Using the 3-DOF model and 4eSails and 8 AWS sails configuration, Figure 46 presents the % ME 

FOC savings achieved for the range of true wind speed and direction assumed in the dataset and 

the scenarios mentioned in Table 11. The white areas correspond to cases where the operating 

condition is not feasible as lies outside the loading diagram of the main engine. Furthermore, the 

limit of 25%MCR of the main engine is also applied. Moreover, cases with relative wind speeds 

exceeding 25 m/s are excluded for safety reasons, in accordance with sail providers’ operational 

limits. It should be noted, however, that no weather routing has been considered in these results.  

Table 12: Average % ME FOC savings 

% ME FOC savings 4 eSails 8 AWS sails 

Average  12.85 14.73  

Weighted  6.45 11.87 

 

 

Figure 46: Density plot of % ME FOC savings. Left plot corresponds to 4 eSails configuration and the right 
one to the 8 AWS sails respectively. 
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4.4.2 Yearly assessment  

A set of voyages undertaken in 2022 by the examined vessel was considered to quantify the impact 

of the WASP measures under realistic operational profiles (Table 13). The voyage maps, together 

with annual wind statistics presented as density plots, are provided in the Appendix. The wind 

statistics are derived from 30 years (1989–2019) of ERA5 data. 

Table 13: Annual % Savings per route 

   
AWS 8 
sails 

4 eSails 

Departure Arrival 
Distance 

(nm) 
Δ ME 

FOC (%) 
Δ ME 

FOC (%) 
Δ total 
FOC 

Norfolk Va Bosporus 5163 9.86% 5.33% 3.46% 

Bosporus Santa Cruz De Tenerife 2528 7.63% 3.77% 2.61% 

Santa Cruz De 
Tenerife 

Itaqui 2464 4.41% 1.32% 0.44% 

Itaqui Port Louis 6304 7.35% 3.59% 2.21% 

Port Louis Singapore 3305 14.61% 5.93% 3.73% 

Singapore Xinsha 1443 4.66% 1.66% 0.85% 

Xinsha Muara Berau Anchorage 1358 8.47% 3.37% 2.10% 

Muara Berau 
Anchorage 

Singapore 1305 5.52% 2.20% 1.57% 

Singapore Tuticorin 1688 7.16% 3.37% 2.45% 

Tuticorin Richards Bay 3622 7.62% 2.83% 1.88% 

Richards Bay Flushing 7097 3.72% 1.40% 0.75% 

Wilhelmshaven Convent 4871 11.32% 7.00% 4.58% 

Convent Panama Canal 1404 5.79% 2.47% 1.61% 

Panama Canal Tianjin 8636 7.77% 4.08% 2.49% 

Dalian Kimitsu 1149 7.52% 3.42% 2.30% 

Kimitsu Vancouver  4290 13.29% 8.96% 6.20% 

Based on the ship speed profiles considered, the duration of open-sea operation ranges from 181 to 

236 days, which is considered reasonable. As significant variability in savings is observed among 

the examined routes, the influence of true wind speed is further investigated through the derivation 

of corresponding statistic (Figure 47). In particular, routes exhibiting higher savings—such as 

Kimitsu–Vancouver—show a higher probability of encountering higher wind speed values compared 

to routes such as Convent–Panama Canal, highlighting the direct impact of wind speed on the forces 

developed by the WASP system. Finally, Table 14 presents the aggregate savings, considering both 

average values and distance-weighted values for each route. 
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Figure 47: Annual true wind speed statistics for selected routes (left in logarithmic scale). 

 

Table 14: Aggregate savings for the route  

  
AWS 8 
sails 

8 eSails 
ME FOC 

8 eSails 
total FOC 

Average  7.92% 3.79% 2.45% 

Weighted on 
route distance 

8.18% 4.12% 2.64% 
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5 Conclusions  

This work developed and applied a structured operational assessment framework to quantify the fuel 

consumption and emissions reduction potential of wind-assisted ship propulsion (WASP) retrofit 

solutions under realistic operating conditions. The methodology combined synthetic datasets and 

long-term probabilistic assessments to capture the influence of environmental variability, ship speed, 

and route-specific characteristics on vessel performance. The framework was consistently applied 

to both baseline and retrofitted configurations, enabling a direct comparison of fuel oil consumption 

using models of different fidelity (1-DOF and 3-DOF). Through this approach, the analysis 

demonstrated the importance of accounting for operational variability, environmental statistics, and 

auxiliary power requirements when evaluating the net benefits of WASP technologies and provided 

quantitative insights into their performance across short-term scenarios and long-term service 

profiles. 

The first part of the work examined the aerodynamic and operational performance of AWS applied 

on a bulk carrier through simulations of a real voyage and route optimization. A comprehensive 

analysis was conducted with multiple mast rotation and wing twist combinations, allowing the 

aerodynamic behavior of the system to be quantified in terms of generated lift and drag coefficients 

across varying AOAs. The results confirmed that sail configuration and trimming settings influence 

the aerodynamic performance of the system. In addition, different optimization techniques were 

tested showing that using "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡" as the optimization parameter provides a more realistic 

performance assessment, as it accounts for transverse loads as well. Neglecting side forces may 

lead to inaccurate results, as part of the aerodynamic force generated by the WASP system acts on 

the lateral axis of the vessel and must therefore be balanced by the hydrodynamic forces from the 

hull and/or the rudder. This interaction introduces additional resistance, which reduces the effective 

propulsive contribution of the system. 

