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The integration of wind-assisted propulsion technologies, including Flettner rotors and advanced sails,
marks a significant leap towards sustainable maritime practices. This article evaluates the environ-
mental, financial, and operational benefits of these technologies, highlighting their potential to reduce
greenhouse gas emissions and reliance on fossil fuels. Recent advancements, such as the use of artificial
intelligence for sail optimization and hybrid propulsion systems with energy storage, are explored for
their impact on efficiency and economic viability. The review also examines the role of supportive pol-
icy frameworks and technological innovations in accelerating adoption. By providing a comprehensive
analysis of these advancements, the article underscores the importance of wind-assisted propulsion in
achieving long-term sustainability and operational improvements in the shipping industry.
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1. Introduction.

The maritime sector, essential to global trade and trans-
portation, is currently experiencing a major shift towards more
eco-friendly practices. Among the most promising advance-
ments in this drive for sustainability are wind-assisted propul-
sion technologies, including Flettner rotors and modern sail
systems. These innovations provide a viable alternative to tradi-
tional fossil fuel-powered systems, addressing the urgent need
to cut greenhouse gas emissions and lessen environmental im-
pact. Wind-assisted propulsion leverages natural wind energy
to boost the efficiency of maritime vessels. Flettner rotors, which
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were invented by Anton Flettner in the 1920s, use the Mag-
nus effect to produce lift and thrust, enhancing vessel stability
and reducing fuel usage. This technology has gained renewed
attention due to its consistent performance in various weather
conditions. Similarly, modern sails have evolved from their tra-
ditional counterparts to incorporate advanced materials and au-
tomated controls, optimizing wind capture and propulsion effi-
ciency.

Recent advancements have introduced several innovative fea-
tures. Artificial intelligence (AI) now plays a role in optimiz-
ing sail performance by dynamically adjusting configurations
based on real-time weather data. Hybrid propulsion systems,
which combine wind-assisted technologies with energy storage
solutions, offer a comprehensive method for reducing emissions
and improving operational efficiency. These developments are
supported by favorable policy frameworks, such as emissions
trading schemes, which encourage the adoption of green tech-
nologies and foster long-term sustainability within the maritime
industry. The adoption of wind-assisted propulsion technolo-
gies marks a significant advancement in the quest for greener
shipping practices. By decreasing dependence on conventional
fuels and harnessing renewable energy, these systems promise
notable reductions in operational costs and environmental im-
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pact. This article examines the advantages and challenges of
Flettner rotors and advanced sails, assesses recent technological
innovations, and explores the impact of supportive policies on
the widespread adoption of wind-assisted propulsion. Through
this detailed analysis, the article aims to demonstrate how these
technologies can drive significant sustainable progress in the
maritime industry, paving the way for a more environmentally
conscious future.

2. Review of Literature.

The implementation of wind-assisted propulsion in maritime
vessels has garnered significant attention in recent years, with
various studies exploring the effectiveness and challenges of
Flettner rotors and sails. Andersen (2020) and Miller (2018)
both highlight the potential of Flettner rotors to reduce fuel
consumption by 10-15%, especially in consistent wind condi-
tions, while Bergeson (2018) emphasizes the long-term eco-
nomic benefits of sail-assisted propulsion despite the higher ini-
tial costs. The role of wind-assisted technologies in meeting
International Maritime Organization (IMO) emission targets is
a focal point of Chaudhry (2022), who calls for ongoing inno-
vation to overcome existing barriers. Fraser and Kline (2020)
delve into the aerodynamic principles that make Flettner rotors
effective, noting their additional benefit of enhancing vessel sta-
bility, whereas Jackson and Thorpe (2021) identify durability
concerns in adverse weather conditions.

Modern sail designs, as explored by Huang and Lin (2023),
have evolved to include lightweight, high-strength materials and
automated systems, making them more adaptable to varying
wind conditions, a point further supported by Einarsson (2021)
who observed fuel efficiency improvements in vessels equipped
with these advanced sails. Meanwhile, Nielsen (2022) discusses
the integration of these wind-assisted technologies with hybrid
engines, offering a promising approach to reducing emissions
in coastal shipping. The financial and regulatory landscape is
also a crucial factor, with Patel and Singh (2023) highlight-
ing the available financial incentives and Lee and Park (2021)
stressing the importance of supportive regulatory frameworks
for widespread adoption. Sánchez et al. (2019) evaluated the
economic viability of adopting wind-assisted technologies in
commercial shipping. The authors analyzed various case stud-
ies and concluded that while the initial investment in wind-
assisted systems may be high, the long-term fuel savings and
potential for lower maintenance costs make these technologies
economically feasible in the long run.

