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1 INTRODUCTION

The Energy Efficiency and Conservation Authority (EECA) and tleetEcity
Commission (EC) of New Zealand have appointed Power Projetid®Pi) to
provide a summary of the current marine energy developments and the
intermediate-range outlook for New Zealand. Specifically, dbgective is to
provide advice on the potential development of marine energyrajeme to
assist with the planning for future transmission and generatiogstments.
MetOcean Solutions Ltd (MSL) has been subcontracted by PPL to prawide

assessment of the open-coast wave and tidal energy resource

The aim of this report is to provide a framework to assess tmitdor
deployment of marine energy devices, prior to the industry matuwairdy
sufficient data becoming available for objective evaluation emegator
performance and operation criteria (including opex-capex issuesnpkeved
device and economic data becomes available, it is envisagetithaeport will
provide a basis for subsequent analysis of the applicability ointpeoving

technology.

1.1 Scope of work

The scope of this report is to:

Identify the spatial distribution of the open-coast marine ggner

resources in New Zealand (waves and tidal currents);

Provide a quantitative description of the open-coast tidal ressur
including a detailed examination of two primary locations (CookitStr

and Foveaux Strait);

Provide a quantitative description of the open-coast wave energ
resources, including detailed examination of six example locati@is

effectively bracket the typical wave energy range, and

MetOcean Solutions Ltd 1
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Simulate the likely wave energy conversion using three gemerie
power devices (based on the manufacturer's specifications where

available).
The scope is achieved using the following methods:

Undertake a region-scale 10-year numerical wave hindcast for New

Zealand waters;

Undertake depth-averaged tidal current modelling of New Zealand
waters, with detailed modelling of the Cook Strait and Foveauwit Stra

regions;
Produce maps of the open-coast wave and tidal energy resources;

Produce maps of the wave statistics and power output from thneeig

devices;

Undertake a time-series simulation of the wave power output fnem t

three devices at six discrete locations, and

Characterise the ocean current regime at potential Coolt Stre
Foveaux Strait tidal power locations and simulate the power ouifiut w

a generic current energy conversion device.
Specific deliverables include:

Summary maps of the open-coast tidal resource, wave clipwantial

wave power, and energy output for generic wave conversion devices

Detailed analysis of two potential tidal energy regions and swewa

energy sites, considering probable power output and seasonallitgriabi

MetOcean Solutions Ltd 2
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1.2 Report structure

This report is structured as follows. The data sourced teseharacterise the
wave and tidal resources are detailed in Section 2. Wavgyedefinitions are
presented in Section 3 and information on the conversion of tidainsteargy
is presented in Section 4. Wave energy resource maps are grovigection 5,
and more detailed site assessments for wave power are ihétu@ection 6.
Open ocean tidal energy resources for New Zealand are providedtiors?,
including detailed assessments of Cook Strait and Foveaux Stnaitreport

findings are summarised in Section 8 and the references cietisted in

Section 9.

MetOcean Solutions Ltd
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2 METOCEAN DATA SOURCES

2.1 Numerical hindcasting

Metocean data for the marine energy assessment haveybeerated using a
numerical hindcasting technique, which recreates the tinessef wave

conditions and tidal flow conditions.

For the wave hindcasts in this study, a NZ wide domain was Egped®(1) with

a longitude/latitude grid with resolution of 0.05 by 0.05 (approxinyateb

km by 5.4 km). Tidal current modelling was carried out on the NZ gria a
resolution of 0.06 by 0.06 (approximately 5.6 km by 6.6 km) and am tw
nested, high-resolution domains over the Cook Strait region (Figa2®}he
Foveaux Strait region (Fig. 2.3); nested grid resolutions wé&@20by 0.002
(approximately 170 m by 230 m) and 0.004 by 0.004 (approximately 340 m by
450 m), respectively.

MetOcean Solutions Ltd 4
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Water Depth (m)
3000

Figure 2.1 Regional-scale domain used for wave and tidal current rioglel
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Figure 2.2 The nested high-resolution Cook Strait domain for tidal curremteting.
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Figure 2.3 The nested high-resolution Foveaux Strait domain for tidal current
modelling.
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2.2 Wave hindcasting

2.2.1 Wave model

SWAN (Simulating Waves Nearshore) was used for all ofathee modelling.
SWAN is a third generation ocean wave propagation model, whicksstie
spectral action density balance equation for wavenumber-direceatrapThis
means that the growth, refraction, and decay of each compairtiiet complete
sea state, each with a specific frequency and directiosplieed, giving a
complete and realistic description of the wave field as dngks in time and
space. Physical processes that are simulated includertbeagien of waves by
surface wind, dissipation by white-capping, resonant nonlinear ititarac
between the wave components, bottom friction and depth limiteaking. A
detailed description of the model equations, parameteriza@goasnumerical
schemes can be found in Holthuijssral (2007). All 3¢ generation physics are
included. The Collins friction scheme is used for wave digsipdiy bottom
friction.

The solution of the wavefield is found for the non-stationary (titappsng)
mode. Boundary conditions, wind forcing and resulting solutions arénadl t
dependent, allowing the model to capture the growth, developmendteaay of
the wavefield.

2.2.2 Boundary conditions

The wave spectra on the open ocean boundaries of the coarse dormain wer
obtained from the NOAA WAVEWATCH Il (NWW3) solution. NWW3 ia
state-of-the-art wave generation, propagation and transformatamtel for
forecasting the evolution of directional wave energy spectrasadhe global

oceans.

Along the open boundaries of the model domain, the primary stakist
parameters of the incoming wavefield are interpolated fibe NWW3
hindcast solution. Boundary spectra are then reconstructed by agsanbi-
modal Ochi-Hubble shape.

MetOcean Solutions Ltd 8



New Zealand Marine Energy Resources

Boundary conditions for the high resolution nested grid come directly thhem

coarse domain.

2.2.3 Winds

The regional wind field is very important for wave generati@nspatially
varying wind field was specified from a blended global wind productidped
by MSL. These data are 10m wind velocity vectors in a 3-houidglgd format
at a resolution of 0.25° of longitude and latitude. The wind fislda
combination of the 6-hourly Blended Sea Winds Hated the winds from the
NWW3 hindcast. The blended data product combines the benefits stireda
satellite data with the temporal resolution and continuous coveshdgbe

modelled re-analysis.

2.2.4 Validation

The hindcast wave model outputs have been validated with tnawe data
from numerous locations around New Zealand (ranging from 10-110m depths).
A validation plot for one of these locations is shown in Figurei@.the highly-
complex western Cook Strait. In this region there are rapidly ahguwgave
conditions and strong gradients in local wave generation due to topographic

forcing of the winds between the North and South Islands.

The wave model validation process has been undertaken as part of the
engineering design specifications for the offshore oil industry, wisle used

the MSL hindcast data in the development of the Kupe, Pohokura, Tui and
Maari Fields, plus applications in the Maui Field. Extensiver{jpeview of the
methods and outcomes has been undertaken by a range of international expert
including marine warranty surveyors, design engineers and cogsulti
oceanographers. The hindcast data have also been applied to harlipuaddsi
underkeel clearance applications, which have received peewrelig

international experts.

1 From NCDC, NOAA, Zhang (2006).
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Significant wave I{eight {m)

0 I 1 L 1 1 L I
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— SWAN — Waverider

Figure 2.4 \Validation time-series comparing the MSL wave hindcagt wit
waverider buoy data collected at the Kupe Gas Field (35 krh sbut
Hawera). See Figure 3.1 for location.

2.2.5 Spectral parameters

Directional wave spectra were output at hourly intervals twemindcast run,
and 10 years of data were available for the present study (1998 — Z0@7)

standard spectral wave parameters were derived as $ollow

Given a directional wave spectrui§(f,qg), the 1-dimensional spectrum is

obtained by integrating over directions:

2p
S(f)= S(f.q)dg (2.1)
0
From the computed spectral energy denSity, the peak frequendy and peak
energyS, = S(f) of the spectrum are located. Spectral moments

MetOcean Solutions Ltd 10
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¥

M, = fiS(f)df (2.2)

are computed, allowing further statistics to barcs:

significant height ~ H, =4,/M, (2.3)

mean period T =My/M, (2.4)

mean apparent periofj,, = m (2.5)

mean frequency frean = M1/ Mg (2.6)

mean crest period T, =M,/ M, (2.7)

spectral width SW=1- M, (2.8)
MM,

Tmz is often used as a spectral approximation of #re-down-crossing period

statisticTz

Directional moments are:

¥ 2p
M.= S(f,qg)cosg dgdf (2.9)
00
¥ 2p
M.= S(f,qg)sing dgdf (2.10)
00
o M
The mean direction ig, = arctan MS (2.11)
2JMZ2+M?
and the directional spread »= \/2- # : (2.12)
0

The spectral peakedness parameter (Goda, 1970kis lgy

MetOcean Solutions Ltd 11
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2.3

Q, = f S(f)? df. (2.13)

Tidal current modelling

The MSL implementation of POM (Princeton Ocean Mpdeas used to
hindcast the tidal currents in the New Zealand aegiPOM is a primitive
equation ocean model that numerically solves f@aoec current motions. The
details of model implementation are described inldd€2004Y. POM has been

used for numerous scientific applications studyinganic and shelf circulation.

