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Renewable Hydrogen
Production Using Sailing Ships
Vast ocean areas of planet Earth are exposed year-round to strong wind currents. We
suggest that this untapped ocean wind power be exploited by the use of sailing ships. The
availability of constantly updated meteorological information makes it possible to oper-
ate the ships in ocean areas with optimum wind power so that the propulsive ship power
can be converted into electric power by means of ship-mounted hydro-power generators.
Their electric power output then is fed into ship-mounted electrolyzers to convert sea
water into hydrogen and oxygen. In this paper, we estimate the ship size, sail area, and
generator size to produce a 1.5 MW electrical power output. We describe a new
oscillating-wing hydro-power generator and present results of model tests obtained in a
towing tank. Navier-Stokes computations are presented to provide an estimate of the
power extraction efficiency and drag coefficient of such a generator which depends on a
range of parameters such as foil maximum pitch angles, plunge amplitude, phase between
pitch and plunge and load. Also, we present a discussion of the feasibility of sea water
electrolysis and of the reconversion of hydrogen and oxygen into electricity by means of
shore-based hydrogen-oxygen power plants. [DOI: 10.1115/1.4026200]

1 Introduction

Any discussion of the feasibility of transitioning to renewably
generated energy has to start with an examination of the availabil-
ity and accessibility of the various known energy sources. Authors
of recent books on renewable energy and on the climate crisis
[1–7] have emphasized the urgent need for finding additional
energy sources and power production methods that emit very little
carbon dioxide.

In our two previous papers [8,9], we tried to draw attention to
the fact that at the present time only a small part of the total global
wind energy is being exploited. Most of the wind power can be
found over the oceans which cover 70% of the planet’s surface
area. This shows that there is plenty of wind power to satisfy the
global needs. In our papers, we proposed to make the ocean sur-
face wind power accessible by the use of sailing ships which
are equipped with hydropower generators to generate on-board
electricity for the conversion of sea water into hydrogen and oxy-
gen which then are compressed and delivered to shore-based
hydrogen-oxygen power plants for reconversion into electricity
and potable water. Discussions of the importance of renewably
produced hydrogen for an emission-free economy can be found in
Refs. [10–14].

It is the objective of our paper to provide additional details and
results of our continuing studies of this scenario. In the first
part, we describe the size, design and operating characteristics of
a sailing ship for a 1.5 MW power output. In the second part, we
present results of our most recent experiments and analyses of the
oscillating-wing hydropower generator we proposed in our previ-
ous two papers.

2 Sailing Ship Characteristics

For a preliminary assessment of the feasibility of sailing
ship-based power generation, we regard it as advisable to base
the analysis as much as possible on known ship characteristics.
Therefore we selected the David Taylor Model Basin Wave
Cancellation Multihull (WCM) trimaran as a suitable baseline
design. The principal dimensions of this trimaran are: Center
Main hull length: 119 m, center main hull draft: 9 m, outrigger
hull length: 58 m, outrigger hull draft: 4.2 m, outrigger hull spac-
ing: 32.3 m, total wet surface area: 3891 m2.

This WCM trimaran and a much smaller trimaran built at the
Dalhousie University in Canada were investigated in detail in
Hongxuan Peng’s PhD thesis [15] where it is shown that the wave
resistance coefficient is typically around 0.001 and the total resist-
ance coefficient for the Dalhousie trimaran is approximately
0.004.

Therefore, we postulate a trimaran similar to the WCM tri-
maran with a wetted area of 5000 m2 and a resistance coefficient
of 0.004. The propulsive force which can be produced by a wind
sail under the most favorable wind angle conditions can be
obtained from a typical airfoil polar diagram, as discussed, for
example, by Smulders [16]. The true wind vector and the ship ve-
locity vector need to be added to give the apparent wind vector.
The most favorable conditions occur when the ship is “beam
reaching,” i.e., when the apparent wind vector is approximately
perpendicular to the path of the ship. The total aerodynamic force
generated by the sail then is approximately in the direction of the
ship, providing a net thrust force. For our analysis, we assume a
thrust coefficient of 2.0 as being a conservative value. Further-
more, we analyze the ship performance for three different values
of the apparent speed (7.5 m/s, 10 m/s, and 12.5 m/s) as realistic
wind conditions. Actual wind speed values will of course vary
with the ship speed and can easily be reconstructed if needed.

