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Executive Summary 

This report presents the virtual demonstration and evaluation of the combined impact of Wind 

Assisted Ship Propulsion (WASP) and Air Lubrication System (ALS) on ship propulsion power and 

energy efficiency. The study conducted by Aalto University as part of Task 7.4 utilized a high-fidelity 

physical model and digital twin integration to assess retrofitting effectiveness for the vessel Kastor 

along a specific route from Panama to Mersin. 

The methodology involved the development of a 6-Degrees-of-Freedom time-domain physics-based 

ship dynamics model. This model integrates environmental loads, ship maneuvering, and 

aerodynamic forces to provide comprehensive outputs, including fuel consumption, propeller power, 

and shaft revolutions. The accuracy of the ship navigation performance was validated by a close 

agreement between predicted curves and measured data, enabling a robust quantitative comparison 

of different retrofit measures. 

For the WASP integration, the research focused on B4B eSAILs technology. Regression models 

were developed for thrust and lateral forces based on apparent wind speed and apparent wind angle, 

achieving high correlation coefficients. Simulations were performed for different installation 

configurations. The 2 eSAILs configuration demonstrated an average power saving of 4.21 %, while 

the 4 eSAILs configuration showed significantly higher benefits with average savings of 8.75 % and 

peak savings reaching 56.34 % under favorable conditions. On the other hand, utilizing the AWS sail 

arrangement (8 sails), an average of 16% of power savings was achieved.  

The evaluation of the ALS utilized a net energy-saving ratio that accounts for propulsion power 

savings versus the energy cost of air compressors. The analysis investigated configurations with 2, 

4, and 8 ALS units. The results indicate that while increasing the number of ALS units enhances 

maximum achievable power savings up to 3.91 % for 8 units, the average savings remain relatively 

limited, ranging from 0.03 % to 0.13 % across the tested configurations. 

The most significant efficiency gains were observed through the coupled integration of the Ship 

Model, WASP, and ALS. This integrated system demonstrated systematic power reduction along 

the entire voyage, achieving an average power saving of 10.64 %. Local peak savings exceeded 60 

% under favorable wind conditions, highlighting the strong contribution of wind-assist technology to 

the overall energy efficiency improvement. 

In conclusion, the virtual validation confirms that the combined use of WASP and ALS provides a 

measurable reduction in propulsion power demand. While the current report primarily focuses on 

eSAILs technology, the developed digital twin framework serves as a reliable tool for shipowners to 

evaluate the potential of these retrofit technologies in achieving GHG reduction targets. Future work 

may include the validation of additional wing sail technologies to provide a more comprehensive 

assessment. 
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1 Introduction 

The maritime industry increasingly focuses on enhancing ship energy efficiency and reducing its 

environmental footprint. A promising avenue for achieving these goals lies in the adoption of Wind 

Assisted Ship Propulsion (WASP) systems, such as electric sails (eSAILs), and Air Lubrication 

Systems (ALS). These innovative technologies harness wind energy and reduce frictional resistance 

to supplement conventional propulsion, thereby reducing fuel consumption and emissions. 

Accurately assessing the performance and impact of such systems during real-world operations is 

paramount to validating their efficacy. High-fidelity physical models and digital twin integration 

provide a robust framework for performance evaluation, allowing for the precise calculation of power 

consumption and potential savings across specific operational routes. 

The primary objective of Task 7.4 was to conduct a virtual demonstration of the combined use of 

WASP and ALS systems. The core aim was to evaluate the impact of these technologies on the 

vessel Kastor during a voyage from Panama to Mersin. The scope of this investigation specifically 

covered the development of a physical model to estimate power consumption and fuel savings. By 

virtually integrating digital twin models of eSAILs and ALS into the physical ship model, the research 

provides a quantitative comparison of propulsion power demand with and without these retrofit 

technologies under realistic environmental conditions. 

The dataset and modeling parameters utilized for this study were based on the vessel Kastor, a 180-

meter Bulk Carrier. The simulation utilized a high-fidelity ship model incorporating environmental 

loads such as wind and waves, as well as ship maneuvering characteristics. For the WASP system, 

the study utilized B4B eSAILs technology, with thrust and lateral force coefficients derived from 

regression models based on apparent wind speed and angle. For the ALS system, the model 

accounted for the net energy saving ratio by balancing propulsion power reduction against the 

energy consumption of air compressors. The analysis compared baseline performance against 

various configurations, including 2 or 4 eSAILs and 2, 4, or 8 ALS units. 

Section 2 presents the development of the physical model and its validation against measured 

navigation performance to ensure simulation accuracy. Section 3 outlines the modeling of the WASP 

system, focusing on the regression-based estimation of eSAIL driving forces and the resulting power 

savings for different unit configurations. Additionally, Section 3 includes the examination of the same 

route using the AWS sail system. Section 4 focuses on the Air Lubrication System, examining the 

relationship between the number of ALS units and the net energy saving ratio under varying sea 

conditions. Section 5 evaluates the coupled integration of the ship model, WASP, and ALS, 

demonstrating the systematic power reduction achieved by combining these technologies along the 

entire voyage. 
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2 Ship Dynamics Model Development  

Prior to the development and practical deployment of an artificial intelligence driven assisted 

decision-making system for ship energy efficiency management, it is essential to establish a rigorous 

theoretical and numerical validation framework. From the perspective of marine engineering 

research methodology, any intelligent decision support system must be built upon reliable physical 

models and verified simulation results to ensure that the recommendations generated by the 

algorithm are consistent with real ship performance characteristics. Therefore, before implementing 

data driven optimization algorithms, it is necessary to conduct systematic verification of the 

underlying hydrodynamic, propulsion, and operational theories through numerical modeling and 

simulation experiments. 

The proposed decision support tool is designed as an integrated energy efficiency evaluation 

framework that incorporates multiple representative ship energy saving and emission reduction 

technologies into a unified analytical toolbox. These technologies include wind assisted propulsion 

systems, bow form optimization, propeller performance optimization, ALS integration, trim 

optimization strategies, antifouling measures for hull surface maintenance, and meteorological 

navigation route planning. Each of these technologies’ influences ship energy consumption through 

different physical mechanisms. For instance, wind assisted propulsion contributes additional 

aerodynamic thrust that partially offsets hydrodynamic resistance, while bow and propeller 

optimization improve hydrodynamic and propulsive efficiency by reducing wave making resistance 

and wake losses. Similarly, ALS reduce viscous friction on the hull surface, trim optimization 

minimizes resistance through operational adjustments, antifouling measures maintain long term hull 

smoothness, and meteorological route planning improves voyage efficiency by exploiting favourable 

environmental conditions. In practical ship operations, these technologies rarely function 

independently; rather, their combined effects interact in complex ways that may produce synergistic 

or sometimes competing influences on overall energy performance. 

