WHY

Wavepiston will make
wave power competitive

1// Preamble
The Wavepiston concept was formulated by three mechanical
engineers who joined forces to challenge the commercial viability
of wave energy. The background for entering this challenging
task was a mutual vision of a greener society. The team has robust
experience in project management, product development and
offshore engineering.
Prior to concept formulation, existing technologies were systemically evaluated to fully understand the paradox that wave energy
is abundant, but no wave power concept has yet arrived at a
commercial level.
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In theory many principles can be used to convert wave energy
as illustrated on the right. But regardless of concept, they are all
challenged by substantial costs on structure, mooring, grid connection and deployment making commercialization hard or even
impossible.
A general explanation for the state of wave power is that the secondary costs have been ignored in the conceptual phases of the
development process. Most of the external costs are well known
in the offshore industry but have come as a surprise to many wave
power entrepreneurs.
The costs of a wave power system can be split as illustrated in the
illustration to the right below. No matter how cheap and efficient
the green slice is made, the cumulative system cost including
operations and maintenance will remain almost the same – and
too high to make the system economically viable.
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Many concepts have been analysed as
part of the research process that led to the
Wavepiston concept.

2// Reducing mooring and structural costs
The starting point for the Wavepiston design was to come up with
a concept that reduces the large external costs, hereby producing
a concept with a true commercial potential. This was done by
including offshore know-how already in the conceptualization
phase, and by focusing at a system level rather than having a
narrow focus on the wave energy converter itself.
The conceptualization resulted in a concept based on capturing
the surge energy with vertical energy collectors (ECs) distributed
on a horizontal string. The defining and new feature of this concept over existing concepts is that many ECs are attached to the
same structure. The innovative aspect is that the mooring costs are
reduced substantially, since many ECs can be moored using only
two anchors.

The concept does, however, have another even more important
feature: Due to the length of the string, and the oscillating nature
of waves, ECs along the string will be subjected to forces in opposing directions. This is illustrated in the figure below by men, all
pulling a rope in different directions.
Although the situation for a single man is not affected by this
situation, the net result of pulling in different directions is that
comparatively small forces can keep the rope in place.

Waves are circular motions of water, which gives the options of
using the vertical or horisontal movement. By capturing the horizontal surge energy in many places along the wave direction it is
possible to make the forces cancel out each other.

Like the men in the illustration the ECs are subjected to shifting
wave forces at any given time, hence resulting in a sharp decrease
in the required anchor force.

The men pulling a rope illustrates the cancelling of forces. Even though the
men use a lot of force pulling the rope, this will hardly move the rope.
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This enables a slim, light and extremely cost-effective structure.
Advanced simulations and tests by University of Aalborg (AAU)
have proven that with more than 20 ECs connected in this way,
the mooring needs are reduced to less than 1/10 in comparison
with ECs moored individually, cutting the costs dramatically.
The concept of connecting several vertical ECs to a structure is
issued as a patent in large parts of the world and marketed as
“Force Cancellation”.
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The resulting efficiency of the system can be tailored by the number
of ECs and the height of the EC. As an example, a plate height of 4.5
m on a single EC will yield efficiency from 29 % in small waves to 7
% in large waves, resulting in a smaller wave behind the EC. After a
short period, the wave behind the EC will regenerate using energy
from the unperturbed wave front that did not hit the EC directly.
Due to this phenomenon, all ECs on a string will be affected by
waves. In the best case, a 25 EC string with optimal design in small
waves will shunt about 190% of the energy compared to the wave
front hitting the first plate. This does, of course, not mean that efficiency is above 100 %, but simply that diffraction reconstructs the
wave front along the device. This is a well-known phenomenon
for long attenuating structures and has also been observed on
e.g. the Pelamis system. At higher wave states the efficiency of the
plates decrease. In terms of total produced energy this is insignificant as high wave states are rare. However, from an engineering
point of view, decreasing efficiency at higher wave states is a huge

advantage, as this will allow for a more cost-effective design, since
forces may be reduced in strong waves where the available energy
exceeds the handling capacity of any reasonably dimensioned
power take-off system.
The figures mentioned here are based on the AAU report: “Experiments on the Wavepiston Wave Energy Converter” which can be
downloaded from our website
Flexible joints connect the plates and forms a long structure. This
structure is stretched between two slack-moored buoys. This solution is very well suited as a structural element; being at the same
time flexible, light and incredibly strong. Having sufficient tension
in the structure to avoid buckling or loss of efficiency is only a
matter of correct mooring design.
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2. Descended