Addition of a hydro-turbine or of an oscillating-wing power
generator produces a significant additional drag. In this paper we
limit the discussion to the oscillating-wing generator. We show in

1Corresponding author.
Contributed by the Advanced Energy Systems Division of ASME for publication

in the JOURNAL OF ENERGY RESOURCES TECHNOLOGY. Manuscript received September 1,
2012; final manuscript received December 4, 2013; published online February 20,
2014. Assoc. Editor: Laura Schaefer.

Journal of Energy Resources Technology JUNE 2014, Vol. 136 / 021203-1Copyright VC 2014 by ASME

Downloaded From: http://asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jertd2/927649/ on 07/27/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



the second part of our paper that a drag coefficient of 2.0 is a
reasonable estimate. Furthermore, we show that a reasonable esti-
mate of the power output of the oscillating-wing generator is to
assume a power coefficient, cp of 0.8.

Using these assumptions, we can obtain the foil area of the
oscillating-wing power generator from the equation for the power
output

P ¼ cp
1

2
qU3

� �
S (1)

where cp is the power coefficient, q is the water density, U is the
ship speed, and S is the foil area.

Figure 1 shows the decrease of the generator foil area needed as
the ship speed is increased from 4 m/s to 7.5 m/s to produce a
power output of 1593 kW. As one would expect, the generator
size decreases significantly with increasing water speed. For the
same range of ship speeds, the ship drag is computed from the
equation

DS ¼ 0:004
1

2
qU2

� �
Aw (2)

where DS is the ship drag and Aw the wetted ship area (equal to
5000 m2). Similarly, the generator drag is obtained from the
equation

DG ¼ 2
1

2
qU2

� �
S (3)

The sum of the two drag values must be balanced by the sail thrust
T given by

T ¼ 2
1

2
qAU2

A

� �
SS (4)

where qA is the air density, UA is the apparent wind speed, and SS

is the sail area.
Figure 2 shows the sail area required to produce a power output

of 1593 kW as a function of ship speed for apparent wind speeds
of 7.5 m/s, 10 m/s, and 12.5 m/s. Again, as one would expect, the
required sail area decreases with increasing wind speed. It is also
seen that the required sail area decreases slightly as the ship speed
is increased from 4 m/s to 6 m/s before increasing with additional
ship speed. This is due to the fact that a significantly larger gener-
ator foil area is required at low speeds thus causing more total
drag in spite of the lower ship drag.

Further sail area reductions can be achieved for wind speeds
higher than 12.5 m/s or if higher sail lift coefficients and smaller
wetted areas are assumed. Hydrofoil boats are likely to offer
considerable performance gains. For example, Hoppe [17] demon-
strated resistance improvements of over 40% against catamarans.
Another innovative boat was developed by Marine Advanced
Research Inc [18]. It has twin hulls, like a catamaran, connected

to each other and the crew cabin by four metal legs. The legs ride
on titanium springs—like shock absorbers—that allow the boat to
adapt to the waves and enable a much smoother ride than other
boat designs.

3 Electric Power Generation

It is apparent from the above discussion that for the generation
of electricity from typical wind speeds, say 7.5 to 12.5 m/s, the
required capture area for a significant power output, say 1 to
2 MW, is quite large. For this reason, the blade length of the
General Electric 1.5 MW turbine is 40 m. For the same reason, the
wind capture and therefore the sail area of a sailing ship has to
be equally large or even larger than for a land-based wind turbine.
Our proposal to use sailing ships is based on the consideration to
open up the vast ocean areas for power generation.

A further advantage to be gained from the use of sailing ships is
the small size of the power generator due to the availability of rel-
atively high water speeds, say 4 to 7.5 m/s. Hence, conventional
hydro-turbines could be used to convert the kinetic energy of the
water into electricity.

In this paper, we would like to draw attention to a second type
of power generator which might have advantages over hydro-
turbines. It is based on the reciprocating rather than the rotary
motion principle.

4 Oscillating-Wing Power Generation

It is well known to aeronautical engineers that oscillating wings
may extract power from an air stream. The bending and torsion
flexure of airplane wings exposed to an air flow may extract suffi-
cient energy to result in structural damage or even catastrophic
failure if there is a 90 deg phase angle between the bending and
torsion oscillations. Fortunately, this phenomenon can also be
used to extract energy from a wind or water stream and convert it
into electric power.