Consequently, the decision-making tool aims not merely to evaluate the individual contribution of 

each technology but to quantitatively assess the integrated effect of multiple energy saving measures 

acting simultaneously within a real operational environment. Such an integrated analysis is 

particularly important under the regulatory framework established by the International Maritime 

Organization through the Energy Efficiency Existing Ship Index and the Carbon Intensity Indicator 

mechanisms, which require ship operators to continuously monitor and improve the energy 

performance of existing vessels. By embedding these technologies within a unified computational 

platform, the proposed system is capable of providing data driven recommendations that support 

ship operators in selecting optimal combinations of energy saving strategies under varying voyage 

conditions. 

In order to accurately evaluate the emission reduction potential of these combined technologies, the 

first essential step is to construct a high-fidelity digital model of a representative sample vessel. This 

model must comprehensively describe the ship’s principal dimensions, hull form geometry, 

propulsion characteristics, resistance components, and operational parameters. From a modeling 

perspective, the digital representation should incorporate hydrodynamic resistance prediction 

methods, propeller performance models, and environmental interaction modules that account for 

wind, waves, and ocean currents. Only through the establishment of such a detailed physical model 

can the dynamic behaviour of the vessel under different operational scenarios be accurately 

reproduced. 
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Furthermore, the accuracy and reliability of the ship dynamics model must be rigorously verified 

through numerical validation and, where possible, comparison with empirical data or benchmark 

calculations. Model validation ensures that the simulated responses of the vessel, including 

resistance variation, propulsion power demand, and fuel consumption rates, are consistent with 

realistic operational performance. Once the reliability of the ship model has been confirmed, it can 

serve as the foundational platform upon which artificial intelligence algorithms conduct large scale 

scenario simulations, sensitivity analyses, and optimization calculations. 

2.1 Case Study Vessel 

To verify the applicability and effectiveness of the developed model and methodology under realistic 

maritime operational conditions, this study selects a typical ocean-going bulk carrier, MV KASTOR, 

as the case study vessel, see Figure 1. The vessel’s actual voyage operational data are analyzed 

and used for model validation. The research focuses on a complete voyage conducted between 11 

December 2024 and 25 December 2024. During this period, the vessel departed from the Panama 

Canal and finally arrived at the Port of Mersin, see Figure 2, traversing multiple sea areas and 

meteorological regimes. The voyage therefore exhibits considerable environmental variability and 

provides significant research value for evaluating ship performance under complex navigation 

conditions. 

 

Figure 1: MV KASTOR 
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Figure 2: Panama to the Port of Mersin 

According to statistical results derived from the ship’s Automatic Identification System (AIS) data and 

onboard navigation log records, the cumulative sailing distance of MV KASTOR during the 

aforementioned observation period was approximately 7,870 km, corresponding to a total sailing 

time of 397.5 h. Throughout this voyage cycle, the total fuel consumption of the vessel’s main engine 

and associated propulsion power systems amounted to 383 t. These operational data provide a 

reliable empirical basis for validating the accuracy of the proposed ship performance model and for 

assessing the effectiveness of the integrated energy-saving and emission-reduction evaluation 

framework. 

2.2 Construction of the Baseline Ship Dynamic Model 

2.2.1 Modeling Framework 

After completing the compilation and pre-processing of the baseline voyage data, this study further 

constructs a high-fidelity ship dynamic model based on the design specifications and operational 

parameters of MV KASTOR, with the objective of enabling quantitative prediction and simulation of 

the vessel’s actual navigational performance. Specifically, the model development process 

comprehensively incorporates several critical ship-related elements, including the principal 

geometric dimensions of the hull, parameters of the main propulsion power plant, hydrodynamic 

characteristics of the rudder system, and propulsion performance parameters of the propeller. In 

addition, external environmental factors encountered during the voyage are taken into account, 
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including wind fields, wave conditions, and ocean current loads. By systematically integrating these 

multi-source parameters, a high-precision dynamic model capable of realistically representing the 

vessel’s propulsion behaviour, maneuvering characteristics, and hydrodynamic resistance 

properties can be established. This modeling framework therefore provides a reliable theoretical 

basis and computational platform for predicting ship navigational performance. 

 
Figure 3: Ship dynamic model framework 

Following the completion of the model construction, the high-fidelity ship dynamic model is employed 

as the core computational tool to conduct numerical predictions of key navigational performance 

indicators throughout the entire study voyage. The predicted variables mainly include variations in 

ship speed, propulsion power demand, fuel consumption levels, and the evolution of hydrodynamic 

resistance during navigation. Meanwhile, the model prediction results are systematically compared 

with the actual measured data collected during the voyage through the ship’s onboard navigation 

recording system and monitoring equipment. By establishing unified data evaluation metrics, the 

deviation between predicted values and measured observations can be quantitatively assessed, 

thereby providing an objective basis for evaluating model accuracy. 

If the predicted results obtained from the model exhibit a high degree of agreement with the 

measured operational data in key indicators such as vessel speed, power consumption, and fuel 

consumption, and if the discrepancies remain within an acceptable engineering tolerance range, the 

developed high-fidelity ship dynamic model can be considered capable of accurately representing 

the vessel’s navigational performance under real sea-state conditions. Under such circumstances, 

the model not only effectively reproduces the actual operational state of the vessel during the studied 

voyage but also demonstrates strong credibility and applicability for subsequent studies, including 

ship energy efficiency evaluation, simulation of energy-saving and emission-reduction technologies, 

and optimization of voyage operational strategies. 

Conversely, if significant discrepancies exist between the model predictions and the measured data, 

and the resulting errors exceed acceptable engineering limits, this indicates that the current ship 

dynamic model still contains deficiencies in aspects such as parameter selection, representation of 

physical mechanisms, or coupling of environmental factors. In such cases, further refinement and 

optimization of the model structure and key parameters are required. Possible improvements may 

include recalibration of hydrodynamic coefficients, enhancement of environmental load modeling 

approaches, or the incorporation of higher-fidelity propulsion system performance representations. 

Through this iterative process of model validation and continuous refinement, the predictive accuracy 

of the ship dynamic model can be progressively improved, thereby providing a more reliable 
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theoretical tool and technical foundation for subsequent analyses of ship navigational performance 

and the evaluation of energy-saving and emission-reduction technologies. 

2.2.2 Model Parameters 

Next, a ship dynamic model will be established for MV KASTOR. The detailed modeling procedure 

and the workflow for model accuracy verification and prediction are illustrated in Figure 4: 

 
Figure 4: Schematic diagram of ship dynamic model and validation 

After the construction of the high-fidelity ship dynamic model for MV KASTOR, further model 

validation and navigational performance prediction analyses were carried out. Based on the vessel’s 

actual sailing trajectory during the study voyage, the environmental conditions encountered along 

the route and the corresponding ship operational parameters were systematically extracted and 

organized. Specifically, according to the vessel’s recorded voyage track, marine environmental 

information associated with each navigational segment was obtained and matched. The extracted 

environmental parameters mainly include key oceanographic and meteorological variables such as 

water depth, significant wave height, wave period, wave propagation direction, wind speed and wind 

direction, as well as ocean current direction and current velocity. Meanwhile, by combining data from 

the ship’s Automatic Identification System and onboard navigation logs, the spatial position of each 

waypoint along the route was determined, including the corresponding latitude and longitude 
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coordinates, thereby enabling the complete reconstruction of the vessel’s trajectory dataset for the 

study voyage. 

