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'\ Who/What i1s Garrad Hassan’

GARRAD
HASSAN
. Renewable energy consultancy
. Founded in 1984
. Working in 5 continents

Independent, no equity stake in any project or
technology (wind, wave & tidal or solar)

A wind Energy
A Marine Energy




'S Garrad Hassan around the world

GARRAD .
HASSAN -  Founded in the UK

- Now have offices worldwide
- Local understanding informs global perspective

300 professionals in 17 countries

Peterboro,NH Hilversum, Netherlands

Ottawa, Cagada openhagen, Denmark
. \ Glasgow, /Aarhus, Denmark
\‘ | UK > ./Poland Tokyo, Japan
Portland Oregon‘ rstel UZ/O Idenburg, Germany /
, T o, Porto, Portug /'I \'\IzmiTurkey .\

ustin, Texas }
Zaragoza, Spai Imola, Italy
Paris, France

San Diego, USA Barcelona, Spain
Monterey, Mexico

Beijing, China
India
Newcastle, Australia
® Existing offices Melbourne, Australi®® °

® Coming soon Wellington, New Zealand
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Range of GH services - Wind energy

Wind turbine design, certification and testing services

Wind farm consultancy services (onshore and offshore)
* Wind farm design
e Due diligence
* Energy assessment — more than 80,000MW to date
* Independent Engineer — more than 21,000MW operating

Short term forecasting of energy output
Research and development
Industry-standard software supplier
Strategic services

Industry training courses
- Introduction to Wave Energy Conversion
e Bristol, 15t July
 Whistler, 215t November

AA AL
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GH Bladed

Over the past 20 years, GH have
played a key role in developing
mathematical models of wind
turbines

Work resulted in the computer
code GH Bladed - acknowledged
as a ‘wind industry standard’
design tool

GH Bladed independently
validated by Germanischer Lloyd

GH Tidal Bladed also available

; G ischer Lloyd

GL-Wind Certificate No.: ZZ D01A-2003
This Certificabe attests thad the Computer Coda

GH BLADED

developed by \Garrad Hassan and Partners Ltd.
St. Vincent's Works
Silverthorne Lane
[Bristol BS 2 0G0
[England
has been tested by Germanischer Lioyd WindEnergie GmbH (GL-Wind) since Seplember 1987,

The program GH Bladed, version 3.41a, has been installed on a Pentium 4 PC, 2 GHz under WINDOWS XP.
The program has been used in comparative analyses within the cerification of diffarent wind turbinas. The
calculated loads wene companad with those from analysis sing GL-Wind's own et of aerpelastic programs
Comparison of results was carmied out for

- a 600 kW-class wind furbing with active stall

- a f00 kKW-class wind furbine with active pitch

- a B0 kW-class wind turbine with variable speed, stall controlied

- & 1,0 MWW-class wind turbing with constant spead, stall controfied

=a 1,5 MW-class wind turtbrine with variable spaed, pitch controlied

-2 2,0 MW-clss wind turbine with variable spaed, pitch controlisd

-8 2.5 MW-Class wind turbine with variable speed, piich controfied

ard showed good agresmant.

Considaring the resulis il can be staled that the program has boen validated for the a m. wind turbine classes
and can be considered a suitable program for the calculation of both cnshare and offshore wind turbine loads
for design and certificaion.

Hamburg, 6* February 2003

AnBlun

Germanischer Lloyd
WindEnergie GmbH

. Dr. G. Wacker '_w.e,.a i
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Introducing GH WindFarmer

Software for wind farm design and optimisation

* WindFarmer - Demosite multiHH Optimize. WOW
Fia Render Setrge

0] | | B | ) D O

ion site - wiew 2... [ |[1/9€] |*" Demasite mulliHH Optimize WOW. Graph | Windeoss

»
biomotcn [Legend]

Essential for project finance

Fully validated
software

Optimises wind farm
layout taking account
of constraints

Evaluates energy yield

Turbulence intensity
for loads

Noise analysis
Shadow flicker maps

Design of electrical
layout

Visualisation
capabilities
Financial modelling
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GH Marine Renewable Services

GH Marine group established in 2005
- Resource Assessment
- Technology foresighting

- Technology review and due
diligence

- Device modelling

- Control system design

- Market/Commercialisation studies
- Device interaction

- Training courses

- Forecasting

- Strong focus on R&D

- Consistent with maturity of
the technology

AA




Projects: Wave & Tidal

GARRAD Technology & Market reviews
HASSAN

- MS Access database of device developers

- Assessment of large number of wave and tidal energy device
developers

- Shortlisting of leading developers based on criteria agreed with
client

- More detailed review of short listed developers

- Clients include major utilities

[ Marine Energy Database

i Fle Edit Insert Records Window Help

Device developer [Columbia Power Tachnologies LLC

= Tidal

Wehbsite hito: /s columbiapw comy

Device developer [Marine Current Turbines Lid = 1 S Marine Ene
e Country LUSa v | Edit countries