In 1981, McKinney and DeLaurier [19] at the University of
Toronto appear to have been the first ones who built an
oscillating-wing windmill for the purpose of exploiting this flutter
phenomenon for power generation. It consisted of a horizontally
mounted wing whose plunging motion was transformed into a
rotary shaft motion. The operating principle can be readily under-
stood by looking at the single-foil generator, shown in Fig. 3,
which we demonstrated ten years ago [20]. It shows a foil
which can be driven into a coupled pitch and plunge motion by a
mechanism consisting of a swing arm, a push-rod, a phasing
gear to enforce a phase angle between the pitch and plunge
motions of about 90 deg, a bell-crank and push-rods. It operated
quite satisfactorily.

In the late 1990s the British company Engineering Business
Limited [21] started the development of a 150 kW oscillating-foil
hydropower generator to produce power from a 4-knot tidal
stream. It had a single hydrofoil with a chord length of 3 m and a
span of 15.5 m. The pitch/plunge motion of the hydrofoil caused
an arm to pitch up and down which, in turn, was connected to

Fig. 1 Generator foil area versus ship speed

Fig. 2 Sail area versus ship speed

021203-2 / Vol. 136, JUNE 2014 Transactions of the ASME

Downloaded From: http://asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jertd2/927649/ on 07/27/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



hydraulic cylinders whose high-pressure oil drove a hydraulic
motor connected to an electric generator. Tests in Yell Sound in
Shetland showed that the power generator was capable of produc-
ing 90 kW in a 1.5 m/s flow, but further development was
stopped in 2004 due to lack of additional funding by the British
Department of Trade and Industry. Recently another British com-
pany Pulse Generation Limited2 demonstrated, once more, the
feasibility and practicality of using oscillating hydrofoils for the
generation of 100 kW from tidal flows in the river Humber. Also,
at Laval University in Canada computational and experimental
investigations of a 2 kW prototype of an oscillating-wing hydro-
power generator showed that power extraction efficiencies of 40%
are possible [22,23].

During the past few years, we have developed a new design of
an oscillating-foil power generator [7,8], because the large num-
ber of mechanical parts needed for pitch-plunge phase angle con-
trol used in the power generators shown in Fig. 3 is an unwelcome
feature. During the translatory up and down motion of the foil, the
pitch angle had to be controlled with the swing arms seen in
Fig. 3. This concern led us to the development of an oscillating-
foil generator which uses a simpler and more effective system to
achieve the proper phasing between the pitch and plunge motions
of the foil.

The major new innovation introduced into our new power gen-
erator consists of the realization that the pitch angle and the phas-
ing can be controlled by purely hydrodynamic means, thus
eliminating the many parts needed for the mechanical control sys-
tem. As is well known, a foil is statically unstable if it is free to
pitch about an axis which is located sufficiently far downstream
from the foil’s aerodynamic center. Hence locating the pitch axis
sufficiently far downstream will assure that the foil is pitched to
an increasing pitch angle until it is stopped by a mechanical
restraint.

The new generator is shown in Figs. 4 and 5. A small aluminum
block runs on two rails and the foil is attached to the block by
means of a shaft, permitting to set foil pitch angles between 0 and
70 deg. The pitch axis of the foil is set at 60% chord. The foil is a
2 mm thick 84� 192 mm aluminum flat plate. Because of the 60%
chord position of the pitch axis the foil is statically unstable caus-
ing it to pitch either to the left or right when exposed to the water
flow. In the tests described further below the pitch amplitude was
limited to 60 deg by means of a suitably positioned mechanical
constraint. Also shown in Figs. 4 and 5 are two small rods. It is
the function of these two control rods to reverse the foil’s plunge
motion. This is accomplished by placing the control rods upstream
of the foil’s midchord position at 44% chord where the foil is slid-

ing along the two rails in response to the lift force generated by
the foil which is deflected to a large pitch angle. Assume the flow
in Fig. 4 to approach from the upper right corner. The foil then is
driven from right to left and approaches the left control rod visible
in Fig. 5. As soon as the foil touches the control rod, a hydrody-
namic pitch moment is generated which induces the foil to pivot
about the control rod. As a consequence, the foil is deflected to a
large pitch angle of opposite sign to the one before it hit the con-
trol rod. In response to this new pitch angle, the foil starts to slide
on the two rails to the right until it hits the control rod on the right
side and the foil is again pivoted around it. As a consequence, a
square-wave type foil oscillation is being generated. This is
advantageous because it transfers more energy per cycle than a
purely sinusoidal oscillation. The plunge amplitude can be varied
by placing the two control rods at various positions in the row of
holes shown in Figs. 4 and 5. The dimensions of the aluminum
block holding the two guide rails are 381� 152 mm.

