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Abstract: International trade is still heavily reliant on oceangoing vessels and the noxious bunker fuel that feeds most ships’ massive diesel
engines. Although shipping contributes relatively small shares of GHG emissions per unit of transport work, without further action,
emissions from the sector would continue to increase. Therefore the maritime community and ship-owning companies are attempting to
achieve “green shipping”. The revolutionary technology fo use the wind for assisting the ship’ propulsion is one of best steps for
decarbonisation of shipping. This innovative technology could bring considerable reducing fuel consumption and cost savings, improving the
ships efficiency as well. There are different ways to utilize the wind power, as several kinds of rotors, sails, kites, etc, some of them already
installed on commercial ships, some are still dreams. The aim of this paper is to present the basic essence of wind-assisted propulsion and
the environmental impact of its use.
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approach to implementation and installation. There are six
categories of wind propulsion technologies developed or in stage of
Reducing greenhouse gas (GHG) emissions in the maritime  prototyping: rotor sails, hard sails, suction wings, kites, soft sails
industry is a critical goal to mitigate climate change. In order to and hull technology [5].
reduce shipping's impact on climate change, International Maritime
Organization (IMO) has started in the early 2000s to consider
technical and operational measures to improve the energy efficiency
of ships. In 2011, IMO adopted amendments to MARPOL Annex
VI to mandate technical and operational energy efficiency measures
to reduce the amount of CO, emissions from international shipping.
The Energy Efficiency Design Index (EEDI) and the Ship Energy
Efficiency Management Plan (SEEMP) entered into force on 1
January 2013. Those measures represent the first global mandatory
GHG-reduction regime for an international industry sector and have
been driving energy efficiency improvements across the global fleet
for more than a decade. Goal-based and technology-neutral
regulations have stimulated the use of energy-efficient technologies
such as hull air lubrication, wind assisted propulsion, waste heat
recovery, etc. The EEDI is an important technical measure aiming
at promoting the use of more energy efficient equipment and
engines for the design of new ships in order to make them less
polluting. The EEDI requires a minimum energy efficiency level
per capacity mile (e.g. tone mile) for different ship type and size
segments. [1]. In 2024, the IMO will grade each ship based on its
cargo-carrying capacity and how many grams of CO2 it emits per
nautical mile. Vessels with the poorest ratings will be required to
take corrective action or risk not being allowed to operate. It's part
of the IMO's ambitious goal to get the shipping industry to net zero
emissions by 2050.

1. Introduction

2.1. Rotor sails: In the maritime industry's pursuit of
sustainable and efficient propulsion systems, rotor sails have
emerged as a cutting-edge technology that combines traditional
principles with modern engineering. Rotor sails are cylindrical rotor
devices mounted vertically on a ship's deck. When the rotor spins, it
harnesses the Magnus effect, creating a lifting force perpendicular
to the wind direction, generating thrust as they spin in the wind. The
Magnus Effect is caused by a spinning body in a moving airstream,
or a moving body which is spinning (such as a ball), which pulls the
air round to one side of the object, using the skin friction, creating a
difference in air pressure from one side to the other. This causes a
sideways force on the object making the spinning body move
towards the low pressure side where there is least resistance. On a
ship, this sideways force is resisted by the hull, and a component of
this force can be used to propel the ship forward, provided that the
ship's direction is generally within the low pressure zone. A Magnus
rotor used to propel a ship is called a rotor sail and is mounted with
its axis vertical. When the wind blows from the side, the Magnus
effect creates a forward thrust. (Fig. 1) [6].
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Fig. 1 Magnus effect

One way to make shipping industry greener is to use wind
power but this is not like going back to old clippers days [2, 3].
Wind-assisted ship's propulsion (WAPS) is an innovative, hi-tech The most common form of rotor sail is the Flettner rotor (Fig.2).
and sustainable solution that can contribute to ships energy Inspired by the German engineer Anton Flettner rotor design, these
efficiency. These technologies have gained significant attention in cylindrical sails uses the power of wind to propel ships forward,
the shipping industry as a means of reducing fuel consumption and  offering a greener alternative to conventional propulsion methods.
emissions. Evaluating WAPS contribution for reducing GHG
emissions, IMO has issued new rules for calculating EEDI for ships
using them [4].