3// Reducing costs of energy collectors and structure
To optimise efficiency, cost and lifetime, a reduction of loads in
storms is needed. The extreme wave conditions are present in less
than 1 % of the year. Designing for energy absorption in these
short periods will drive up the cost of any system, and most likely
lower the average power output. Hence a load control system is a
necessity.
We have chosen a double route strategy for proper redundancy:
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1. Flipping plates: If the plates hit the end of the stroke, a flipping
mechanism makes the plates flip, taking the loads of the plates.
When the loads decrease the plates flip back into position. This
idea is very similar to the pitching of the wind turbines blades in
high winds to reduce the loads.
2. Descending the system: The string with the ECs is placed near
the surface where the energy is most dense. In locations with
extreme conditions (very large waves), the strategy is to descend
the system to greater depth and calmer waters (illustrated above)
until the storm has passed.
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Telescopic pumps convert the plate
movement to pressurized water

Main pipe connects all the
ECs in the string

One big WEC

4// Reducing costs of grid connection

One big WEC
One big WEC

Electric connections and power take of systems in water are notorious for being fragile and expensive.
For this reason, hydraulic and pneumatic power lines are always chosen over electrical power lines in
offshore structures. Drawing on the experience from the offshore industry, the mechanical movement
of the ECs is converted into pressurised water by hydraulic pumps.
0

The Wavepiston system is designed to run at a pressure up to 60 bars, which ensures sufficient
lubrication of the seals and reduces dimensions of pipes and valves.
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The pressurised water is led to a turbine and/or desalination station on shore. A commercial system will
consist of many strings all leading the pressurised water to one station.
Feeding a turbine and/or desalination system from many energy collectors brings another big advantage; waves are a fluctuating power source, hence producing a linear power output from a single wave
energy converter is difficult. The many connected energy collectors smoothen the fluctuation to a more
stable feed.
0

0
0

10

10
10

20

1 WEC
1 WEC
1 WEC

z
WHY WAVEPISTON WILL MAKE WAVE POWER COMPETITIVE

250000
250000

250000

200000
200000

30

20 20

30
30
6 WECs
6 WECs
6 WECs

String tension
String tension

String tension

12 WECs
12
12WECs
WECs

40
40 40
24 WECs
24 WECs
24 WECs

50
50

60
60

50

//

06

60

5// Using proven offshore technologies
The described technologies have all been validated for offshore use. The use of slack mooring is common practice. Vryhof Anchors, project partner and experts in mooring of floating offshore structures,
have designed the mooring solution and assisted in the design of the full structure. With correct
tension in the system, Vryhof Anchors estimate a lifetime of minimum 20 years for the mooring. Vertical collectors have among others been tested by Aquamarine (Oyster) and AW energy (Waveroller).
The Wavepiston pumps are developed with the project partner and experts in offshore hydraulics,
Fiellberg. Fiellberg have experience in using seawater as hydraulic fluid.
The major loss mechanisms in operation are the transmission loss in the pipe going to shore and the
conversion loss in the turbine and generator. Transmission losses will be below 5 % in normal operation. The total conversion loss of a commercial MW system is in the range of 25 %.
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6// Reducing costs of transport, deployment and production
A Wavepiston system can be viewed as two parts: the mooring
and the attached energy collectors (ECs). These are delivered by
well-respected international companies. The ECs, key components
in a Wavepiston system, are modular components that have been
continuously developed. The nominal peak production of a single
(full scale) EC will be in the range of 10 kW. A commercial Wavepiston system will consist of hundreds or thousands of identical
ECs. The large number of identical, simple components enables,
in the commercial situation, simple logistics and fully automated
manufacturing. This strongly affects the manufacturing cost and
speeds up optimization of the components.

logistics. The assembly process on site can be carried out using local workforce with just brief training, due to the simple mechanical
structure. The simplicity and light weight also allow for operations
and maintenance with relatively little training required, utilizing
standard tools and smaller ships.

