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A Feasihility Study on Annual Energy Production
of the Offshore Wind Farm using MERRA Reanalysis Data

ol LT HES - Yol Fu - RSt

Song Yuan*, Kim Hyungyu=, Byeon Junho*, Paek Insu=x and Yoo Neungsoo*t
(Received 25 February 2015 ; accepted 14 April 2015)

Abstract : A feasibility study to estimate annual energy production of an offshore wind farm was performed using
MERRA reanalysis data. Two well known commercial codes commonly used to wind farm design and power
prediction were used. Three years of MERRA data were used to predict annual energy predictions of the offshore
wind farm close to Copenhagen from 2011 to 2013. The availability of the wind farm was calculated from the
power output data available online. It was found from the study that the MERRA reanalysis data with commercial
codes could be used to fairly accurately predict the annual energy production from offshore wind farms when a

meteorological mast is not available.
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Fig. 1 Power curve of Bonus B76 wind turbine

2.2 GIS A=
Middelgrunden 317338 A a2 = Fig.2

9} o] & ylo] o]okA w7} oF 35km=E AF
A o2 kel I g kel 9] x| gt o] 9ok
22 o2 A A F A Al 49 A

[e=]

(National Aeronautics and Space Admlmstration)
ol A A&3= SRTM (Shuttle Radar Topography
Mission, 90m Resolution) Digital Elevation
Models(DEM)& AH8-8-Ach” 123 A5 A
2719 < Google Earth 94 A =9} &Y
of AAE A E AH7] ARE o]&sto] 77
sttt A% AR AR 48 GIS 221
#(Global Mapper)ell 4= 3sto] 21 FAA]
@ o] ARgsteit.

2.3 MERRA A 34 d °]¥

MERRA A &4 A5+ 1l NASAGA
19793 58 dA7tA AEHFHo=2 SHE <
A 713AES VIE 3RS AE 5o
GEOS-5(the Goddard Earth Observing System
Data Assimilation System Version 5) 7|45
do] 7] A5F3A 2= (Atmos— pheric Data

Assimilation System)ell A-83}o] A3 A g

) Mlddelgrunden
Wind Farm - g%
MERRA -

AR TR IR

Fig. 2 Distance between Middelgrunden
wind farm and MERRA point
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A ZHF F4S Agatolof Frp!) o]
2 olFE & AFoAE o] 50m, 1A3F
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o}, B Ao A AFE-3F Middelgrunden 317
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25 = Fig. 2 oA et Zo] dA]eA 21.2km
Holxl e §Alske] Ut

obefl Table 12 & Aol A AR&3 MERRA

A A5 Gyt T oA Lo
FEg A 9
Table. 1 MERRA Reanalysis data
MERRA
Year 2011 2012 2013
Mean Wind Speed | 7,89 769 728

Dominant Wind o o o
Direction of Energy 210 300 240
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Fig. 3 Energy Density Rose of MERRA Reanalysis Data
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mE

T 20114, 20124, 201330l 242 1.251kg/mt,
1.250kg/m®, 1.250kg/m’o] %1t}

24 QEAF AF Z2 Y
Middelgrunden & &#dgx]9] A= A7
WA gy oS AZbNAFS vwslr] $ s

Al dimt=9] EMD Atell Al 7)1 gk WindPRO
(V2.8) 221337} =24 ] WindSim AS A}
oA gk AT A 9 g (Computational Fluid
Dynamics, CFD) ZZ13¢] Wind- Sim (V6.0)
= A&k

(1) WindPRO

WindPRO+= WASPS SolverZ A}&3}ar

36

A= WA A L g o SZ o,
T4 9 AT gF5g 3 WAsPY &Y
3ttt WindPRO ¢ Solver ¢1 WAsP(Wind

Atlas Analysis and Application Program)<
1987 dlm}=L9] Risg = @A Al A st
FYAQEA 4 gy} 22 ao|rh Y
WAsP2 t)7]74 A% (Atmospheric Boundary
Layer)W] th7]f&9 dgol 71%3 oz ¥
RS o) g A HolA FHH T
olHE 24 H Al A A
dste= A F3E dSste a0l
. WAsP2 ™A "e‘—.ﬂ’ﬁ-‘ﬂ T4 AR
Weibull Distribution® S314, A%
s 59 TS Zﬂ 7Agk durstE wpghy)

F9 ggow o

% (Generalized Wind Climate) = 33k &,
ol & o Fstatete= A el A gt 1A
Aol s | Ax AR, AelE T D3
= s AWEE oy dF AHY T
& Aatee
% Ao Al WindPROZ A7FHd & of 39
$-°] N.O Jensen(EMD, 2005) & =2}

