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World leading Danish frontier within wave power generation
CEO, founder Erik Friis-Madsen msc, Wave Dragon

Where is Wave Power generation today
What are the primary objects limiting this power generation source today?
Can any lessons be learned from the wave power generation market introduction?
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Technical Potential of Renewable Energy
Predictability and variability for solar, wind, tidal stream and wave
Wave energy device types — four families
Wave energy power plants — any need for energy storage? ,7('\
Wave Dragon — a floating hydro power plant?

Energy storage for a single Wave Dragon
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Wave Energy Technology.
Strategy for Research, Development
and Demonstration 2012

Partnership for Wave Energy

X euop
Wave energy increases and subsides slower than wind power and the energy A‘

production from waves are more stable. Therefore, a combination will provide

a more balanced energy supply than wind power alone. Depending on loca-
tion, wave energy can be predicted 6-9 hours ahead and with a much large
accuracy than wind. Consequently, it is cheaper to integrate in the electrical
system.
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Wave Energy

Wave power captures kinetic and potential energy from oceanwaves to generate
electricity. Wave energy converters (WECs) are intended to be modular and
deployed in arrays. At present there is little design consensus for wave energy
devices with no industry standard device concept. Due to the diverse nature of
thewave resource it appears unlikely that there will be one single device concept
thatis used rather a small number of device types that exploit different regions
of this vast resource.
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damped to produce energy. turbine.

Figure c Classification of wave energy converters
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Wave Dragon prototype experience
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Technical Potential of Renewable Energy (ExaJoules)

Bio- Hydro Solar Wind Geo- Ocean Total
mass thermal
WO |"| d 283 50 1,570 580 1,401 4,614
Current use 50 10 0.2 0.2 2 0 62.4

Total primary energy
Supp|y

Source: Federal Ministry for Economic Cooperation and Development and Ministry for the Environment,
Nature Conservation and Nuclear Safety: Conference Issue Paper, Renewables 2004 — International
Conference for Renewables Energies, Bonn 2004, p.27.
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Predictability and variability for (solar), wind, tidal stream and wave
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Diversified renewable
energy resources

An assessment of an integrated wind, wave and tidal
stream electricity generating system in the UK, and the
reliability of wave power forecasting.
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Wave Dragon
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Impact on variability

The inclusion of wind, wave and tidal power into a national
renewable resource portfolio significantly reduces the hour
to hour variability of the renewable electricity supply. The
table below shows the varnability in supply from the UKI
sCenario in comparson to that from a tidal stream-cnly,
wind-only or wave-only scenario (variability is expressed as
the standard deviation of the hourly change in output as a
percentage of installed renewable energy capacity).

Renewable supply Varablity - percant of
Installed capacity
Tidal stream power only 6.3%-224%
Wind power only 32%
Wave power only 2.6%
UKI scenario 2.0%
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Predictability and variability for (solar), wind, tidal stream and wave
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of climate charge

Variability of UK marine
resources
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Pentland Region Tidal Stream Power Output

(January 2001 - average hourly power - maximum capacity weighting)

1 23 45 67 89 111133 155 177 199 221 243 265 287 309 331 353 375 397419441463485507 529551573 595617 639 661683 705 727
Hour (one month)
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Predictability and variability for (solar), wind, tidal stream and wave

A diversified portfolio — UKI scenario

= Wind power - range of sites
throughout the UK.

= Wave power - range of sites in
three high-energy coastal
regions in northern and south-
western UK.

= Tidal stream power - range of
sites throughout the UK.

Wind
43%

= The contribution of different sites
and resources was modelled to
achieve low variability in the _
Tidal Stream
overall renewable energy 5%

supply.

PRASEG — Diversified Portfolios 25 October 2005 — Graham Sinden
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Wave Energy Devices: four families

Heaving Devices: Pitching Devices: Oscillating Water
OPT, Aquabuoy Pelamis, Salter’s Duck Column: Pico, Limpet
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IES Is the Wave Dragon really a
7= wave energy converter ?

 Floating buoy: buffered drive

Oscillating Hydraulic Storage: Hydaulic machine Transformer Grid

:& f m’; floating buoy pump accumulator & genera tor
R nﬁ'}e / _\ ~ “"
...and other puzzling conundrums Q‘,

¢ D

- Submerged buoy: direct drive

Pulsating Oscillating Linear generator Power Grid
submerged body submerged body clectronics

Alexandra Price T -
Supervisor: Robin Wallace ﬂ—@@ﬂ Z}i m c% @
Oscillating water column ﬁ

Pulsating Pulsating Wells turbine Power Grid
water column air column & generator electronics

. : Wave energy power
/C_CFD N /”\D plants — any need

)
- ?
Overtopping device - | fOrenergy storage-

1 rbinel ‘authet

Pulsating PTO: ramp Storage: Kaplan turbine Transformer Grid
water column reservoir & generator
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Number/size of WECs to match energy of 1 WT
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Number Required
Category Sub category of WECs total
required width
OWCs 7 200
O\'gn.qppmg 1 300
evices
Wave . )
activated RmAl A dioait 150 750
heaving buoys
bodies - -
Larger heaving 12 230
buoys
Sga bfz-d moupted g 165
pitching devices
Floating pitching 14 340
devices
Surgmg- hea\tmg. 13 400
pitching devices
Yawing/heaving 8 1100

