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IMPROVING THE ENERGY EFFICIENCY OF VESSELS 

WITH WIND-ASSISTED PROPULSION 
 

Wind and solar radiation are increasingly being considered as alternative and 

supplementary energy sources in modern shipping. A landmark example of this 

trend is the 1,800-TEU container vessel Canopée, approved by the French 

classification society Bureau Veritas (BV) (Fig. 1). 

 

 
Fig. 1. Wind-assisted container vessel Canopée 

 

The Canopée project has demonstrated the reliability of the hybrid wind-

assisted propulsion system OceanWings in commercial operation. Two years after 

entering service, Canopée, the world’s first cargo vessel equipped with four 

https://orcid.org/0000-0002-0709-0542
https://orcid.org/0000-0003-3386-836X
https://orcid.org/0009-0005-7823-5787
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automated rigid OceanWings sails, has been evaluated as a successful 

implementation by the joint venture Jifmar and Zéphyr & Borée, with significant 

fuel savings being reported. The vessel operates within the Ariane 6 program, 

transporting cargo between Europe and French Guiana. 

With an overall length of 122 m, Canopée became the first large-scale hybrid 

wind-assisted cargo platform, establishing a benchmark for a new generation of 

wind-assisted propulsion systems. Over two years of operation, the system 

demonstrated an outstanding availability level of 99.6%, confirming its reliability 

under commercial service conditions. 

According to operator estimates, a single sail provides average fuel savings of 

approximately 1.3 t per day, equivalent to an engine power of about 300 kW. When 

all four sails are deployed, fuel savings reach up to 5.2 t per day, corresponding to 

avoided CO₂ emissions of approximately 20.8 t per day. During a recent transatlantic 

voyage, fuel savings per sail reached up to 2.2 t per day, corresponding to 

approximately 510 kW of propulsion power, while the vessel achieved a sailing 

speed of up to 13.7 knots. 

Encouraged by the operational performance, the vessel operator Alizés plans 

further development of the OceanWings platform through the integration of 

advanced software solutions and artificial intelligence aimed at improving 

operational efficiency. Discussions are ongoing regarding the implementation of 

this technology on new and larger commercial vessels operating on various routes 

[1 – 3]. 

Another notable example of successful wind-assisted propulsion is the vessel 

Neoliner Origin (Fig. 2). 

 

 
Fig. 2. Vessel equipped with auxiliary wind-assisted propulsion, Neoliner 

Origin 
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The vessel is equipped with two rigid composite sails. Neoliner Origin became 

one of the first test platforms for the Solid Sail system, which was officially 

introduced only in the summer of 2022. For Neoliner Origin, the Solid Sail system 

is intended not only to provide propulsion assistance but also to significantly 

improve fuel efficiency. According to the shipowner, the vessel consumes 

approximately five times less fuel compared to conventional cargo vessels of similar 

size. The total sail area is about 3,000 m², comparable to approximately half of a 

football field. The sails are mounted on articulated masts with a height of 76 m, 

which can be reduced when required [4 –5]. 

Despite the optimistic outlook, several significant drawbacks of wind-assisted 

propulsion systems on large vessels must be acknowledged, as they directly affect 

technical and economic performance, including: 

relative unreliability and safety concerns associated with sails and masts under 

storm conditions, leading to increased insurance risks; 

the requirement for large sail areas (3 … 4 × 10³ m²) and multiple masts for 

high-deadweight vessels, resulting in increased manufacturing and operational 

costs; 

challenges related to initial strength and fatigue resistance of highly loaded tall 

masts under long-term degradation of mechanical properties, necessitating 

additional maintenance costs; 

reduction in vessel stability due to elevated centers of aerodynamic force and 

wind-induced rolling, posing potential safety hazards; 

the need to supply onboard electrical power without additional carbon 

emissions [5, 6]. 

It is considered appropriate to address these limitations by dividing them into 

several groups, namely: solutions for rigid sails, solutions for flexible sails, and the 

development of an efficient information-measurement system for controlling both 

types of wind-assisted propulsion systems (WAPS). 

Rigid sails are attractive due to their structural stability, and their surfaces can 

be utilized for the placement of devices designed to harvest low-grade solar thermal 

energy [7, 8]. Particularly promising in this context are silicon-based optical fibers 

capable of functioning as photovoltaic elements. 

Such fibers can be scaled to considerable lengths, reaching several meters. 

