Green Cat Wave Turbine Information Sheet — Energy Capture

Introduction

The Green Cat Wave Turbine is designed to provide a simple mechanism for capturing power
from the waves and converting it into electricity. Slow rotational motions of the sea are
‘terminated’ by the sympathetic motion of the cylindrical turbine to extract up to 100% of the
waves’ energy and convert it directly into electrical power, by use of a direct drive generator
operating at low speed, without the need for a gearbox or hydraulic systems.

The expected annual energy production of one Green Cat Turbine is around 6.4GWh, enough
electricity to power over 2000 homes.

Hydraulic Efficiency

A key attraction of the Green Cat Wave Turbine is that, in the presence of a small amplitude
monochromatic wave with a wavelength to which the device is ‘tuned’ (i.e., its diameter
corresponds with the wavelength, and its amplitude and frequency of rotation correspond to
those of the wave, respectively), the energy capture from hydrodynamic theory is 100%'.
Assuming the device to be sized appropriately to the average wave climate of the North Atlantic
and rotated at appropriate frequencies, its capture efficiency bandwidth can be expected to be
high.

Hydraulic Efficiency Curve (after Evans, 1976):
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figure 1 — Hydraulic efficiency vs non dimensional wavenumber for an ideal submerged cylinder with tuned
non dimensional wavenumber of 0.5 [after Evans, (1976)]2

For the Green Cat Turbine, appropriate values of the non dimensional wavenumber lie in the
region 0.3-0.7, which corresponds to wavelengths of ~168 — 72m (~10.4 — 6.8s periods) for the

" Ogilvie, T.F., ‘First and second order forces on a cylinder submerged under a free surface’, J.Fluid Mech., 16,
(1963), p451

Evans, D.V., Jeffrey, D.C., Salter, S.H., Taylor, JR.M., ‘Submerged cylinder wave energy device: theory and
experiment’, Applied Ocean Research, 1, no.1, p3

2 Evans, D.V., “’, J. Fluid Mech., 77, (1976), p1
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16m diameter turbine. As can be seen from the efficiency curve found by Evans, the device has
a high capture efficiency over a large range of wavelengths.

Wave Climate Sensing & Active Generator Control

With ‘tuning’ being paramount, it is expected that an array of buoys will be situated around the
device (or farm of devices). Each will sense the wave climate (wave amplitude, frequency and
direction at the single point measured) and it is expected that a signal processing technique using
a self learning algorithm will be used to combine all inputs, giving a picture of the wave climate
upstream of the device(s).

With the wave climate estimated, active control of the generator torque will be used to change
the angle of a hinged arm joining the device axis to its axis of rotation. This will result in control
of the device’s orbital radius, ‘tuning’ it to the incident wave height.

It is expected that when heavy seas are sensed, vector control will initially limit energy capture
by ‘de-tuning’ the device. This is analogous to active pitch control of a wind turbine. When seas
reach storm levels, the device will be lowered towards the sea bed.

Optimum Device Positioning

The device will be positioned a little below the sea’s free surface for two reasons. It needs to be
near the surface to capture the most energy, as wave particle orbits are greatest there, decreasing
exponentially with depth. However, it is expected that a fully submerged device will experience
fewer fatigue problems or efficiency losses due to waves breaking on it, and corrosion due to air
and salt water will be reduced. Thus, for a small overall decrease in energy capture, the device’s
longevity will be much increased.

Power Performance Curves

Electrical power curves (like the one below) can be derived for each value of period (Te).

Theoretical Power Curves for Te=7.75s & 10.25s
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figure 2 — Theoretical power curves of a 4MW Green Cat Turbine of S0m length and 16m diameter for 2 sets
of sea states

The curves show generation increasing steadily, in proportion to the power available in the sea
state minus electrical losses within the generator. When the sea state (defined via the period or
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wavelength) reaches a certain wave height, the power available minus the electrical losses equals
the rated power and if the swell continues to increase in height, the device is de-tuned to ensure
that only the rated power is extracted. If these heavy seas continue to develop into a storm, the
device will be completely detuned and sunk towards the sea bed, at which point no power will be
extracted.

