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Abstract
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Voith Hydro Wavegen has unrivalled experience
of grid-connected wave energy plant. The LIMPET
plant on the Scottish Island of Islay was
commissioned in 2000, and has been supplying
electricity to the national grid ever since. In
addition this facility has enabled Voith Hydro
Wavegen to develop a highly reliable power take-off
system, based on robustness and simplicity. With
no moving parts in the water, and the equipment
readily accessible for maintenance, the plant now
consistently demonstrates availability comparable
with conventional power plant. LIMPET also
serves as a proving facility for new generation
turbines, which deliver greater efficiency, and allow
refinement of operations and maintenance
processes.

Introduction

Voith Hydro Wavegen is a world leader in the
development of wave energy technology. It is a part of
the Ocean Energies Division of Voith Hydro, which is
also developing tidal current power generation plant.
Voith Hydro Wavegen is the centre of competence
which drives the development and commercialisation
of wave energy systems. The Voith Hydro Wavegen
team, wave tank and turbine test rig are located in
Inverness, in the Scottish Highlands, whilst the
company’s full scale demonstration plant, called
LIMPET, is located on Islay off the west coast of
Scotland.
This facility was the world’s first
commercial scale grid connected wave energy plant, is
now in its tenth year of operation, and has accumulated
over 50,000 grid connected generating hours.
The oceans contain a vast quantity of untapped
energy of which wave energy is a significant part.
Differential heating of the earth’s surface by the sun
generates wind which, as it passes across the oceans,
generates waves. Although, it is likely that only a
moderate amount of the available resource can be
converted into electricity it still represents an enormous
potential as a supply of clean and renewable energy.
As a result there is much effort being expended to
develop
technology
and
bring
these
to
commercialisation.
The industry is still developing with widely varying
technical solutions being proposed, and only a modest
number demonstrated at full scale. Many wave power
companies fund their technology development through
the venture capital route which is challenging when
considering the time necessary to develop, build and
test commercial scale grid connected wave energy
converters. However, large industrial players have now
entered the market. Most notably Voith Hydro who
acquired Wavegen in 2005.
Although many methods of extracting energy from
waves have been proposed, only a few meet the key
criteria, namely: survive the worst wave conditions,
operate reliably and have the potential to produce
power at commercially attractive rates. The Oscillating
Water Column (OWC) with Wells turbine power takeoff meets these key criteria and has also demonstrated

Voith Hydro Wavegen is now involved in a
number of commercial projects, with the Basque
Energy Board's Mutriku project in Northern Spain
at the forefront of grid connected projects in
Europe. In addition, RWE npower renewables has
planning consent for a 4 megawatt plant on the Isle
of Lewis, off the North West coast of Scotland. In
North America, Douglas County in Oregon holds a
FERC Preliminary Permit for a 2-3 megawatt
project, and has received support from the Oregon
Wave Energy Trust to progress feasibility and
environmental works.

Each project has its own unique drivers, but all
are contributing to the progress of wave energy
from prototypes and test sites to commercial
deployment. Voith Hydro Wavegen will describe
current projects, and explain how they are driving
technical and economic development, leading to cost
competitive wave energy.
Keywords: Reliability, Commercialisation, Wave Energy,
Oscillating Water Column
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the operational longevity and reliability to encourage
commercial investment.
This paper will focus on current projects and how
they are driving development of the technology.

2 Oscillating Water Column Technology
Voith Hydro Wavegen uses the Oscillating Water
Column (OWC) with a Wells turbine power take-off.

Fig 1. Oscillating Water Column - operation schematic of
the Limpet plant.