The whole system is designed to fit into 40-foot containers for easy
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7// Summing up the benefits
The first small scale commercial systems will have a LCOE (Levelised
Cost of Energy) range of 0.20 – 0.25 €/kWh and LCOW (Levelised Cost
of Water) of 1-1.5 €/m3. This is mostly due to force cancellation
and the light structure. Our target is LCOE below 0.03 €/kWh and
LCOW below 0.25 €/m3. We see this as possible due to automated
mass manufacturing, simple deployment, and simple operations
and maintenance procedures.
There is more to the Wavepiston concept than being a commercially viable energy source. The system contains no toxic materials
and plants and animals will soon flourish on and around it.
Apart from the buoys the system is fully submerged and as illustrated on the right the system will not disturb the eye.
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We have received support from 5 different programmes:
ForskEL, Eurostars, VIS, LAG, Innobooster.

8// Previous work
The concept has been tested in the wave tank at the University of
Aalborg. Tests in irregular waves at 4 different wave states proved
the system efficiency with various numbers of collectors, various
distances between collectors, various loads on the collectors and
waves from different heading angles. The results can be downloaded from our website.

A scale 1:9 proof-of-concept was operated successfully for 7
months at Nissum Bredning in 2013. The 8 mounted EC’s maintained their efficiency during the test period without maintenance, despite heavy biofouling and millions of wave cycles. Much
was learned about the hydraulic cylinders, valves, and the use of
seawater as a hydraulic fluid. Furthermore, lessons were learned
on the handling of a full string in deployment and mooring. The
results can be downloaded from our website.
In the latest project we were in a consortium together with The
Technical University of Denmark, Vryhof Anchors (NL) and Fiellberg
(FI) where we tested our 1:2 - 1:4 scale Wavepiston system in the
North Sea. In the project we tested the mooring and structure of
the system, and upgrades of the energy collectors over the full
period of the project.
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Project start: 1 February 2015
Project end: 31 March 2019
Conditions at Hanstholm:
Waves: Mean significant wave height: 1.18 m
o
Max. significant wave height: 9 m
o
Mean flux: 12 kW/m
o
Dominant wave direction from WNW.
Current: Max. cross current: 1.6 m/s
Depth 27 m
Size of system
Number of strings: 1
Number of energy collectors on string: Up to 4 at the
same time
Distance between plates: 13.5 m
Length of string: 100 m -150 m
Rated power: 2 kW per energy collector (last version)
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Mooring and Structure
The Wavepiston prototype system had slack mooring with 1-ton
Vryhof Stevpris MK6 anchors connected to anchor chain, mooring
wire rope and system buoy in each end of the string.

Energy Collectors
In the prototype project we have been through 4 versions of our
energy collectors (illustrated below). In v1 and v2 we focused on
durability and storm protection.

V3 - w
 e expanded also to focus on power conversion.
V4 - fi nal optimisation and the stepstone design for the full-scale
test.
For the installation of the mooring and structure (“the string”)
we only needed a simple tugboat with 18 tons bollard pull. The
installation was less than 1 day’s work.

Installation of Energy Collectors (ECs)
To simplify the initial installation of the ECs, they are assembled to
the string in the harbour / calm location and then dragged to the
installation site.

Energy Collectors, version 1 to 4 from left.
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Operations & Maintenance
Faulty ECs were replaced. In the prototype project we used an
installation platform. The string is lifted out of the water and the EC
is replaced.
No cleaning or similar actions were needed on the EC’s. We have
removed mussels from the buoys but have not had any issues with
marine fouling. We cannot conclude on consequences on marine
fouling based on this test. More test periods are needed and on
other locations with different “fouling climates”.
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A load sensor is part of the structural design and supplies data on system behaviour. The benefits of
the low system mass and the flexible structure is clear from the string/mooring loads shown below.
Even
in extreme conditions
the variation of20forces from the pretension
is small compared
to system
0
10
30
40
design load. The break load of the structure is 100 tons (1,000,000N) and the peak loads in storms
1 WEC
6 WECs
12 WECs
24 WECs
are less than 20 tons. This proves that the concept has succeeded in its aim for reducing the cost on
structure, mooring and deployment.
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Energy production
Predictions
on energy60output of a Wavepiston system are calculated using our energy tool. The tool
50
is developed for Wavepiston by the Technical University of Denmark and is based on a hydrodynamic
model. Different system designs can be compared in different wave climates. The curve below shows
energy output of one string in the North Sea, with different plate sizes. The curve is not straight
because large plates will start causing a shadow effect, where the last plates get less energy than the
first.
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Tension data from the string. (Wave state 1: 1 m average wave height. Wave state 5: 5 m average wave height)
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Multiple small WECs
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The tool also shows how plate size changes efficiency of the EC. Bigger plates will move the “sweet
spot” towards bigger waves, as shown on the figure below.
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The results of the project can be downloaded from our website.
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”Grid Connected” test platform at PLOCAN