The tests described in this paper comprised the investigation of
the effect of plunge amplitude and flow speed on the operation of
the power generator. The power generator was mounted on a
carriage so that it could be towed in the towing tank of the Depart-
ment of Mechanical & Aerospace Engineering of the Naval Post-
graduate School in Monterey, California. The foil was submerged
in the water to a depth of 115 mm so that the total wetted foil area
was 84� 115 mm. The towing distance was 9 m. The generator
performance was explored for towing speeds between 0.6 and
1.2 m/s, measured with a MiniWater6 Micro anemometer. The
drag force on the generator was measured with a Honeywell
AL111BN 30b Model 41 load cell making it possible to compare
the drag generated by the oscillating foil with the drag forces
generated by the blade held at a steady 60 and 90 deg deflection
angle and zero degree angle of attack. This comparison is shown
in Fig. 6.

It is seen that the steady foil deflected at 60 deg generates a
slightly larger drag than the oscillating foil, while the steady foil
deflected at 90 deg generates a much larger drag and the foil held
at zero angle of attack generates a much smaller drag, as one
would expect. Also, as expected, the drag increases significantly

Fig. 3 Mechanically controlled generator

Fig. 4 New generator

Fig. 5 New generator2http://www.pulsegeneration.co.uk
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with flow speed. In Fig. 7, the measured drag of the steady foil
deflected at 60 deg is compared with the estimated drag based on
a drag coefficient of 1.2 and a foil area based on the product of the
wetted foil area and the sine of the 60 deg deflection angle. It is
seen that the agreement is quite good.

5 Computational Analysis

In parallel to this experimental program, we developed compu-
tational simulations to predict the flow through oscillating-foil
power generators. To this end, both potential flow and viscous
flow codes were developed using panel methods and viscous flow
(Navier-Stokes) codes. Some of our previous computational pre-
dictions are documented in Refs. [24–26]. Here, we show our
most recent computations applied to the new oscillating-foil
power generator described in the previous paragraphs.

A 2D Navier Stokes model was used to simulate the oscillating
foil generator in the commercial CFD package Ansys 12.1. As
described in [27], grid-independence and time-step independence
tests were conducted. As a result, a grid with 186,000 cells and
400 cells on the foil surface and a time step of Dt¼ 1.25� 10�3 s
were chosen for all the simulations here. The first cell height from
the foil surface was D¼ 1.0� 10�4 chords, resulting in a cell
Reynolds number Rec¼xD2/�¼ 0.2–1.2 on the foil surface at all
times. This mesh choice also provided excellent agreement
with the time history of aerodynamic forces for the optimum
prescribed-motion case of Kinsey and Dumas [22] for a
NACA0015 foil, as shown in Ref. [27].

The model is not a precise emulation of the experimental mech-
anism, in that the motion of the foil is controlled via a geneva
wheel linked to a flywheel, rather than via the two control rods.
However, it closely replicates the nonsinusoidal motion experi-
enced by the experimental foil and is similarly fully flow-driven.
Power extraction is modeled via a damper attached to the fly-
wheel. This effective load on the system is nondimensionalized by
the idealized fluid damping on a rotating flat plate. Similarly the
inertia of the flywheel and foil combination is nondimensionalized

by considering the ratio of kinetic energy in the flywheel and
moving foil, compared to the kinetic energy of the ideal fluid
added mass and inertia of a plunging and pitching plate.

Figures 8 and 9 show the predicted power extraction efficiency
and drag coefficient, for a range of foil maximum pitch angles and
non-dimensional load. Black dots indicate the runs conducted. All
runs shown were conducted for a NACA0012 foil at a Reynolds
number Re¼ 1100, with a plunge amplitude of 1.0 chord, foil
pivot point at midchord, and nondimensional inertia I0 ¼ 5.67.
Also the motion was nonsinusoidal, with a pitch angle waveform
40% of the way between a full square wave and a full sinusoid
(shown to give best performance [26]), and pitch leading plunge
by 90 deg.