“Website [ marinetubines com Deviczname  [SeaBeav]
ot —

B i) ] [Edit countiies Device description[Floating paink absorber [affshare)
Device name [Seatien. Seaflow

Status active v
Last updated 05/06/2008

Device desciiption [Horizontal axial flow pile mounted

Status [ooive 1™ Application [ neashore Output
Lastupdated  [16/06/2003 [ onshore [ electrical

Application e e [ sl affshore [ desalination
Device lyps © Configuration FSVE' S R Installation Drientation Reaction source FTO
variable speed [Tl steermed
(@) He (aial flow) 3 muiple rotors (O bottom standng () attenuator O seabed (O preumatic
Sl O duce O Goarbion snd generator () rigd connection
&t | @3 O 0D pemanentmadet @ monopie @ floating © teminator @ seltreference () hydia
ascillating hydrafol
& O stallieg O DD hydraulic () tether/mooring & O submerged (®) point absorber O hydraulic
. o O undefil 5 Tidal additional pictures
ather

© averspeedreg Marine Current Turbines Ltd EE Marine Energy

Sealien, Seaflow

I 30 0]

Columbia Power Technologies LLC

SeaBeav |

Copyright Garrad Hassan and Partners Ltd
2008, Allrights reserved.

- save changss to previous pags before adding/editing pictures. Garrad Hassan Partners Ltd, St Yincent's Works, Silverthorne Lane, Bristol, B52 000, LK

- bitmaps can be pasted into the picture spaces. Tel: +44 (0)117 372 9900 wew garradhassan. com

- to prevent the database fiom (unning slowly pictures should be less than 500k,




A Projects: Wave Energy

GARRAD Site and zone selection studies
HASSAN

- Country specific GIS database of energy resource and key
constraints

- Creation of country specific marine energy atlases

- Clients include project developers and banks

11872 SWRDA
Wave Energy Resources
in the South West

Area of Interest

* Populated places

*  Wrecks

A Wells

¥ Surfing locations

Underwater Cables

MOD Practice and Exercise Areas
Wave Hub
[ Iwave Hub proposed location

® Datawell Directional Waverider Buoy

Oceanor Seawatch Mini Buoy

Grid
————400kV lines
132kV lines
33kV lines
Substation locations
Connection (MW)

= 51020
= 5010100
Environmental Designations
Ramsar site
{77 special Protection Area (SPA)

- Special Area of Conservation (SAC)
[H_ﬂ]i National Nature Reserve (NNR)
National Park
. Heritage Coast
Area of Quistanding Natural Beauty

e T Site of Special Scientific Interest (S5S1)
Important Bird Areas

N

Kilometres
-
0 20 A

100000 150000 200000 -
Coordinate System: British National Grid HASEAN
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Projects: Wave Energy

Npower Juice fund: Wave Hub Project

- 3 strands: Long-term wave climate characterisation, Forecasting,
O&M modelling
- Successful application of the MCP methodology
- Emulation of the GH O2M tool
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Time
(present
past)

4>

+—>
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4 —>

4 —>
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Projects: Wave Energy

Npower Juice fund: Wave Hub Project

- 3 strands: Long-term wave climate characterisation, Forecasting,
O&M modelling
- Successful application of the MCP methodology
- Emulation of the GH O2M tool

Environment H

Project
description

Wave simulation

0&M
resources

Operations
simulation

/
/
/
/

Failures

/
/

/
/

/
/

Post-processing

Availability

Production
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BREAKDDWHN OF LOET PRODUCT
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Availability [X)
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Ideal production (M hiannum)
Actual production [Mwhiannum)
Lost production [ hiannum)
Encrgy availability [%)

Lost revenne [£lannum]

BREAKDOWHN OF DO'wNTIME

Maintenance [hrsfannum)

Repair [hrsfannum]
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weather delay (hrefannum)
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COET ANALTSEIE
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Projects: Wave Energy
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'\ Projects: Wave energy

GARRAD
HASSAN

Contracts with device developers:

- numerical modelling
(frequency and time domain)

- experimental testing
- certification support

- full scale deployment

Numerical simulations
conducted in the first modules
of GH WaveFarmer




‘ GH WaveFarmer

GARRAD
HASSAN

e Frequency domain modelling (GH FD)
- Hydrodynamic coefficients
- Excitation forces
- Response Amplitude Operator (RAO)
- Multiple body interactions
- Drift forces
- Regular 7/ irregular waves