Based on the acquired environmental parameters and spatial trajectory information, it was also 
necessary to simultaneously extract the vessel’s operational condition parameters during navigation 
in order to ensure that the dynamic model could accurately reflect the actual operating state of the 
ship. The relevant operational parameters mainly include the vessel’s sailing speed, heading angle, 
and the forward and aft drafts. Together, these parameters constitute the fundamental input 
conditions for the ship dynamic simulation and comprehensively describe the vessel’s operational 

state under different sea conditions. Physical guided ship fuel consumption prediction models 
rely on the integration of physical principles and empirical data to accurately estimate the 
fuel consumption of ships under varying operational and environmental conditions. These 
models often combine theoretical frameworks with machine learning to ensure robust and 
reliable predictions. 

2.2.3 Governing Equations 

The nature of the physics model for ship fuel consumption predictions is a 6-DoF ship manoeuvring 
model. 

The 6-DoF manoeuvring model integrates ship parameters (rudder, propeller, hull resistances, etc.) 
and environmental conditions to predict ship motions and ship fuel consumption in real operational 
conditions. The model requires detailed parameters from the target ship, including rudder and 
propeller specifications, user-defined coordinates, resistance data, and environmental factors such 
as wind and waves. It considers various operational conditions, including deep sea, shallow water, 
calm waters, short waves manoeuvring, and wind/aerodynamic forces, for both single and twin-screw 
rudder propeller configurations, see more in the study [1] . The model utilizes a comprehensive set 
of dynamic equations accounting for inertia, Coriolis and centripetal forces, restoring forces, 
hydrodynamic effects, control inputs, resistance, and environmental loads. In addition, the physics-
guided model accounts for propeller-hull interaction and shaft efficiency through calibrated 
coefficients. These coefficients have been refined based on sea trial data and real operational data. 
This approach ensures accurate evaluation of ship performance and predictions of ship fuel 
consumption, validated across multiple operational conditions. Overall, the presented 6-DOF ship 
manoeuvring model has the following features/applications: Deep water manoeuvring, Wind forces, 
Single and Twin rudder-propeller configuration, 6-DOF motion, surge, sway, heave, roll, pitch, and 

yaw, Short Waves (λ/L≤0.5 and H_sw≤2m), Shallow Water Effects (Increase in ship resistance 

and changes in hydrodynamic forces), Ocean Currents, Roll moment resulting from wind forces. 

The 6-DoF ship dynamics model is designed to predict fuel consumption and assess vessel 
performance by incorporating environmental factors, waypoint definitions, and operational 
parameters. This physics-based framework evaluates the impact of external conditions and dynamic 
ship responses. Wind-related inputs include speed and angle relative to an earth-fixed reference 
frame, while shortwave data encompass wave height, period, and direction. In extreme scenarios, 
aerodynamic forces significantly influence ship behaviour, with wind loads calculated using the 
Blendermann method [2]. The model also integrates shallow water effects and shortwave forces, as 
described by [1].  

Based on these inputs, the vessel trajectory is governed by an autopilot control system [3]. The 
rudder adjusts the course to maintain the desired heading set via AIS data. A Proportional Derivative 
(PD) controller determines the target rudder angle (𝛿𝑇)) to align the ship heading (𝜓𝑑) as defined by 
Eq. (1) [4]. The autopilot controller uses a linear differential equation (Eq. (2)) to calculate rudder 
adjustments, where 𝜔𝛿 represents the rudder's turning rate. To achieve the target speed (𝑈𝑑), a P-



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D7.5 – Report on demonstration of combined use of WASP and ALS systems 

Dissemination level – PU 

Page 13 of 32 

controller modulates the ship propeller revolutions. Initially, the propeller rotational speed is set 
based on the vessel current speed (𝑈), as outlined in prior research [5]. The updated propeller 
rotation rate ( 𝑁𝑟𝑝𝑠𝑛𝑒𝑤

) is calculated using Eq. (3), derived from navigation data and desired 

operational conditions. 

𝛿𝑇 = 𝐾𝑝(𝜓 − 𝜓𝑑) + 𝐾𝐷𝜓̇ （1） 

𝛿̇ = 𝑠𝑔𝑛(𝛿 − 𝛿𝑇)𝜔𝛿 （2） 

𝑁𝑟𝑝𝑠𝑛𝑒𝑤
=

−𝑘𝑇1𝑉𝐴𝜌𝐷3 + √(𝑘𝑇1𝑉𝐴𝜌𝐷3)2 + 4𝑘𝑇0𝜌𝐷4(𝑉𝐴
2𝜌𝐷2𝑘𝑇2 − 𝑋𝑃𝑟𝑜𝑝𝑛𝑒𝑤

)

2𝑘𝑇0𝜌𝐷4
 

（3） 

where 𝐾𝑃  and 𝐾𝐷  are the gain factors of autopilot.  𝑘𝑇0, 𝑘𝑇1, and 𝑘𝑇2  are 2nd-order polynomial 
coefficients of propeller thrust characteristics curve having the propeller diameter of D. 𝑋𝑃𝑟𝑜𝑝𝑛𝑒𝑤

 is 

the desired propeller thrust at the ship advanced speed of  𝑉𝐴 (𝑉𝐴 = (1 − 𝑤)𝑈𝑑).  

The new propeller revolution per second 𝑁𝑟𝑝𝑠𝑖
 (RPS) is defined as Eq. (4).  

𝑁𝑟𝑝𝑠𝑖
= 𝐾𝑝𝑟𝑒𝑣

(𝑈𝑑 − 𝑈) + 𝑁𝑟𝑝𝑠𝑛𝑒𝑤
 （4） 

where, 𝐾𝑝𝑟𝑒𝑣
 is the proportional gain of the P-controller. Consequently, the ship control devices 

(rudder angle, propeller rpm), and ship motion dynamics under the influence of environmental 
conditions are generated in real conditions. 

Subsequently, the environmental parameters, trajectory data, and ship operational parameters were 

jointly input into the previously developed high-fidelity six-degree-of-freedom time-domain ship 

physical model. This model comprehensively considers the hydrodynamic characteristics of the hull, 

the dynamic behaviour of the propulsion system, and the coupled effects of environmental loads. 

Through numerical computation, the model is capable of predicting multiple key performance 

indicators of the vessel during navigation. Upon completion of the simulation, the model outputs a 

series of important navigational performance parameters, including fuel consumption, ship motion 

responses, variation of hydrodynamic resistance, propeller rotational speed, propeller thrust, and 

main engine output power. These parameters reflect, from a dynamic and physical mechanism 

perspective, the propulsion efficiency and energy consumption characteristics of the vessel under 

complex sea conditions. 