They enable the fabrication of flexible, curved, or twisted solar textiles through the 

weaving of silicon conductors commonly used in photovoltaic cells. This approach 

departs from the conventional concept of connecting flat semiconductor chips to 

cylindrical optical fibers. The developed innovative optical fiber incorporates an 

embedded electronic component, eliminating the need for integration with discrete 



 January 30, 2026 • Reykjavík, Iceland   
.  

187 
 

chips. This technology is realized using high-pressure chemical processes that allow 

layer-by-layer deposition of semiconductor materials within microscopic cavities of 

the optical fiber. 

A further stage of development involved fibers fabricated from crystalline 

silicon-based semiconductor materials. These fibers operate as photovoltaic devices 

converting solar radiation directly into electrical current. Moreover, long fiber-based 

photovoltaic elements enable the creation of textiles composed of interwoven silicon 

fibers. Such textiles can be applied in various fields, including onboard power 

generation. 

Textile structures based on solar fibers are lightweight, flexible, and convenient 

for transportation, as they can be folded and deployed as required. These textiles can 

be easily integrated into the vessel’s electrical power systems. 

A major advantage of flexible solar materials is their ability to capture solar 

energy at varying angles of incidence. Flexible and curved textiles minimize 

dependence on solar elevation, azimuth, and time of day. Another important 

property of silicon fibers is their compactness and high response speed to visible 

laser radiation. These devices function as photodetectors with bandwidths exceeding 

1.8 GHz, making them highly efficient in this application domain [8]. 

For flexible sails, the integration of thermoelectric fibers into the sail fabric 

appears more appropriate. 

Thermoelectric materials have attracted significant attention as promising 

energy-harvesting devices. While conventional generators exhibit reduced 

efficiency at low power levels and dissipate thermal energy under low-temperature 

conditions (~150 °C), thermoelectric devices offer the potential to outperform 

traditional technologies in such environments due to higher energy conversion 

efficiency. Despite these advantages, thermoelectric energy harvesters face three 

major challenges inherent to modern power sources. 

The first challenge is the requirement for thermoelectric modules to be 

sufficiently flexible to enable cost-effective mass production. Prior to converting 

thermal energy into electrical energy, the modules must adapt to various heat source 

geometries while effectively accumulating thermal energy. Traditional approaches 

rely on individually fabricated solid-state modules; however, increasing attention is 

being paid to organic and hybrid materials that enable more flexible solutions. 

The second challenge involves optimizing electrical interconnections between 

electrodes without the use of electrically conductive adhesives (ECAs), thereby 

reducing costs. Due to the low thermal stability of organic and hybrid materials, 

plasma metallization techniques are unsuitable, while ECAs remain imperfect due 

to relatively low electrical conductivity and mechanical instability. 
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The third challenge is associated with maintaining a sufficient temperature 

gradient (ΔT) required for efficient power generation under natural air-cooling 

conditions. Owing to the high thermal conductivity of commercially available 

modules, primarily designed for Peltier cooling systems, the achievable ΔT is 

limited to approximately 2°C or 10°C at hot surface temperatures of 40°C and 

120°C, respectively, significantly restricting their performance in energy-harvesting 

applications. 

Conventional solid-state thermoelectric modules require water-cooling 

systems to ensure adequate ΔT within thermoelectric materials. However, their 

application is severely constrained by high costs and installation complexity. To 

increase ΔT, two main approaches are considered: increasing module thickness and 

reducing the thermal conductivity of thermoelectric materials. Experimental studies 

have shown that using mixtures of thermoelectric powders with low-volatility 

organic solvents as a basis for adhesive thermoelectric materials enables low thermal 

conductivity. The viscosity of such dispersions is described by a modified Roscoe 

equation accounting for the volumetric fraction of components. Optimal electrode 

adhesion was achieved at powder volume fractions of 55 … 60%. Furthermore, 

application of the Kanari model for filled composites confirmed that thermal 

conductivity can be significantly reduced to values close to those of organic 

compounds, thereby facilitating larger ΔT. At the same time, increased viscosity 

indicates strong interparticle interactions, ensuring effective electrical conductivity 

and thermoelectric voltage generation even in thick modules. 