2. Wind-assisted technologies

There are several ways in which WAPS can help reducing GHG
emissions in maritime transportation. These new and innovative
technologies are not substituting the internal combustion ships Fig. 2 Ships with installed Flettner rotors
engines, but definitely are limiting the negative impact of maritime
transport to climate change by significantly reducing fuel
consumption. Even, when combined with some of newly used fuels,
as nitrogen, ammonia, etc. are bringing the amount of GHG emitted
by ships to almost zero.

Due to the arrangement of forces, a rotor ship is able to
sail closer to the wind than a conventional sailing ship. Rotor sails
are adjustable, allowing ships to optimize their orientation based on
prevailing wind conditions. Automated control systems enable
precise adjustments, maximizing the effectiveness of the rotor in

Wind propulsion systems are designed to transform wind capturing wind energy. If the ship changes course so that the wind
energy into ship-propulsion power. Depending on the specific type comes from the other side, then the direction of rotation must be
of technology, different physical principles are used in this energy  reversed or the ship would be driven backwards. Rotor sails come in
conversion. In addition, the technologies may be distinct in their ~ various sizes to cater to different vessel types and sizes — from
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smaller applications on cargo ships to larger rotors on bulk carriers.
Usually their construction allows tilting of the rotor (collapsible
rotors) in order to facilitate different stages of ship operations
(cargo operations, passing under bridges, etc.) (Fig. 3).

Fig. 3 Collapsible Flettner rotors

Advantages of rotor sail propulsion: significant contribution to
fuel efficiency by supplementing traditional propulsion systems,
considerable fuel cost savings; aligns with global efforts to reduce
GHG emissions from the maritime sector; they can be retrofitted
onto existing vessels, offering a viable solution for enhancing the
efficiency of the current maritime fleet.

Disadvantages of rotor sail propulsion: depend on wind
conditions, and their effectiveness may vary, therefore they are part
of hybrid systems that combine them with traditional engines
ensuring continuous operation even in low-wind scenarios,
providing reliability and consistency; retrofitting vessels with rotor
sails involves an initial investment but long-term savings from
reduced fuel consumption and emissions; integrating rotor sails with
existing ship systems can pose technical challenges and
collaboration between naval architects, engineers, and rotor sail
experts ensures seamless integration, optimizing both systems for
enhanced performance.

2.2. Hard sails: In an era marked by a growing emphasis on
sustainable practices and the reduction of carbon emissions, the
maritime industry is exploring innovative solutions to propel ships
using environmentally friendly technologies. One such solution
gaining renewed attention is the integration of sails into modern
ship propulsion systems. While sails have been a traditional means
of harnessing wind power for centuries, advancements in materials,
design, and technology are now making them a viable option for
enhancing the efficiency and sustainability of contemporary
maritime transport. Some modern ships have sails, but they are not
the same as the traditional canvas sails that you may have seen in
old movies or paintings. Modern ships with sails use various types
of advanced technologies and designs to harness the power of the
wind and reduce their fuel consumption and carbon emissions.

Wing sails, inspired by aviation technology, are another
promising development. These rigid, wing-shaped sails are
adjustable and can be optimized for various wind conditions. They
offer improved aerodynamics and efficiency compared to traditional
soft sails, providing an effective solution for both cargo and
passenger vessels.

Fig. 4 Ships with hard sails

For sails exist same issue with the air-draft, so usually they are
foldable and with collapsible masts.

Fig. 5 Hard-sail Ro-Ro ship with collapsed masts

Advanced materials such as lightweight composites and
synthetic fabrics have replaced traditional canvas and wood,
offering greater strength, durability, and flexibility. Additionally,
sophisticated  design  techniques, including computer-aided
simulations and wind tunnel testing, allow for the creation of highly
efficient sail configurations.

The non-stop development of technology continues to improve
the WAPS, including hard sails application. To improve their effect
on the ship's propulsion regardless of the relative wind direction,
rotating sails are now installed (Fig. 6a). In the pursuit of zero
emissions, a combination of solar panel and hard sail has already
been developed - an example is the ferry operating in Sydney
Harbor (Fig. 6b).

Fig. 6

a) Rotating hard sails b) Combined Solar-Hard Sail

Despite all advantages of hard sails propulsion, there are some
drawbacks as well: designing sails that can withstand harsh
maritime conditions, optimizing their deployment for different
vessel types, and addressing concerns regarding safety and
maneuverability are areas that require further research and
development.