2.3.1 Current Model

For the tidal simulations, POM was used in a valtyc integrated two-

dimensional mode, solving the momentum and massegeation equations

given by:
2 2 X X
E+UE+VE- W:'QM-£E+AH M+M +t_W_t_b
Tt Ix Ty > r fx ™ qy* rh rh
2 2
ﬂ+uﬂ_v+vﬂ_ W:_gM_1B+AH ﬂ_\2/+ﬂ_\2/ +i_i
it > Ty Iy r Yy > Ty rh rh

14, Wuh+A) | qh+n]) _
it fix fly (2.14 a,b,c)

wheret is the time,u andv are the depth-averaged velocities in ¥handy
directions respectivelyn the MSL depth, is the elevation of the surfaapthe
gravitational acceleratiori,the Coriolis parameter, the density of water, and
P, is atmospheric pressurédy is a horizontal eddy viscosity coefficient,
calculated with a Smagorinsky parameterisation,

1
2

1 W’ W u’ v
-c pxpy= & 4 W, W WV 2.15
A= Co Dy2 fix x Ty fy (215

2 The numerical model code is freely available asnogource code.

MetOcean Solutions Ltd
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with G, set at 0.2.

The surface and bottom shear stregsand , are due to wind and bottom

friction. The bed shear stress is parameterisdd avquadratic type friction law,
tr=Coylu?+v?u t) =C,lu? +Vv? (2.16 a,b)

that depends on an adjustable drag coefficiést: 10°. Surface shear stresses

are set to zero for the tidal simulations.

The model equations are solved with finite diffexes and explicit time-
stepping, limited by a Courant condition. A timestof 8 s was used for the

regional grid, and a time step of 5 s for the rebfitee-scale grid.

2.3.2 Boundary conditions

The same boundary conditions are applied at allhdpeundaries. For the
surface elevation, an Orlanski (1976) type radratmundary condition is
applied, but with the normal component of the ointgghase speed determined
as the normal projection of the full oblique phapeed. PO in Marchesiello

et al., 2001). For the normal component of depth-averaggdcity, u_, a

n?

Flather (1976) type constraint is used,

u, :uﬁ+\/%(h—hb) (2.17)

The boundary values af° and #°are known boundary values for the surface

elevation and depth-averaged current.

The TPXO7.0 global inverse tidal solution (Egbentd &Erofeeva, 2002) was
used to prescribe the tidal elevation and curretdoity around the coarse grid.
Elevations and velocities from the coarse domalotem were then used for

the boundaries of the fine scale grid.

MetOcean Solutions Ltd 13
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2.3.3 Model output

The 2D hydrodynamic model was run for a period @fdéys and then post-
processed to derive the primary nine tidal constites (M2, S2, N2, K2, K1,

01, P1, Q1, M4) for each node in the domain. Theletiled open ocean tidal
flows have been validated at several sites in ffelhore Taranaki region as part
of the engineering design studies for oil and gagepts. The constituents of
tidal elevation within the regional and high-resmo domains (i.e. Cook Strait
and Foveaux Strait) were also validated againspth#ished tidal constituents

for discrete locations.

MetOcean Solutions Ltd 14
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3 WAVE ENERGY DEFINITIONS AND CONVERSIONS

3.1

3.2

Energy of the wave field

The total wave energy() is given by;

E =E,+E =}rgH2
8 (3.1)
Wherer is the density of seawater (~1025 kg)ng is the acceleration due to

gravity (9.81 m.g) andH is the wave height.

The total wave energy (eqn. 3.1) is the energy yret wave crest length,
averaged over the wavelength. An alternative enegfimate omits thé/L
term (Komar, 1976), and is found by multiplyifg by the wavelengthL] to
defineEL. According to linear theory,

2

L =9 tanhih)
D

(3.2)

where T is the wave periodh is the water depth ankl is the water wave

number.

Wave energy flux

The energy flux (measured in watts per unit of wenest, W.nt), is the rate at
which energy is being transmitted, and represdmgpbwer of the wave field.
The energy flux ) is the average energy in the wave multiplied Hey tate at
which that energy is propagating (i.e. the groupaigy, Cg).

P=E’ C, (3.3)

where

MetOcean Solutions Ltd 15
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2kh

C -1 1+—C
2 sinh@kh) (3.4)

g

andC is the wave celerity, given as

¢ =97 tanhkh)
2p (3.5)

From a spectrum of potential wave energy (i.e. megk or modelled), the

energy flux can be estimated through integratioerothe entire spectrum.

However, a wave spectrum is not always availablarsalternative parametric

deep-water estimat®y) is often applied (Hagerman and Bedard, 2003);

P, = 042T H (3.6)

where T, is the peak spectral wave period. This parametsiimate of the
available wave power (eqn. 3.6) provides a veryilamresult to the spectral
integration method in deep water. The spectragnatiion method is used in this

report to represent the available wave power foeggion assessment.

The ability of a specific device to extract enefgym a spectral sea state is
typically reported by the developers as a ‘powetrixiaThis matrix provides a
power output for any combination of the wave heightave period estimates.
Typically, the significant wave heighH{) is used along with the wave energy

period {Te), where in deep water.

M (3.7)

In intermediate depths it is important to take artoof the effect of depth on
wave group velocity. The most appropriate way tostder energy period is
from the conceptual definition as the period of thgular wave that has “the
same parametric height and the same power densitthea sea-state under
consideration”. If the total power density and gagametric wave heighHg)

are already known, this leads to,

MetOcean Solutions Ltd 16
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3.3

e 2 2
79" Hug (3.8)

Alternatively, Burgeret al (2005) derived the energy periott) based on the

Bretschneider spectrum, where

T, =115T, (3.9)

T, = 086T, (3.10)

whereT; is the zero down-crossing wave period dpds the peak wave period.

It is worth noting that the definitions and equatidor wave power are depth-
integrated, and provide a measure of total powat hight be extracted by a
perfect device. However in reality a wave deviceal®perates at the surface or
in a discrete part of the whole water column, aadla not recover all of the

available power.

Wave power devices

There are various types of possible wave powercdsyiincluding the point
absorber; surfacing following or attenuator; teratar (perpendicular to wave
propagation); oscillating water column; and ovepiog device. Within this
range of devices, the power take-off mechanismsudec hydraulic ram,
elastomeric hose pump, pump-to-shore, hydroelettrigine, air turbine, and

linear electrical generator.

The available power matrix data released by deezfpre typically derived
from tank testing or numerical modelling (or a canaltion of both), but to date
few (if any) have been validated with full-scalstte The sea-states referred to
by the height and period parameters are therefeugally two-parameter
idealised models (such as the Bretschneider speritambined with a simple

directional spreading function.

This report examines the possible power recovertdrlehree different wave

energy devices, based on their published poweliceatr

MetOcean Solutions Ltd 17
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750 kW Pelamis device.This device has 4 segments and 3 power
modules and, for wave events with> 13 s, thel, = 13 s power curve
has been applied. The power matrix is providedabl& 3.1, based on a

significant wave height and peak spectral waveopksti

Hypothetical modified 1500 kW Pelamis deviceThe University of
Edinburgh (2006) scaled up the Pelamis power matixepresent
anticipated future machines. This matrix (Table) Z&umes a device
180 m in length, with 5 segments and 4 power majuteitable for
water depths ranging from 50-150 m. For wave everith T > 19 s,
the T = 19 s power curve has been applied, while for esvefthH > 3
m, theH = 3 m power curve has been applied. RMS wave h&gised

in this matrix.

Hypothetical 750 kW Single Point Absorber (SPA).This device has
the performance characteristics described in Tal#eand specification
listed in Table 3.4. For wave events with> 19 s thel, = 19 s power
curve has been applied, while for events witl> 3 m theH = 3 m

power curve has been applied. RMS wave heightad ursthis matrix.
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Table 3.1 The 750 kW Pelamis power matrixt{p://www.pelamiswave.com/media/power-matrix)jpgalues are in kW.

