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Abstract: The global shipping fleet is vital to world trade with billions of tonnes of
cargo being transported annually by merchant vessels. This activity however results
in large volumes of carbon emissions and airborne particulate matter being
released into the atmosphere due to the burning of fossil fuels for propulsion and
on-board power. Recently, there has been an increasing focus on the need to reduce
fossil fuel consumption and airborne emissions across the shipping sector. To
facilitate this, a range of technologies have been developed or are currently in the
development phase. Rigid sails are one of these technologies, yet despite these
being installed on a number of ships in the 1980s they have to date been unable to
gain widespread acceptance. This paper will briefly discuss the history of sails on
ships and then review a broad range of issues regarding their use encompassing
previous research studies, journal articles and operational experiences.
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1. Introduction
Approximately, 90% of world trade (by volume) is transported by the global shipping fleet
(International Chamber of Shipping (ICS), 2014). Not surprisingly the many thousands of ships
that perform this vital task burn vast quantities of marine fuels for propulsion and on-board
electrical power. A Pure Car and Truck Carrier (PCTC), for example, may consume between 30
and 60 tonnes of fuel per day depending on its operating speed and weather conditions
(Bialystocki & Konovessis, 2016). On a global basis, it is estimated that between 2007 and
2012 ships consumed on average approximately 250 million to 325 million tonnes of fuel
per year resulting in approximately 740–795 million tonnes of CO2 emissions (Smith et al.,
2014). Another estimate is that in 2007, CO2 emissions from 45,620 vessels amounted to
943 million tonnes with the total fuel oil consumption (FOC) being 297 million tonnes
(Psaraftis & Kontovas, 2008).

In addition to CO2 emissions, a range of other substances, including NOX, SOX and particulate
matter (PM) are released into the atmosphere as a result of global shipping activity (European
Commission, 2015; Psaraftis & Kontovas, 2008). These substances have an adverse impact on
human health with research suggesting that shipping emissions are a contributing factor in
approximately 60,000 deaths per year (Corbett et al., 2007). In the top 50 ports alone, approxi-
mately 230 million people are directly exposed to emissions from shipping (Merk, 2014). The major
contributing factor behind the relatively high level of emissions is the composition of the marine
fuels used on ships (Andersen, 2012; Trozzi & Lauretis, 2016), however emissions are also
a concern even when liquefied natural gas (LNG) is used as a fuel source (López-Aparicio &
Tønnesen, 2015).

In recent years, organizations including the International Maritime Organization (IMO) and
European Commission (EC) have taken steps to reduce airborne emissions from the shipping
sector via policy initiatives. These include the implementation of Emission Control Areas (ECA’s)
(European Commission, 2015), the setting of sulphur content limits in marine fuels
(International Maritime Organization [IMO], 2014) and the International Convention for the
Prevention of Pollution from Ships (MARPOL) (IMO, 2015). These policy initiatives have encour-
aged the development and adoption of various eco-friendly technologies and measures (Forum
for the Future, 2011; Scott, 2014). Examples of these include exhaust scrubbers (Exhaust
Scrubbers—What you need to know, 2014), waste heat recovery systems (MAN Diesel &
Turbo, 2014), exhaust gas recirculation (EGR) (Wik, 2010), air lubrication systems (Kawabuchi
et al., 2011), fuel cells (Marine Engineers Review, 2008a), Propeller Boss Cap Fin (PBCF) (MOL
Techno-Trade, 2015), de-rating engines, slow steaming, operational data analysis and opti-
mised voyage route planning (ABS, 2015). Renewable energy technologies have also been
identified by classification societies, including Lloyds Register (Lloyd’s Register Marine, 2015)
and DNV-GL (Det Norske Veritas AS, 2012) as having a role to play in reducing fuel consumption
and emissions. These technologies include rigid sail devices, including wing sails (Eco Marine
Power, 2018a; Harbor Wing Technologies, 2006–2009; University of Tokyo, 2015) kites (SkySails
GmbH (SkySails), 2015), wind power rotors or Flettner rotors (Deutsches Technikmuseum, 2010)
and solar power (Atkinson, 2016a; Eco Marine Power, 2015; NYK Line, 2011).

