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can adjust its direction to the main incoming waves as
shown in fig 2.

Abstract

The Wave Dragon is a slack-moored wave energy
converter of the overtopping type. It has since 1998
been following a development path as recommended
by leading scientist in the Waveplam project:
starting with tank testing and continuing with real
sea testing at a test station with reduced wave
climate.
Several engineering studies have been performed
and today a full scale 7 MW unit is ready for
deployment by 2011 off the coast of Wales, UK.
The work from small scale testing 1:50 to full
scale is described including the difficulties in having
part of that work financed. The benefit of using the
Waveplam protocol for development is described.

Sea State
Power
Production
Tonnage
kW/m
MW
GWh
Tonnes
12
1.5
4
7,000
24
4
12
22,000
36
7
20
33,000
48-60
12-15
35-43
54,000
Table 1: Rated power for WD at different sea states
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1.

Introduction

The Wave Dragon (WD) is a floating slack-moored
wave energy converter that can be deployed alone or in
parks wherever a sufficient wave climate and a water
depth of more than 15 m are found. Oncoming waves
surge-up the ramp of the device and overtop into a
reservoir placed at a higher level than the surrounding
water. The energy production takes place as the water
is led back down to the sea through a set of low-head
hydro-turbines (fig 1).

Figure 2: The Wave Dragon adjusts to the main incoming
wave direction.

The development of WD has followed the standard
protocol recommended in [1] as follows:



Figure 1: The Wave Dragon working principle

The typical size of a WD is shown in Table 1. The
two reflectors are focusing the waves and increase the
overtopping with up to 70%. The floating level of WD
can be adjusted to the actual wave height and the WD
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Phase 1: 1998-2002:
Tank testing in scale 1:50 at Aalborg University,
Denmark and HMRC, University College Cork,
Ireland for survivability and hydraulic behavior
including mooring forces. Cost: 1.0m€ financed by
the Danish Energy Authority (DEA), within the
Danish PSO Programme (PSO) and EU, by 50%.
Phase 2: 2000-2001:
Development and testing of a Kaplan propeller type
turbine in scale 1:4 at Munich University, Germany.
Cost: 0.3m€ financed by DEA/PSO and EU by 50%.
Phase 3-4: 2002-2006:
Real sea testing of a grid connected model in scale
1:5 of an Atlantic size Wave Dragon. Improvement
of the design and optimization of the control and
power production. More than 20,000 hours of testing
has resulted in valuable data related to O&M. Cost:
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6m€ financed by DEA/PSO, Carbon Trust and EU
by 50%.
Phase 4-5: 2006-2009:
Design of the final power takeoff (PTO) system for a
7MW prototype and a full EIA for the selected site
in West Wales. Cost: 3.4m€ financed by EU, PSO
and the Welsh Assembly Government (WAG) by
30-50%.
Phase5: 2009-12:
Preparation for full scale manufacturing and
deployment. Market screening for the phase after a
successful deployment including preparation for
deployment in arrays of 10 units in Portugal, Ireland
and Wales. Cost: 20-25m€ financed by EU, PSO and
WAG by 20-25%.





Figure 4: The data base used for design of the turbine

Financing the activities has been in focus from the
first days when it was decided to use national and EU
funding for Phase 1-4 supplemented with contributions
from the companies involved by 7 m€. Phase 5 cannot
be financed alone by grants and own contribution.
Therefore venture capital has been raised.

2.

Scale 1:50 test in wave tanks

The main objectives were to study the hydraulic
behavior, including forces in mooring lines and the
survivability using a 1:50 scale model (fig.3) [2-4]. All
those parameters can be up scaled to full scale [5];
whereas only limited tests can be made in this scale
with the aim of measuring the potential power
production.

Figure 5: CFD used for design of the turbine

4.

Real sea testing of an Atlantic WD in
scale 1:5

Scale 1:5 of an Atlantic WD prototype (scale 1:4.5
of a North Sea WD) was tested as soon as all relevant
tests in wave tanks were carried out. The Danish Wave
Test Station in Nissum Bredning provided an
opportunity for testing a full grid connected 20kW unit
since 2003. The objectives of the test series were first
of all to verify the scaling (fig 6), to document the
power production and to optimize the control systems
(fig 7), [6-10].

Figure 3: The Wave Dragon 1:50 in a 100 year storm where
the waves are passing over the device still in operation.
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3.