Sig. wave height (m)

22 29 34 37 38 38 37 35 32
idle idle idle idle idle idle idle idle idle idle
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5

37 33
idle idle
512 13

Wave energy period (s)

MetOcean Solutions Ltd
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Table 3.2 Hypothetical 1500 kW Pelamis power matrix. Valaesin kW.

3 - - - - - -
2.75 = = = = = =
25 . . . . . . 1319
| 225 . . . 1350 1175
= 2 - - . 1180 1008
S
2| 175 = - .
< 15 - -
(]
| 125 - - 1299 1136
5) 1 = 95 1116 1170 1106
5 0.75 = 53 91
0.5 = 24 108 142 114 93 75 61 51 41
0.25 = 5 27 62 88 94 85 72 58 47 33 22 18 14 10 5 0
0 ide idle idle idle idle idle idle idle idle idle idle idle idle idle idle idle idle
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 9

Wave energy period (s)
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Table 3.3 Hypothetical 750 kW SPA power matrix. Values ar&\i.

2.75 =
25 =
2.25 =

1.75 =
15 =
1.25 =

0.75 -

05 - 18

0.25 - 5 37

0 idle idle idle idle idle idle idle idle idle idle idle idle idle idle idle idle idle

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Wave energy period (s)

RMS wave height (m)

Table 3.4 Hypothetical 750 kW Single Point Absorber wave ggeronverter characteristics

Natural Period (s) 11
Damping Coefficient 0.06
Efficiency (%) 80
Rating (kW) 750
Radius (m) 6
Stroke (m) 3
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3.4 Wave model validation for wave power

The MSL numerical wave hindcast model has beenroigdy validated against
measured wave data from around New Zealand, asime@ and offshore (continental
shelf) locations. However, the relationship betwe@ve height and wave power is
non-linear, which means that small errors in thedbast wave heights can lead to very
significant errors in the mean wave power assessfoera location. Also, the spatial
and temporal scale used in the numerical hindaagiocess is important so that
topographic and bathymetric effects on the wavdw/sits can be properly resolved.
The scale factor may be important when comparieghigh-resolution outputs from the
MSL model with other wave hindcast results that ehamployed a coarser-scale

domain.

For the present assessment, a further regionalatedn process has been undertaken
specifically for the derived wave power values.sTéxercise has been undertaken using
waverider buoy data from six locations around NexalZnd, as shown on Figure 3.1.
For this validation analysis, the deepwater parametethod (egn. 3.6) was used to
estimate the wave power flux from both the measamedl modelled wave data. This

method was used because wave spectra were nalaediiom all the buoy sites.

The validation results (Table 3.5) clearly showtttlze wave model is accurately
representing the average energy flux for the widege of locations tested. The
modelled results are all within 20% of the measyseder values, and there are no
indications of systematic under-prediction or opegdiction throughout the range of
environments tested. This is a very robust valahgtparticularly considering the use of

a parametric technique that assumes a generiaapgtape.

A further validation was undertaken using the fulve spectral integration method,
using measured wave spectra from the offshore Mai@id in August - September
2003. During this period, the mean measured spevaae power was 34.8 kW

while the hindcast spectral wave power for the speted was 38.8 kW.ih

One of the most energetic coastal locations in Mealand is the Southland region.

During 1989, Electricorp Production commissionedwave energy assessment
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involving wave data collection in 90 m water demththe Western Foveaux Strait
(46.52083 S, 167.45833 E). Over the Autumn monthsMarch-May 1989, the
averaged measured spectral wave power was 65.4 K\Wnd the mean significant
wave height was 3.66 m (BTW, 1989). By comparigbe, mean spectral power from
the MSL hindcast model for this same location dyiéti the March-May periods over
1998-2007 was 73.7 kWiand the mean significant wave height was 3.55 m.

In summary, the hindcast techniques that have lpgtied in this assessment have
received due scrutiny by international experts, KI®L. hindcast wave data have been
used extensively for the engineering design caterithin New Zealand’s’ offshore oil

industry. Further, the site-specific validations feave power clearly show that the

MSL hindcast method provides a reliable represemtatf the wave energy resource.
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2 =
PR
Water Depth (m) 75 0 75 150 225 km
soon_ 3000—0

Figure 3.1 Location of the wave power validation sites
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Table 3.5 Wave hindcast validation results

Data location Data source Duration Mean HY Mean Hs* | Mean wave power
(m) (m?) W m?
Kupe Field MetOcean Apr-Nov 2007 | Measured 2.02 5.05 21281
Modelled 2.02 4.88 22448
Maari Field MetOcean Sept-Dec 20(7Measured 2.23 6.2 27106
Modelled 2.19 5.67 27213
Pohokura Field | MetOcean Jun-Nov 2003 | Measured 1.78 3.99 18039
Modelled 1.94 4.38 20690
Baring Head NIWA/GWRC | Jan-Dec 2007 Measured 1.26 2.13 9060
Modelled 1.16 1.88 8380
Steep Head NIWA/ECAN | Jan-Dec 2007 | Measured 2.01 4.69 21847
Modelled 1.74 3.71 17468
Steep Head NIWA/ECAN | Mar-Dec 2003| Measured 1.99 6.20 19442
Modelled 1.88 4.11 18900
Bay of Plenty | EBOP Jun-Dec 2004 | Measured 0.99 1.36 5094
Modelled 1.14 1.81 5647
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4 TIDAL STREAM ENERGY DEFINITIONS AND CONVERSIONS

4.1 Tidal flow energy

The instantaneous power densify) (of a flowing fluid incident to an underwater

turbine is given as;

=—ruy?d (4.1)

whereA is the cross-sectional area of flow interceptedhgydevice (i.e. the area swept

by the turbine rotor, A andr is the density of water (~1025 kg>rfor seawater) and

is the current speed (rif)s Because the power density varies with the cubéhe

current velocity (egn. 4.1), it increases rapidithveurrent speed (i.e. Fig. 4.1).

Power densities of 500 - 1000 W’nare available for flow velocities of between 1-

1.3m.§" (2-2.5 knots). In order to determine the powensity distribution for a

particular site it is necessary to identify theoedty distribution and convert the velocity

distribution into a power density distribution; fnowhich various descriptive statistics

can be derived (i.e. mean, median and percentildegower density distribution).

35 1
30 4
25 4
Power 20
Density _
e 15
kKW/m®
( ) 0
5 -
ﬂ ? T 1 1 1 1 1 1

0 05 1 1.5 2 2.5

¥
b
h
e

Current Velocity (m/s)

Figure 4.1 Incident power density as a function of currenpeély
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4.2

4.3

Tidal stream devices

There are two main categories of tidal devicesltishrrages and tidal current turbines.

Barrages are not open-coast devices and are nsideoed further in this report.

Tidal stream devices operate using the same plin@p wind turbines; generating
power directly from the water current, typically e the flows exceed 0.5 m.s The
turbines can be orientated either horizontally entically and the systems can be either

floating or secured directly to the seabed.

The recoverable tidal flow energy is limited by ttfearacteristics of the site (i.e. water
depth etc) as well as environmental considerat{ors the impact of a device on the
circulation patterns). Typically the usable crosst®nal area available is limited at the
top and bottom of the profile in order to faciléatavigational clearance requirements;
eliminating the upper 15-20 m in water channelsntaémed for ocean-going vessels
and 5 m elsewhere in order to provide clearancesfailow-draft vessels. At the
bottom the turbine should be above the low-speeadhie boundary layer, which is
approximately'/,o of the low water depth (~MLWS). The maximum enetiggt can be
extracted is calculated from the power density ipligd by the usable cross-sectional

area between the top and bottom limits as descabede.

Power recovery efficiency

The power recovery efficiency and turbine perforoeancan be estimated by
considering the power conversion efficiency of eatdp of the extraction process,
beginning with the power of the flowing water streand proceeding through the

turbine, drive train, generator and power condgisteps.

Turbine efficiency varies with the velocity of waftow. A plot of a turbines output as
a function of flow speed typically consists of thnegions; i) zero to cut-in speed, ii)

cut-in speed to rated speed, and iii) greater thtad speed (Fig. 4.2)
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Region I: Velocin
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Figure 4.2 Typical plot of turbine output power versus flonesgl

In Region I, velocities are below the cut-in spaed the turbines’ blades do not create
sufficient lift to rotate the drive train so no pewis generated. In Region Il when
velocities exceed the rated speed of the turbio@ep output is held constant, typically
at the turbine’s rated power, regardless of theoargl. Rated power output is
maintained by either applying a force to the ratbaft or changing the pitch angle of
the turbine blades to generate less lift. In Rediqbetween the cut-in speed and the
rated speed) the turbine’s output depends on ancbiconversion efficiencies,
including the turbines power coefficierly) and the power take-off efficiencyr), such
that;

P

electric

=P"C, h (4.2)

where Pis the power density of the water passing throuuh area swept by the
turbine, i.e.