Sails have been used on ships since ancient times and during the golden age of sail, fast clippers
crossed the oceans at spends comparable to modern cargo ships today. Now with an increasing
focus on making shipping more environmentally friendly, the use of sail power is again being
considered as a possible supplementary or alternative source of propulsive power. But in addition
to potential benefits regarding their use there are also a number of factors that to date, appear to
have hindered their widespread use on ocean-going powered ships.
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2. Brief history and overview of sails on ships
Sails were the primary source of propulsion for ships for more than 2,000 years and it could be
said that the first hybrid ships were the sail and oar powered triremes of ancient Greece and
Rome. During the nineteenth century sailing ships known as a clippers, including the famous
Cutty Sark (built 1869) could average speeds of approximately 15 knots (kn) if the winds were
favourable (Royal Museums Greenwich, 2015). However, sailing ships depend on the vagaries of
the wind and as a result voyage durations could vary significantly. This factor combined with
the opening of the Suez Canal in 1869 and the advent of the steamship during the Industrial
Revolution led to the gradual decline in the use of sail power as the primary source of
propulsion for ocean going ships.

At first sailing ships and steamships performed different roles and did not directly compete with
each other. Interestingly, most early steamships had masts and sails in case of engine failure or to
use them as a source of propulsion when wind conditions were favourable (Royal Museums
Greenwich). During the transition from sails to steam several notable ships that combined
a steam engine with sail power were built, including the SS Savannah (ConnecticutHistory.org).
In 1819, this was the first steamship to cross the Atlantic Ocean and during the 29 day voyage
between Savannah (USA) and Liverpool (Great Britain), the auxiliary steam engine was used for
only about 100 h or just 16% of the voyage time (National Museum of American History). The
steamship Great Britain took the concept of using sails and steam engines together further. This
ships rigging and sails were specifically designed to work efficiently with the primary source of
propulsion—a 1,000 horse power engine. At the time it was launched in 1843, it had the largest
steam engine that had ever been used at sea (SS Great Britain Trust, 2012). On journeys to
Australia, the ship relied more on sail power than the steam engine as this was used mainly
when conditions were not favourable.

By the 1920s, sails were no longer in use on the majority of ocean-going ships. However, the
development of sails for powered vessels continued (albeit at a slower pace) and in the 1980s,
a number of ships including the Shin Aitoku Maru (Yoshimura, 2002) and Usuki Pioneer (Marine
Engineers Review, 1985) were fitted with Japan Marine Machinery Development Association
(JAMDA) type rigid sails (Hamada, 1985). Rather than being the primary source of propulsion,
these sails were fitted to ships as a means to reduce fuel consumption. The use of sails in this
manner is known by a number of terms, including sail-assisted shipping and wind-assisted
propulsion.

Although JAMDA sails (Figure 1) did lead to reductions in fuel consumption of up to 30% or more
(Marine Engineers Review, 1985), the development of this technology effectively ended when oil
prices fell (Fujiwara, Hirata, Ueno, & Nimura, 2003). During this period another type of rigid sail
known as theWalkerWingSail was installed onto a 7,000 DWT bulk carrier—MVAshington (Figure 2).
Fuel savings of up to 30% were claimed during 5 months of evaluation in 1986 (Bonney & Walker,
1986) although another estimatewas that on average fuel savings were 8%and up to 15–20%under
favourable conditions (GreenPort, 2008). A few years after installation though the Walker WingSail
was removed from the ship (Cooke Associates, 2017; Marine Engineers Review, 1991). A summary of
the reported fuel savings for the JAMDA sails and Walker Wingsail are shown in Table 1.

Hybrid sail concepts have also been developed in recent decades and these sails incorporate
design elements of both soft sails and rigid sails. An example of this type of sail has been
proposed by researchers at the National Maritime Research Institute (NMRI) in Tokyo, Japan,
and the overall design is shown in Figure 3. Based on wind tunnel experiments and calculations
the NMRI hybrid sail performed better in terms of lift and drag than soft and rigid sails
(Fujiwara et al., 2003). Although promising, the NMRI hybrid sail has yet to be fitted to any
commercial ship.
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Another hybrid sail technology is the DynaRig and its design is based on a concept developed by
Wilhelm Prölss in the 1960s. This sail type is use today on the yacht—Maltese Falcon (SY Maltese
Falcon, 2015) and each sail has a camber of 12% and can be furled into the mast. Although the
Maltese Falcon is an impressive example regarding the use of sails, it must be remembered that it
reportedly cost US$150 million to build in 2006 (Elliott, 2012). This is approximately two to three
times the cost of some of the largest cargo ships in service today (Stopford, 2009).

Sails (excluding kites) for powered ships can be broadly categorised as either being soft sails,
hybrid sails or rigid sails and each type if briefly described in Table 2.