9 // Demonstration projects
For our full-scale demonstration of the Wavepiston system we are
running two EU-supported projects.
The first project, Competitive Wave Energy on Islands, focuses on
installing a full-scale string of energy collectors for power generation. The purpose of the project is to demonstrate a competitive
wave powered energy production solution for renewable energy
systems on islands and remote coastal communities.

Wave Climate at PLOCAN
Average Flux: 7.2 kW/m
HS Mean (height): 1.05 m
HMax (100 y): 9.3 m
TP Mean (period): 8.16 s

Competitive Wave Energy on Islands
200 kW
560,000 kWh/year
App. 140 households
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In the second project, Wave to Energy and Water, we are in a
consortium together with Vryhof Anchors (NL), Fiellberg (FI) and
Ener.Med. (IT). We will install a combined solution for both power
generation and desalination. In many islands and remote coastal
communities the two largest problems are lack of clean energy
and lack of clean drinking water. The purpose of the project is to
demonstrate a combined renewable energy and desalination solution based on wave energy. In this way we broaden our product
scope to our first step customers, namely islands and remote
coastal communities.

Wave to Energy and Water (W2EW)
15,000 – 30,000 m3 water per year
App. 180-360 households
150 - 200 kW
350 - 450,000 kWh/year
App. 85 - 110 households

During the projects we will prepare the first commercial installations
to be installed after the technologies have been demonstrated.

Projects Period: 2019 – 2022
Size of systems:
Number of strings (two separate projects): 2
Number of energy collectors on string: Up to 24
Distance between plates: 9.1 m
Length of string: 220 m
Rated power: 200 kW per string
Desalination (20 % from one string):
Up to 30,000 m3/year

The projects have received funding from the European Union’s
Horizon 2020 research and innovation - SME Instrument and
Fast Track to innovation programmes under grant agreement
no. 830036 and 831041
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10// Questions & answers
Will the first plates not take the energy in the waves, leaving little or
nothing to the next?
No - each plate has an efficiency of 7% - 29% depending on wave
size. Energy passing beside or below the plates will spread and
make up for the lost energy. The loss from one plate to the next
is only 1% - 2%, depending on the distance between the energy
collectors.
Will the system produce energy when waves come from the side?
Yes and no - If waves come at an angle of 90° the system will not
produce any energy. Test made with waves from different angels
show an efficiency of 80% when the angle is 30°. The concept is
designed to lay perpendicular to the coast thus waves directly
from the side are not very frequent.

Can the system handle cross current?
Cross current can be an issue. In our test in the North Sea we
experienced cross current up to 1.6 m/s. We have tested both with
and without a side anchor attached. In locations with heavy cross
current side anchors will be needed.
The system looks very thin; will it not break during storms?
No - The best way to survive in the dynamic forces of the sea is
being flexible. Static structures will experience forces that are
much higher than flexible structures. As an example, you do not
see large static plants in the sea. A tree would not survive in waves,
but flexible plants raise 30 meters from the seabed in coasts with
energetic waves.
The use of slack mooring gives that flexibility. The weight of the
anchor chain works as a spring when forces get too high.
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Will marine growth damage the system?
Biofouling has not been an issue in our tests so far. Pipe and
pumps are opaque hence marine growth will only happen on
external surfaces of the Wavepiston system. Our tests show that
weight neutral growth is not affecting the function of the plates
and we have mitigated extensive growths like mussels by using
soft rubber padding. Further testing is needed in other locations
to fully understand the biofouling effect on the system.
Will the flexibility of the string and mooring not lower the efficiency
of the system?
No - The structure will appear flexible in very big waves and in
strong sideways current when seen from a distance, but from the
perspective of the power converting modules it will appear stiff
and static due to the high preload of the string.
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