- Geometry / configuration optimisation under optimal
control settings

e Time domain modelling (GH TD)
- lrregular waves
- Real wave spectra input (leading to
site specific power matrices)
- Nonlinear hydrodynamics (analysis
of extreme events)
- Body motions
- Mooring design / influence
- Nonlinear power take-off characteristics
- Custom control strategies

- Multiple body interactions (wave farm design) g % g




A GH WaveFarmer

GARRAD
HASSAN

e Wave analysis (GH Waves)
- Input from several sensors (SEAWATCH, Waveriders, ADCPs, etc)
- Quality check
- Key spectral parameters
- Directional spectrum estimation
- Extreme event analysis
- Long-term resource assessment (via numerical and field data)
- MCP (site specific bankable resource)
- GIS capabilities

- Modelling of local effects (bathymetry, shallow water effects,
hotspots)

- Link to Time Domain module

e Monitoring (GH WaveFarmer Supervisor)
- Link to GH SCADA
- Joint monitoring of wave and machine data

- 0&M planning (emulation of the O2M package), including weather
window forecasting (emulation of the GH Forecaster package)

AA AL




A rundamentals of Numerical Modelling

GARRAD
HASSAN

Key Steps:
e Engineering design
e Theoretical/numerical modelling

e Validation in wave basin/flume
e Engineering & prototype testing in real sea

Theoretical/numerical modelling

e First step to assess a given concept/invention

e Essential to optimize size, geometry of device

e Specify/Optimize PTO

e Establish control procedures/strategies/algorithms

AA AL



A Fundamentals of Numerical Modelling

GARRAD
HASSAN

Several potential approaches:

e Frequency-domain
e Time-domain

e Stochastic

Starting point in all cases: linear wave theory
e small amplitude waves and body-motions
e real viscous fluid effects neglected

Nonlinear wave theory may be used at a later stage to
investigate other phenomena

Nonlinear forces can be included in the time domain approach
(PTO, moorings)

AA AL



A Frequency-Domain Models

GARRAD
HASSAN

Basic assumptions:
e Monochromatic (sinusoidal) waves
e The system (input—output) is linear

e Historically the first model
e The starting point for the other models

Advantages:

e Easy to model and to run

e First step in optimization process

e Provides insight into device’s behaviour

Disadvantages:

e Poor representation of real waves (monochromatic approach)

e Only a few WECs are approximately linear systems (OWC
with Wells turbine)

AA AL



A Time-Domain Models

GARRAD
HASSAN

Basic assumptions:
e In a given sea state, the waves are represented by a
spectral distribution

Advantages:

e Fairly good representation of real waves

e Applicable to all systems (linear and non-linear)
 Yields time-series of variables

e Adequate for control studies

Disadvantages:
e Computationally demanding and slow to run

Essential at an advanced stage of theoretical modelling

AA AL
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Example: GH WaveFarmer

Typical Scenario:

e Device developer contacts GH with tentative design
e Previous modelling often already conducted
e GH requested to verify and extend modelling plan

GH approach

e GHFD
e fundamental hydrodynamic properties
e device iterations
e optimisation (unconstrained) and control strategies

e GH TD
e evaluation of different wave climates
e optimisation under the influence of operational constraints
e definition of the device power matrix
e extreme event analysis

AA AL




A Example: GH WaveFarmer

GARRAD
HASSAN

GH FD (Frequency domain):

h - hydrodynamic

Basic equation of motion: ~ mMX = f (€) + f_(t) m - mechanically
applied
(f = diffraction force

d

Hydrodynamic force: f =<f = radiation force
= — pQgSx = hydrostatic force

L hs
' . _ v Linear system
Mechzflnlcally applied f =—-Kx-Cx (linear spring,
force: linear damper)
Equation of motion: mx = f, + f — pgSx — Kx —Cx

AA
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Example: GH WaveFarmer

GH FD (Frequency domain):

Equation of motion: mx = f, + f — pgSx — Kx —Cx

Solution:  x(t) = X,e*, f =Fe”, f =Fe'”,...
F (®) = -A(w) - i0B(w)
A =added mass B =radiation damping

A and B to be computed in a BEM code (GH FD uses WAMIT)

(m + A)X + (B + C)X + (pgS + K)x = F,e'*

adled [ }\ buoTyancy }\ T

mass i o
mass radiation damping PTO spring Excitation

damping force
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Example: GH WaveFarmer

GH FD (Frequency domain):

Equation of motion: (M + A))'(' +(B + C))'( + (pgS +K)x = Fdeiwt

1970’s : Falnes, Newman, Evans

= Optimal power is function of geometry (A, B) and incident wave (F,)
e PTO damping to match hydrodynamic damping
e Control strategy to apply such apply external damping

1 DOF optimum: P ——‘F ‘

Capture width L : measures the power absorbing capability of device (like power
coefficient of wind turbines)

P = absorbed power
L =

m| o)

E = power flux of incident wave per unit crest length

AA
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Example: GH WaveFarmer

GH FD (Frequency domain):

Equation of motion: (M + A)X + (B + C)X + (pgS + K)x = F,e'*

GH FD iterates on:

e Geometry (added-mass, damping coefficients) and configuration (e.qg.
ballasting strategy, position of the rotation axis, etc.)