There have been relatively few soft sail equipped ships with a gross register tonnage (GRT) of 500
tonnes or more since the end of the clipper era. Today their use is mainly limited to speciality cruise
ships like the Club Med 2 (Vessel details for CLUBMED 2, 2018) and sail training ships. Hybrid sails due
to their relative complexity and higher cost, appear suitable mainly for large luxury yachts (SY
Maltese Falcon, 2015) or specialised hybrid sail equipped cargo ships (B9 Energy Group, 2015).
Rigid sails are not in use on large ships today but as demonstrated by the JAMDA’s sails they are
able to reduce fuel consumption. Therefore, it seems reasonable to speculate that if their more

Figure 1. JAMDA sail on a ship
in Japan in the 1980s.
Picture courtesy of Teramoto Iron
Works (1980)
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modern equivalents were used again, then these might prove to be an effective means of reducing
FOC and emissions. An example of a possible arrangement of 14 rigid sails on an Eco Ship (bulker) is
shown in Figure 4. This arrangement includes segment rigid sails (SRS) in a side by side configuration
(Atkinson & Binns, 2018a) with a total sail area of 1,400 m2 (Eco Marine Power, 2018b).

3. SWOT analysis: use of rigid sails on powered ships
To better understand the potential benefits and limitations concerning the use of rigid sails,
a Strengths, Weaknesses, Opportunities and Threats (SWOT) analytical framework was used to
identify key topic areas. These topic areas are outlined in a quadrant format in Table 3 and
described more fully in this section. It should be noted that this analysis is focused on the use
of rigid sails on powered ships only, and not on the use of sails in general and/or on modern sailing
ships or yachts where sails are the primary source of propulsion.

The topic areas identified during the SWOT analysis are related to various phases of the ship
design (D), build (B) and operate (O) cycle (Figure 5) and these are indicated next to each section
below as applicable.

Figure 2. Walker Wingsail
installed on MV Ashington.
Image used with permission from
Cooke Associates, Cambridge, UK

Table 1. Reported fuel savings from JAMDA sails and Walker Wingsail

Sail Type Reference
Vessels

Reported Fuel
Savings

References

JAMDA Shin Aitoku Maru
Usuki Pioneer

10% to over 30% (Marine Engineers Review, 1985; Ouchi,
Uzawa, & Kanai, 2011; Yoshimura, 2002)

Walker WingSail MV Ashington Average 8%
Up to 15–20%
logged

(Bonney & Walker, 1986, Marine
Engineers Review, 2008b)
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3.1. Strengths

3.1.1. Reduction in fuel consumption (O)
Estimates regarding how much fuel can be saved via the use of rigid sails vary widely and are
dependent on numerous factors, including the total sail area, the type of rigid sail(s) used and the
wind conditions encountered during voyages (Atkinson & Binns, 2018b; Smith, Newton, Winn, &
Rosa, 2013; Smulders, 1985; Viola, Sacher, Xu, & Wang, 2015). Possibly the best estimates can be
based on the operational experiences from the ships that were fitted with the JAMDA sails (Table 1).
The average fuel savings achieved by the Shin Aitoku Maru for example has been stated as being
approximately 10% (Ouchi et al., 2011). This fuel consumption reduction is also similar to
a calculated estimate of approximately 8% in a study for a ship using similar type sails operating

Figure 3. Particulars of the
NMRI Hybrid Sail.
Reproduced with permission.

Table 2. Modern sail types for powered ships

Sail Type Description Examples
Soft Sail A sail made from a lightweight material

that deforms, sags and flexes due to the
wind forces acting upon it.

Square rigged sail. Sails used on most
recreational yachts. All sails used on
commercial shipping during the 1800s.

Rigid Sail A sail that is made from a material which
does not deform, sag or flex significantly
due to the wind forces acting upon it.

JAMDA sail. Walker WingSail.

Hybrid Sail A sail that includes characteristics of both
a soft sail and a rigid sail.

NMRI hybrid sail. DynaRig.
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between Mumbai and Durban (Smulders, 1985). In addition, fuel savings for certain voyages under-
taken by the Usuki Pioneer were reported as being over 30% (Marine Engineers Review, 1985). Thus
we can conclude that based on past operational experiences and supported by recent research, that
rigid sails have the potential to reduce fuel consumption by a significant amount.