As the maritime industry strives to achieve sustainability goals,
the reemergence of sails in ship propulsion marks a paradigm shift
towards embracing renewable energy sources. With ongoing
innovation and collaboration between industry stakeholders, sails
are poised to become a crucial component in the quest for a greener
and more sustainable future for maritime transport.

2.3. Suction wings: Known also as Ventifoil, Turbosail, eSAIL,
suction wings operate on the same principle as airplane wings or
traditional sails. As the wind passes faster over one side of the sail
than the other (known as the Bernoulli Effect) which creates a low-
pressure zone on the side with the fast-moving air. The usual air
pressure on the other side creates a force pushing the aerofoil
towards the low-pressure zone. The Ventifoils can be rotated
automatically to find the optimal angles relative to the apparent
wind. The generated force will be transferred right into the deck and
thus helping with propulsion of the vessel. To maintain the ships
optimal speed, the engine power can be reduced.

For ships equipped with suction wings exist same problems
with impeding the navigation of under bridges, with cranes in ports,
as well as occupying valuable deck space. Therefore most of the
designs are folding away (Fig. 7a). Very practicable solution is the
Flatrack system (Fig. 7b). It has the advantage to be moved with the
ship’s crane of the vessel, which provides flexibility in use. Each
flatrack can be adjusted to the size of the vessel. In heavy and/or
unfavourable wind conditions the Ventifoils can easily be folded
and locked onto the flatrack. All equipment, like hydraulics,
automation and ventilation are integrated in the flatrack unit.

Fig. 7

a) Retractable/folding

b) Flatrack system

Another project provides ventifoil system can be stored in a
standard 40-foot container (Fig. 8), making it amazingly easy to
retrofit such vessels or to shift the system to other ships. The
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advantage the system offers is that it is fully containerized and
movable so it can easily be temporarily discharged ashore in order
not to interfere with container operations. When not in use, in port
operations, or in bad weather, the ventifoils can be retracted into
their containers.

Fig. 8 Containerized ventifoil system

2.4. Kites: The concept of using kites for propulsion is not
entirely new. Sailors in ancient civilizations, including the Chinese
and Polynesians, utilized kites to harness the power of the wind and
assist in steering their vessels. In the contemporary context,
advancements in materials, aerodynamics, and automation have
transformed kites into a sophisticated and viable option for
enhancing the efficiency of modern ships. Modern kite propulsion
systems typically involve large, controllable kites tethered to the
ship. These kites, often made of lightweight and durable materials,
generate lift by harnessing the power of high-altitude winds. Kite
systems utilize sensors to monitor wind speed, direction, and vessel
dynamics, enabling real-time adjustments to the kite's position for
maximum efficiency. Tethered kites can be adjusted to different
angles and altitudes, allowing for optimal energy capture based on
prevailing wind conditions. Usually kites are mounted on the bow
of the vessel but are operated from the bridge when the conditions
for wind power and wind direction and speed will provide effective
wind force to assist propulsion power (Fig. 9).

Fig. 9 Parachute towing kites

The sailcloth used in skysails is synthetic and therefore
durable when it comes to the point about rains and rainfall,
connected to the ship with a wire or a cable that is structured within
the towing rope which is used to raise the towing kite to its desired
height (between 100 - 300 metres). The towing kite is made in such
a way that it can be raised to its proper elevation and then brought
back with the help of a ‘telescopic mast’ that enables the towing
kite to be raised properly and effectively (Fig. 10).

Fig. 10 Parachute towing kite deploying

The launch and recovery process is auto ma ted and re quires
only a few simple actions by the crew. First, the telescopic mast
raises the towing kite, which is folded like an accordion, from its
storage compartment. The mast then ex tends up wards after which
the kite unfurls to its full size and is ready to be launched. The
winch releases the towing rope until the kite has reached its
operating altitude. Recovery of the towing kite is performed in the
reverse order as the launch: The winch retracts the towing rope and
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the kite is docked to the mast. The towing kite is then reefed, after
which the telescopic mast retracts, and the kite and control pod are
lowered into the storage compartment. The entire process of the
mast raising and then folding the skysail back takes between 10-20
minutes. [7].