P==rU%A (4.3)

NP

Where A is the area swept by the turbine rotor.
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The power coefficient) is the ratio of the actual power produced to kineetic
energy of a stream tube the same diameter astihre and is given as;

P
C — rotor (44)

p.
P rp2ys?
8

whereD is the rotor diameter. During its field trialsetil m diameter single turbine
Seaflowtidal energy device had instantanedijsvalues ranging from 0.2-0.6. When
averaged, the values ranged between 0.38-0.45 dieygeon the current velocities. This
appears to be fairly standard for tidal energy desi The power take-off efficiency)(

is a function of the drive-train, generator and powonditioning of the unit, such that,

h = hdirve— train hgeneralor h power_conditionng (45)

Co The power coefficient- This is the efficiency with which the turbineteacts
kinetic energy from the incoming flow. For watdowing through an unshrouded
turbine, maximum extraction efficiency occurs whke flow speed at the rotor face is
reduced by 1/3 relative to the free-stream velgaitigich yields an optimal extraction
efficiency of 16/27(~59%, i.e. the Lanchester-Batit). Shrouded devices can achieve
higher efficiencies. Typical values G for un-shrouded devices range from 0.2-0.6,

and average out at around 0.45, or 45%.

hiwewan The drive train efficiency. This is the efficiency with which the energy
extracted from the flow is delivered to the generatTypical values range from 80-
96%

hyereraor The generator efficiency. This is the efficiency with which the mechanical
energy input to the generator is converted to etitgt Losses are primarily due to

friction, and typical generator efficiency valuesmge from 80-95%.

Poower conditoning 1 HE power conditioning efficiency. This is the efficiency with which
the electricity produced by the generator is coodéd to meet phase and voltage
requirements of the local grid interconnection poirLosses are primarily electrical
energy dissipated as heat, and typical power dondiefficiency values range from 90-
98%.
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For typical component efficiencies, the overali@&incy would be within the range of
40%, which is the proportion of incident flow poweonverted into properly

conditioned electric power output.

4.4 Device specifics

For the purpose of this assessment, the time-senadation of power generation has
considered two generic devices; an unshroudedninith a diameter of 16 m, and an
unshrouded turbine with a diameter of 10 m. Theiaesgpecifics are listed in Table
4.1. Using these specifications, the generatioal@dtrical power from the tidal stream
was simulated in the time-domain at 15-minute weks over a one-year period. The
depth-average current speed was used directhhéositnulation, rather than applying a
current profile, which is a reasonable assumptiwergthat the turbines used in this
simulation occupy approximately the middle thirdtleé water column. Site assessment

results are provided in Section 7.

Table 4.1 Generic tidal device specifications

Parameter Device 1 Device 2
Turbine diameter (m) 16 10
Cut-in speed (my 0.7 0.8
Rated speed (ni-¥ 2.5 2.5
Power coefficienty) 0.45 0.50
Drive-train efficiency 0.90 0.92
Generator efficiency 0.90 0.95
Power conditioning efficiency 0.95 0.95
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5 WAVE ENERGY RESOURCE MAPS

A series of New Zealand-scale maps are presentashdoacterise the wave energy
resources. These maps are derived from the MSLea@-yave hindcast, and provide

approximately 5 km spatial resolution.

The mean significant wave height is provided inuFgy5.1, showing a mean wave
height gradient from the southwest of New Zealanthe northeast. The mean heights
for an arbitrary sea fraction (T<10s) and sweltfien (T>10s) are presented in Figures
5.2 and 5.3, respectively. These maps are usefudHaracterising the mean sea state,
and clearly show that the northeast sector of Nemalahd is sheltered from the
dominant Southern Ocean swells. Wave power is ptigp@l to the square of the wave
height, and for reference purposes the mean signifi wave height squared is
presented on Figure 5.4.

The maximum significant wave height over the perd®@98-2007 is shown on Figure
5.5, providing an interesting pattern. While theamevave energy is higher on the
South and West coasts, some of the largest waghtisewere observed on the East
Coast of the North Island (from Wairapapa — Eagtefalsolated areas of high wave
heights, for example around the Coromandel, aneasiges of a single isolated storm

event in the 10-year time-series.

Two figures that effectively characterise the Neealdnd wave climate for potential
generation are the mean wavelength of the equiveleergy period (Fig. 5.6) and the
mean spectral wave power (Fig. 5.7). The mean wagth plot shows the clear
differences between the swell-dominated West Cg@gt wavelengths around 150 m)
and the sea-dominated East Coast (with wavelerigfihs00 m). The mean spectral
wave power (Fig. 5.7) indicates that a mean anresdurce of at least 30 kW his

available within about 15 km of the shoreline alangst of the West Coast of New
Zealand, excepting the Western Cook Strait regiwh the North Taranaki Bight. The
most energetic location for wave power is the Slawmtth coast, from Fiordland to the
west of Stewart Island. Along the East Coast of M@&aland, only the Catlins region in

South Otago has an equivalent resource to the Weast. In the North Island, the
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coastline from Wairarapa to East Cape is the nesstnenergetic region, but with

around one third of the median energy of the typi¢ast Coast locations.

The mean power output from the three wave poweweasion devices (discussed in
Section 3.3) are presented in Figures 5.8 — 5.h8s@& data are derived from a 10-year
time-series simulation (1998-2007) and represesntkan output from a single device,

calculated for every node in the hindcast domain.
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@ Matoesan Solutiony Lid. Al righta re

Figure 5.1 Mean significant wave height (1998-2007)
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Figure 5.2 Mean significant sea wave (T<10s) height (1998-2007
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Figure 5.3 Mean significant swell wave (T>10s) height (199&2D
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Figure 5.4 Mean significant wave height squared (1998-2007)
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Hs max (m)

Figure 5.5 The maximum significant wave height hindcast ov@98-2007
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Figure 5.6 Mean wavelength (1998-2007)
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Figure 5.7 Mean spectral wave power (1998-2007)
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Figure 5.8 Mean power output from a single 750 kW Pelamis cdey1998-2007)
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Figure 5.9 Mean power output from a single 1500 kW Pelamisaie{1998-2007)
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Figure 5.10 Mean power output from a single 750 kW SPA devik®g-2007)
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6 WAVE ENERGY SITE ASSESSMENTS

6.1 Locations

Six coastal locations have been selected for @etadinalysis of their wave power
potential (Table 6.1; Fig. 6.1).) These locatioaséhbeen chosen to represent a range of
wave climates around New Zealand, within the reabfnfeasible grid connectivity. A
common distance of 6 km offshore has been seledtedch site, providing a range of
water depths from 23-65 m. Wave and wave powersttat have been extracted for

these locations from the MSL New Zealand regioraevhindcast simulation.

Table 6.1 Wave energy site assessment locations

Station Southland | Westport| Cape Egmont] Port Waikato| Gisborne | Wairarapa
Depth (m) 31 65 51 23 39 62
Distance offshore (km 6 6 6 6 6 6
Latitude -46.401 -41.734 -39.287 -37.440 -38.708 -41.126
Longitude 167.677 | 171.390 173.682 174.635 178.148  176.1B7
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Figure 6.1 Location of the wave power assessment sites
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6.2

6.3

Summary statistics

Summary statistics of the wave climate, wave enengy wave power for the mean,
median and 99 percentile level are presented in Tables 6.2,a8(8 6.4, respectively.
Of the sites examined, Southland is the most etiergexd Gisborne is the least
energetic. The West Coast locations (Westport, fadiaand Port Waikato) all show
very similar wave climate and wave power statistite Wairarapa location was

approximately 25% more energetic than the Gisbsitee

Notably, the East Coast occasionally experienceg @rergetic wave conditions (see
Fig. 5.5), so while the mean wave energy is lowmantthe West Coast, the East Coast
storm conditions have potential to be more sevedeich has implications for the
engineering design basis for a wave farm. Furtiheise occasional energetic storms are
not a reliable wave power source, and the use efntiedian annual wave power
statistics (Table 6.3) is better statistic for irdge comparisons. For example, based on
Table 6.3 the Wairarapa location has one thirdetlergy resource of the typical West

Coast environment.

Wave height — period statistics

The wave climate may be characterised with a jpitbability distribution of the
significant wave heights and peak spectral wavéodsr These data are an essential
requirement for a wave power assessment, and tieeprasented as parts-per-thousand
in Tables 6.5 — 6.10. The data show that Southkmdlthe West Coast locations are
dominated by 10-14 s wave conditions, while thet Ezsast locations (Gisborne and

Wairarapa) have slightly lower periods (8-12 s).
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6.4

6.5

Wave power persistence exceedence statistics

Persistence exceedence tables provide a usefubthéthexamine the duration of the
energetic conditions, and these matrices are pedvidr each of the six assessment
sites in Tables 6.11-6.16. As an example interpficeta for the Southland location
(Table 6.11) for 12% of the year the wave powe¥86 kW/m for periods of 48 hours

or more.