A. Babarit
9th EWTEC — Southampton — September 5th-9th, 2011

Wave Dragon
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The Wave Dragon Technology

overtfopping

reservoir k\
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« Wave energy focusing

Absorption . Overtopping

Storage  Above sealevel reservoir

* Low-head variable speed propeller
Power-take-off turbines

* PM generators & frequency

inverters

Wave Dragon
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The Wave Dragon Technology

Reservoir Turbines

\

Reflector

Floating Barge + River Hydro Power Station = Wave Dragon

WaveDragon = = T o= ml nan e,
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Wave Dragon principle

Climate Power - Production

12 kW/m 1%2 MW 4 GWh/y/unit
24 kW/m 4 MW 12 GWh/y/unit
36 kW/m 7 MW 20 GWh/y/unit

WEVE reflec.t-o_r,_::j./ﬁ;: / :
R 48 kW/m 12 MW 35 GWh/y/unit

Waves overtopping the

Reservoir doubly curved ramp
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The Danish Academy of Technical Sciences

Full scale Wave Dragon
device sizes

Wave Dragon

Wave
Climate

Width

Weight

RS

Turb.

57 m wide 200 tonnes
Wave Dragon prototype
with 7 turbines deployed
and connected to the grid
In 2003 as worlds first
floating WEC

Rated
Power

Yearly
Production

=2}

48 kW/m

390 m

22’000
tonnes

54’000
tonnes

16 12 GWh

16-24 | 12 MW

35 GWh

s
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Remote control
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Turbine operation and power production
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Energy storage for a single Wave Dragon

Flywheel Technology (1:4)

What is a flywheel?

A flywheel is a rotating mechanical device, which is used to
store rotational or in technical terms kinetic energy.
Flywheels have a significant moment of inertia and thus
resist changes in rotational speed. The amount of energy
stored in a flywheel is proportional to the square of its
rotational speed. Energy is transferred to a flywheel by
applying torque to it, thereby increasing its rotational speed,
and consequently its stored energy. Conversely, a flywheel . -
releases stored energy by applying torque to a mechanical Leonardo da Vinci
load, thereby decreasing its rotational speed. (1452-1519)

On the right the flywheel technology development from the

renaissance to today. Cylindrical

rotor

Hub
Vacuum

enclosure

For online info please visit - i
Magnetic
bearings Motor/

Generator

http://www.youtube.com/watch?v=mz 7UF4KQpk

Technology anno 2015

September 27, 2015 Strictly Confidential - WUP 5
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Energy storage for a single Wave Dragon Principle drawing
- for connection to DC bus system
+
Vdc Bus = Vref I I
Vin g Vout=Vin+25Vdc
DC/DC AC/DC
1 — 1T
Vm_GEN
Flywheel H-Bridge
1
2 Q5 — Current Limiter
— ! —
September 27, 2015 Strictly Confidential - WUP 3
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Back up
slides
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15 | Ocean Renewable Energy: 2015-2050 | lenny Hayward

10R°E 126°E 144°E 162

Peak Wave Period (s)

8 | Ocean Renewable Energy: 2015-2050 | lenny Hayward @
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Tapchan, Norway
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Flap Device, Japan

Takenaka, Japan
OSPREY

Fixed wave energy devices
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Wave Dragon Pelamis

Sperbuoy

IPS Buoy AWS

WavePlane

McCabe WP Kaimei

Floating wave energy devices
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RENEWABLES INNOVATION REVIEW

du
Wave and tidal stream could develop into significant global markets by

2050 which the UK, as current leaders in this emerging technology, would

be well placed to exploit
Possible shape of global renewable electricity market, 2050

MW installed capacity*
. 2002-2010 . 2011-2025 . 2026-2050

Trust workshops with industry experts.

Wave Dragon
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0 100,000 200,000 300,000 100 200 300
£ billion**

Note: * Estimates for global capacity additions from IEA, BTM, WEC, DTI estimates; ** Based on undiscounted cummulated installed
capex and opex revenues, taking into account IEA and PIU experience cost curve predictions. Estimates of UK share are from Carbon

. UK plc share Remaining global market
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Wave Dragon - Development

Hanstholm - DanWEC
d=30 m

3 km offshore

6 kW/m.,
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1:50 Model test 100 year wave
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Operational Experience

Ror, Kaplan, Francis and Peltonturbines
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Ice and WEC'’s is a bad combination!

The prototype was designed for a 3 year life time, but was not scrapped
until 2011 after more than 8 years of operations.
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How visible is a WD power plant?

Seen from 100 feet above sea level and at a distance of 5km

Under the horizon at a distance of 10km

Wave Dragon e e E;N# 3
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Wave Dragon Advantages

« Offshore

Low environmental impact. No visual impact, fewer international
designations.

High wave energy resources. Seabed friction causes great loss of
energy in depths below 30 m.

Plenty of suitable sites.

 Overtopping

Non-resonating structure. Lower risk of damage in largest sea
states as structure does not move, largest waves pass over
device.

Scaleable. Size can be increased to give performance
Improvements.

Large-sized. Ease of access for maintenance, can host wind turbine.
Passive survival mode. Long life and low O&M costs
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Wave Dragon objectives

To develop Wave Dragon to a power plant unit of 1.5 to 12 MW
with a production price of 0.04 €/kWh
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Target year 2016 7=~~~ "~~~
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Source:

EU Wave Net 2002 and Ris@
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Animation: LOKE film
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