In order to further improve the reliability and stability of the prediction results, a data-driven approach 

was introduced on the basis of the physical model outputs to perform additional processing of the 

predicted data. Specifically, a machine learning model was constructed to train and optimize the 

prediction data, thereby reducing the prediction bias caused by model simplification assumptions, 

environmental data uncertainties, and parameter variability. After processing through the machine 

learning model, the uncertainty in the prediction results was effectively suppressed, resulting in more 

stable and reliable model outputs. Subsequently, correlation verification and consistency analyses 

were performed on the processed prediction data, ultimately yielding highly accurate predictions of 

the vessel’s fuel consumption during navigation. 

2.3 Model Validation 

Through the aforementioned model computation and data processing procedures, multiple key 
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operational parameters throughout the entire voyage can be obtained. These mainly include six core 

indicators: the vessel’s real-time latitude and longitude position, heading, sailing speed, fuel 

consumption rate (L per minute), propeller rotational speed (rpm), and propeller power (kW). These 

parameters comprehensively reflect the vessel’s dynamic state and energy consumption 

characteristics during navigation, thereby providing an important basis for evaluating the predictive 

capability of the developed model. 

After completing the prediction calculations, the model outputs were systematically compared with 

the measured data recorded during the vessel’s actual navigation. By evaluating the time-series 

variation trends and numerical deviations of key navigational parameters, the predictive accuracy 

and applicability of the developed model were assessed. The comparison between the predicted 

results and the measured data is illustrated in Figure 5: 

 

Figure 5: Comparison chart of predicted results and measured data 

Based on the comparative results presented in Figure 5, a systematic analysis of the predicted data 

and measured operational data for MV KASTOR during the study voyage indicates that the high-

fidelity ship dynamic model developed in this study demonstrates a high level of agreement with the 

vessel’s actual navigational records in terms of key performance indicators. The predicted values of 

major parameters obtained from the model, including vessel speed, heading variation, fuel 

consumption rate, propeller rotational speed, and propulsion power, are capable of accurately 

reflecting the vessel’s operational state during the actual voyage. In both numerical magnitude and 

variation trends, the predicted results show strong consistency with the measured data. The 

prediction curves and the corresponding measured data exhibit similar overall distribution 

characteristics and temporal variation patterns, while the deviations between them remain within 

acceptable engineering tolerance limits. 

These results indicate that the established dynamic model possesses a high degree of accuracy in 

representing hull hydrodynamic characteristics, propulsion system dynamics, and the coupled 

effects of environmental loads such as wind, waves, and ocean currents. Consequently, the model 

is capable of realistically reproducing the vessel’s navigational behaviour and energy consumption 

characteristics under complex sea conditions. This demonstrates that the model has strong 

engineering applicability and reliable predictive capability. 
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Based on the above validation results, it can therefore be concluded that the developed high-fidelity 

ship dynamic model is capable of predicting key operational parameters of the vessel during 

navigation with a high degree of accuracy. This provides a reliable computational foundation for 

subsequent analyses related to ship navigational performance evaluation and energy efficiency 

assessment. Within this modeling framework, once various ship energy-saving retrofitting measures 

are introduced, the vessel’s operational conditions under different combinations of energy-saving 

technologies can be numerically simulated by adjusting the corresponding model parameters. 

Through such simulations, it becomes possible to predict variations in propulsion efficiency, changes 

in fuel consumption levels, and the overall improvement in energy efficiency performance. 

Since the underlying dynamic model has been validated using real voyage operational data, its 

predictive accuracy provides a stable and reliable computational basis for the subsequent simulation 

and evaluation of ship energy-saving technologies. 
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3 Wind Assisted Ship Propulsion 

3.1 eSAILs 

3.1.1 Dynamic Coupling Modeling of eSAILs and Ship Propulsion 

The WASP system evaluated in this study utilizes B4B eSAILs technology, specifically focusing on 

the integration of a digital twin model into the ship's physical dynamics framework. To accurately 

characterize the aerodynamic performance of the eSAILs, regression models were developed using 

comprehensive test data. These models employ apparent wind speed and apparent wind angle as 

key input variables to predict the resulting driving force and heeling force, which are critical for 

assessing both propulsion assistance and the necessary compensatory rudder actions required to 

maintain course. 

The regression analysis demonstrates exceptional predictive accuracy, as evidenced by the high 

coefficients of determination(𝑅2). Specifically, the model achieved an R2 of 0.9332 for the driving 

force (X_wasp) and 0.9636 for the heeling force (Y_wasp). Such high R2 values signify a robust 

correlation between the environmental wind inputs and the force outputs, validating the model's 

reliability for complex time-domain simulations. 

 

Figure 6: X_wasp 
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Figure 7: Y_wasp 

Further data analysis reveals that the system's effectiveness is highly dependent on wind conditions. 

Statistical evaluation of the navigation data indicates that the WASP system provides effective power 

savings in approximately 75.9% of the operational scenarios, with an average power reduction of 

4.21% for a 2-eSAIL configuration. However, the analysis also identifies that in 24.1% of cases - 

typically during unfavorable or oblique wind conditions - the net power consumption may increase 

due to the added aerodynamic drag and the need for corrective maneuvering. These data-driven 

insights confirm that the fitted regression relationships provide a statistically sound basis for 

subsequent fuel saving estimations and overall performance evaluation of the wind-assisted retrofit. 

To address the inherent challenges of high sensitivity to meteorological conditions and aerodynamic 

interference effects, a coupled dynamic model is constructed that integrates field measurements, 

physical principles, and data-driven techniques. The methodology centers on a data-driven dynamic 

modeling framework designed to evaluate the power demand of vessels both with and without sail 

configurations, thereby quantifying the empirical energy saving efficacy of WASP systems. 

Initially, a traditional physical resistance model is established using measured voyage data to 

characterize the baseline hydrodynamic performance. For a vessel in its original state, the simulation 

incorporates a comprehensive set of external loads and intrinsic resistances. This includes calm 

water resistance, which is derived from full scale measurements using cubic spline interpolation to 

ensure higher fidelity than traditional theoretical power speed assumptions. Additionally, the model 

accounts for wave resistance characterized by the JONSWAP spectrum to capture nonlinear sea 

state effects, as well as wind resistance, drift forces, and rudder forces. These components are 

synthesized into a 6 DOF equilibrium framework that governs the longitudinal, transverse, and 

rotational degrees of freedom, ensuring that the ship's motion is accurately captured in the time 

domain. 
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Following the installation of the WASP system, specifically utilizing B4B eSAILs technology, wind 

power modeling is integrated into the motion equations. The thrust and torque generated by the sail 

rotors are added to the original equilibrium equations, establishing a sophisticated wind sail hull 

coupling relationship. A critical aspect of this coupling identified in the research is the recognition 

that while sails generate longitudinal propulsion, they simultaneously produce significant lateral 

forces and heeling moments. These effects necessitate compensatory rudder actions to maintain 

the desired course, which in turn introduces additional induced resistance. 