Studies by Smith and Allen (2021) and Miller (2018) offer a
comparative analysis, suggesting that while Flettner rotors pro-
vide consistent performance across different routes, sails may
excel in regions with predictable wind patterns. Quinn (2020)
addresses the cultural and psychological barriers to adopting
these technologies, indicating resistance within traditional ship-
ping companies. The potential for further growth and sustain-
ability of wind-assisted propulsion is affirmed by Rasmussen
(2019), who predicts its continued expansion, supported by pol-
icy frameworks such as emissions trading schemes discussed

by Ulrich (2019). Lastly, the innovative use of artificial in-
telligence to optimize sail performance, as discussed by Wang
and Li (2020), represents a new frontier in the implementation
of wind-assisted propulsion, further enhancing its effectiveness
and operational efficiency.

3. Evaluating the Effectiveness of Flettner Rotors and Sails.

Flettner rotors and sails have each shown significant promise
in enhancing vessel performance, though they exhibit different
strengths and limitations. Andersen (2020) highlights that Flet-
tner rotors can improve fuel efficiency by 10-15%, particularly
on routes with consistent wind patterns, due to their ability to
reduce reliance on conventional propulsion. The aerodynamic
benefits of Flettner rotors, which include enhanced stability and
maneuverability, are detailed by Fraser and Kline (2020), who
explain that the lift generated by rotating rotors decreases re-
sistance and improves overall vessel performance. However,
Jackson and Thorpe (2021) raise concerns about the durabil-
ity of Flettner rotors, especially in harsh weather conditions,
pointing out the need for robust materials and design improve-
ments. In contrast, Huang and Lin (2023) discuss how mod-
ern designs, incorporating lightweight materials and automated
systems sail, have increased their adaptability and efficiency.
This adaptability allows sails to perform effectively in vary-
ing wind conditions, as noted by Einarsson (2021), who ob-
serves comparable fuel savings to those achieved with Flettner
rotors. Nielsen (2022) explores the integration of sails with hy-
brid propulsion systems, which can enhance operational effi-
ciency, particularly in coastal shipping. Despite their benefits,
sails face challenges in variable wind conditions, as discussed
by Smith and Allen (2021), who highlight their reduced perfor-
mance in less predictable environments. Miller (2018) provides
a comparative analysis, noting that Flettner rotors offer consis-
tent performance across diverse routes, while sails excel in pre-
dictable wind regions. This comparative analysis underscores
the different applications and effectiveness of each technology,
with ongoing research and development poised to address ex-
isting limitations and enhance their overall performance.

4. Sails.

Modern sails have undergone significant advancements, en-
hancing their effectiveness and utilization in maritime propul-
sion. Huang and Lin (2023) detail how contemporary sails,
made from advanced materials like carbon fiber and Kevlar, of-
fer superior strength-to-weight ratios, improving durability and
efficiency compared to traditional fabrics. Automated sail sys-
tems further optimize performance by adjusting sail configu-
rations in real-time to adapt to varying wind conditions. This
technological evolution has led to substantial fuel savings, as
highlighted by Einarsson (2021), who notes that modern sails
can achieve fuel efficiency comparable to that of Flettner rotors
when conditions are favorable. The integration of sails with
hybrid propulsion systems, as explored by Nielsen (2022), en-
hances operational efficiency by combining wind power with
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conventional engines, thus reducing overall fuel consumption
and emissions. However, sails face challenges in variable or
light wind conditions, which can impact performance, as dis-
cussed by Smith and Allen (2021). Additionally, the complex-
ity of modern sail systems requires specialized crew training to
maximize their benefits, as observed by Olsen (2021). The evo-
lution of sails, as described by Goddard (2017), underscores the
ongoing advancements that contribute to more sustainable and
efficient maritime practices.

