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A Study on the Estimation Model of Cost
of Energy for Wind Turbines

Taeyoung Chung*, Seokjun Moon and Chaewhan Rim

Large offshore wind farms have actively been developed in order to meet the needs for wind energy since the
land-based wind farms have almost been fully developed especially in Europe. The key problem for the construction of offshore
wind farms may be on the high cost of energy compared to land-based ones. NREL (National Renewable Energy Laboratory) has
developed a spreadsheet-based tool to estimate the cost of wind-generated electricity from both land-based and offshore wind
turbines. Component formulas for various kinds and scales of wind turbines were made using available field data. In this paper,
this NREL estimation model is introduced and applied to the offshore wind turbines now under designing or in production in
Korea, and the result is discussed.
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Table 1. Formula for wind turbine components
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Generators, Multi—Path Drive with Multiple Generators,
Direct Drive Generators S|4 g == FA1S AlEA5}o]
Hl-8-& F43,

Components Cost formulas ($)
Blades Baseline [(0.4019 X R3—955.24) + 2.7445 X R*™] /(1 - 0.28)
Advanced [(0.4019 x R®*—21051) + 2.7445 < R**¥]/(1—0.28)
Hubmass x<4.25
= (0.954 X single blade mass + 5680.3) X 4.25
Hub where
Rotor singleblade mass = 0.1452 X R*"*® for BL
singleblade mass = 0.4948 X R** for Advancd
Pitch mechanisms & bearings 2.28 % (0.2106 x D >57)
f Nose conemass X 5.57
Spinner, Nose cone = (18.5% D —520.5) X 5.57
Low speed shaft 0.01 x D7
. 2 X Bearing Mass X 17.6
Bearings =2X (D x8/600—0.33) < 0.0092 x D*®
Three—Stage 16.45 X Machine Rating"*"
ingle-Stage 4.1 X Machine Rating"°
Gearbox S g. Stag . 7 Mac m{(} Ra m‘g e
Multi-Path Drive 15.26 X Machine Rating ="
Direct Drive 0
Mechanical brake, HS coupling, etc 1.9894 X Machine Rating— 0.1141
Three—Stage 65 < Machine Rating
Single—Stage 54.73 X Machine Rating
. Generator ) )
Drive Multi-Path Drive 48.03 X Machine Rating
train, Nacelle Direct Drive 219.33 X Machine Rating
Variable speed electronics 79 X Machine Rating
Yaw drive & bearings 2 (0.0339 x D94
Three—Stage 9.489 X D94 0.125 % (2.233 x D) x 8.7
. Single—Stage 303.96 X D97+ (0.125 % (1.295 x D193) x 8.7
Main frame : . LT 1053
Multi—Path Drive 17.92 x D624+0.125 % (1.721 X D93) x 8.7
Direct Drive 627.28 X D"+ 0.125 % (1.228 x D93 x 8.7
Electrical connections 40 X Machine Rating
Hydraulic, cooling system 12 X Machine Rating
Nacelle Cover 11.537 X Machine Rating+ 3849.7
Control, Safety system, Condition monitoring 35,000
Tower Baseline (0.3973 X swept area X hubheight — 1414) X 1.5
Advanced (0.2694 X swept area X hubheight +1779) X 1.5
Table 2. Input parameters of wind turbines
Desian parameter NREL Model A NREL Model B 0C3
i 15 MW 20 MW 30 MW 30 MW 50 MW
Rated power (kW) 1,500 2,000 3,000 3,000 5,000
Rotor diameter (m) 70 88 90 91.3 126
Hub height (m) 65 80 80 80 87.6
Gear type 3-stage 3-stage 3-stage 3-stage 3-stage
Installed location land land offshore offshore offshore
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Table 3. Cost prediction of wind turbine components(Costs: $1,000)

