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Global wave power distribution

Figure 6.1 | Global offshore annual wave power level distribution (Cornett, 2008).
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Wave power potential (TWh/yr)

Carbon trust UK wave energy resource (2012)

 Total Resource Highest overall energy availability over the area
from lines of devices in optimal locations

» Theoretical Resource The maximum energy available in realistic
optimal locations (assumed lowest cost locations) with some
assumptions on power extraction

» Technical Resource Taking technology options into account.

 Practical Resource Taking sea uses and environmental impact
Into account
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Global energy potential

. . Sources:

* Theoretical wave potential 32.000 TWh/yr + Lewis et al. (2011) Ocean

. . Energy. In IPCC Special

North sea < 5 TWh/yr is not included Report on Renewable
. . E S d

» Technical wave potential 5000 TWh/yr Climate Change Mitigation

inti * Wiser et al. (2011) Wind

(Large uncertainties!) s I o Sl

Report on Renewable
Energy Sources and
Climate Change Mitigation

 Theoretical wind potential 1.2 million TWh/yr

 Technical wind potential 125 000 TWh/yr
(19.400 TWh/yr onshore) . GWEA

+ SSB
« Norwegian hydropower production 145 TWh in 2015
» Global installed wind energy capacity was 487 GW in 2016
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Global energy potential

Electricity Heat Primary Energy
= 100,000
3 )
“ B Range of Estimates
-4 Summarized in Chapters 2-7
E: 10,000 Maximum
s |
= Mirimum
=
2 1000
a ' Global Heat
ﬁ Demand, 2008: 164 EJ
'JE 1 Global Primary Energy
= i i Supply, 2008: 492 EJ
& 100 PEY
|
a
2
] Global Electricity
Demand, 2008: 61 E
10
1] ¥ ¥ 1 r T ¥ 1
Geothermal Hydropower Ocean Wind Geothermal Biomass Direct Solar
Energy Energy Energy Energy Energy
Range of Estimates of Global Technical Potentials
Max (in Ellyr) 1109 52 N 580 312 500 49837
Min (in Elfyr) 118 50 7 B85 10 50 1575
05.04.2017 Bunntekst

Sources:
* Lewis et al. (2011) Ocean

Energy. In IPCC Special
Report on Renewable
Energy Sources and
Climate Change Mitigation
https://www.ipcc.ch/pdf/sp
ecial-reports/srren/ipcc-
srren-generic-
presentation-1.pdf
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Estimating the coastal wave

climate

Example wave power prototype at Runde




Reanalysis data set

-  NORA10 — a dynamical downscaling of ERA-40 and standalone

wave hindcast

Atmospheric component — HIRLAM 10 km:

* ERA-40 on boundaries (6-hourly)
- 40 levels: temp, wind, humidity, cloud water
- Surface: pressure

* Blended with ERA-40 in interior (digital filter)
- Maintain large-scale features
- Preserve mesoscale features (polar lows)

*  Sequence of 9-hour model runs (3 hourly data)

» 248 x 400 grid points

Wave component — nested WAM-model
«  WAM 50 km forced by ERA-40 winds
WAM 10 km forced by HIRLAM10 winds
- 2D spectrum: 24 by 25 directional/frequency
bins
«  September 1957 onwards

E

-40/WAM50

VN A
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Reanalysis data set gives hourly or 3-
hourly output

- Nyttarsorkanen 1992 s
o . / = ara:sé__s%;:i%igitl_wave_heiggt F
Tt ._ :

o
5
&
]
2
3

wave_19911221 wms_significant_wave_height (00 +252) 1991-12-31 12 UTC
MSLP 199112 MSLP (00 +732) 1991-12-31 12 UTC

L I3 ETS—— PRy 4
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Downscaling
-using wave model SWAN

B3N

...................

...........................................

54

ong time series (58 years)

Suggested wave power plant
hort time series (1 year)

...................

B2°M
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Detailed bathymetry [m]

‘ Fredag 2003-09-25 00 UTC ‘ d BOTTOM_DEFTH
Om

e.g. 200m spatial resolution

223.- 230
200 - 225
175 - 200

150-175
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N
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Directional distributions

NORAZ10 location Coastal location

ORI

4555 . 45% .