The efficiency contours show a broad peak at about 30% effi-
ciency, commensurate with other flapping-foil analyses, but also
indicate the sensitivity of the performance to load on the system.
These results do not necessarily represent the best performance
that could be achieved, with further optimization against parame-
ters such as plunge amplitude, phase between pitch and plunge
and location of the pivot point. The drag coefficient in this effi-
ciency peak region is approximately 2.2, and noting that the simu-
lation was conducted in overly viscous conditions (Re¼ 1100),
the value of 2.0 used in the preceding analysis is reasonable.

6 Seawater Electrolysis

An additional key technology needed for the exploitation of
ocean surface winds is the feasibility of storing the electric
energy generated on the sailing ship. Sea water electrolysis for
on-board production of hydrogen and oxygen is likely to offer

Fig. 7 Estimated and measured steady drag

Fig. 8 Contours of power extraction efficiency versus foil pitch
angle and nondimensional load

Fig. 9 Contours of drag coefficient versus foil pitch angle and
nondimensional load

Fig. 6 Generator drag versus water speed
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the best solution. Koji Hashimoto and associates at the Institute
for Materials Research of Tohoku Institute of Technology in
Sendai, Japan, have demonstrated an energy-saving technique to
split sea water into hydrogen and oxygen [28]. The electrolytic
cell, similar to fresh water electrolytic cells, consists of an an-
ode, a cathode, and a membrane to separate these electrodes.
The small amounts of calcium and magnesium ions contained in
sea water are removed before electrolysis in order to prevent the
formation of calcium and magnesium hydroxide on the cathode
and on the membrane surface of the cathode side. This removal
is accomplished by passing sea water through a chelate resin
column. Furthermore, instead of simultaneous parallel feeding of
sodium chloride solution to both anode and cathode compart-
ments, neutral sodium chloride solution is fed first to the
anode compartment and the low pH solution from the outlet of
the anode compartment is then fed to the cathode compartment.
The details are described in Ref. [28]. According to Hashimoto
[29], 1 MWh electricity produces 119.4 m3/h of hydrogen and
59.7 m3/h of oxygen, consuming 96 kg/h of seawater. Typical
commercial freshwater electrolyzers require 70 to 53 kWh to
produce a kg of hydrogen. Since 11.2 m3 of hydrogen equals
1 kg of hydrogen, for seawater electrolysis 93.8 kWh electricity
are required to produce 1 kg of hydrogen. Hence seawater elec-
trolysis, at the present state of development, requires signifi-
cantly more energy than freshwater electrolysis.

7 Hydrogen-Oxygen Power Plant

A further additional key technology for the exploitation of
ocean surface winds is the feasibility of efficiently reconverting
the stored hydrogen and oxygen into electricity. Jericha et al [30]
describe a hybrid power plant which incorporates solid oxide fuel
cells into an innovative power cycle with steam as working fluid.
The power plant is based on a previous proposal by Jericha [31] to
use a high-temperature and a low-temperature cycle.

8 Conclusions

Seventy percent of the planet’s surface is covered by oceans
where most of the wind power can be found. Yet, recent reviews
of various renewable energy technologies [1–6] limit the discus-
sion of wind power generation to land and off-shore based power
plants and only one proposal has recently been made to use
parawing-driven large ships for the exploitation of the wind power
over the oceans at an altitude of 1480 m [32]. In two previous
papers [7,8], we suggested the use of sailing ships for the exploita-
tion of the vast wind power available close to the ocean surface.
In this paper we provide a more detailed analysis of the sailing
ship size and operating conditions to generate 1.5 MW electric
power and we describe a new oscillating-wing hydropower gener-
ator. Results of small-scale tests of this power generator together
with Navier-Stokes computations of its flow and performance
characteristics confirm its potential as a competitor with conven-
tional hydro-turbines. Also, the currently available information
about the feasibility of sea water electrolysis into hydrogen and
oxygen and their reconversion into electric power and potable
water in shore-based hydrogen-oxygen power plants is summar-
ized. It indicates that the major technologies are available to
implement the concept of sailingship-based renewable energy and
potable water generation. Hence a fleet of large sailing ships with
electric power outputs of 1 to 5 MW per ship may be able to make
a significant contribution to the solution of the world’s growing
energy and potable water crisis.
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