The analysis is extended to examine the operational benefits of the AWS by theoretically installing 

eight such sails on the bulk carrier under investigation, providing measurable reductions in main 

engine power demands and fuel oil consumption across a potential rage of wind conditions. Main 

engine power savings of approximately 42% were observed under 7.5m/s true wind speed when 

operating with the proposed auxiliary thrust devise, while for higher wind speeds the gains reached 

50%. For an even more realistic perspective, a real past voyage of the reference vessel is simulated 

with and without the AWS system. Results showed that the installation of the AWS sails would have 

reduced fuel oil consumption by 20.72% over the simulated voyage, while these savings increased 

to 23.80% when route optimization was performed, highlighting the combined effectiveness of WASP 

and route optimization.  

For the long-term assessment, the results for the eSails case study demonstrate a clear dependency 

on achievable fuel savings on both the number of installed devices and the modelling approach 

adopted. Probability density function of the main engine fuel oil consumption shows that increasing 

the number of eSails consistently shifts the distributions towards lower consumption values. 

However, as the number of devices increases, notable differences emerge between the prediction 

models, with the 3-DOF model capturing lateral force effects that are not represented in the simplified 

1-DOF approach. These effects become particularly significant when four eSails are installed, 

leading to more realistic estimates of main engine power demand and fuel savings. Consequently, 

the 3-DOF model was selected for the detailed evaluation of WASP performance. 
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When total fuel oil consumption is considered, the inclusion of auxiliary power requirements 

associated with eSail operation reduces the net savings relative to those estimated for the main 

engine alone. Although higher numbers of eSails result in increased main engine fuel savings, the 

auxiliary power demand partially offsets these gains, particularly for configurations with multiple 

devices. The analysis further shows that discrepancies between main engine and total fuel savings 

grow with the number of eSails, highlighting the importance of accounting for auxiliary loads in retrofit 

assessments. Overall, the results confirm that while larger eSail configurations offer greater savings 

potential, accurate quantification requires high-fidelity modelling and explicit consideration of 

additional power demands. 

The assessment of AWS sail configurations using the same synthetic dataset indicates consistent 

reductions in main engine fuel oil consumption across all examined cases. Configurations with 4, 6, 

and 8 sails all demonstrate fuel savings relative to the baseline ship, with the most pronounced 

reductions observed for the 8-sails configuration. The probability density and cumulative distribution 

analyses show that sail-assisted operation leads to lower fuel consumption over a broad range of 

operating conditions. Moreover, the optimization of sail settings, including mast rotation and wing 

twist, enables effective performance across a wider range of wind speeds and directions, thereby 

increasing the robustness of the achieved savings. Average savings values were computed by 

assigning equal probability to all scenarios in the synthetic dataset, ensuring a consistent basis for 

comparison. The long-term yearly assessment was performed for both examined WASP systems 

using a set of representative voyages undertaken in 2022. This analysis aimed to quantify the impact 

of wind-assisted propulsion under realistic operational profiles, accounting for route-specific wind 

statistics derived from long-term ERA5 data and observed ship speed distributions. The results 

indicate substantial variability in achievable fuel savings across the examined routes, reflecting 

differences in wind speed and direction distributions, voyage duration, and time spent in open-sea 

conditions. Routes characterized by a higher probability of encountering stronger winds, such as 

Kimitsu–Vancouver, exhibit higher fuel savings compared to routes with generally lower wind 

availability, such as Convent–Panama Canal, highlighting the strong dependency of WASP 

performance on prevailing environmental conditions. The aggregate results summarized in Table 14 

further illustrate the comparative performance of the two WASP technologies. For the AWS 

configuration with eight sails, average main engine fuel oil consumption savings of approximately 

7.9% are achieved, increasing slightly to 8.2% when weighted by route distance, indicating that 

longer voyages tend to benefit more from wind-assisted propulsion. In contrast, the eSails 

configuration with eight devices shows lower average savings, with approximately 3.8% reduction in 

main engine fuel consumption and about 2.5% in total fuel consumption when auxiliary power 

requirements are considered. The reduction in total fuel savings relative to main engine savings for 

eSails highlights the impact of auxiliary power demand associated with their operation. Overall, the 

comparison demonstrates that while both WASP systems provide measurable fuel savings under 

long-term operational conditions, AWS sails exhibit a higher net savings potential, whereas the 

performance of eSails is more sensitive to auxiliary power requirements and route characteristics. 
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Appendix: Voyages and wind statistics per route 

The next graphs present the map of the route and the annual statistics of true wind and direction 

along the route. The maps and the statistical values for the creation of the density ploys are obtained 

by the source https://blueroute.application.marin.nl/ . Wind statistics are based on 30 (1989-2019) 

years of ERA-5 data. 

 

https://blueroute.application.marin.nl/
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Figure 48: Maps of voyages and density plots of wind statistics 

 