Wave power variability

The natural variability of incident wave power is amportant consideration for the

planning of electricity generation. To understahd variability of wave power on a

daily basis, the hindcast wave power time-series avalysed for the standard deviation
from the daily mean, and then normalised to themteaprovide an estimate of the

percentage variability. Such variability estimat® provided for each of the six

locations (Table 6.2), and a more detailed mordhiglysis is provided for the energetic
Southland location in Table 6.17. Typically, thelylpower variability can be expected

to range from 25 - 40%.
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Table 6.2 Mean site-specific statistics based on 10-yearddaist data.

Station (6 km offshore) Units Southland Westport Taranaki Port Waikato Gisborne Wairarapa
Hs m 2.91 2.33 2.26 2.15 1.43 1.72
Hs (swell, T>10s) m 2.05 1.60 1.51 1.49 0.68 0.89
H; (sea, T<10s) m 1.95 1.62 1.60 1.46 1.22 1.42
Wavelength m 132 153 150 129 108 119
Wave power kw.m™ 53.7 30.9 29.7 27.4 10.8 13.7
Mean daily power variability % 29.4 25.8 27.0 26.4 38.2 35.1
Pelamis 750 kW generator kw 228 158 149 129 88 109
Hypothetical Pelamis 1500 kW generator kw 1354 1316 1275 1236 815 999
Hypothetical SPA 750 kW generator kw 643 592 572 551 371 441
Surface wave orbital velocity m/s 1.07 0.76 0.75 0.84 0.60 0.67
Surface wave orbital velocity cubed m/s 1.72 0.65 0.67 0.86 0.45 0.55
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Table 6.3 Median site-specific statistics based on 10-yesrddast data.

Station (6 km offshore) Units Southland Westport Taranaki Port Waikato Gisborne Wairarapa
Hs m 2.79 2.20 2.13 2.04 1.22 1.53
H; (swell, T>10s) m 2.02 1.52 1.45 1.45 0.53 0.74
Hs (sea, T<10s) m 1.79 1.48 1.46 1.33 1.04 1.26
Wavelength m 138 156 155 132 110 123
Wave power kW.m 40.8 22.6 22.2 21.3 5.2 7.3
Pelamis 750 kW generator kw 216 130 116 104 38 76
Hypothetical Pelamis 1500 kW generator kw 1500 1467 1460 1444 730 1116
Hypothetical SPA 750 kW generator kw 750 627 582 582 325 430
Surface wave orbital velocity m/s 1.02 0.71 0.70 0.80 0.52 0.60
Surface wave orbital velocity cubed m/s 1.07 0.36 0.34 0.51 0.14 0.22
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Table 6.4 Site-specific statistics at the ®@ercentile non-exceedence level based on 10-pérzdsast data.

Station (6 km offshore) Units Southland Westport Taranaki Port Waikato Gisborne Wairarapa
Hs m 6.37 5.22 5.04 4.72 4.23 4.73
H; (swell, T>10s) m 5.08 3.90 3.72 3.48 2.70 3.13
Hs (sea, T<10s) m 4.23 3.84 3.75 3.50 3.60 3.84
Wavelength m 203 256 243 188 202 233
Wave power kW.m 239.5 141.3 136.5 117.8 80.0 96.6
Pelamis 750 kW generator kw 670 590 586 521 530 590
Hypothetical Pelamis 1500 kW generator kw 1500 1500 1500 1500 1500 1500
Hypothetical SPA 750 kW generator kw 750 750 750 750 750 750
Surface wave orbital velocity m/s 2.17 1.70 1.71 1.81 1.61 1.71
Surface wave orbital velocity cubed m/s 10.17 4.94 4.97 591 4.19 4.97
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Table 6.5 Joint probability distribution (parts-per-thousandisignificant wave height and
peak spectral wave period for the Southland assgdocation.

Location Southland
Peak spectral wave period (s)

Hs (m) 0-2 2-4 4-6 6-8 8-10| 10-12 12-14 14-16 16418 18}20otal
>0 <=0.5 0 3.1 1.4 1.2 0.9 1.8 0.4 0 0.1 0] 8.9
>05<=1 0 11.3 4.7 3.8 10.7 5.2 1.6 0.3 0.1 Q 37.7
>1 <=15 0 0.3 16.7 2.8 19.4 16.1 2.5 0.1 0.1 (q 58.6
>15<=2 0 0 10.7 5.1 28.5 60 10 2.3 0.5 0f 1171
>2 <=25 0 0 2 8.5 19.6( 104.¢ 28.8 5 0.7 0| 169.2
>25<=3 0 0 0 7.9 7.9 100.1 57.1 5.8 1.5 0.1 180.4
>3 <=35 0 0 0 2.9 8.7 65.3 67.2 8.1 0.9 0.1 153.2
>35<=4 0 0 0 0.6 7.2 30.5 61.3 6.3 0.3 0| 106.2
>4 <=45 0 0 0 0.1 3.5 13.3 46.3 6.1 0.1 0| 69.4
>45 <=5 0 0 0 0 14 8.3 26.3 7 0.1 0] 43.1
>5 <=55 0 0 0 0 0.2 4.4 14.2 6.2 0.1 0| 25.1
>55 <=6 0 0 0 0 0.1 2.4 7.2 4.8 0 0 145
>6 <=6.5 0 0 0 0 0 1.6 4 2.2 0 0 7.8
>65 <=7 0 0 0 0 0 0.3 2.1 1.2 0 0| 36
>7 <=75 0 0 0 0 0 0.1 1.3 0.8 0 0] 22
>75 <=8 0 0 0 0 0 0.1 0.7 0.7 0 0] 15
>8 <=85 0 0 0 0 0 0 0.4 0.3 0 0 0.7
>85 <=9 0 0 0 0 0 0 0.1 0.3 0 0O 04
>9 <=95 0 0 0 0 0 0 0 0 0 0 0
>9.5 0 0 0 0 0 0 0 0 0 0 0

Total 0 14.7 35.5 32.9] 108.1 414)1 3315 581 45 .2 4 1000
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Table 6.6 Joint probability distribution (parts-per-thousandisignificant wave height and
peak spectral wave period for the Westport assegdoeation.

Location Westport
Peak spectral wave period (s)

Hs (m) 0-2 2-4 4-6 6-8 8-10| 10-12 12-14 14-16 16418 18}20otal
>0 <=0.5 0 0.3 0.4 0.9 0.4 0.2 0.1 0.2 0.1 0 2.6
>05<=1 0 0.3 3.9 5.1 12 7.5 15 0.7 0.1 0f 31.1
>1 <=15 0 0 4 7.9 33.2 65.6 12.7 2.5 0.5 0 126.4
>15<=2 0 0 1.7 9.9 345| 132.6 54.6 5.9 1.8 0{1241.1
>2 <=25 0 0 0.3 9.1 25.7 95 94.1 11.1 1.4 0.1 237
>25<=3 0 0 0 5.3 14.7 54.8 78.4 10.9 0.9 0.1 165.1
>3 <=35 0 0 0 14 10.3 25.4 50.3 9.6 0.3 0 97.3
>35<=4 0 0 0 0.4 5.8 10.4 22.7 10.1 0.4 0.1 49.7
>4 <=45 0 0 0 0 2.9 6 8.8 6.5 0 0| 24.2
>45 <=5 0 0 0 0 1.3 3.8 3.9 3.7 0 0| 12.7
>5 <=55 0 0 0 0 0.5 2.5 1.7 1.3 0 0 6
>55 <=6 0 0 0 0 0.1 0.9 0.7 0.9 0 0f 2.6
>6 <=6.5 0 0 0 0 0 0.6 0.4 0.3 0 0] 13
>6.5 <=7 0 0 0 0 0 0.2 0.7 0.2 0 0] 11
>7 <=75 0 0 0 0 0 0 0.3 0.1 0 0O 04
>75 <=8 0 0 0 0 0 0 0.4 0.2 0 0 0.6
>8 <=85 0 0 0 0 0 0 0.1 0.1 0 0 0.2
>85 <=9 0 0 0 0 0 0 0.1 0.1 0 0 0.2
>9 <=95 0 0 0 0 0 0 0.1 0.1 0 0 0.2
>9.5 0 0 0 0 0 0 0 0.2 0 0| 0.2

Total 0 0.6 10.3 40 141.4 405.p 3316  64|7 5[5 041000
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Table 6.7 Joint probability distribution (parts-per-thousandisignificant wave height and
peak spectral wave period for the Taranaki asseddoeation.