5. Comparative Analysis of Flettner Rotors and Sails.

When comparing Flettner rotors and sails, several studies
highlight distinct advantages and limitations of each technol-
ogy. Miller (2018) argues that Flettner rotors excel in stability
and consistent performance across various conditions, provid-
ing reliable thrust and enhancing vessel stability, particularly
in adverse weather. This consistent performance makes them
suitable for diverse maritime routes. On the other hand, sails
are noted for their adaptability, especially in regions with pre-
dictable wind patterns. Bergeson (2018) underscores the long-
term cost-effectiveness of sails, particularly for vessels oper-
ating in such predictable conditions, as they can reduce fuel
costs significantly over time despite higher initial installation
expenses. Smith and Allen (2021) provide a comparative per-
spective, noting that Flettner rotors may offer more reliable per-
formance across different routes and weather conditions com-
pared to sails, which can be less effective in variable wind envi-
ronments. This makes rotors a more versatile option for global
shipping, where consistent performance is crucial. However,
Huang and Lin (2023) highlight that modern sails, with ad-
vanced materials and automated systems, have improved their
efficiency and adaptability, potentially bridging the performance
gap between sails and rotors in favorable wind conditions. Niel-
sen (2022) adds that the integration of sails with hybrid propul-
sion systems can enhance their operational efficiency, combin-
ing wind power with traditional engines to optimize fuel sav-
ings and emissions. This hybrid approach can offer benefits
similar to those provided by Flettner rotors, particularly in spe-
cific operational contexts. Fernández and Torres (2018) dis-
cussed the regulatory challenges faced by the maritime industry
in adopting wind-assisted propulsion technologies. The authors
highlighted the need for international cooperation and uniform
regulations to facilitate the widespread implementation of these
systems. Conversely, Jackson and Thorpe (2021) identify that
while Flettner rotors can provide consistent thrust, they may
face durability issues under harsh weather conditions, which
could affect long-term operational reliability. This contrasts
with Einarsson (2021), who highlights the efficiency of modern
sails in favorable wind conditions, though their performance
can be variable in less predictable environments. Flettner ro-
tors offer consistent performance and stability, sails provide
greater adaptability and cost-effectiveness over the long term.
The choice between these technologies depends on specific op-
erational needs, wind conditions, and the integration of hybrid
systems that can leverage the strengths of both approaches. Mar-
tı́nez-López (2020) examined the environmental impacts of wind-

assisted propulsion in the maritime industry. The research found
that integrating wind energy into shipping operations can sig-
nificantly reduce CO2 emissions, particularly in routes with
consistent wind patterns. The study highlighted the potential of
hybrid propulsion systems that combine traditional fuel engines
with wind energy to achieve even greater reductions in emis-
sions. González and Rivera (2021) explored the technological
advancements in sail designs used for wind-assisted propulsion.
The authors focused on the development of new materials and
automation systems that enhance sail efficiency and durability.
The review indicated that these innovations have the potential to
transform traditional sail-powered vessels into highly efficient
modern ships.

6. New Ideas in Implementation.

Recent advancements in wind-assisted propulsion technol-
ogy are leading to a transformative shift towards more sustain-
able maritime operations. One key area of innovation is the
application of artificial intelligence (AI) to optimize sail per-
formance. AI systems use real-time weather data to adjust sail
configurations, thereby maximizing efficiency and minimizing
fuel consumption. This capability enhances the adaptability
of sails to changing wind conditions, ensuring optimal perfor-
mance and contributing to significant reductions in operational
costs. Another noteworthy development is the hybrid propul-
sion system that integrates wind-assisted technologies with en-
ergy storage solutions. This system captures excess energy gen-
erated during optimal wind conditions and stores it for use dur-
ing periods of low wind or increased energy demand. Such a
hybrid approach not only enhances energy efficiency but also
provides a reliable means of reducing greenhouse gas emis-
sions, making it a crucial step toward more sustainable shipping
practices.

The use of advanced composite materials, such as graphene
and high-performance polymers, is also being explored to en-
hance the durability and flexibility of sails and rotors. These
materials offer improved resistance to environmental wear and
tear, potentially extending the lifespan of wind-assisted propul-
sion systems and improving their overall efficiency. Integrating
renewable energy sources, like solar panels, with wind turbines
represents another innovative approach. This combination pro-
vides a more consistent and reliable power supply, further re-
ducing reliance on conventional fuels and enhancing the overall
energy efficiency of maritime vessels. Solar panels can comple-
ment wind propulsion by generating electricity even when wind
conditions are not favorable, creating a more stable and sustain-
able energy solution.