Fig 2. Working principle of the Wells turbine: Whether
the chamber breathes in or out, the rotor is always driven
in the same direction

The OWC comprises a chamber with an opening
below the water. External wave action causes the water
level in the OWC to oscillate up and down. The rise
and fall of the water level in the chamber compresses
and decompresses the air above. Air is allowed to exit
and enter the chamber via a Wells turbo-generator
which is used to convert the pneumatic power into
electricity. The Wells turbo-generator uses rotors with
fixed blades, which in-turn are fixed to the shaft of an
induction machine. Due to the symmetrical crosssection of the aerofoil the turbine is forced to rotate in
the same direction, irrespective of the direction of
airflow. In this way electricity is generated when air
leaves the chamber and when air is sucked back into
the chamber. The Wells turbo-generator is simple: no
pitching blades; no gearbox and uses an induction
machine.
This simple concept allows Wavegen to build an
extremely robust turbine with few moving parts and
hence minimize the potential modes of failure.
However, the harsh marine environment is particularly
challenging especially for new technology, so Voith
Hydro Wavegen currently focuses on easily accessible
on-shore applications, which makes operations and
maintenance almost independent of weather and sea
conditions, and avoids the need for specialized boats or
other marine equipment. This means that minor
problems can be easily resolved; it is easy to perform
tests; easy to upgrade components and so on, and all
these activities can be done in situ, without needing to
board a device or bring it back to port.

Voith Hydro Wavegen’s technology has been in
operation for over 9 years. During this time it has been
proven that the Wells turbine concept works even under
the worst weather conditions.
Unlike conventional hydro turbines a Wells turbine
cannot be designed for one operating point due to the
irregular and unsteady nature of the air flow caused by
the waves, hence, a broad operating range is more
important than a high peak efficiency.
Control
strategies focus on maintaining the angle of attack to
enable the turbine to operate as close to maximum
efficiency as possible.
Under those conditions the Wells turbine currently
reaches wave cycle efficiencies of close to 45%.
Ongoing CFD based turbine optimization and
improvements in the control strategy should bring the
cycle efficiency of the fixed pitch machine up above
50%.
The company is also implementing a Wells turbine
improvement programme which includes:
• New blade profiles to improve performance;
• New materials to reduce cost;
• Design changes to reduce manufacturing and
assembly costs;
• Improved aerodynamics to raise efficiency;
• Reduction of parasitic losses;
• Implementation of wave tracking to improve
performance.
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Currently grid connected prototype turbines for the
Mutriku project in the Basque Country, in Spain, and
the Siadar Wave Energy Project, in Scotland, are being
tested in real sea conditions. Availability in excess of
95% have been achieved (see the section on reliability).
This advanced testing of machines provides the added
benefit of pre-warning any failures on commercial
projects. The operating experience of the machines at
Voith Hydro Wavegen’s plant is 2-4 years ahead of
projects. Any upgrades or revised components can
then be planned into maintenance cycles in the
commercial plants, thereby minimising disruption and
loss of production.

4 Testing for the Mutriku Plant
The success of the project is critically dependent
upon the design of the turbo-generation plant. Voith
Hydro Wavegen tested a model of the proposed
Mutriku outer breakwater arrangement in the wave tank
in Inverness to determine the key characteristics.
Based upon the pneumatic powers measured during
wave tank tests and the variation in average power
throughout the year a solution using 16 x 18.5kW
Wells turbines was selected as most suitable.
The wave tank test results coupled with results from
Voith Hydro Wavegen’s numerical models were used
to determine the turbine size and hub/tip ratio and other
characteristics such as the blade profile, the number of
blades, the operating speed and the number of turbine
rotors.
To maximize the electrical output of Wells turbines,
it is desirable to run the turbine as fast as possible. In
practice however, ignoring mechanical constraints,
there is a limit to the maximum speed, for example,
noise generation, bearing life and shock wave
formation must all be considered.
Voith Hydro Wavegen has manufactured five
generations of Wells turbines of the size proposed for
the Mutriku project. The turbines have been tested at
LIMPET.
These turbines have been tested with
different components, instruments, rotors, control
mechanisms and strategies, in order to achieve
optimum reliability and performance.

Fig 3. Vibration test on the 18.5kW machine

Since the acquisition of Wavegen by Voith Hydro,
most of the development work has been dedicated to
the optimization of the turbine. The experience of a
large industrial player and the creativity of a high
profile SME have merged and resulted in a highly
engineered product.
The company has a standard range of turbines,
namely, 750mm diameter rated at 18.5kW, 1250mm
diameter rated at 110kW and 1750mm diameter rated at
250kW.