308 - 30% -

5 0 ; e
C11-2 ; C1i-2

] ____E_S!J_L!TH--""' -n-1 SI:ILITH -|:|-1

Waves from West and North Waves from North and Northwest
(sheltering from Runde)
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Coastal location

Hs - SWAN (62.412N 5642E)

Downscaling NORA10O to coastal
location for wave power plant

Frior to calibration

Std: 0.99 j
{:Qr: D?D ................................. ‘,ae"' .............
0.36+0.45¢ : o
, : 4 :
SIB592. i R |
BIASI117 Ll
: /e

Calibrate each sector

After calibration

Hs - NORA10 (62 5N 5.52E)
Offshore location

—> Long time series locally

— ——Entries: 2440,

Th- Std: T
Hol  Conoss N AR
e -0.00+1.00x - : e g :

LT : : "a .
= 1 SRR Sl: 1':'.?6- ........ é........‘.-:...: ..... , ........ ....... i
o : ol T :
=t Blaz: 000 © - = ; :
IS 1 i - ;.I... ....... R EEEEEEE
= : : - : :
= =
'CI: 3 ....................... R .................. .........
= : :
£ ‘. : .
e Rt L ................. .........
7] : :
+ | |
1 ...................................... .......... _ 11
: Feg
0 1 u 1 1 1 | 1 I
] 1 2 3 4 5 ] v g

Hs - NORA 10 (62.5N 5.52E)( calibrated)
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Long timeseries

- Useful for statistics:

= Mean, median etc.

Probability density

* Frequency of events or combination of events
= Return value estimations for design loads

orwe



Return Value estimates

- data selection and fitting of distribution

Different approaches may be used:

e |[nitial distribution method / 3p-Weibull (fitting: MOM and LS)

e Annual maximum / Generalized Extreme Value distribution (Gumbel)
e Peaks over threshold / Generalized Pareto (exponential)
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”’100 year” wave situation in the
offshore location

WSW sector dir=240deg Hs=14.1m Tp=17.3s

T I l I
o o o ,,,,,,,,,,_.,_.,_.,_,_.,,... __________ |
. T T T 10mHs
e :
e L 5m Hs
ol mRRIRREIaEe | - " soscoao. MU N TN NUERENEEE R ]
| e~ : | (~1yr return
value locally)
62°N| [ . N
24.00'
I
ok T
24 30 42 45

5°E




North Sea wave climate




North Sea wave climate

» Low wave climate in a global perspective
. Relatlvely Iarge varlablllty in wave direction
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North Sea wave climate
1(223/r return values Hs (Aarnes et al.' 201&&

‘  Also lower return values in the
o A o North Sea
N /

« Still, similar design loads in the

¥ North Sea as in rougher wave
W climate (Serensen and Chozas,
HPOT!)U?
5100 ¢ ICOE, 2010)
75“’W 0° \SOE
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Wave power may complement

wind energy

December 19-20, 2001

5 100% 4——2—% et o g3 o 3 o g o
= o \ \’\
(=] gﬂ a"lc- i
o '|I|I || l“"-\.‘_‘/'l\\u-"'lwl
g 80% —
E 7084 4 ."Ewﬂ\ II "‘-
S 60% ~ : }L—f"-\‘ R \%'1 Wind-P
.0 ey Wy —— Wind-
= S0% l'l | == A“'Haxﬁ \ Wave-P
£ —— Wave-
s 40% Ilal fl A
= A
ﬁ 3{]'}/0 1 L
ER \/ \ —~
o 10%
g 0% -\‘m/{
g (=]
E 19- 1% 1% 1% 19- 1% 20- 20- 20- 20- 20- 20- 20- 20- 20- 20- 20- 20-

12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12- 12-

2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001 2001

18:0 19:0 20:0 21:0 22:0 23:0 00:0 01:0 02:0 03:0 040 05:0 06:0 07:0 08:0 09:0 10:0 11:0

Sgrensen and Chozas (2010)
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Coexistence

« Competition for space

 Supply of energy to oil rigs

 Reuse of grid

» Sheltering for access to wind turbines?