3.1.2. Reduction in emissions (O)
A reduction in fuel consumption due to the use of rigid sails would also result in a reduction in CO2,
SOX and NOx emissions. In addition to this having a positive impact on health and the environment

Figure 4. Impression of 14 rigid
sails on aquarius eco ship con-
cept design.
Used with permission from Eco
Marine Power

Table 3. Key topic areas identified during rigid sail SWOT analysis

Strengths Weaknesses
● Reduction in fuel consumption
● Reduction in emissions
● Reduction in operating costs
● Source of emergency propulsion
● Improved vessel stability
● Less space needed for fuel

● Impact on ship and crew safety
● Initial cost
● Additional operating costs
● Variable performance
● Interference with cargo operations
● Space and storage requirements
● Additional weight
● Additional work load for crew
● Additional training needed for crew

Opportunities
● Implementation of environmental regulations
● Trend towards lower emission shipping
● Higher fuel prices
● Desire to enhance brand image
● Corporate and consumer pressure
● Slow steaming

Threats
● Competing technologies
● Competing measures
● Industry resistance
● Lower fuel prices
● Alternative lower cost fuels
● Over-stated fuel savings not realised
● Ships moved to unsuitable route
● Sails deemed too complex
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(Roberts, 2018) wind-assisted propulsion may provide economic benefits as well (Ballini, Ölçer,
Brandt, & Neumann, 2017). Regarding CO2 emissions for example, a Ro-Ro (Roll-on/Roll-off) vessel
of 27,000 DWT travelling between Rotterdam and New York operating at 16 kn would generate
approximately 77 tonnes of CO2 emissions per voyage (Laboratory for Maritime Transport, 2013).
Assuming that fuel savings of 10% can be achieved this could lead to a reduction of approximately
7.7 tonnes of CO2 emissions per voyage. Depending on the fuel type, SOX and NOX emissions would
also be significantly reduced.

3.1.3. Reduction in operating costs (O)
Fuel used on board ships (often referred to as bunker fuel) is one of the largest cost items of a ship
operating expenses (OPEX) (Bialystocki & Konovessis, 2016). A ship fitted with rigid sails could be
expected under favourable conditions to use less fuel since the propulsive power from the sails
would supplement power from the main engines (M/E’s). This lower fuel consumption would
consequently lead to a reduction in operating costs. For reference purposes a summary of FOC
cost reduction scenarios are outlined in Table 6.

3.1.4. Source of emergency propulsion (O)
As with steam ships in the 1800s, rigid sails have the potential to provide a source of emergency or
back-up propulsion. In 1985, the Usuki Pioneer achieved a speed of 5 kn using two JAMDA sails as
the only source of propulsion (Marine Engineers Review, 1985) and it has been estimated that nine
large rigid sails with a total sail area of 9,000 m2 could in favourable wind conditions, generate
enough thrust to move a Capesize bulker at a speed of almost 14 kn (Ouchi et al., 2011). Thus, we
can suppose it may be possible to propel even large ships using sail power alone in emergency
situations.

3.1.5. Improved vessel stability (O)
During the voyage of Usuki Pioneer in the winter of 1984–1985, it was observed that the roll angle
was reduced by 30% when the sails were set (Marine Engineers Review, 1985). Further research in

Figure 5. Overview of a typical
ship design, build and operate
cycle.
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this area is required; however, it does appear that under certain conditions the use of rigid sails on
powered ships may result in improved stability.

3.1.6. Less space needed for fuel (D B O)
On certain shipping routes, it may be possible to reduce the amount of fuel stored in tanks due to
the fuel saving achieved through the use of rigid sails. As a consequence this would reduce the
weight of the ship and could lead to further fuel savings. Longer term it may be possible to design
sail-assisted ships with less space set aside for fuel storage thereby freeing up space for extra
cargo and/or allowing for the overall weight of the ship to be reduced.

3.2. Weaknesses

3.2.1. Impact on ship and crew safety (O)
Sails on modern ships may negatively impact the safety of a ship in several ways. Firstly, the
weight of the sails and the wind forces acting upon them (Hu et al., 2015) may cause the ship to
heel especially when the vessel is not loaded. Secondly, depending where the sails are located, the
view from the wheelhouse or bridge could be obstructed and this may prove to be problematic in
terms of navigation and avoiding collisions. Thirdly, the sails may pose less obvious safety hazards,
such as obstructing the movement of the crew on the deck during an emergency or in the event of
equipment failure, they may present a risk to the ship (and crew) if they cannot be stowed or
secured during storms.