S. Frandsen(1999) U 2dS o]83%

(2) WindSim

WindSim-2 RANS(Reynolds Averaged Navier—
Stokes) WA 2lell 7IRkek 32k 5% slA
X 233O 2 A Terrain, Wind Field, Object,
Result, Wind Resource, Energy % 67 %= &
2 ey

2 AFd A= WindSimS ©] &3k
A% =9 S NO. Jensen &5
EF ke FF ZdE o] &3t
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Table. 2 Number of cells in simulation

X

y Z Total

Middelgrunden 400

400 40 6,400,000

Table. 3 Distances to grids in z axis

Middelgrunden
z-dist, min (m) z—dist, max (m)
1 2.0 1.8
2 6.4 59
3 11.7 10.8
4 17.9 16.5
5 25.0 23.1
6 33.1 30.5
7 42.0 38.7
8 51.9 47.8
9 62.7 57.8
10 74.4 68.5

w09

Fig. 4 Grids used for Wind Farm
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Table. 4 Weibull distribution parameters
of WindPRO and WindSim

Weibull Distribution Parameters
Year 2011 2012 2013

) Wind | Wind | Wind | Wind | Wind | Wind
Program pry | Sim | Pro | Sim | PRO | Sim

k 2.37 233 249 251 | 215 | 218
C
(m/s) 891 8.83 867 869 | 822 | 826

Mean
(n/s) 739 732 7.69 763 | 728 | 735

Table. 5014 AAE A¥+= F 2072 ©
F0]2 Middelgrunden F32A =9 7} ¥
HEH 9 dx=d s EolH
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¢} WindSimell % -§3}o] z} Z&d91d o 7k Table. 5 Availability of each wind turbine
- in Middelgrunden wind farm
AdE d5sdnh

Wind Turbines Availability (%)
W 2011 2012 2013
L T—WindPRO To1 87.40 86.61 86.58
10 ---WindSim T02 68.77 81.97 82.74
T03 83.84 68.58 66.58
f 8 ] T04 58.36 89.34 84.11
> TO05 87.12 87.70 85.75
g o ] T06 86.85 83.52 7726
g TO7 67.95 89.07 80.27
g 4 J TO08 88.22 89.07 80.00
L= T09 83.01 84.97 77.81
2 1 T10 87.95 89.62 69.86
T11 83.56 93.44 92.05
0 . ; : v : T12 81.10 85.25 78.36
0 8 0 dsedingls 0¥ W T13 9151 90.16 90.96
T14 84.38 92.62 92.88
(a) 2011 T15 77.53 87.43 77.26
T16 80.82 98.36 95.07
' '—WindPRO T17 91.78 96.17 93.70
- WindSim TIS 80.86 83.61 8712
T19 89.32 92.08 85.21
B: ] T20 96.71 84.70 80.00
?
§ Table. 6 AEPs measured and predicted of each wind
g J turbine in Middelgrunden wind farm
* (a) 2011
AEPs of Wind Turbines
0 j j ; . - - AEP (GWh/y) Error (%)
0 5 10 45 20 25 30 35 40 Measu | Wind | Wind | Wind | Wind
Wind speed in m/s red | PRO | Sim | PRO | Sim
(b) 2012 TOI| 435 | 493 | 463 | 1334 | 657

T02| 3.16 3.81 3.57 20.46 1312

" T03| 427 | 465 | 434 | 899 | 171
- yneeRo TO4| 376 | 319 | 301 | 1518 | 19.92
10- T05| 418 | 476 | 452 | 1375 | 8.09
TO6| 442 | 473 | 448 | 703 | 142
8 1 T07| 313 | 367 | 346 | 1727 | 1062

TO8| 441 4.73 4.50 7.30 2.01

T09| 4.22 4.41 4.23 4.61 0.23

T10| 391 4.63 447 18.28 14.20

Frequency in %
(-]

T11| 3.89 4.37 4.24 12.17 9.04

T12| 456 4.20 4.08 794 | -10.62

G 1 T3] 453 | 468 | 458 | 321 | 114
g ‘ ‘ ‘ ‘ ‘ ‘ T14| 352 | 430 | 421 | 2206 | 1932
0 5 10 15 20 25 30 35 40 T15] 410 | 388 | 382 | 539 | 687
Wind speedinmig T16| 407 | 404 397 | 071 | 245

@ 2013 T17| 453 | 449 | 447 | 079 | -1.39

TI8| 417 | 443 | 435 | 609 | 426

Fig. 5 Weibull distribution of annual MERRA data TI9| 452 | 447 | 437 | -1.14 | -349
obtained from WindPRO and WindSim T20| 4387 4.94 4.92 1.42 1.00