20 05.04.2017 Bunntekst

4

T -
o e AT Snorre
¢
PSR IR frvest -~
Cormosast-"_}  ~LT9— Guitas
\
s

a - Batmoral Breaer
o Cyrus=t " Mausees ;_/, Brabng A

EXPLANATION
Il Ol feld I Cas or gas condensate field
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Trade-off between cost of
energy and distance to shore

Water depth

Shelf break “—

Mean wave power
[kWim]

Mooring cost

Grid cost

Transit cost

W Grid
Cost of energy B Transit
M Mooring
W Other Norwegian
o o o =] Meteorological
21 ot P88 %83 Institute
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Wind versus wave energy

« Wind energy P = %Apv3 [W /m?]

1
« Wave energy P = gngZCg [W/m]

H (H,,s) of wind sea and swell separated

Cy = % = % in deep water (D > A/4)

T (T, or T,,.10) IS the energy period

= [1ED df Peak dir.

Wind 7

m

o VFdade m_4

TE“: 1 ot

4 de.:rdH m,
L] 0

oo 01 02 03 04

freq.[Hz]

HMO[m]

wind sea

—_ Swell

22 05.04.2017 Bunntekst
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Wave energy extraction

Period [s]
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[m

Significant Wave Height

Joint statistics Hs / Tp
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NORA10 - Frequency table - Pos: 7352N 2207E
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[m

Significant Wave Height

Joint statistics Hs / Tp
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o
J—
=i

distribution Tp

>

NORA10 - Frequency table - Pos: 7352N 2207E

(1958 - 2014)

0.00 10,00 10,00 [0.26 1264 8,01 14.18 16.49 15,24 12.60 9.46 |7.10 [5.30 13,48 1215 1.37 071 043 031 10,09 0,09 [0.04 003 ' 0.00)100.00

0.00 )

0.00

0.00 0.00 |

0.00 |

0.00 |

) 0.00

00 | 0.00 0.00

/o.oo o.uo/ 0.00 |

0.00 / 0.00 |

/ / 0.00

0.00 | 0.00 | 0.00 0.00

pd 0.00 /0.0 0.00 |

/000 [0.00 [0.00 y{ 0.00 0.00

/ 0.00 |0.00 [0.00 |phio 0.01 |

/ 0.00 |0.00 //0.00 |0.00 0.00 |

/ 0.00 20.00 | 0.00 [0pf [0.00 [0.00 0.01_|

/ |ooo %1 0.00 Ao [0.00 [0.00 0.03

0.00 [0.01 ¢ o2 [0.0)/|0.01 | 0.00 [0.00 0.06 |

y{o.no 0 0.02 |gA1 [0.00 [0.00 |0.00 0.09 |

| Most frequent /0.00 [0.029g" .05 | 0.03/0.02 [0.01 [0.00 [0.00 0.15 |

. . [y 0.01 (0.0 0.05 0.02 [0.01 [0.00 [0.00 0.00 019

Hs/Tp combination 00 [0.03 PN 10 :}.:},%f?fr 0.02 |0.01 |0.01 |0.01 0.35

opf [o.01 1®(0.15 [0@f (006 |0.04_ =S 0] | 0.00 [0.00 0.58 |

Aoo |00 20 |0.14 Aos | ope~ 004 |0.02 [0.01 [0.01 |0, 00 | 0.78

/o2 W 030 |04 |0.13770.08 |0.06 [0.03 [0.02 [0.02 | 0.00 |0.0DN.00 1.23 |

/ |oo6 [0z 47 [0.28 A22 15 011 |0.07 |0.04 (003 |0.02 [0.00 [0.00 [Oo [0.00 1.77 |

o.00/0.01 |0.20 [0.63 [0.62 [0 (027 0.12 |04 | DA 1 @ moo [0.00 0.0\ 0.00 2.67 |

o 006 [060 (096 [066 /4047 [0f7 (027 (o8 (A Y1 Tdder M3 %1 (001 [o.00 Np.oo 3.83

o3 [0.33 0 056 |offe (033 [0.20 |13 (606 (004 [0.03 [0p1 (001 [0.01 [ Yoo 5.54 |

0.0y// .20 94 (072 |olse 043 o026 @ \A\/ {44 (el gfoz (001 [0.00 [gof | 7.81 |

ofs 087 096 |0X2 [0.50 [0.27 | M7 [0.08 [0.05 [0.04 [0.01 [0.01 [0.01 [Aoo 1118

ool [fas 109 |08} (045 (023 [0.16 éngqulpwa 0.01 [0.01 |0.00/0.00 14.76|

0.20, 1.02 [068\N.35 (022 014 |¥hd Voes!bp4 (002 001 [opd (001 | 18.91

ol T 1.04 |063 [0.36 [0 _|0.14 [0.09 [0.05 [0.03 [0.02 [0.01 [0.01 A0l [0.00 19.75|