3.2.2. Initial cost (CAPEX) (D B)
On a large ship, it is likely that more than one rigid sail will be required along with some form of
automated or semi-automated control system. This system is likely to require multiple layers of
safety in terms operational and system design to prevent accidents that may be caused by human
errors or system malfunctions. This initial capital expenditure (CAPEX) along with the associated
installation cost may be considered by ship owners as an optional expense since rigid sails are not
currently considered as being essential. As a consequence, even though rigid sails may provide
economic benefits in terms of reduced fuel costs, some shipping companies may be reluctant (or
unable) to allocate additional funds to purchase then either when building new ships or for
retrofitting onto existing ships. This additional cost may not be fully recovered by ship owners
since for example, only around 40% of the financial savings achieved through energy efficiency
measures for Panamax ships may accrue to the vessels’ owners for ships under charter (Agnolucci,
Smith, & Rehmatulla, 2014). It is also worth noting that rigid sail systems will also need to conform
to the applicable classification rules (Hu et al., 2015) plus comply with the International
Convention for the Safety of Life at Sea (SOLAS) (ABS, 2015) as applicable. Compliance with
these and other regulations may also increase the initial cost of rigid sail installations.

3.2.3. Additional operating expenses (OPEX) (O)
Electrical and mechanical equipment installed on ships require regular maintenance especially
when exposed to the harsh marine environment. This additional maintenance cost related will
need to be factored into OPEX and may deter ship owners from utilising rigid sails. This cost may
also become problematic if the sails and associated equipment are unreliable and frequently need
to be repaired. In addition, since the M/E’s may be operating at times at a lower % of MCR
(Maximum Continuous Rating), there could be an increase in engine maintenance costs as has
been noted from experiences with slow-steaming (Kowalak, 2013).

3.2.4. Variable performance (O)
The performance of any sail is dependent on the wind direction and wind speed and these vary
constantly. During a voyage a ship may encounter winds of 30 kn or more and then spend days
sailing though light winds of less than 5 kn. Additionally, the direction of the apparent wind may
not be suitable for the use of sails and in such cases they may provide little or no propulsive power.
Other factors that impact their performance include interaction effects between sails and
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interference caused by the superstructure. Interaction losses between sails have been found in one
study to reduce the driving force by approximately 24% for multiple rectangular sails (Fujiwara,
Hearn, Kitamura, & Ueno, 2005). Thus, the propulsive power from sails cannot be relied upon to be
the main or even a significant source of propulsion at all times. On some voyages or routes they
may provide little or no useable propulsive power. The nature of this variable performance could be
a major issue if the ship was moved from a windy route to one where the winds were less
favourable. In such a case, the rigid sails may not be often utilised. In Figure 6, the wind conditions
that could be experienced on a route between North America and Europe are shown. In this
example a ship sailing across from North America to Europe may encounter several major changes
in wind direction with winds speeds varying from calm to 35 kn.

In Figure 6, wind barbs are used to show wind direction and speed. The end mark or tail on each
barb indicates the direction the wind is blowing from, with each small barb representing a speed or
5 kn and a large barb representing 10 kn.

3.2.5. Interference with cargo operations (O)
A requirement for modern ships is that a sail or sails should not interfere with the loading or
unloading of cargo (Bergeson & Greenwald, 1985; Ishihara, Watanabe, Shimizu, Yoshimi, &
Namura, 1981; Smulders, 1985) even when folded or lowered. Tall sails and/or masts that cannot
be lowered may also prevent a ship from entering certain ports due to the height of bridges, cranes
and other infrastructure. If rigid sails obstruct cargo handling in some way then this would most
likely be viewed negatively by ship owners and ship charterers. Another issue to consider is that if
a very tall sail (e.g. over 20 m in height) was unable to be lowered due to a mechanical failure then
this may prevent a ship from berthing and/or unloading cargo. If such failures were common this
would undermine their usefulness.

3.2.6. Space and storage requirements (D B O)
The inability to store or stow rigid sails could be problematic since the sails might be damaged
during storms or interfere with cargo operations (Atkinson, 2016b; Hirayama, 2015). Thus, it is
likely that the sails will at times need to be stored in some manner. However, deck areas on ships
are often crowded with equipment and fittings or the space is required for passengers and/or
cargo. Therefore, if space was set aside to store the sails then this may reduce the amount of
cargo that the ship was able to carry. This reduction in cargo would result in less income per
voyage being generated for the ship owner and thus undermine the cost effectiveness of using
rigid sails. Also the installation of rigid sails may be difficult on container-ships, LNG tankers or
vessels where installation or storage space is not readily available.

Figure 6. Wind conditions across
the North Atlantic Ocean in
October 2015.

Source: MarineTraffic.com
(MarineTraffic.com, 2015).