3 The LIMPET Plant
In 2000 Wavegen commissioned LIMPET, the
world’s first grid connected commercial-scale wave
energy plant. This plant, located on the island of Islay
off the west coast of Scotland, is used for Voith Hydro
Wavegen’s extensive turbine development programme.
The reinforced concrete OWC chamber is angled at
40˚ to the horizontal.
Originally LIMPET was
equipped with 2 x 250 kW Wells turbo-generators in
series. The capture chamber is also equipped with a
second opening which is used to test and optimize other
turbines.

Fig 4. LIMPET shortly after installation of the turbines

In May 2010 the LIMPET plant met a significant
milestone by accumulating more than 50,000 grid
connected generating hours. This is at least an order of
magnitude greater than most other technologies in the
sector, and provides the basis for investor confidence,
and equipment and performance guarantees.

Fig 5 Mutriku Test turbine connected to LIMPET simulated turbine hall in construction
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blade. This is achieved by varying the speed of the
rotor which is attached to the shaft of an induction
machine. Each induction machine produces electricity
at 460V AC at variable frequency, which is converted
to 750V DC by an inverter. Two regeneration systems
are then used to convert the DC into 460V AC to match
the frequency of the local grid. A transformer is
provided to convert the voltage up to 13.2kV for supply
to the local grid. This system enables the speed of each
turbine to be controlled individually.

In late 2007 the final design was fixed and
manufacture of various components and systems
commenced.

5 Mutriku Project
The Mutriku project involves incorporating a wave
energy plant into a new outer breakwater which is
being built in the small town of Mutriku in the Basque
Country in Northern Spain – between Bilbao and San
Sebastián. Voith Hydro Wavegen has supplied the
complete mechanical and electrical (M&E) equipment
for the wave energy plant which will be owned and
operated by the Basque Energy Board (Ente Vasco de
la Energía - EVE). EVE is also developing the BIMEP
(Biscay Marine Energy Platform) to provide open sea
infrastructure for the research, demonstration and
operation of wave energy devices.
The Basque Government Department for Transport
and Public Works had already planned to build a
breakwater at the site, when in 2002 the idea of
incorporating OWCs into the structure was first
discussed. As a location for demonstrating a wave
energy plant with multiple OWCs the site is ideal.
Whilst the wave resource is not particularly strong, the
site has the attraction of being easily accessible and a
suitable grid connection is available nearby.
The chosen structural design included a new
reinforced concrete structure roughly 100m long to be
built in front of the rubble mound breakwater.
Voith Hydro Wavegen worked with sister
organisation, Voith Hydro SL, which is located in
Guipúzcoa, the same province of the Basque Country
as the Mutriku plant.
After initial design work had been carried out the
project applied for part funding from the EU under the
Framework 6 Programme. The contract for the supply,
installation and commissioning of the complete M & E
system was placed in May 2007.

7 Equipment supply
Voith Hydro’s scope of supply covered the design,
supply, installation and commissioning of the complete
Mechanical and Electrical (M&E) system including
the grid connection equipment, transformer, power
electronics, controls, turbines, interfaces and
instrumentation. The complete M&E package was
successfully delivered on schedule. All electrical
equipment has been installed in the Control Building,
whilst the equipment due to be installed in the plant
room has been stored in a Voith Hydro warehouse in
Tolosa, about 40 km from the site. Following final
completion of the civil works, which is due later in
2010, the plant room equipment will be installed and
commissioning of the plant will commence.

Fig 7. The M&E equipment in a Voith Hydro warehouse
in Tolosa

Fig 6. The Mutriku breakwater during construction

6 Operating system
For the Mutriku project it was decided to implement
the same control system that worked so successfully on
the LIMPET plant and the Mutriku test turbine. As
discussed earlier to maximize the power output it is
necessary to maintain the angle of attack on the rotor

Fig 8. Damper installed on site
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Fig 11. Scottish Energy Minister at the start ceremony
for the 100kW turbine at LIMPET

9 Douglas County, Oregon
Fig 9. Control cabinets in the control building

This is a project being developed in conjunction with
Douglas County Commissioners at the mouth of the
Umpqua River near Reedsport in Oregon. This project,
which has a FERC preliminary permit, will be a
3.3MW “active” breakwater. It is planned to build the
breakwater structure in close proximity to the existing
jetties. It is envisaged that this plant will utilize the
same turbines as those proposed for the SWEP in
Scotland.
OWET (Oregon Wave Energy Trust)
together with Douglas County have provided support
for the study work that has been undertaken to date.