1. generation, model test

Scale 1:4 prototype turbine

The scale 1:4 (diameter 34cm) is the smallest scale
that can be used for the turbine if the flow law for up
scaling has to be valid. The data available for design of
the low head turbine were limited (fig 4). Further on it
was decided not to use variable pitch and guide vanes
in order to avoid fatigue. Based on a fruitful cooperation between an experienced turbine designer and
the university in Munich utilizing state of the art 3D
CFD software modeling (fig 5) a prototype of the
turbine was designed and tested [4, 6].
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Figure 6: Comparison of mooring forces in terms of F1/250
(average of the 1/250 largest peaks) measured during 1:50
scale tests and prototype measurements (1:4.5). Hs is given in
prototype scale

2

3rd International Conference on Ocean Energy, 6 October, Bilbao
program [14] showing an energy payback time of 2.3
years for a 50 year lifetime for a 7MW unit.
Studies on how to manufacture Wave Dragon in
regions of EU were carried out [11, 15] involving
different contractors and concluding two different
approaches. For Wales it was concluded to use a
floating barge as production platform caused by lack of
suitable space. For Portugal a more traditional approach
using an abandoned slipway was selected.
The long wave reflectors of the Wave Dragon device
are used to focus the power of the oncoming waves
towards the central ramp, thus increasing the cost
efficiency of the device. Due to their length in the
direction of wave propagation they reduce the mooring
forces and increase the stability of the device. Their
overall design is highly generic and applicable to other
floating devices as they optimize the energy flux
through the central gap.
During the real sea testing in Nissum Bredning there
have been several design issues concerning the joints
connecting the reflectors to the platform. Minor
irregularities have led to failure in seas below the
design level. Thus, the maintenance of the current
rubber fender based joint would be quite expensive for
a larger Wave Dragon.
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Figure 7: Power production increases by improving control.

5.

Design of final PTO system

After 2 years of testing at the Danish Wave Test
Station it was concluded that sufficient information had
been obtained to be able to start planning for a 7MW
PTO system [11].
A key assumption in the design was to keep the
weight of turbines and generators below 10 tonnes in
order to avoid a need for special vessels when replacing
turbines in open sea. Efficient operation over the wide
discharge range is ensured by using between 12 and 24
relatively small turbines that can be switched on and
off individually rather than fewer but larger turbines.
In order to achieve a high efficiency throughout the
wide head range, the turbines are operated at variable
speed, using inverter-controlled (fig 8) and directly
coupled synchronous permanent magnet generators.
For keeping the generator dimensions and costs low the
turbine design aims at achieving a high specific speed;
moreover, in order to attain a high unit discharge at the
same time, it results in a compact turbine.
This configuration gives a high performance even
with a failure of one or two turbines during the winter
period, when maintenance can be difficult.

Figure 9: New ball joint between reflector and main body.

According to this, a new joint was designed to
increase robustness to minor failures in the tension line
mooring system and to lower maintenance costs. A ball
and socket design (fig 9) was chosen to resist forces in
three directions by restricting the degrees of freedom at
the joint from six to three [16-17].

7.

Figure 8: Block diagram generator control.

6.

Operation and maintenance, O&M

A design proven in many river hydro power turbines
was used for the main turbine bearing, but the bearings
failed after a few months of operation due to problems
with the shaft seals caused by marine growth. The
bearings of 4 out of the 7 turbines were modified and
rebuilt during the summer 2004, and the turbines have
been operated without further problems since.

Engineering

Several engineering studies were carried out parallel
to the real sea testing.
A Carbon Trust study under the Marine Energy
Challenge Program dealt with cost optimization, risk
assessment and the carbon footprint [12].
A LCA study was carried out by The Technical
University, Copenhagen [13] and within the Needs
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capacity as a Wave Dragon at EMEC would have a
rated power of 12MW. Further on EMEC could not
offer a site for later deployment of a grid connected
unit.
In order to justify large costs for grid connection it
was necessary to find a site suitable for potential later
deployment of more WD units. Looking at the map of
the UK grid (fig 12) it is obvious that Wales offers
good opportunities. A more detailed description of the
process can be found in [19-21].

Figure 10: Marine growth on the reflector

Dismantling the turbines during the mentioned
repairs has also shown that marine growth is a factor
that may not be taken lightly. The draft tubes of the
turbines had been made from different materials:
uncoated stainless steel, black steel protected with
conventional epoxy paint and black steel protected with
a special silicone-based anti-fouling paint. The draft
tubes painted with the conventional paint system were
found heavily overgrown with a wide variety of flora
and fauna, which was almost impossible to remove.
The stainless steel tubes as well as the ones coated with
the silicone paint had only a few mussels on them,
which could be swept off very easily.
Maintenance in the open sea worked out satisfactory
as illustrated on Fig 11.

Figure 12: Grid connection opportunities in UK.

The WD Wales project consists of the deployment of
a 7 MW demonstrator off Southwest Wales, UK. The
device will be tested for 3-5 years after which it will be
removed from the temporary deployment zone to a
final one further offshore, in an array of WD devices
with a total power of 77MW.