When curves for each wave period are collated, a power production matrix can be produced
which shows the electrical output power level for a full range of possible sea states, including
those in which no power is generated either because the machine has been shut down to avoid
storms or because there is not sufficient wave resource to generate useful energy.
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figure 3 — Power production matrix for the 4MW machine showing unphysical wave regimes (UNP), storm avoidance (STA) conditions and system idling (IDLE)
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Energy Loss Mechanisms

As the device uses the minimum number of steps to convert sea wave motions into electricity, a
high level of overall energy capture can be expected. However, there are a number of energy
loss mechanisms which will affect the hydraulic performance of the device:

Uncertainties in wave measurements — The wave buoys used to monitor the sea state
surrounding the device (or farm of devices) will measure the properties of each wave at
one instant in time and at one geographical position. In real seas, waves do not progress
uniformly in one direction or maintain their height and frequency uniformly. Thus, there
will always be a level of uncertainty in the sea climate interacting with the device, which
will prevent it being perfectly tuned to each wave state it encounters.

Real sea states — Even if the wave climate is perfectly known, it typically consists of
multiple wave frequencies and amplitudes, with some waves travelling in slightly
different directions. The device will be tuned to the underlying wave frequency for a
particular wave state and will loose energy in the other components comprising the wave
front — this is an unavoidable energy loss mechanism. The key to minimising this is to
size the rotor correctly for the local wave climate.

Cylinder size — The cylinder size has to be optimised for the wave climate. Previous
work has suggested that a 16m diameter cylinder would be the best for a North West
Atlantic climate. This will be tested by CFD modelling, as well as looking at other rotor
shapes, such as cylindrical ovals.

Directional losses — these result from reduced energy capture efficiencies when waves
arrive at an angle to the device. We are currently working to the assumption that the
energy capture will drop off in a cosinusoidal fashion from the optimum orientation.
Using dirSectional data published by the Carbon Trust, we have estimated these losses to
be ~22%".

In addition, the energy delivered to shore by the device is limited by losses comprising:

Generator losses — the direct drive generator will have an efficiency of around 85%,
which is quite low for a generator of its size, reflecting the very low speeds it will be
required to operate at.

Transmission losses — the fraction of electrical energy lost (predominantly through
transmission cables) between the device and connection to the national grid ~5%

Availability — the percentage of time that the device is able to generate. All electrical
generators require periodic maintenance which limits how often they can generate. In
this case, the harsh operating environment means that the device will have to be towed to
a dry dock for maintenance and if there is a malfunction, sea conditions may prevent
repairs being undertaken quickly. Based on a Monte Carlo simulation of the Green Cat
Turbine (detailed in the conceptual design report) we estimate an availability of around
81% for early commercial machines, rising to over 90% as the technology is refined.

3 Directional data taken from Carbon Trust report: ‘Variability of UK Marine Resources’, Environmental Change
Institute, Oxford, 2005. This can be found on their website at
http://www.thecarbontrust.co.uk/ctmarine3/res/Variabilityofwaveandtidalstream.pdf
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Annual Energy Capture

These considerations allow an estimate of annual energy capture for the device to be produced.
The following gives an indicative annual energy capture based on sea states measured off the
coast of South Uist:

Typical Wave Scatter for South Uist Energy Production (MWh)
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figure 4 — a) Typical South Uist wave climate; b) Energy production matrix in 40m depth of water off South
Uist

Care should be taken when interpreting this figure: From figure 4 a) it can be seen that the most
commonly occurring sea states are in the approximate range: period of 4-10s, and significant
wave height of 1-5Sm. Looking at b), however, makes clear that the energy available increases
with increased Te and Hsig, hence much of the energy capture takes place in ‘big’ seas.

The expected annual energy production of one 50m long, 16m diameter, cylindrical Green Cat

Turbine is around 6.4GWh. However, it is anticipated that further optimisation of the device size
and shape, utilising the power of CFD modelling, will improve this figure.
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