Atkinson et al., Cogent Engineering (2018), 5: 1543564
https://doi.org/10.1080/23311916.2018.1543564

Page 11 of 20



3.2.7. Additional weight (D B O)
One prototype large rigid sail currently being tested in Japan weighs approximately 60 tons (Mitsui
O.S.K Lines, 2013). If multiple sails of this type (or similar) were to be used then a significant
amount of extra weight would be added to the ship. In situations where the rigid sails could not be
used due to poor wind conditions (or other reasons) then the sails effectively would become cargo.
Thus, instead of reducing fuel consumption they may to some extent, actually increase fuel use
due to this additional weight. Another consequence of the sail weight is that this may adversely
impact the stability of the ship (Hu et al., 2015) especially if the ships centre of gravity is impacted.
For new ship designs this additional weight could be accounted for during the design process,
however in cases where sails might be retro-fitted then this issue would require careful attention.

3.2.8. Additional training needed for crew (O)
Even if the control of rigid sails can be fully automated via a computer system, some of the ship’s
crew including the engine room and deck departments will need to be trained on how to deal with
equipment failures and emergency procedures. The requirement for this extra training may be
viewed negatively by some shipping companies due to the additional costs involved. Some main-
tenance training would also likely be required for the engineering department and onshore
technical support teams.

3.2.9. Additional crew work load for crew (O)
In theory, a fully automated rigid sail system would result in little extra work for the crew
(Bergeson & Greenwald, 1985; Eco Marine Power, 2018a). Nonetheless, there would most likely
be situations when manual control was required. In addition the operational status of the rigid
sails would need to be monitored. This additional workload, even if quite small, is likely to be
viewed negatively especially for ship types where the trend is towards reducing crew numbers.
Some maintenance would also be required although much of this could be undertaken by onshore
technical staff and contractors.

3.3. Opportunities

3.3.1. Implementation of environmental regulations (D B)
The IMO has outlined a range of policies to reduce air pollution from shipping and further policy
initiatives including a tax on carbon emissions are being discussed. Regulations focused on ships’
energy efficiency came into force in January 2013 while stricter sulphur requirements regarding
the use of marine fuels for specific areas came into force in 2015 and will be applied globally from
2020 (Det Norske Veritas AS, 2012; IMO, 2016). These regulatory initiatives are likely to support the
further development of fuel and emission reduction technologies including rigid sails.

3.3.2. Shift towards lower emission shipping (D B)
Green shipping, eco shipping, sustainable shipping and low emission shipping are themes that are now
frequently discussed at shipping andmaritime related events. Many shipping companies have sustain-
ability programs and/or strategies that include plans to reduce emissions and improve energy effi-
ciency (Attica Group, 2015; Stena Bulk, 2012; The Maersk Group, 2015). This growing trend towards
lower emission shipping may help sail-based solutions gain acceptance within the shipping industry.

3.3.3. Higher fuel prices (D B)
Although IFO380 was below USD $200 tonne a few years ago, it is expected that over the long term
fuel prices for shipping will remain expensive (Det Norske Veritas AS, 2012). This is likely to drive
innovation in the field of fuel reduction measures and this in turn should assist the development of
rigid sails and other similar technologies. A similar trend for example has been seen in the field of
automobile engineering with hybrid and electric cars becoming common in many countries. If the
price for low sulphur marine gas oil (LSMGO) was to rise to USD $800 per tonne then annual fuel
saving of $832,000might be achieved on a ship fitted rigid sails if these reduced fuel consumption by
10% (Tables 5 and 6). Price charts for IFO380 and LSMGO380 are shown in Figure 8.
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3.3.4. Desire to enhance brand image (O)
In a recent online survey, approximately 96% of respondents indicated they would have a more
favourable impression of a ferry or cruise ship company if their vessels used renewable energy
(Table 4) (Ohori Capital Pty. Ltd, 2015). This presents an opportunity for companies to use renew-
able energy technologies including rigid sails to enhance their brand image. This in turn could
generate increased revenue by attracting additional customers especially those focused on mak-
ing spending choices based on environmental and sustainability issues.

3.3.5. Corporate and consumer pressure (O)
Governments and corporations in many countries are taking measures to reduce their carbon
footprint as a result of concerns about climate change. This has led to programmes aimed at
reducing CO2 emissions in logistics via initiatives, such as “Green Logistics” (Panasonic Corporation,
2015). Initially many of these programmes were focused on land transport however attention is
shifting towards sea transport as well. Shipping companies therefore are likely to experience
pressure to meet the demands of their customers in terms of reducing emissions. This along
with consumer pressure and public awareness (Lloyd’s Register Marine, 2015) may help facilitate
the acceptance of rigid sails across the shipping sector.