Location Taranaki
Peak spectral wave period (s)

Hs (m) 0-2 2-4 4-6 6-8 8-10| 10-12 12-14 14-16 16418 18}20otal
>0 <=0.5 0 0.9 1.3 1.7 3.2 1.3 0.4 0.3 0 0] 9.1
>05<=1 0 1.2 4 4.6 11.6 13.9 3.1 0.8 0.3 0.1 39.6
>1 <=15 0 0 4.7 9 29.2 74.9 17.3 2.8 0.4 0.1 138.8
>15<=2 0 0 2.8 12.5 28.2| 117y 72 8.9 1.9 0fl 244
>2 <=25 0 0 0.1 14.1 18.4 79.1 1043 131 1.8 0{2231.1
>25<=3 0 0 0 8.4 15.8| 40.1 79.2 12.6 0.% 0 156.6
>3 <=35 0 0 0 1.9 13.5 17.9 46.3 12.4 0.1 0.1 92.4
>35<=4 0 0 0 0.4 7.5 7.5 19.6 9.9 0.2 0.1 45.2
>4 <=45 0 0 0 0 4.1 5.6 7 6 0 0| 22.7
>45 <=5 0 0 0 0 1.2 3 2.8 3.2 0 0| 10.2
>5 <=55 0 0 0 0 0.3 1.8 1.1 1.4 0 0O 4.6
>55 <=6 0 0 0 0 0.1 1.2 0.7 0.4 0 0 24
>6 <=6.5 0 0 0 0 0 0.5 0.4 0.2 0 0] 11
>6.5 <=7 0 0 0 0 0 0.4 0.4 0.1 0 0| 0.9
>7 <=75 0 0 0 0 0 0 0.3 0.1 0 0O 04
>75 <=8 0 0 0 0 0 0 0.1 0.1 0 0 0.2
>8 <=85 0 0 0 0 0 0 0 0 0 0 0
>85 <=9 0 0 0 0 0 0 0.1 0.1 0 0 0.2
>9 <=95 0 0 0 0 0 0 0 0.1 0 0| 0.1
>9.5 0 0 0 0 0 0 0 0.1 0 0| 0.1

Total 0 2.1 12.9 52.6| 133.1 3649 3551 72|5 5(8 7 0. 1000
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Table 6.8 Joint probability distribution (parts-per-thousandisignificant wave height and
peak spectral wave period for the Port Waikatossssent location.

Location Port Waikato
Peak spectral wave period (s)

Hs (m) 0-2 2-4 4-6 6-8 8-10| 10-12 12-14 14-16 16418 18}20otal
>0 <=05 0.2 3.2 0.3 1.7 2.1 0.6 0.3 0.4 0.2 0 8.8
>05<=1 0 5.4 2.9 2.6 13.4 15.3 4.2 1 0.1 0.2 45.5
>1 <=15 0 1 8.5 7.4 26.4 83.4 23.1 4.4 1.3 0.1 155.6
>15<=2 0 0 3.8 11 20.4| 131.8 88.2 12 2.1 0.1 269.4
>2 <=25 0 0 0.2 6.5 11.3 71.60 12833 16 1.9 0 235.8
>25<=3 0 0 0 3.9 9.3 28.2 86.9 17.7 1 0.1 147.1
>3 <=35 0 0 0 0.8 6.5 11.1 38.9 16.6 0.3 0.1 74.3
>35<=4 0 0 0 0 3.4 5.6 13.7 10.4 0.2 0f 33.1
>4 <=45 0 0 0 0 1.6 4.6 4.6 54 0.1 0| 16.3
>45 <=5 0 0 0 0 0.4 2.8 2.3 2 0.1 0o 7.6
>5 <=55 0 0 0 0 0 15 0.9 0.7 0 0| 31
>55 <=6 0 0 0 0 0 0.8 0.4 0.4 0 0] 16
>6 <=6.5 0 0 0 0 0 0.2 0.6 0.2 0 0 1
>6.5 <=7 0 0 0 0 0 0 0.3 0.2 0 0 05
>7 <=75 0 0 0 0 0 0 0.2 0.1 0 0 03
>75 <=8 0 0 0 0 0 0 0 0 0 0 0
>8 <=85 0 0 0 0 0 0 0 0 0 0 0
>85 <=9 0 0 0 0 0 0 0 0 0 0 0
>9 <=95 0 0 0 0 0 0 0 0 0 0 0
>9.5 0 0 0 0 0 0 0 0 0 0 0

Total 0.2 9.6 15.7 33.9 94.84 3575 3929 871 7(7 .6 4 1000
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Table 6.9 Joint probability distribution (parts-per-thousandisignificant wave height and
peak spectral wave period for the Gisborne assegdoation.

Location Gisborne
Peak spectral wave period (s)
Hs (m) 0-2 2-4 4-6 6-8 8-10| 10-12 12-14 14-16 16418 18}20otal
>0 <=05 0.2 10.3 1.9 8 5.9 12 10.5 3.1 0.4 g 52.3
>05<=1 0 36.9 11.8 36.5 59.5 92.9 56.6 5.6 op 300
>1 <=15 0 2.7 17.1 35.8 95.1] 80.7 53.6 3.1 0 Q 287.6
>15<=2 0 0 6.4 26.2 64.3 45.5 19.1 1.7 0 0 162.7
>2 <=25 0 0 0.6 17.3 315 35.7 7.9 0.4 0 0 93.8
>25<=3 0 0 0 8.5 14.7 22.1 54 0.3 0 0| 51
>3 <=35 0 0 0 2.2 9.6 11.3 3.3 0.1 0 0| 26.5
>35<=4 0 0 0 0.1 5.1 5 2 0.1 0 0| 12.3
>4 <=45 0 0 0 0 2.3 2.7 1.1 0 0 0| 6.1
>45 <=5 0 0 0 0 0.7 2 0.6 0 0 0 3.3
>5 <=55 0 0 0 0 0.2 1.2 0.4 0 0 0| 18
>55 <=6 0 0 0 0 0 0.6 0.2 0 0 0 0.8
>6 <=6.5 0 0 0 0 0 0.4 0.3 0 0 0 0.7
>6.5 <=7 0 0 0 0 0 0.1 0.4 0 0 0 05
>7 <=75 0 0 0 0 0 0.1 0.3 0 0 0O 04
>75 <=8 0 0 0 0 0 0 0.1 0.1 0 0 0.2
>8 <=85 0 0 0 0 0 0 0 0.1 0 0| 0.1
>85 <=9 0 0 0 0 0 0 0 0.1 0 0| 0.1
>9 <=95 0 0 0 0 0 0 0 0 0 0 0
>9.5 0 0 0 0 0 0 0 0 0 0 0
Total 0.2 49.9 37.8| 134.6 288p 3118 1618 146 6 4. O 1000
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Table 6.10 Joint probability distribution (parts-per-thousandisignificant wave height and
peak spectral wave period for the Wairarapa asssgdaocation.

Location Wairarapa
Peak spectral wave period (s)

Hs (m) 0-2 2-4 4-6 6-8 8-10| 10-12 12-14 14-16 16418 18}20otal
>0 <=05 0 1.1 1.2 1 0.8 1.3 11 0.2 0 0| 6.7
>05<=1 0 20.4 11.9 23.5 21.9 42.¢ 23.p 4.1 04 148
>1 <=15 0 8.5 29.7 37.3 75.40 1164 55.[ 5.8 08 328.5
>15<=2 0 0 9.9 25.9 67.6 84 44.7 4.3 0.1 0 236
>2 <=25 0 0 11 17.2 315 55.8 29.1 2.9 0 0 137.5
>25<=3 0 0 0 9.8 16.5 28.4 12,79 1.1 0 0| 68.5
>3 <=35 0 0 0 2.7 11.2 13.4 7.2 1 0 0 355
>35<=4 0 0 0 0.4 7.4 6.6 3.6 0.2 0 0| 18.2
>4 <=45 0 0 0 0.1 2.9 4.3 14 0.1 0 0| 8.8
>45 <=5 0 0 0 0 0.9 2.7 0.6 0.1 0 0| 4.3
>5 <=55 0 0 0 0 0.3 2.8 0.6 0.1 0 0O 3.8
>55 <=6 0 0 0 0 0.1 14 0.4 0 0 0] 19
>6 <=6.5 0 0 0 0 0 0.7 0.4 0 0 0 1.1
>6.5 <=7 0 0 0 0 0 0.1 0.2 0 0 0 03
>7 <=75 0 0 0 0 0 0 0.1 0 0 0| 0.1
>75 <=8 0 0 0 0 0 0.1 0.2 0 0 0 03
>8 <=85 0 0 0 0 0 0 0 0 0 0 0
>85 <=9 0 0 0 0 0 0 0.1 0 0 0| 0.1
>9 <=95 0 0 0 0 0 0 0 0 0 0 0
>9.5 0 0 0 0 0 0 0.2 0 0 0| 0.2