Figure 11: Maintenance in the open sea

A research program for the next 2 years has been
established related to the scale model at the Danish
Wave Test Station to study life time expectation for
different components with special focus on fatigue.

8.

Site selection and EIA, Wales

The promising results from the first 2 years of
testing in real sea initiated a site selection process
following the phases later established in the Waveplam
project [18].
In 2005 only three options for large scale
deployment existed: EMEC in Scotland, Wave Hub in
Cornwall, England, and the proposed Test Zone in
Portugal. The two latter were still not financed at the
time and the EMEC could not offer sufficient grid

Figure 13: WD application process timeline [19].

A full EIA study was carried out (cost about 0.5
mGBP) [21]. The timetable is illustrated in fig.13. An
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often raised question concerns the impact on the coast
when harnessing the energy from the waves. The study
showed that it will not be possible to detect any
negative impact (fig 14).

At the time for the EIA study if was evident that the
many consultants involved could not do with a 50%
payment and a venture capital injection was obtained in
Wales.
Funding of the first Wave Dragon MW demonstrator
has turned out to be a more difficult task than
anticipated in 2004, when the results justified such a
step forward. The total cost for the 7MW project is 2025m€. Even with considerable support from EC’s
frameworks and structural programs this has turned out
to be more than Venture Funds usually are willing to
support (typical limit 10m€). Therefore more partners
had to be found and this turned out to be very time
consuming. The lead partner in such a funding process
wills to offer an option agreement type of contract
while looking for more partners for the consortium in a
given period.
•
•
•
•
•
•
•
•

Figure 14: Impact on coastal erosion from utilising the waves

•

Other studies dealt with navigation issues as
illustrated on fig 15, showing messurements from a 3
month period.

•
•
•
•
•
•
•
•

NIRAS (DK) – Mooring and wave prediction
Dr. Techn. Olav Olsen (NO) - Concrete specialist
Kössler (A)- Hydro turbines for WD
ESBI Engineering (IRL) - PTO and grid
Balslev (DK) - Regulation systems
Technical University Munich (GE) - Hydro turbines,
control and regulation technology
Aalborg University (DK) - Monitoring, hydraulic
behavior, overtopping and regulation strategy
Warsaw University of Technology (PL) - Power
electronics
University of Wales Swansea (UK) - EIA, inverter
technology
University College Cork (IRL) – Tank testing
PMSS (UK) – EIA consultant
Veteran Kraft (SE) – Turbine design
Wave Energy Centre (PT) – Portuguese market
Belt Electric (DK) – Turbine design
Promecon/MT Højgaard (DK) – Construction
Armstrong Technology (UK) – Naval Architect
Sponsors: Siemens, Ginge-Kerr, Hempel, Hydro
Group, Danfoss, ITT Flygt, Fiberline Composites
Table 2: Partners involved in the WD development.

Figure 15: Radar tracking of traffic off the coast.

9.

Financing the 7MW device

The WD approach for the development has been to
build up a strong team of dedicated partners (Table 2)
and use as much public funding (national and EU) as
possible in the early stage of the development. The
partners have effectively been co-financing the work as
many industrial partners only get a maximum of 50%
coverage of their costs, but have obtained a share
option in the company.

Figure 16: The maturity and number of projects supported
dependent on technology type [22].

The funding process has not only been delayed by
the finance crisis but also because a renewable energy
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• Production of micro algae for bio-fuel.
• Desalination of sea water.
• Production of hydrogen or another energy carrier.

project of this kind has two characteristics not popular
for Venture Funds:
• It is difficult to keep under 3 years the period for
exit, due to the long time required for planning,
approval and manufacturing.
• The energy sector is regarded as highly political with
risk of unforeseen political decisions that may
influence the future revenue stream.

6.

Conclusions

The development of Wave Dragon has proved
effective to follow the phase strategy expressed in the
Waveplam project [1], illustrated in fig. 17. Tests in
wave tanks can save a lot of money compared to scale
test in real sea. On the other hand, grid connected real
sea testing with even a relatively low rated power is the
only way to get operational experience. Financing of
large wave devices like Wave Dragon is difficult
primarily due to lack of knowledge, which hopefully
can be helped by the Waveplam project.

A third problem is the lack of understanding by
finance people of the scaling factor for power, which
obeys to the power of 3.5. Often it is asked to perform
tests in half scale, which is sometimes not necessary for
scaling reasons and is difficult as no half scale sea can
be found.
The injection of money in different wave projects is
indirectly illustrated in fig. 16 where it is seen that the
relative cheap projects (buoy type) appears in much
larger numbers than the more expensive types with
higher rated power.
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