Autonomous systems for wind-assisted propulsion are be-
ing developed to further improve operational efficiency and safe-
ty. These systems are designed to automatically adjust sails
or rotors in response to real-time environmental conditions, re-
ducing the need for manual intervention and optimizing perfor-
mance with minimal human input. The combination of wind-
assisted propulsion with hydrogen fuel cells is an emerging
trend that offers a dual benefit: clean energy and reduced emis-
sions. Hydrogen fuel cells provide a zero-emission power source



C. Vairavan et al. / Journal of Maritime Research Vol XXII. No. III (2025) 19–23 22

that, when used in conjunction with wind-assisted technologies,
contributes to a significant reduction in the carbon footprint of
maritime operations. Enhanced computational fluid dynamics
(CFD) modeling is improving the design and performance of
sails and rotors. Advances in CFD technology allow for more
accurate simulations of aerodynamic and hydrodynamic inter-
actions, leading to better-informed design choices and more ef-
fective wind-assisted propulsion systems.

Smart grid integration is another promising development
in the maritime industry. By optimizing energy use on ves-
sels through smart grid technologies, shipping operations can
achieve greater efficiency and minimize waste. This approach
aligns with broader trends in energy management and sustain-
ability. Adaptive sail technology, which allows sails to dynam-
ically change their shape in response to varying wind condi-
tions, represents a significant advancement. This technology
enhances the efficiency of wind propulsion by allowing sails
to continuously adapt to optimize wind capture and propul-
sion. Lastly, the integration of wind-assisted propulsion with
autonomous vessel technology is poised to revolutionize mar-
itime operations. Autonomous vessels equipped with advanced
navigation and propulsion systems can optimize routes and pro-
pulsion strategies in real-time, leading to more efficient and en-
vironmentally friendly shipping practices. Together, these inno-
vations push the boundaries of what is possible in sustainable
maritime technology. By leveraging advancements in AI, hy-
brid systems, materials science, and autonomous technology,
the maritime industry is making substantial progress toward
greener and more efficient shipping practices.

7. Benefits and Advantages.

The implementation of wind-assisted propulsion technolo-
gies brings a host of significant benefits to maritime operations,
addressing both environmental and economic aspects. Primar-
ily, these technologies contribute to substantial reductions in
greenhouse gas emissions by harnessing wind energy and de-
creasing reliance on fossil fuels. This shift is crucial for mitigat-
ing climate change and improving the sustainability of the ship-
ping industry. Economically, wind-assisted propulsion systems
offer notable advantages, including considerable fuel cost sav-
ings and reduced operational expenses. As environmental regu-
lations become more stringent, these systems help vessels com-
ply with emissions standards more effectively, potentially low-
ering compliance costs and avoiding penalties. Furthermore,
the operational flexibility provided by wind-assisted propulsion
allows vessels to optimize performance based on varying wind
conditions, enhancing overall fuel efficiency. Technological in-
novations, such as artificial intelligence and advanced materi-
als, further improve the effectiveness and durability of these
systems. For example, AI can optimize sail and rotor con-
figurations in real-time, while hybrid systems and renewable
energy integrations, like solar panels, support more consistent
power supplies. Additionally, technologies such as Flettner ro-
tors enhance vessel stability, promoting safer maritime opera-
tions. Collectively, these advancements underscore the role of
wind-assisted propulsion in fostering long-term sustainability,

enhancing market competitiveness, and supporting broader en-
vironmental goals within the maritime industry.

Conclusions.

The integration of wind-assisted propulsion technologies,
including Flettner rotors and cutting-edge sails, represents a
significant advancement toward enhanced sustainability within
the maritime sector. These technologies offer considerable en-
vironmental benefits by greatly reducing greenhouse gas emis-
sions and lowering dependence on fossil fuels, highlighting their
vital role in combating climate change. Economically, wind-
assisted propulsion provides a promising alternative for ship-
ping companies by delivering cost savings through reduced fuel
consumption and various financial incentives. Supportive pol-
icy measures, such as emissions trading schemes, facilitate the
broader adoption of these technologies, ensuring their contin-
ued viability. Additionally, the operational advantages are sub-
stantial, featuring improved fuel efficiency, operational flexibil-
ity, and greater vessel stability. Technological innovations in
hybrid systems, advanced materials, and artificial intelligence
further boost the performance and adaptability of these systems.
These improvements not only enhance the efficacy of wind-
assisted propulsion but also assist in lowering compliance costs
related to emissions regulations. Overall, these advancements
signify a critical shift toward more sustainable maritime prac-
tices. The continued development and implementation of wind-
assisted propulsion, backed by forward-thinking policies and
technological progress, will be crucial for promoting sustain-
able shipping and meeting long-term environmental and eco-
nomic objectives.
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