Thus, adhesive-based thermoelectric materials demonstrate significant 

potential for overcoming existing technical limitations. To identify key factors 

affecting their properties, the dependence of output thermoelectric electromotive 

force (thermo-EMF) and electrical resistance on the thickness of the intermediate 

layer in single-cell structures was investigated. Experiments were conducted using 

adhesive Sb- and Bi-based materials with different particle sizes and three types of 

low-volatility organic solvents. The analysis revealed a linear relationship between 

output voltage and layer thickness, with the slope dependent on thermoelectric 

powder characteristics, confirming that energy generation is governed by the 

Seebeck effect inherent in the powders. 

Using externally measured ΔT values for single-cell structures, Seebeck 

coefficients of 12 μV/K and 40 μV/K were obtained for adhesive Sb and Bi, 

respectively. Accounting for temperature losses during external measurements, 

these values are close to bulk values (Sb: 35 μV/K; Bi: 70 μV/K), which are 

independent of particle size. However, particle size significantly influenced 

electrical resistance, particularly for thicker layers, thereby affecting ΔT. Since ΔT 
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increases with intermediate layer thickness, the use of larger thermoelectric particles 

(38 … 150 μm) is advantageous for efficient thermal energy harvesting and power 

transfer. Experimental results also confirmed that S-shaped deformation provides 

optimal electrode contact with adhesive-based thermoelectric materials, minimizing 

contact resistance. An experimental 6×6 module exhibited a resistance of 212 Ω and 

generated 42 mV at a hot-plate temperature of 120°C. Due to the thermal insulation 

environment, modules with 2.4 mm thick layers maintained ΔT values of 

approximately 10°C and 40°C under natural air cooling with fins at hot-plate 

temperatures of 40°C and 120°C, respectively. The observed thermoelectric 

voltages closely matched predicted values based on single-cell structures. Although 

measured resistances of 2×3 and 6×6 modules were approximately two and six times 

higher than predicted, respectively, a significant reduction in resistance was 

achieved. These results indicate that structural design parameters of thermoelectric 

modules can compensate for intrinsic material limitations. The thermal insulation 

environment effectively regulates thermal conductivity under external conditions. 

Thus, in addition to their economic feasibility for maritime applications, 

adhesive-based thermoelectric materials offer low thermal conductivity, making 

them particularly suitable for flexible thermoelectric modules. They enable efficient 

utilization of low-temperature solar heat under natural air-cooling conditions with 

fins for energy harvesting [9]. 

It is evident that when large-area heat-harvesting surfaces are employed, the 

efficiency of WAPS is directly dependent on the quality of control under varying 

wind loads. The control system must provide continuous environmental monitoring 

and real-time adaptive control of propulsor geometry with high dynamic response. 

One of the most promising approaches to addressing this challenge is the 

development of sensors with distributed integral sensitivity, which can be integrated 

into distributed measurement networks. Fiber-optic technology is considered the 

most suitable technological basis for such devices, as fiber-optic sensors combine 

both data transmission and sensing functions. This enables the development of 

fundamentally new high-speed measurement devices capable of integration into 

complex information-measurement systems for monitoring multidimensional 

physical field distributions. In general, a distributed fiber-optic measurement 

network consists of a set of individual sensing lines arranged in a specific spatial 

configuration. An integral fiber-optic sensing line functions as a transducer capable 

of detecting external influences along its entire length. To minimize the number of 

information channels, tomographic methods are proposed, whereby each sensing 

line forms an integral image of the physical field distribution. Even with a limited 

number of such integral images, the overall field distribution can be reconstructed 
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with sufficient accuracy [10 – 15]. 

Integration of fiber-optic sensors into distributed measurement networks 

significantly reduces the weight and cost of diagnostic equipment while expanding 

the dynamic measurement range. Particular emphasis is placed on fiber-optic Fabry–

Pérot interferometers and fiber Bragg gratings, which form the basis for distributed 

sensors with spectral multiplexing. 

A key feature of such fiber-optic measurement systems is the requirement for 

reliable operation under harsh environmental conditions, necessitating the use of 

specialized optical fibers and materials. Based on the results reported in [15 – 21], 

artificial sapphire is recommended for the fabrication of sensors within distributed 

fiber-optic measurement networks. This material provides the required mechanical 

properties for force and pressure sensors integrated into wind-assisted propulsor 

elements within acceptable geometric dimensions. 

Thus, the integration of a multiparametric distributed fiber-optic measurement 

network into WAPS enables not only continuous monitoring of any sail section but 

also provides an additional source of alternative energy. Moreover, the application 

of onboard auxiliary energy-harvesting systems positively impacts both specialist 

training and the economic performance of shipping companies [22 – 24]. 
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