To evaluate energy efficiency, the equilibrium state is solved at each navigational waypoint for both 

the conventional and wind assisted configurations. By comparing the resulting propulsion power 

requirements, the net energy saving is accurately determined. This approach accounts for the 

complex interactions between aerodynamic lift, hydrodynamic response, and steering compensation 

under varying apparent wind speeds and angles. The analysis further indicates that while the system 

is highly effective in favourable conditions, the coupled model accounts for the 24.1 % of scenarios 

where unfavourable wind angles might lead to a net increase in power due to high drag or excessive 

steering requirements, providing a transparent and realistic assessment of WASP performance  

 
Figure 8: Modeling and Power Prediction Methods for wind assisted ship 

Establishing the ship resistance simulation model: 

𝑋𝑐𝑎𝑙𝑚 + 𝑋𝑤𝑎𝑣𝑒 + 𝑋𝑑𝑟𝑖𝑓𝑡 + 𝑋𝑤𝑖𝑛𝑑 + 𝑋𝑟𝑢𝑑𝑑𝑒𝑟 − 𝑇 = 0    (5) 

𝑌𝑑𝑟𝑖𝑓𝑡 + 𝑌𝑟𝑢𝑑𝑑𝑒𝑟 + 𝑌𝑤𝑖𝑛𝑑 = 0    (6) 

𝑁𝑑𝑟𝑖𝑓𝑡 + 𝑁𝑟𝑢𝑑𝑑𝑒𝑟 + 𝑁𝑤𝑖𝑛𝑑 = 0    (7) 

𝐾𝑤𝑖𝑛𝑑 + 𝐾𝑟𝑢𝑑𝑑𝑒𝑟 + 𝐾𝑑𝑟𝑖𝑓𝑡 − 𝐾𝑟𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 0    (8) 

 

Then calculate: Calm water resistance, Wave drag, Wind resistance, Drift force, and Rudder force. 

To establish empirical correlations between the transverse and longitudinal thrust components 

during ship navigation, apparent wind speed and apparent wind angle were selected as input 
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variables, with driving force and heeling force as the corresponding output variables. The proposed 

fitting formulation is expressed as follows: 

𝐷𝐹 = 𝑘1 × 𝐴𝑊𝑆2 × [𝑎 + 𝑏 × cos(𝐴𝑊𝐴) + 𝑐 × cos(2 × 𝐴𝑊𝐴)] （9） 

𝐻𝐹 = 𝑘1 × 𝐴𝑊𝑆2 × [𝑑1 × 𝑠𝑖𝑛(𝐴𝑊𝐴) + 𝑑2 × 𝑠𝑖𝑛(𝐴𝑊𝐴) + 𝑑3 × 𝑠𝑖𝑛(𝐴𝑊𝐴 + 𝜑)] （10） 

The resulting fitted equations are: 

𝐷𝐹 = 0.016018 × 𝐴𝑊𝑆2

× [14.331206 −  4.957475 × cos(𝐴𝑊𝐴) −  9.259333 × cos(2 × 𝐴𝑊𝐴)] 
（11） 

𝐻𝐹 = 0.028698 × 𝐴𝑊𝑆2

× [14.075654 × 𝑠𝑖𝑛(𝐴𝑊𝐴) + 5.283102 × 𝑠𝑖𝑛(𝐴𝑊𝐴) + 1.978069

× 𝑠𝑖𝑛(𝐴𝑊𝐴 + 𝜑) − 13.468820 ×  𝑠𝑖𝑛(𝐴𝑊𝐴/2)] 

（12） 

The force and torque of the sail rotor are added to the original equilibrium equation, and the coupled 

motion equations are established. 

𝑅𝑐𝑎𝑙𝑚 + 𝑅𝑤𝑎𝑣𝑒 + 𝑋𝑑𝑟𝑖𝑓𝑡 + 𝑋𝑤𝑖𝑛𝑑 + 𝑋𝑟𝑢𝑑𝑑𝑒𝑟 − 𝐹𝑋
𝑡𝑜𝑡𝑎𝑙 − 𝑇 = 0 （13） 

𝑌𝑑𝑟𝑖𝑓𝑡 + 𝑌𝑟𝑢𝑑𝑑𝑒𝑟 + 𝑌𝑤𝑖𝑛𝑑 + 𝐹𝑌
𝑡𝑜𝑡𝑎𝑙 = 0 （14） 

𝑁𝑑𝑟𝑖𝑓𝑡 + 𝑁𝑟𝑢𝑑𝑑𝑒𝑟 + 𝑁𝑤𝑖𝑛𝑑 + 𝑀𝑁
𝑟𝑜𝑡𝑜𝑟 = 0 （15） 

𝐾𝑤𝑖𝑛𝑑 + 𝐾𝑟𝑢𝑑𝑑𝑒𝑟 + 𝐾𝑑𝑟𝑖𝑓𝑡 + 𝑀𝐾
𝑟𝑜𝑡𝑜𝑟 − 𝐾𝑟𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 0 （16） 

For each sailing point, the equilibrium state is solved using the system of balance equations under 

different conditions. The corresponding power is then calculated, and the two values are compared

。 

η =
Δ𝑃

𝑃0
× 100\% 

（17） 

where： 

Δ𝑃 = 𝑃0 − 𝑃𝑠 （18） 

𝑃0 stands for the power data before installing the sail. 

𝑃𝑠 stands for the power data after adding the sail. 

3.1.2 Energy-Saving Analysis of eSAILs 

This study considers two different configurations of the Wind-Assisted Ship Propulsion (WASP) 

integration layout, with the installation of 2 and 4 rotor sails on the same vessel, as shown in Figure 

9 and Figure 10. Using the previously discussed six-degree-of-freedom ship model coupled with sail-

assisted propulsion, the vessel’s energy efficiency during navigation was predicted. The predicted 
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performance was then compared with the operational energy efficiency of the vessel without rotor 

sails. The comparative analysis results are presented in Figure 11,Figure 12,Figure 13 and Figure 

14. 

 

Figure 9: Two-Rotor 

 
Figure 10: Four-Rotor 

 
Figure 11: Comparison of Power Data Before and After Sail Installation (Two-Rotor) 

 
Figure 12: Power Saving Before and After Adding Sails (Two-Rotor) 

 
Figure 13: Comparison of Power Data Before and After Sail Installation (Four-Rotor) 
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Figure 14: Power Saving Before and After Adding Sails (Four-Rotor) 

Analysis of the Wind-Assisted Ship Propulsion (WASP) performance, based on 423 data points 

sampled at 30-minute intervals, demonstrates a significant overall reduction in power demand, with 

an average saving of 177.79 kW (4.21%). The system exhibits a strong positive effect in the majority 

of conditions, achieving effective power savings in 75.9% of the operational data. The maximum 

observed saving was 1,100.78 kW, representing a 29.73% reduction. This corresponds to periods 

of highly favourable wind alignment and strength. However, performance variability is notable, with 

a standard deviation of 224.60 kW in absolute savings and 5.71% in relative terms. In 24.1% of 

cases, the system resulted in a net power increase, with a maximum negative saving of 178.10 kW 

(-4.80%). This indicates scenarios where the added drag and steering corrections from the WASP 

outweighed its propulsive benefit, likely occurring during unfavourable or oblique wind conditions. 