Total 0 30 53.8 | 117.9 236.% 360/6 1804 198 0{8 D 1000
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Table 6.11 Southland wave power — annual persistence exceedésjc

Spectral wave power Duration (hours)
(kw.m™) >12 >24 >36 >48 > 60 >72 > 84 > 96 >108 | 812 | >132 > 144 > 156 > 168
>=0 100 100 100 100 100 100 100 100 100 100 100 100 100 100
>=20 75 73.84 72.16 70.44 68.56 66.3B 63.99 61.p9 57.8 4.485 51.6 48.58 45.79 43.71
>=40 50.12 47.93 44.88 41.44 38.0% 34.56 31.48 28/39 3826. 23.1 20.62 17.92 15.33 13.4B
>=60 30.91 28.55 25.34 22.4 19.64 16.41 14.32 1163 9.76 7.52 6.21 5.09 4.4 4.22
>=80 19.41 17.27 14.9 12.09 9.75 7.771 5.38 3.99 341 82B 231 1.69 1.52 1.14
>=100 12.54 10.65 8.55 6.73 5.1 3.96 2.54 2.04 1.7 1.04 0.76 0.76 0.41 0.23
>=120 7.98 6.65 5.05 3.73 2.5 1.33 0.9 0.49 0.26 0 0 [t 0
>=140 5.38 4.19 3.2 1.86 1.22 0.31 0.31 0.1p 0 0 0 0 ( D
>=160 3.65 2.47 1.59 0.98 0.55 0.19 0.1 0 0 0 0 0 0 (
>=180 2.37 1.56 0.84 0.49 0.1 0.1 0 0 0 0 0 0 0 0
>=200 1.56 1.03 0.4 0.21 0.09 0.09 0 0 0 0 0 0 0 q
>=220 1.02 0.59 0.32 0.19 0.07 0 0 0 0 0 0 0 0 0
>=240 0.68 0.38 0.22 0.12 0 0 0 0 0 0 0 0 0 0
>=260 0.55 0.26 0.16 0 0 0 0 0 0 0 0 0 0 0
>=280 0.39 0.16 0.1 0 0 0 0 0 0 0 0 0 0 0
>=300 0.27 0.12 0.04 0 0 0 0 0 0 0 0 0 0 0
>=320 0.22 0.1 0 0 0 0 0 0 0 0 0 0 0 0
>=340 0.17 0 0 0 0 0 0 0 0 0 0 0 0 0
>=360 0.12 0 0 0 0 0 0 0 0 0 0 0 0 0
>=380 0.08 0 0 0 0 0 0 0 0 0 0 0 0 0
>=400 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=420 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=440 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=460 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=480 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=500 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.12 Westport wave power — annual persistence exceedgés)ce

Spectral wave power Duration (hours)

(kw.m™) >12 >24 >36 > 48 > 60 >72 >84 > 96 >108 812 | >132 > 144 > 156 > 168
>=0 100 100 100 100 100 100 100 100 10 10D 100 100 100 100
>=20 54.69 52.61 50.37 46.99 43.42 39.46 34.%57 32/06 7628. 26.27 23.64 20.77 19.2 17.34
>=40 22.7 20.67 17.35 14.32 11.14 9.07 7.28 6.15 509 913] 3.17 2.53 1.84 1.84
>=60 10.04 8.37 6.41 5.02 2.79 2.11 1.38 0.9 0.62 0.49 0.34 0.18 0.18 0
>=80 5.04 3.56 2.63 1.48 0.49 0.34 0.34 0.18 0.13 ( ( D 0 0
>=100 2.63 2.01 0.98 0.33 0.09 0.09 0 0 0 0 0 0 0 d
>=120 1.5 0.91 0.4 0.06 0 0 0 0 0 0 0 0 0 0
>=140 0.79 0.39 0.15 0 0 0 0 0 0 0 0 0 0 0
>=160 0.5 0.23 0.09 0 0 0 0 0 0 0 0 0 0 0
>=180 0.36 0.13 0.05 0 0 0 0 0 0 0 0 0 0 0
>=200 0.24 0.11 0.04 0 0 0 0 0 0 0 0 0 0 0
>=220 0.22 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=240 0.2 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=260 0.16 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=280 0.12 0.06 0 0 0 0 0 0 0 0 0 0 0 0
>=300 0.09 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=320 0.07 0 0 0 0 0 0 0 0 0 0 0 0 0
>=340 0.07 0 0 0 0 0 0 0 0 0 0 0 0 0
>=360 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0
>=380 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0
>=400 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=420 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=440 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=460 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=480 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=500 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.13 Taranaki wave power — annual persistence exceedgtjce

Spectral wave power Duration (hours)

(kw.m™) >12 >24 > 36 > 48 > 60 >72 >84 > 06 > 104 >120>132 | >144 | >156 | > 168
>=0 100 100 100 100 100 100 100 104 10 10D 1Q0 100 100 100
>=20 53.97 51.94 | 49.59| 47.14 43.69 39.61  35.33 3231 9729, 27.7 25.36 23.61 21.19 20.0f
>=40 21.8 19.54 16.83 14.08 11 9.24 7.15% 5.8 5.12 3.94 3.05 2.25 1.73 1.55
>=60 9.25 7.95 5.73 4.47 2.42 1.58 0.94 0.8 0.5 0.46 .170| 0.17 0 0
>=80 4.44 3.22 2.3 1.02 0.46 0.3 0.17 0.12 0 0 0 o d ()

>=100 2.2 1.6 0.67 0.38 0.2 0.2 0.1 0 0 0 0 0 0 [0
>=120 1.26 0.78 0.41 0.17 0.11 0.1 0.11 0 0 0 0 0 d
>=140 0.68 0.35 0.1 0 0 0 0 0 0 0 0 0 0 0
>=160 0.38 0.2 0.05 0 0 0 0 0 0 0 0 0 0 0
>=180 0.28 0.14 0 0 0 0 0 0 0 0 0 0 0 0
>=200 0.22 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=220 0.17 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=240 0.14 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=260 0.1 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=280 0.07 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=300 0.05 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=320 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0
>=340 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0
>=360 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=380 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=400 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=420 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=440 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=460 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=480 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=500 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.14 Port Waikato wave power — annual persistence exraed(%).

Spectral wave power Duration (hours)

(kw.m™) >12 >24 > 36 > 48 > 60 >72 >84 > 06 > 104 >120>132 | >144 | >156 | > 168
>=0 100 100 100 100 100 100 100 104 10 10D 1Q0 100 100 100
>=20 52.52 50.95| 48.81| 46.01 42.43 39.09 35.73 3241 3 3(. 28.21 25.9 23.51 21.43 19.0[L
>=40 19.47 17.5 15.08 12.26 9.96 7.48 5.68 4.62 369 93p 27 1.9 0.87 0.69
>=60 7.54 6.11 4.78 3.3 1.54 1.31 0.52 0.5 0.39 0.14 D 0 0 0
>=80 3.12 2.35 1.41 0.58 0.27 0.2 0.11 0 0 0 0 0 0 q
>=100 1.46 0.89 0.47 0.27 0.16 0 0 0 0 0 0 0 0 0
>=120 0.74 0.4 0.19 0 0 0 0 0 0 0 0 0 0 0
>=140 0.46 0.18 0.04 0 0 0 0 0 0 0 0 0 0 0
>=160 0.27 0.11 0 0 0 0 0 0 0 0 0 0 0 0
>=180 0.16 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=200 0.12 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=220 0.08 0 0 0 0 0 0 0 0 0 0 0 0 0
>=240 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0
>=260 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=280 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=300 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=320 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=340 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=360 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=380 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=400 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=420 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=440 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=460 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=480 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=500 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.15 Gisborne wave power — annual persistence exceed®jce

Spectral wave power Duration (hours)