0.00 (020 0.66 [051 | 033 [0.20 [0.12 [0.07 (>t | 0.02 [0.02 |[0.01 [0.01 |0.00 800 [0.00 000 9.85

0.00 [0.03 (047 |o. 03 [0.03 [0.03 [0.02 [0.01 [0.01 [0.01 [0.00 000 00 000 — 0.42 |

] 1 2 3 4 5 B 7 a [ 10 11 1z 13 14 15 16 17 18 19 20 = 22 =3 24

Peak Period[s]

e

4.5

35

2.5

= 0.5

Marginal
distributi
on Hs

Norwegian
Meteorological
Institute



Joint statistics Hs / Tp

Oceanographic convention - energy “going towards”
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Sheltering effect

 Reduction in wave energy

» Refraction

2 m Hs
5 s period
from West

05.04.2017

70000

Wave energy converters
* 1 row (left)
* 2 rows (right)

B
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Fig. 16. Example output using the standard SWAN energy transmission for a bi-modal sea state with barrier configurations 2 (left) and 3.

Smith et al. (2012) Renewable Energy
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* Yearly production (10%
efficiency of the annual
mean power of the
devices)

* In total 23 TWh/yr: ~2%
of electricity
consumption in these
countries

« 77 TWhlyr (6%) with a
transnational approach

» Local effects - hot spots

Figure 7: The national approach: one line of wave devices

- not accounted for placed along the coast: map from [16] (the figures are
significant wave height in m).

Sgrensen and Chozas (2010)
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Transfer of wave energy to the

coast

» 20m isobath (T ~ 75s)
« Can give wave energy hot spots
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Wave power in Norway
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Norwave wave power prototype
Toftestallen 1985-1991

691 MWh in total delivered to grid




2008

* Buldra
* Fred. Olsen research platform.
* Glasfibre, 12 x 12 meter and 8 m a.s.l. (1:3).

http://www.ntnu.no/gemini/2005-01/kortnytt.htm
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Runde Miljgsenter

Several wave power converters have been tested here Photo: Annelise Chapman
Contact: Lars Golmen, NIVA
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Telefon: +47 70 08 08 00 | post@rundecentre.no Kontakt | Om RMS m Bildegalleri | Balgjevarsel
<~ RundeMiljosenter

Forsking Sjefugl Havenergi Bestill overnatting Bestill metepakke i havgapet Besekssenter

Heim / Belgjevarsel for omradet rundt Runde

Kategoriar
Bolgjevarsel for omradet rundt Runde

» Aktivitet pa senteret

Runde Miljesenter har i samarbeid med Meteorologisk Institutt laga ein belgjemodell med haeg oppleysing for
omradet rund Runde. Nye varsel vert produsert to gongar for dag.

» Forsking

Varsla viser signifikant belgjehegd , ikkje maks. Dei sterste belgjene er i snitt 1,8 gongar hegare enn den » Nyhende
signifikante belgjehegda.
» Seminar og kurs

Signifikant belgjehegde (m) rundt Runde den 2014-12-03 klokka 12:00

kilde: swam_runde_2014120112.nc

6.00
Siste innlegg
62.48 5.25
. s » Paska 2017 pa Runde
o« 175 g » Sendagsforerag 2. april 2017:
“é 4 .g Hawvet =i helse - kva skjer under
5 6oan 3-°°§ overflata? Av Anders Goksaeyr (UiB)
62.40 225;? » Sendagsforedrag 26.mars:
iER Forskning av fugletrekk: Fra
62,38 metallring til gps og satelitt av Kjell
075 Mork Soot
62,36
Pl aTal Ctort nnnenaad o1 ot fonn
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