The median saving of 138.96 kW (3.17%) suggests that while the average is influenced by periods 

of exceptional performance, the system provides a consistent and positive contribution under most 

operational wind profiles encountered during the voyage. 

Under varying wind conditions, the power-saving effect of sails on ships exhibits significant 

differences. At certain longitudes, sails demonstrate substantial power-saving benefits; however, in 

specific intervals, they may even hinder the vessel's navigation to some extent. This indicates that 

the propulsion efficiency of sail-assisted navigation is largely influenced by local wind conditions.  

To further assess the model, the number and arrangement of wind turbine rotors were modified to a 

configuration of four rotors arranged along the vessel ’s centerline, positioned at 0.2, 0.4, 0.6, and 

0.8 times the vessel length. The power-saving results are as follows:  

In this configuration, the WASP demonstrates a measurable but more moderate power saving effect 

compared to the previous case, with an average saving of 370.93 kW (8.75%). The system remains 

effective in the majority of conditions, providing positive savings in 76.6% of operational instances. 

The maximum observed saving was 2,163.60 kW, corresponding to a 56.34% reduction, indicating 

significant but less extreme peak performance under optimal wind alignment. Performance variability 

persists, with a standard deviation of 447.32 kW in absolute terms and 11.30% in relative savings. 

The system resulted in a net power increase in 23.4% of cases, with a maximum negative impact of 

357.61 kW (-9.64%), highlighting continued sensitivity to unfavourable wind conditions. The median 

saving of 312.14 kW (7.09%) suggests that, while the benefits are consistent across most of the 

voyage, the overall magnitude of assistance is more modest in this operational context.  

The results successfully validate the method's capability to quantify energy savings from sails. Data 

presented in the figures show that sail energy efficiency varies across different latitudes, with most 

cases demonstrating favourable performance. The observed differences in sail performance under 

varying wind conditions indicate that sail efficiency is significantly influenced by wind field 

characteristics. 
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3.2 AWS 

3.2.1 Dynamic Coupling Modeling of AWS and Ship Propulsion 

In the present analysis, the same voyage between Panama and Gibraltar is examined, following the 

same time period and employing the same vessel as in the previous study. The AWS sails case 

study evaluation is performed using the NTUA’s performance prediction model employed in its 

weather routing tool (see [6], [7] & [8]). Specifically, the performance prediction is based on a 3-DOF 

modelling accounting for the aerodynamic and hydrodynamic transverse forces and yaw moments. 

Regarding the AWS sails, the proposed configuration consists of 8 sails each of 345m2.  A potential 

configuration of these wing sails is shown in Figure 15. 

 
Figure 15: AWS sails configuration for the MV Kastor 

The AWS sail system is evaluated through 28 configurations defined by mast rotation and wing twist 

[7]. For each case, aerodynamic coefficients are computed over a range of angles of attack and used 

to derive the resulting thrust and transverse force. A dataset is generated for varying wind conditions 

(relative wind direction and speed) and an optimization is performed to select the optimal sail 

configuration. The selection is based on maximizing the "𝑁𝑒𝑡 𝑇ℎ𝑟𝑢𝑠𝑡"  which is a variable that 

considers both the longitudinal and traverse forces. Therefore, the AWS system continuously adapts 

its configuration and sail trim in order to maximize performance under the prevailing wind conditions 

(as presented in Task 3.3). It shall be also noticed that the system is assumed to require negligible 

auxiliary power for its operation. 

3.2.2 Energy-Saving Analysis of AWS sails 

For consistency and comparability, the vessel is assumed to operate at a constant speed of 11 knots, 

which corresponds approximately to the mean operational speed derived from the available noon 

reports of the voyage examined. 

A simulation of the voyage is performed and presented in the following with and without the 

installation of the AWS sails. In Errore. L'origine riferimento non è stata trovata., the variation of 

the required propulsion power is illustrated as a function of the vessel’s position, both with and 



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D7.5 – Report on demonstration of combined use of WASP and ALS systems 

Dissemination level – PU 

Page 23 of 32 

without the installation of the AWS sails. Errore. L'origine riferimento non è stata trovata. 

presents the gained power, expressed as a percentage, highlighting the performance improvement 

achieved through the use of the AWS sails. It shall be mentioned that for safety reasons, a minimum 

load of 25%MCR has been applied to the demanded power, which is also noticeable in the following 

diagram. 

 
Figure 16: Comparison of Power data before and after AWS sail snstallation (8 sails) 

 
Figure 17: Power saving before and after adding AWS sails (8 sails) 

Results indicate a substantial reduction in propulsion power when the AWS sails are installed, with 

the effect varying significantly along the route. 

As shown in Errore. L'origine riferimento non è stata trovata., the largest differences between 

the baseline and AWS-assisted case occur in the region between approximately 55°W and 40°W, 

where the power reduction can reach 2000–3000 kW. In these segments, the required propulsion 

power drops from values around 6000–7000 kW in the design condition to approximately 3500–4500 

kW with the installation of AWS sails, indicating highly favorable wind conditions. This impact is also 

reflected in Errore. L'origine riferimento non è stata trovata., where the relative power savings 

are presented. In the same region the gains peak at approximately 50–60%, demonstrating the 

strong effectiveness of the AWS sails under the prevailing wind conditions. Along the larger 

remaining part of the route, the gains remain positive, ranging from 20 to 45%, confirming continued 

benefits. 

However, there are also regions where the gains are significantly reduced or even slightly negative. 

Around 60°W, the savings dropped near 0%, while there are also specific point values reaching 

−10% to −15% power gains. These cases likely correspond to unfavorable wind directions or/and 

low wind speeds, where the performance of the sails is limited or the induced side force outweighs 
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the generated thrust. The average power savings reach 813kW, which corresponds to approximately 

16% power reduction compared to the initial design. 
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4 Air Lubrication System 

4.1 Numerical Simulation Analysis 

In the realm of modern ship hydrodynamic design and optimization, the ALS has emerged as a 

cornerstone technology for achieving superior energy efficiency. Recognized as a highly efficient 

drag reduction mechanism, the ALS operates by injecting a consistent layer of air bubbles along the 

flat bottom of the hull, effectively altering the fluid-solid interface. By creating a low-density air-water 

mixture within the boundary layer, the system significantly reduces the skin friction coefficient, which 

typically accounts for a substantial portion of the total resistance for large-displacement vessels like 

bulk carriers. 