 PTO definition (K,C)

e Control strategy

Key Outputs:
e Diffraction forces, hydrodynamic coefficients
e Drift forces and other outputs relevant for time domain models

e Power absorption characteristics (relative capture width) as function of
wave period / frequency
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Example: GH WaveFarmer

GH TD (Time Domain):

Equation of motion:

t
(m+A))X(t) = f,(t) — pgSx(t) - j Lt — 7)X(r)dz + f_(X, X, 1)
x r B r
added mass diffraction radiation external
hydrostatic

—_

forces

. memory function: influence that a change in the
L(t) = ij'(_ inotdew mMomentum of the fluid (at t = ti) will have at t > ti.
2Ty O For stationary structures (zero forward speed) such
function depends exclusively on the geometry of the
body

f,0 = Zfd’n(t) diffraction force: from spectral distribution (e.g.
n

Pierson-Moskowitz)
A A
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Example: GH WaveFarmer
GH TD (Time Domain):

1) Selection of Spectrum: Real (GH Waves) or Modulated (PM, Bretschneider,
JONSWAP)

2) If using modulated spectra: define spectral parameters (minimum: H, ;)
Outputs

-« wave amplitude vs. freq. (relevant for RAO spectra, F4 spectra)

e free surface elevation (wave height vs. time)

e Extension for modulated seas: directional spreading
Variance Density Spectrum - PM

30 \ \ I \
(\Iw 207 |
£
&< 10+ -
(%9}
0 | \ \
0 2 4 6 8 10 12 14 16 18 20
T(s)
Sea State
4 \
€ 2 .
T o —
2
[¢D)
T 2
4 \ \ \ \ \ \ \ \ \
0 20 40 60 80 100 120 140 160 180 200
Time (s)
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Example: GH WaveFarmer

(M + A )X(t) =, (t) — pgS x(t) - j L(t - DX(2)d7 + F. (X, X, 1)

Solution 1 DOF Equation of Motion: m = 10.0 kg, ¢ = 5.0 kg/s, k= 3.0 kg/s2

1
08 fF— "+ h e —
o -
3 L
E
S
3 0.2 N N — —_;e - B T Sl i i i
= l
= |
< ol b |
-0.2 i _
041 - ﬁ: 77777777777777777777777777777777777777777777777777777777777777777 .
0.6 i
0 10 20 30 40 50 60 70 80 90 100
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Example: GH WaveFarmer

(M + A )X(t) =, (t) — pgS x(t) - j L(t - 0)X(z)dz + T (X, X, )

GH TD iterates on:

e Sea states - real (site specific) or user defined (representative / target
markets)

e PTO definition
e Control strategy

e Operational constraints (e.g. motion / velocity limitations)

Key Outputs:
e Time domain solution of the equation(s) of motion

e Influence of realistic (non-linear) external constraints (PTO and mooring
forces)

« Site specific power matrices

e Extreme event analysis
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Final Remarks

Hydrodynamic modelling (both frequency and time domain) has been used in
the offshore industry over the last decades

There are clear similarities with the wave energy conversion problem:
e Same theoretical principles;

e Same need for experimental validation (in particular for nonlinear /
extreme events).

Currently there is no commercially available software to handle the specific
issues of modelling numerically a WEC (coupled influence of hydrodynamics of N
bodies locked in M modes along with PTO, control, moorings, ...)

GH WaveFarmer is currently available as a service and will follow GH
WindFarmer’s steps to become a product

In addition to the topics described in this presentation, and as the name
suggests, GH WaveFarmer will handle farm effects such as:

e Influence of the sea state in farm elements (wave propagation);

 Influence of incident / radiated / diffracted wave fields between
elements (constructive / destructive interference) - farm control;

e Layout optimisation (energy yield) as function of the above and
additional relevant constraints (e.g. moorings, access routes)
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Thank youl!

Intro Wave Energy Conversion Course,

Whistler, 215t Oct

Joao Cruz
joao.cruz@garradhassan.com
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