38 e kol LA 8Hg] =524 Vol. 35, No. 2, 2015



(b) 2012
AEPs of Wind Turbines
AEP (GWh/y) Error (%)

Measu | Wind Wind Wind Wind

red PRO Sim PRO Sim

TO1| 462 4.63 4.30 0.08 -7.00
T02| 4.16 4.28 3.96 2.99 -4.71
TO3| 4.24 3.59 3.30 -15.37 | -22.31
T04| 454 4.59 4.27 1.06 -5.96
TO5| 4.17 4.50 4.21 7.95 0.96
TO6| 451 4.49 4.22 -0.43 -6.36
TO7| 4.16 4.50 4.20 8.15 0.93
TO8| 4.63 4.47 4.20 -3.47 -9.16
TO9| 4.25 422 4.00 -0.82 -5.97
T10| 4.40 4.43 4.21 0.46 -4.53
T11| 4.38 458 4.39 4.65 0.32
T12| 4.28 413 3.96 -3.67 -7.58
T13| 4.01 4.31 4.17 7.47 3.89
T14| 4.20 4.40 4.26 4.72 1.32
T15| 4.25 4.09 3.96 -3.84 -6.73
T16| 4.07 454 4.43 11.55 8.90
T17| 464 4.37 4.29 -5.87 -7.54
T18| 391 3.80 3.70 -2.68 -5.31
T19| 4.38 4.26 412 -2.68 -5.78
T20| 4.32 4.04 3.98 -6.53 -7.90

(c) 2013
AEPs of Wind Turbines
AEP (GWh/y) Error (%)

Measu | Wind Wind Wind Wind

red PRO Sim PRO Sim

TO1| 394 4.29 4.03 8.92 2.27
T02| 3.80 4.01 3.73 5.49 -1.87
T03| 3.64 3.21 2.98 -11.57 | -18.01
T04| 3.83 4.00 3.75 4.55 -2.07
TO5| 3.99 4.10 3.83 2.53 -3.99
TO06| 3.33 3.67 3.44 10.24 3.58
TO7| 3.28 3.79 3.55 15.54 8.17
TO8| 3.59 3.75 3.54 4.48 -1.38
T09| 3.56 3.62 3.43 1.68 -3.54
T10| 3.23 3.23 3.07 -0.01 -4.97
T11| 4.09 423 4.05 3.49 -0.85
T12| 3.30 3.57 3.42 8.30 3.58
T13] 3.99 4.12 3.95 3.12 -1.13
T14| 395 417 4.02 5.61 1.66
T15| 3.02 3.42 3.31 13.48 9.64
T16| 4.13 4.19 4.05 1.61 -1.91
T17| 4.04 4.08 3.96 1.19 -1.94
T18| 3.42 3.82 3.66 11.64 712
T19| 3.68 3.79 3.62 3.03 -1.54
T20| 358 3.64 3.56 1.92 -0.39

& &S %k MERRA Asl4] dloe] A4 g4 A7/5 9 9
' ' —WindPRO

=-WindSim

Errorin %

8 9 1011121314 1516 17 18 19 20
ind Turbine Number

(a) 2011

20“"““"“"—WindPRo
[ =-WindSim

=T

Errorin %

12345678 9101112131415 1617 1819 20
Wind Turbine Number

(b) 2012

—WindPRO
20 --WindSim

Error in %
X
o

-
o
T

20+

7 8 9 101112 13 14 15 16 17 18 19 20
Wind Turbine Number

123456
(©) 2013

Fig. 6 AEP prediction error of each wind turbine
in Middelgrunden wind farm
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Table 7= WindPRO®} WindSim<- A}-&3}
o] of| =3 Middelgrunden & &Hbd¢x| o]
7h2-A 23} Middelgrunden Official Monitoring
Systemmol Aste AZ A7hdA TS n
WS A5 HoJE Table 604 & 4 9l5%0]
WindPRO+= #H W 5.71%, &4 0.09% WindSim
2 ) 464% FH 2 056%<] Had 2L zp

% Mol AL FHA T F AUtk

Table. 7 Measured and predicted AEPs of
Middelgrunden wind farm

AEP(GWh/y) Error (%)

Measu | Wind Wind Wind Wind
red PRO Sim PRO Sim

2011 | 82.58 87.30 84.22 5.71 1.98

2012 | 86.14 86.21 82.14 0.09 -4.64

2013 | 73.36 76.71 72.95 4.56 -0.56
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