3.3.6. Slow steaming (O)
Slow steaming is an operational measure implemented by shipping companies to reduce fuel costs
by lowering the operating or cruising speed of their vessels (Malonia, Paulb, & Gligor, 2013). Since
powered ships operating at lower speeds are generally more suited to the use of sails (Hansen,
2000), this trend could assist the uptake of rigid sails.

Table 4. Response to Q4 of survey: Renewable Energy On Cruise Ships & Passenger Ferries (Ohori
Capital Pty. Ltd, 2015)

Would you have a more favourable impression of a ferry or cruise ship company if their
vessels used renewable energy?

Yes, very much so. Yes, to some extent. My impression would not be
changed.

70.9% 25.5% 3.6%

Table 5. Possible FOC profile for Capesize bulk carrier with 14 rigid sails

Ship Type Bulker FOC (Daily) 40 tonnes
Operating Speed 12–14 knots FOC (Annually) 10,400 tonnes

Days at Sea 260 Rigid Sail FOC Savings* 10% or 1,040 tonnes
per year

*Estimate based on previous rigid sail trials and studies and not specific to any particular sail type or sail
configuration.

Table 6. Rigid sail ROI scenarios for bulker fitted with a generic rigid sail system

FOC Savings Scenarios (IFO380)—All amounts in $USD
Rigid Sail System Cost: $2.5 million

Cost per tonne Annual Fuel Cost Potential FOC Savings ROI Period

$1000 $10.4 million $1.4 million 1.8 years

$800 $8.32 million $832,000 3.0 years

$600 $6.24 million $624,000 4.0 years

$400 $4.16 million $416,000 6.0 years

$200 $2.08 million $208,000 12 years

Annual fuel cost = FOC annually (tonnes) x fuel cost per tonne.
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3.4. Threats

3.4.1. Competing technologies and measures (B D O)
A number of alternative technologies and measures that will reduce fuel consumption and/or
emissions are available or being developed as outlined in the introduction to the paper including
air-lubrication systems and slow steaming. These options together with rigid sails will be subjected
to a cost-benefits analysis and the results compared. For variety reasons these competing tech-
nologies and measures may in certain cases be more suitable or cost effective than rigid sails. Slow
steaming requires no additional equipment to be installed, though this measure does result in
longer transit times and an increase in pipeline inventory (Malonia et al., 2013). Ship design options
include the Semi Spherical Shaped (SSS) bow developed by the Kyokuyo Shipyard Corporation that
theoretically can save around 800 tons of fuel and about 2,500 tons of CO2 emissions annually
(Kyokuyo Unveiled Eco-Friendly Ship Design, 2010) (Figure 7).

3.4.2. Industry resistance (B D)
The shipping industry has a reputation for being slow to adopt new technologies (Det Norske
Veritas AS, 2012). Consequently, rigid sails may not gain acceptance if shipping companies can
meet regulatory requirements via existing technologies or measures even if these are not as
effective. In additional organisational barriers may also hinder their acceptance (Rehmatulla,
Parker, Smith, Stulgis, & Mitchell, 2015).

Figure 7. City of Rotterdam with
SSS bow.
Picture courtesy of Paul Whitelaw
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3.4.3. Lower fuel prices (D B O)
The development of the JAMDA sails and similar technologies (Bergeson & Greenwald, 1985;
Conway, 1985) effectively came to an end when the price of oil fell in the 1980s. Lower oil or
marine fuel prices effectively extend the return on investment (ROI) time-frame for rigid sails and
other fuel saving technologies. This can be illustrated by considering the estimated daily FOC
profile of a bulk carrier incorporating a rigid sail system as shown in Figure 4. This configuration
comprises of 14 sails with a total sail area of 14,000 m2 . The profile of this bulk carrier is outlined
in Table 5 and various ROI scenarios are presented in Table 6.

For the purpose of estimating potential cost savings it was assumed that on average a ship
fitted with rigid sails (JAMDA type or similar) can achieve fuel savings of 10% per annum as per
Table 1. To calculate the ROI period, a baseline cost of USD $2.5 million for a generic rigid sail
system is a total sail area of 1,400 m2 is used. The rigid sail cost estimate is a theoretical figure
since accurate figures for a modern rigid sail solution in commercial production are not
available.

Figure 8. Price charts for HFO
and LSMGO 2015–2018.
Used with permission from Ship
and Bunker (Price charts for HFO
and LSMGO 2015–2018, 2018)
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If the price for IFO380 fell back to USD $200 per tonne then the ROI pay-back period would
be 12 years and this timeframe is unlikely to be attractive to many ship owners. This in turn
may negate the necessity to install rigid sails on existing or on planned newbuilding projects.