(kw.m™) >12 >24 > 36 > 48 > 60 >72 >84 > 06 > 104 >120>132 | >144 | >156 | > 168
>=0 100 100 100 100 100 100 100 104 10 10D 1Q0 100 100 100
>=20 13.22 11.01 8.94 7.49 6.19 5.24 4638 3.91 2.85 2.83 1.75 1.27 1.27 0.54
>=40 4.08 2.94 2.25 1.51 0.81 0.58 0.17 0.1p 0 0 Q ( ( D
>=60 1.5 0.97 0.58 0.18 0 0 0 0 0 0 0 0 0 0
>=80 0.79 0.43 0.14 0 0 0 0 0 0 0 0 0 0 0
>=100 0.51 0.24 0.05 0 0 0 0 0 0 0 0 0 0 0
>=120 0.31 0.17 0.04 0 0 0 0 0 0 0 0 0 0 0
>=140 0.25 0.13 0 0 0 0 0 0 0 0 0 0 0 0
>=160 0.16 0.04 0 0 0 0 0 0 0 0 0 0 0 0
>=180 0.14 0.04 0 0 0 0 0 0 0 0 0 0 0 0
>=200 0.12 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=220 0.09 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=240 0.05 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=260 0.05 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=280 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=300 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=320 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=340 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=360 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=380 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=400 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=420 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=440 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=460 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=480 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=500 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.16 Wairarapa wave power — annual persistence exceedésjc

Spectral wave power Duration (hours)

(kw.m™) >12 > 24 > 36 > 48 > 60 > 72 > 84 > 96 > 104 >120>132 | >144 | >156 | >168
>=0 100 100 100 100 100 100 100 10d 10 10D 1do 100 100 100
>=20 18.46 | 1534 12.62] 10.83 9.03 7.64 6.5p 5.91 443 653] 3.35 2.88 2.53 1.78
>=40 5.59 3.99 2.81 1.84 1.36 1.04 0.77 0.7f 0.45 051 370] o021 0.21 0.21
>=60 2.3 1.35 0.72 0.43 0.17 0.09 0 0 0 0 0 0 0 d
>=80 1.12 0.56 0.26 0.12 0 0 0 0 0 0 0 0 0 0
>=100 0.65 0.42 0.15 0 0 0 0 0 0 0 0 0 0 0
>=120 0.42 0.25 0.04 0 0 0 0 0 0 0 0 0 0 0
>=140 0.26 0.12 0.04 0 0 0 0 0 0 0 0 0 0 0
>=160 0.2 0.11 0 0 0 0 0 0 0 0 0 0 0 0
>=180 0.17 0.07 0 0 0 0 0 0 0 0 0 0 0 0
>=200 0.12 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=220 0.09 0.03 0 0 0 0 0 0 0 0 0 0 0 0
>=240 0.08 0 0 0 0 0 0 0 0 0 0 0 0 0
>=260 0.08 0 0 0 0 0 0 0 0 0 0 0 0 0
>=280 0.04 0 0 0 0 0 0 0 0 0 0 0 0 0
>=300 0.03 0 0 0 0 0 0 0 0 0 0 0 0 0
>=320 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=340 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=360 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=380 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=400 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=420 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0
>=440 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=460 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=480 0 0 0 0 0 0 0 0 0 0 0 0 0 0
>=500 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.17 Monthly wave height and spectral wave power statigor the Southland
assessment location.

Mean Hs | Median Hs | Mean spectral wave| Median spectral wave Mean daily wave
(m) (m) power (kW.m™) power (KW.m™) power variability (%)
Jan 2.49 241 35.7 27.9 29.4
Feb 2.67 2.56 42.2 33.2 28.6
Mar 2.87 2.63 49.8 35.3 27.3
Apr 3.12 2.96 62.8 48.4 28.7
May 3.20 3.13 67.1 50.6 29.5
Jun 3.21 3.01 69.0 47.6 28.9
Jul 2.96 2.92 57.0 47.6 27.1
Aug 3.05 3.02 61.2 49.3 30.4
Sep 3.13 3.07 62.6 48.6 32.9
Oct 3.00 2.93 57.8 45.9 31.2
Nov 2.76 2.70 43.6 35.7 28.7
Dec 2.45 2.37 35.3 26.8 30.5
Annual 291 2.79 53.7 40.8 29.4
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7 TIDAL ENERGY RESORCES

7.1

7.2

7.3

7.4

New Zealand scale

The open-ocean tidal energy resources in New Zdada® represented in Figures 7.1
and 7.2. These plots show the depth-averaged fasssciated with the Mean Spring
Tides (M2+S2) and the Highest Astronomical Tidesspectively. There are three
regions with accelerated flows; Cook Strait, CagenBa and the waters surrounding
Stewart Island. The tidal resources in Cook Steaitl Foveaux Strait are further

considered in the following sections.

Cook Strait

The tidal energy resources within the Cook Streat@resented in Figures 7.3 and 7.4,
showing the depth-averaged flows associated wighSpring Tide (M2+S2) and the

Highest Astronomical Tide, respectively.

Foveaux Strait

The tidal energy resources within the Foveaux St presented in Figures 7.5 and
7.6, showing the depth-averaged flows associatéd the Spring Tide (M2+S2) and

the Highest Astronomical Tide, respectively.

Tidal power simulations

Tidal power simulations have been undertaken atosiations; five in the Cook Strait
and one in Foveaux Strait, as shown on Figures7d77.8. At each location, the time-
series of the depth-averaged tidal flows (at 15utéinintervals) has been converted to
electrical power using the methods defined in $ecli. Two single-turbine tidal power
devices have been simulated, as described in BableThe results are summarized in
Table 7.1.
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Table 7.1 Tidal energy site assessment results. Devices 2 and specified in Table 4.1,
and the site locations are shown on Figures 7.77ahd

Parameter Units Cs1 Cs2 CSss3 Cs4 CSs5 FX1
Mean power of the resourge Wm™ 1,660 3,610 1,555 5,190 1,095 304
Device 1

Rated time % 4.3 14.9 1.9 22.3 2.0 0.0
Working time % 63.6 79.6 69.8 80.0 56.5 45.7
Mean annual power kw 105.0 200.0 105.5 229.3 71.5 19.4
Mean annual production MWh 919.3 1752.000 923.8 2009.1 626.1 1698
Device 2

Rated time % 4.3 14.9 1.9 22.3 2.0 0.0
Working time % 58.3 75.9 65.0 76.6 50.6 36.9
Mean annual power kw 48.8 93.4 49.6 107.2 33.0 8.5
Mean annual production MWh 427.3 818.2 434.1 938.8 289.5 74.0
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Figure 7.1 Depth-averaged tidal current speeds for the Meam&fiows
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Figure 7.2 Depth-averaged tidal current speeds for the Highsgbnomical flows
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Figure 7.3 Depth-averaged tidal current speeds for the Spridg flows in the Cook Strait,
including the 1 m/s speed contour.

Figure 7.4 Depth-averaged tidal current speeds for the Highssbnomical Tidal flows in
the Cook Strait, including the 1 m/s speed contour.
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Figure 7.5 Depth-averaged tidal current speeds for the Sgridgl flows in the Foveaux
Strait region, including the 1 m/s speed contour.
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Figure 7.6 Depth-averaged tidal current speeds for the Highssbnomical Tidal flows in
the Foveaux Strait region, including the 1 m/s dpssntour.
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Figure 7.7 The output locations in the Cook Strait regiondetailed tidal power generation
simulation. The Spring Tidal flows are also shoatong with the 1 m/s speed
contour and the 25 m water depth contour.
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Figure 7.8 The output location in the Foveaux Strait regiondetailed tidal power
generation simulation. The Spring Tidal flows asoahown, along with the 1
m/s speed contour and the 25 m water depth contour.
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8 SUMMARY

An investigation of the open ocean marine energpueces in New Zealand waters has
been undertaken. The scope has utilised the foligwiethods:

A region-scale 10-year numerical wave hindcasiNew Zealand, with detailed

validation for wave statistics and wave power;

Depth-averaged tidal current modelling of New Zadlavaters, with high-

resolution modelling of the Cook Strait and Fove&trait regions;
The specific deliverables that have been produced a

Summary maps of the open-coast tidal resource, whwete, potential wave

power, and energy output for generic wave convardevices.

Detailed analysis of two potential tidal energyioeg and six wave energy sites,
considering the environmental statistics, probaptever output, daily and

seasonal variability and time-domain analyses.
The summary modelling results are:

There is a mean annual wave power resource ofagt B0 kW.rit available
within about 15 km of the shoreline along most loé West Coast of New
Zealand, excepting the Western Cook Strait regind the North Taranaki
Bight. The most energetic wave power location mnglthe Southland coast,
from Fiordland to the west of Stewart Island. Alotig East Coast of New
Zealand, only the Catlins region in South Otago &asquivalent resource to
the West Coast. In the North Island, the coasfliom Wairarapa to East Cape
is the next most energetic region, with around thivel of the median energy of
the West Coast.

There are three locations in New Zealand with aanegoast tidal resource;
Cook Strait, Cape Reinga and the waters surroursiag/art Island. The mean
annual Cook Strait resource is as high as 5000Mrhile the resource in

Foveaux Strait adjacent to Bluff is approximatedp3Vm?.
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