The numerical simulations conducted in this study utilize a Net Energy Saving Ratio to quantitatively 

assess the system's performance. This evaluation framework accounts for the balance between the 

reduction in propulsion power and the supplementary energy demand of the air compressors. Data 

derived from simulation matrices indicates that the efficacy of the ALS is highly dependent on the 

system configuration and environmental conditions. Specifically, increasing the number of ALS units 

from 2 to 8 enhances the maximum power saving potential from 0.98 % to 3.91 %. However, the 

average net savings remain relatively modest, ranging from 0.03 % to 0.13 % across the analyzed 

voyage, reflecting the energy costs associated with air injection. 

 
Figure 18: ALS demonstration 

The numerical simulations conducted in this study across a diverse matrix of operating conditions 

further validate these theoretical benefits. The data reveals that the ALS is not only effective at design 

speeds but also maintains its drag-reduction capabilities under varying drafts and sea states. The 

visualization of the bottom hull surface demonstrates a clear reduction in wall shear stress where 

the air layer is most stable, particularly in the mid-body region. Furthermore, the study indicates that 

when ALS is optimized in conjunction with hull form parameters, it can lead to a synergistic 

improvement in propulsion efficiency. These findings underscore the potential of ALS as a 

transformative solution for reducing fuel consumption and operational carbon intensity in the 

maritime industry. 

Comprehensive experimental analysis and numerical evaluations demonstrate that the ALS provides 

a significant and quantifiable reduction in hull resistance across diverse maritime environments，as 

shown in Figure 19. Under controlled calm water conditions, the activation of the ALS facilitates the 

formation of a stable air-water interface along the submerged hull surface, causing the frictional 

resistance to drop from approximately 8.2 × 105N to about 8.0 × 105 N. This primary reduction is 

attributed to the lower dynamic viscosity of the air layer compared to seawater, which effectively 

"shields" the hull from the high-shear stresses typically encountered in the turbulent boundary layer. 

The efficacy of the system becomes even more substantial when transitioning from idealized calm 

water to more complex and realistic wave conditions. In these scenarios, the interaction between the 
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injected air and the orbital motion of waves appears to enhance the dispersion and coverage of the 

air carpet. Experimental data indicates that under such wave-laden conditions, the frictional 

resistance decreases from a baseline of roughly 9.5 × 105 N to 9.2 × 105 N. The calculated results 

further highlight that the ALS achieves a frictional resistance reduction rate of 2.86 %age points 

when operating in waves, as visually corroborated by the comparative data in Figure 19. These 

findings suggest that the ALS is not merely a static enhancement but a dynamic drag-reduction 

technology that maintains, and in some cases amplifies, its performance in the face of environmental 

disturbances, thereby offering a robust solution for improving the fuel efficiency of modern vessels 

during actual transoceanic voyages. 

 
Figure 19: Resistance comparison with or without ALS 

4.2 Coupling Representation of ALS and Ship Dynamics 

To further evaluate the vessel’s overall navigational performance, this study established an 

integrated assessment framework coupling ship parameters :rudder effectiveness, propeller 

propulsion characteristics, and route coordinates, while incorporating the dynamic responses of wind 

loads, wave interference, and total resistance variation with speed. 

In ship hydrodynamic optimization design, the overall energy-saving performance of the ALS is 

quantitatively evaluated using the net energy-saving rate 𝜂. This metric comprehensively accounts 

for the propulsion power savings provided by the system as well as the energy consumption cost of 

the air compressors, and is mathematically defined as follows: 

𝑦 =
Δ𝑃𝑝𝑟𝑜𝑝 − 𝑃𝑐𝑜𝑚𝑝

𝑃𝑡𝑜𝑡𝑎𝑙
× 100\% 

（19） 

Here, 𝑦 is the net energy-saving rate (%)—a positive value indicates that the system achieves 

energy savings, while a negative value signifies additional energy consumption caused by the 

system; Δ𝑃𝑝𝑟𝑜𝑝 is the propulsion power saved due to the ALS 𝑊; 𝑃𝑐𝑜𝑚𝑝 is the power consumption of 

the air compressors 𝑊; and 𝑃𝑡𝑜𝑡𝑎𝑙 is the baseline propulsion power without the use of air lubrication 

𝑊. 

The propulsion power-saving model attributes the reduction in propulsion power primarily to the 

decrease in hull frictional resistance. This model is calculated as follows: 
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Δ𝑃prop =
1

𝜂𝐷
⋅ 𝑅𝑓 ⋅ 𝑉𝑠 ⋅ [𝜆 ⋅ 𝜙max ⋅ (1 − 𝑒−𝑘satΨ) ⋅ 𝜂env] 

（20） 

The key parameters and their typical engineering values are as follows: 

Propulsion efficiency factor 𝜂𝐷 : Set to 0.70 (typical range 0.65–0.75), used to convert the drag 

reduction into shaft power savings. 

Bare-hull frictional resistance 𝑅𝑓: Calculated based on the ITTC-57 friction line. 

Geometric coverage ratio 𝜆: Represents the proportion of the hull breadth covered by the air layer, 

defined as 𝜆 =0.125×N, where N is the number of air injection units. 

Maximum drag-reduction limit 𝜙max: Set to 0.85 (typical range 0.80–0.90), representing the physical 

upper limit of drag reduction. 

Saturation coefficient 𝑘sat: Set to 5.0, describing the formation rate of a continuous air layer. 

Environmental degradation factor 𝜂env: Accounts for wave-induced disruption of the air layer; 0.8 

under calm sea conditions and 0.5 under rough sea conditions. 

Air Compressor Power Consumption Model ： The compressor power represents the direct 

operational cost of the system and is calculated using the following formula: 

𝑃𝑐𝑜𝑚𝑝 =
𝑄𝑡𝑜𝑡𝑎𝑙 ⋅ (𝜌𝑤𝑔𝑇 + Δ𝑝𝑙𝑜𝑠𝑠)

𝜂𝑐
 

（21） 

This model takes the following engineering parameters into account: 

Total air flow rate 𝑄𝑡𝑜𝑡𝑎𝑙: Dynamically adjusted according to vessel speed and the design air layer 

thickness, controlled by the flow coefficient 𝐶𝑞 (set to 0.30) and the design air layer thickness ratio 

𝛿𝑡ℎ𝑖𝑐𝑘 (set to 0.025). 

Hydrostatic pressure and system losses: Here, 𝜌𝑤𝑔𝑇 represents the hydrostatic pressure due to the 

vessel’s draft, and Δ𝑝𝑙𝑜𝑠𝑠 is the system pressure drop accounting for pipeline friction and nozzle 

losses, set to 20,000 Pa (typical optimized range 20,000–50,000 Pa). 

System efficiency 𝜂𝑐: Represents the combined efficiency of the motor and mechanical components, 

set to 0.75 (typical range 0.70–0.85). 