8 Siadar Project
The most significant project currently being
developed is the Siadar Wave Energy Project (SWEP)
on the island of Lewis which is off the west coast of
Scotland. Voith Hydro Wavegen identified the project
site and completed early development activities, before
the project ownership was taken on by RWE npower
renewables, the UK subsidiary of RWE Innogy. Voith
Hydro Wavegen describe this project as an “active”
breakwater because its prime purpose is to produce
electricity, but it also will offer a secondary benefit by
providing some shelter for local boats and perhaps in
the future, shelter for maintenance of wave energy
converters.
The site is exposed to some of the best waves in
Europe. This means that 200m is sufficient for around
4MW of installed capacity. The project was granted
planning consent by the Scottish Government in 2009
and qualifies for support from the government through
their multiple ROCs (Renewable Obligation
Certificates) system. This support mechanism is one of
best available in the world to assist with the early
commercial development of wave energy projects.

Fig 12. View of the Umpqua River at Winchester Bay

10 Reliability
Reliability is of significant importance, especially
for generation equipment that is to be located in a harsh
environment. Voith Hydro Wavegen has embraced the
Voith approach of “Engineered Reliability”. Voith
Hydro Wavegen believes that high reliability is
fundamental to commercialisation of the technology.
Availability has improved significantly over the last 5
years as shown by the graph in Figure 13. The current
levels of availability are comparable with wind energy
and provide a firm basis for commercial projects.
Voith Hydro Wavegen offers guarantees on plant
availability, which is unique in this sector to date.

Figure 10. Siadar photomontage courtesy of RWE
npower renewables

It is proposed that the Siadar project will use 36 of
the new Wells turbines rated at 110kW. In June 2008
the company installed a demonstration turbine (see
Figure 10) rated at 100kW (since increased to 110kW)
at the LIMPET test facility to demonstrate availability
and performance, and to test new state of the art
inverter controls.
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Reliability
Survivability - tested in real operating environment
over full range of conditions.
Proven Availability - is a guarantee offered?
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Fig 13. Annual average Availability for Mutriku test
machine

Economics

11 Contractual commitments

Total price of electricity
Learning rate - leading to reduced capital costs

As mentioned earlier the wave energy industry is
still at an early stage of development. To date there
have been very few contracts placed for the supply of
systems and so there are no norms to be followed.
Clearly as companies gain experience and more plant is
successfully operating it is reasonable to expect that
contractual arrangements will develop that follow
similar patterns to those seen in the wind or hydro
markets.
It is notable that the Voith Hydro contract for the
supply, installation and commissioning of the complete
M & E system for the Mutriku project included many
of the elements that would be expected in a typical
power equipment supply contract, for example:
• Schedule for equipment delivery with penalties
for late delivery;
• Performance guarantee;
• Availability guarantee.
In addition there is a design requirement for low
noise emission. Voith Hydro believes that the Mutriku
project requirements and guarantees represent a step
change for the wave energy industry. These have only
been possible due to the extensive operational
experience that has been gained by operating Wells
turbo-generators for many years.

Mass production of equipment
Maintenance - optimised based on experience
Fig 14. Commercial project considerations

The opening costs for wave energy are higher than
those for more established technologies. Knowledge
gained from operating plant will enable step
improvements in methods and designs, increasing
efficiencies and economies of scale. These will all lead
to reduced capital costs, increased energy output and
hence reduced energy costs so that wave energy will be
better able to compete with existing forms of
generation.
Wave power has the potential to make a significant
contribution to the world’s energy supply. Voith
Hydro Wavegen will continue to lead in the
development of this new industry.

12 Commercial project considerations
Energy production costs are a major driver for the
development of wave power - the lower they are the
faster the market will be able to grow. Several levers
should be considered for cost competitive production of
electricity from wave energy converters, these are
shown in Figure 14. The table summarizes some of the
key issues which project developers and utilities should
consider before making technology selection and
project investment decisions.
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