3.4.4. Alternative lower cost fuels (O)
LNG is a relatively cleaner and potentially lower cost fuel that is gaining increasing acceptance
across the shipping sector especially since it has virtually no sulphur content (Adamchak & Adede,
2013). Other alternative fuels being studied or considered include methanol, ethanol, biodiesel and
hydrogen (Chryssakis, Balland, Tvete, & Brandsate, 2014). If these alternative fuels prove effective
in lowering operating costs and emissions then interest in the use of rigid sails and other similar
technologies for ships may decline.

3.4.5. Over-stated fuel savings not realised (O)
As discussed earlier, the performance of rigid sails are influenced by many factors. It is possible
therefore that the theoretical estimated fuel savings outlined in discussion papers, company
brochures and presentations at conferences, etc. might be based on overly optimistic assumptions.
Subsequently, these estimates may not be replicated during sea trials or observed during normal
operations. If this situation was to eventuate then confidence in rigid sails as a fuel saving
technology would be diminished.

3.4.6. Ships moved to unsuitable route (O)
Many ships operate on a charter basis (United Nations, 2014) and may sail on different routes
during their operational life. Some of these routes may be less suitable for the use of rigid sails due
to wind and weather conditions. Hence, shipping companies might be reluctant to invest in this
technology or similar technologies if their vessels are likely to be moved to routes where these
would be less effective.

3.4.7. Rigid sails deemed too complex (O)
Even the simplest form of a rigid sail system would typically comprise of a mast, sail structure,
electrical and/or hydraulic equipment to position the sail and a computer control system. This
combination of system elements might be considered too complicated to manage and operate
when compared to other relatively straight forward fuel saving measures, such as slow steaming,
regular hull cleaning, innovative bow designs or weather routing.

4. Conclusions
Rigid sails have the potential to provide an auxiliary or supplementary source of propulsion on
powered ships. This potential has been realized in the past with the use of JAMDA type sails in the
1980s being the most notable example. Ships fitted with these sails reportedly reduced their fuel
consumption between 10% to over 30% albeit under favorable conditions. Therefore, it can be
concluded that if rigid sails were again fitted to ocean-going powered ships that significant
reductions in FOC and airborne emissions could be achieved. In addition they may provide other
potential tangible and intangible benefits including improving the health of those living near ports
and shipping lanes, being a source of emergency propulsion, improving vessel stability and
enhancing the brand image and reputation of shipping companies that utilize them.

However, a number of issues highlighted in the current study require further research. These
issues may hinder the use of this promising technology until feasible and cost effective solutions
can be found. The most significant of the issues identified are:

● Safety concerns—in terms of protecting personnel and the vessel itself. Areas that need
particular focus include ship stability, measures to prevent accidents due to human error or
equipment failure and the handling of the sails in poor or extreme weather conditions.
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● Design limitations—related to physically installing rigid sails and incorporating rigid sails into
new or existing ship designs including meeting classification society requirements.

● Economic and business considerations—including up-front costs, return on investment periods
and operating costs. Importantly rigid sails should be competitive with other fuel and emission
reduction technologies and/or measures even during periods when fuel prices are relatively low.

● Operational issues—in terms of ongoing maintenance requirements and the performance of
rigid sails under varying operational and weather conditions.

Nomenclature
B Build

CAPEX Capital expenditure

CO2 Carbon dioxide

D Design

DWT Deadweight tonnage

EC European Commission

ECA Emission control area

ECR Exhaust gas recirculation

FOC Fuel oil consumption

GRT Gross register tonnage

HFO Heavy fuel oil

IFO Intermediate Fuel Oil

IMO International Maritime Organization

JAMDA Japan Marine Machinery Development Association

Kn Knots

LNG Liquefied natural gas

LSMGO Low sulphur marine gas oil

MARPOL International Convention for the Prevention of Pollution from Ships

MCR Maximum continuous rating

M/E Main engine

MEPC Marine Environmental Protection Committee

MV Merchant vessel

NOX Nitrogen oxides

NMRI National Maritime Research Institute (Japan)

O Operate

OPEX Operating expenditure

PBCF Propeller Boss Cap Fin

PM Particulate matter

PCTC Pure car and truck carrier

FOC Fuel oil consumption

Ro-Ro Roll on—roll off

ROI Return on investment

SOLAS International Convention for the Safety of Life at Sea

SOX Sulphur oxides

SRS Segment rigid sail
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SS Steam ship

SSS Semi spherical shaped

SWOT Strengths, weaknesses, opportunities and threats

USD United States Dollar
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