By setting the key physical parameters described above to the recommended values (as highlighted), 

this numerical model can accurately capture the evolution of resistance during the air lubrication 

process. The model predictions show a high degree of consistency with full-scale vessel simulation 

scenarios, demonstrating the effectiveness and reliability of this dynamic model in evaluating and 

optimizing ship drag-reduction technologies. 

4.3 Energy-Saving Analysis of ALS 

In ship hydrodynamic design optimization, the integrated performance of the ALS is primarily 

evaluated by comparing the vessel’s propulsion power demand under different configurations of ALS 

units. The study considered configurations with 2, 4, and 8 ALS units and conducted a 

comprehensive comparative analysis against the baseline case without ALS installation. 

Based on the comparison of power data and the net energy-saving rate curves, increasing the 
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number of air lubrication units can significantly enhance the maximum potential energy savings; 

however, its effect on improving the average energy-saving performance is relatively limited. The 

detailed analysis is as follows: 

In terms of energy-saving performance, as the number of ALS units increases from 2 to 8, the 

maximum energy-saving rate shows a significant upward trend, reaching 0.98%, 1.96%, and 3.91%, 

respectively. This indicates that adding air injection units can effectively increase the drag-reduction 

ceiling under optimal operating conditions. However, the average energy-saving rate, which reflects 

the overall economic efficiency of the system, increases only gradually—0.03%, 0.07%, and 0.13%, 

respectively—indicating that across the full voyage or under variable sea conditions, the overall 

average benefit of the system is limited, as shown in Table 1. 

Table 1 Comparison of the effects of different amounts of ALS on ship energy saving and drag reduction 

Metric Units： 2 Units: 4 Units: 8 

Avg P_Base (kW) 4367 kW 4367 kW 4367 kW 

Avg P_ALS (kW) 4365 kW 4363 kW 4360 kW 

Avg Save % 0.03% 0.07% 0.13% 

Max Save % 0.98% 1.96% 3.91% 

Min Save % -0.71% -1.43% -2.86% 

 

 
Figure 20: Power comparison of different numbers of ALS units 

 

Figure 21: Comparison of energy efficiency of different numbers of ALS units 
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Figure 22: Average energy saving %age for different numbers of ALS units 

Meanwhile, the study also identified operational risk points of the system. As the number of ALS 

units increases, the minimum energy-saving rate shows an expanding negative trend, decreasing 

from –0.71% with 2 units installed to –2.86% with 8 units, as shown in Figure 20 and Figure 21. This 

implies that under certain unfavourable operating conditions, the energy consumption of the air 

compressors can exceed the drag-reduction benefits provided by the system, resulting in a net 

energy loss for the vessel. Moreover, as the number of units increases, this adverse effect becomes 

increasingly pronounced under specific conditions, as shown in Figure 22. 
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5 Comprehensive Energy-Saving Analysis of the Coupled WASP-ALS 
System 

This analysis presents a comprehensive evaluation of the energy efficiency performance of an 

integrated ship model that couples two advanced energy-saving technologies: WASP (Wind-

Assisted Ship Propulsion) and ALS (Air Lubrication System), based on full-voyage propulsion power 

simulation data. The study establishes a direct comparative framework between a baseline scenario, 

which represents conventional ship operation without any energy-saving technologies, and a 

coupled scenario that integrates both WASP and ALS systems, to quantify the energy-saving 

benefits and operational performance of the integrated solution across an entire transoceanic voyage 

spanning from 60°W to 10°W longitude. 

As illustrated in the Figure 23, the baseline scenario (represented by blue data points) reflects the 

inherent propulsion power requirements of the vessel under real-world sea and wind conditions, with 

power values fluctuating dynamically between approximately 3000 kW and 5500 kW throughout the 

voyage, driven by variations in wind speed, wave conditions, and course relative to the wind. In 

contrast, the coupled WASP+ALS system (represented by purple data points) demonstrates a 

consistent and systematic reduction in propulsion power demand across every segment of the 

voyage. The power curve for the coupled system lies consistently below the baseline curve at all 

longitudinal positions, confirming that the integrated technologies deliver sustained energy savings 

rather than intermittent or conditional benefits. This consistent downward shift in power demand is a 

critical indicator of the system’s reliability and effectiveness in real-world operational environments, 

where sea and wind conditions are inherently variable. 

 
Figure 23: Voyage Power: Baseline vs Coupled (WAPS + ALS) 

In the Figure 24, which quantifies the coupled system’s power savings rate (𝛥𝑃) across the voyage, 

provides a granular breakdown of the energy-saving performance. The green data points show that 

the savings rate exhibits dynamic variation in response to changing environmental conditions, with 

values ranging from near-zero savings in unfavorable wind conditions to extreme peak savings 

exceeding 60% in segments with highly favorable wind conditions. This wide range of savings rates 

highlights the complementary strengths of the integrated system: the WASP technology delivers 

substantial wind-assisted thrust when wind conditions are optimal, driving extreme efficiency gains, 

while the ALS system provides consistent, baseline drag reduction across all operational conditions, 

ensuring stable energy savings even when wind assistance is limited. The distribution of savings 

rates also reveals that the system maintains positive energy savings throughout the entire voyage, 

with most segments achieving savings in the 5% to 20% range, and only a small number of segments 

showing near-zero savings during periods of adverse wind. 
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Figure 24: Coupled System Savings Rate 

A key quantitative finding from the analysis is the overall average power saving of 10.64% achieved 

by the coupled WASP+ALS system over the full voyage. This average value, which is explicitly 

highlighted in the analysis, represents a significant and commercially meaningful improvement in the 

vessel’s overall energy efficiency. The 10.64% average saving is derived from the full set of voyage 

data, integrating both high-savings segments with favorable wind and moderate-savings segments 

with less optimal conditions, making it a robust and representative metric of the system’s real-world 

performance. Critically, the peak savings exceeding 60% observed in local segments underscore 

the transformative impact of wind-assisted propulsion under favorable conditions, demonstrating that 

the integrated system can deliver extreme efficiency gains when environmental conditions align, 

while the consistent baseline savings from ALS ensure that the system remains beneficial across all 

operational scenarios. 

The systematic power reduction observed across the entire voyage confirms that the coupling of 

WASP and ALS technologies generates a synergistic effect that exceeds the sum of individual 

technology benefits. WASP reduces the vessel’s net propulsion load by harnessing wind energy to 

generate auxiliary thrust, while ALS reduces frictional drag along the hull by injecting a layer of air 

between the hull and seawater, lowering the overall resistance that the main engine must overcome. 

Together, these technologies create a holistic energy-saving solution that addresses both the 

propulsive load and the hull resistance, resulting in a sustained reduction in fuel consumption and 

greenhouse gas emissions throughout the voyage. 

This integrated solution not only delivers stable, measurable energy savings in typical maritime 

operating conditions but also achieves exceptional efficiency gains in favorable environments, 

making it a highly effective technical approach for enhancing the for enhancing the overall energy 

efficiency of modern vessels. 
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