The use of kites as main ship propulsion method provides a
number of advantages over the use of a normal sail fixed to a mast.
The main advantage is that the kite can use the higher wind speeds
that are found at higher altitudes and that the kite can make
maneuvers perpendicular to the wind to increase the apparent wind
speed. Both effects increase the maximum forces that are available
for ship propulsion compared to classical sailing technique. The
heel caused by the wind force be generally less for kites because the
cable attachment and thus center of effort will be lower than is the
case when the force is due to a traditional sail. There are some
problems, which have to be solved — designing kites capable of
withstanding harsh maritime conditions, addressing safety concerns,
and optimizing the technology for widespread commercial adoption.
With further innovation and collaboration, kites may become a
standard feature in the quest for a greener future for the world's
oceans.

2.5. Soft sails: Soft sails are flexible sails like traditional
sails, in some designs, the masts of the sails serve a double function
as cranes, so they also can be used for loading and discharging.
Only three projects for larger commercial vessels currently use soft-
sail technology [8]:

- The Dynarig sail (Fig. 11a), a modified version of the
traditional square sail developed by Prof. Poulos, consists of a
cantilevered mast, a sail beam and sails that are independent of each
other and can be stowed independently. When in use, the sails are
spread together to form a continuous sail surface. In terms of
aerodynamic performance, Dynarig sails are excellent, safe and
reliable in operation, but the disadvantage is that Dynarig sails are
costlier and more complex in structure. The practical application of
this technology on commercial vessels is limited due to deck layout
requirements and is currently used mainly on large sailing yachts.

- The French company Neoline placed an order for 2+2
sail-powered ro-ro vessels (Fig. 11b), with a total sail area of up to
4,200 square meters, her sail attitude can be automatically
calculated and adjusted according to the direction of advance and
wind direction. The vessel also comes with its own 4,000kW diesel
motor power system, but this system will only be activated for
outbound and inbound calls and in emergencies. Neoline hopes to
save 80-90% in fuel consumption and reduce carbon emissions with
these sail-powered new ro-ro vessels to provide transportation
services.

- The Oceanwing system (Fig. 11c) is composed of tall
vertical sails, with each one split into two cloth panels. The panels
can rotate 360 degrees, adjusting in response to wind conditions, or
crumple toward the base when wind assistance is no longer needed.
Sensors and motors automatically adjust the sails’ angles en route.

- And one new system in project — the French tire-maker
Michelin plans to fit its technology on a merchant ship for
ainflatable soft sails (Fig 11d). The wing is designed like an
airplane wing, creating lift and propelling vessels across the water.
With the push of abutton, atelescopic mast rises to nearly 17
meters high. A small air compressor inflates the double-sided wing,
which spans about 100 square metres. The fabric and mast can both
automatically retract when the vessel approaches a bridge or enters
harbors.

Fig. 11 a)

b)

c)
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2.6. Hull technology: Hull Form designs take the whole of
the vessel and adapt the ship’s hull itself so that it functions as a
large ‘sail’ (Fig. 12), capturing the power of the wind to generate
thrust. This technology can be applied only to newly built ships
because there is very difficult to upgrade the existing ones and is
currently limited to a design for a Ro-Ro. The hull of a vessel can
be shaped like a symmetrical aerofoil, which can generate lift and
pull in the ship’s direction. [9].

Fig. 12 WAPS hull technology

3. Conclusions

The adoption of wind-assisted propulsion is continuing to
grow as more shippers and vessel owners seek to increase the
efficiency and lower emissions from their ships. By mid-2023,
WAPSs have been installed on 30 ships and are planned to be or are
currently being installed on another 26 ships, 16 of these ships are
newly build ships, while 38 are being retrofitted; for two ships, it is
unclear whether a kite is bound for new build or existing ships [5].
Large ship deployment forecasts have been made through EU and
UK government research. An EU commissioned report [9]
headlined that the maximum market potential primarily for bulk
carriers and tankers would range between 3,700-10,700 installed
systems by 2030 depending on bunker fuel price, speed of the ships,
and discount rate applied, taking into account that this forecast
covered only three fleet segments and assessed only a small
selection of wind-powered technologies.

WAPS have already proved their efficiency, delivering fuel
savings of between 4.5% and 9%, according to vessel owners and
operators, and have the potential to achieve savings of 25% if
installed as a retrofit. A major drawback for the faster spread of
these systems is their still high cost - on average, wing technology
amounts to $3 million to $4 million tacked on to a $100 million
ship, thus the capital cost involved will range from $ 170,000 -
300,000 per mast depending on the number of masts installed [11].
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