NREL 1.5 MW [ Model A 2.0 MW | NREL 3.0 MW |Model B 3.0 MW | OC3 5.0 MW ref (6)
Components
costs % | costs % | costs % costs % | costs % | 5.0 MW (%)
Blades 151 15.24 287 18.27 305 15.26 318 15.61 779 19.37 24.85
Hub 43 434 61 3.88 63 315 65 3.19 128 3.18 1.53
Rotor Pitch mechanisms & bearings 38 3.83 7 452 75 3.75 78 3.83 184 457 2.98
Spinner, Nose cone 4 0.40 6 0.38 6 0.30 7 0.34 10 2.49 -
Sub sum 237 | 2392 | 424 | 2699 | 450 22,51 467 | 2293 | 1,100 | 27.35 29,36
Low speed shaft 21 2,12 4 2.61 44 2.20 46 2.26 116 2.88 214
Bearings 12 1.21 27 1.72 29 1.45 31 1.52 95 2.36 1.37
Gearbox 152 15.34 218 13.88 | 362 18,11 362 17 686 17.06 14,45
Mechanical brakes, etc 3 0.30 4 0.25 6 0.30 6 0.29 10 2.49 264
Generator 98 9.89 130 8.27 195 9.75 195 9.57 325 8.08 7.87
Drive Variable speed electronics 119 12.01 158 10.06 237 11,86 237 11.63 395 9.82 5.61
train, Nacelle | vaw drive & bearings 20 2.02 39 248 42 2.10 44 2.16 114 2.83 1.40
Main frame 48 484 75 47 78 3.90 80 3.93 151 3.75 313
Electrical connections 60 6.05 80 5.09 120 6.00 120 5.89 200 497 1.07
Hydraulic, cooling system 18 1.82 24 1,53 36 1.80 36 1.77 60 1.49 -
Nacelle Cover 21 2.12 27 1.72 38 1.90 38 1.87 62 1.54 1.51
Sub sum 572 57.72 823 | 5239 | 1,188 | 59.43 | 1,195 | 5866 | 2,213 | 55.02 4119
Control, Safety, Condition monitoring 35 3.53 35 2.23 60 3.00 60 2,95 60 1.49 -
Tower 147 14.83 288 18.33 301 15.06 301 1478 649 16.14 29.44
Total 991 100 1,571 100 1,999 100 2,037 | 100 | 4,022 | 100 100
Cost per kW 0.66 0.79 0.67 0.68 0.80
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oF3HMarinization), 9 A|A|FZ, AL, A S 3 FYER Y AL 4], FHLAT] Afol2 wijx AR ol 9
A ofat AH|AME, AANE A7]0] A=A, FHAke9l & Wd = qlom, ofF Rt & o Hugt g Aend
7} 9 B EsL S A olg, zhejzpe] A 1l oA oJgt ol AAIE Hart e}, L= Table 49 d1/4F2 HYlo|
ZFH|ARE- Scour Protection, HZ5AH 9 H3(Surety Bond H-§F mdle S0 e S5 9] A s, a4
and Offshore Warranty Premium), Tj$=A1H]-&(Offshore 10m, WZ7|ZE wjA#2]7} 640m x 640mQl 45 7|22
Levelized Replacement Cost), 3] <AME-H(Offshore Bottom AlAE Aol
Table 4. Formula for Balance of station and O&M
Cost elements land—based turbines offshore—based turbines
Support structure 303.24*(H*A)*4%% 300*P
Transportation to onshore P¥(1.581e~5*P*~0,0375*P+54.7) P¥(1.581e~5*P*~0,0375*P+54.7)
Roads, and civil work P¥(2.17e-06*P*~0.0145*P+69.54) -
Turbine installation 1.965%(H*D)" "™ 100*P
Balance Electrical interface and connection P¥(3.49e—6*P*—0.0221*P+109.7) 260*P
of Permit, engineering, and site assessment P*(9.94e—4*P +20.31) 37*P
Station Marinization - 13.5% of turbine and tower costs
Port and staging equipment - 20*P
Personnel access equipment - $60,000/turbine
Scour protection - 55*p
Surety bond - 3%(ICC — offshore warranty cost)
Offshore warranty premium - 15% of turbine and tower costs
0&M Levelized replacement cost 10.7*P 17*P
and 0&M cost 0.007*AEP 0.02*AEP
Lease land/offshore bottom lease cost 0.00108*AEP 0.00108*AEP
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Table 5. Cost prediction of Balance of station and O&M(Costs: $1,000)

land—based turbines offshore—based turbines
Cost elements NREL Model A NREL Model B 0C3
1.5 MW 2.0 MW 3.0 MW 3.0 MW 5.0 MW
Support structure 458 1% 59.9 10%| 900.0 23%| 900.0 25%| 1,500.0 21%
Transportation to onshore 51.0 12% 85.9 14% 253.5 6% 2535 7%| 1,312.0 18%
Roads, and civil work 79.0 19% 98.4 16% - - - - - -
Turbine installation 38.6 9% 64.4 10%| 300.0 8%| 300.0 8%| 500.0 7%
Balance Electrical interface and connection 126.6 30% 158.9 26%| 780.0 20%| 780.0 21%| 1,300.0 18
of Permit, engineering, and site assessment 32.7 8% 446 7% 1.0 3% m.0 3% 185.0 3%
Station Marinization - - - - 269.9 7% 274.0 8% 543.0 8%
Port and staging equipment - - - 60.0 2% 60.0 2%| 100.0 1%
Personnel access equipment - - - - 60.0 2% 60.0 2% 60.0 1%
Scour protection - - - - 165.0 4% 165.0 5% 275.0 4%
Surety bond - - - -| 303.0 8% 153.0 4%| 303.0 4%
Offshore warranty premium - - - - 299.9 8%| 305.0 8%| 603.0 8%
0&M Levelized replacement cost 16.1 4% 214 3% 51.0 1% 51.0 1% 85.0 1%
and 0&M cost 30.7 7% 72.8 12% 2977 8%| 2079 6%| 366.6 5%
Lease land/offshore bottom lease cost 47 1% 1.2 2% 16.1 0% 1.2 0% 19.8 0%
Total 4252  100% 617.6| 100%| 3,867 100%| 3,632 100% 7,153 100%
Cost per kW 0.283 0.309 1,289 1.211 1,431
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Fig. 2 An example of spreadsheet program for annual energy cost

Table 6. Cost of energy of wind turbines
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Design parameter MRS Ll ML i ] Ratio
(land based) (offshore based)
Machine rating (kW) 1,500 3,000 2.0
Rotor diameter (m) 70 90 1.3
Hub height (m) 65 80 1.2
Wind speed @ 50 m (m/s) 7.25 8.1 1.1
Rated RPM 20.46 15.92 0.8
Rated wind speed (m/s) 11.35 12.10 1.1
Energy capture (MWh/year) 4,385.39 10,046.73 2.3
Capacity (%) 33.37 38.23 1.1
Turbine capital cost ($1,000) 901 2,269 2.3
Balance of station ($1,000) 374 2,781 74
Offshore warranty premium ($1,000) 0 300 -
Subtotal: Initial capital cost ($1,000) 1,364 5,350 39
Installed cost per kW ($) 910 1,783 2.0
Turbine capital per kW ($) 660 756 1.1
Levelized replacement cost per year ($) 16 51 3.2
0&M per year ($) 31 201 6.5
Land/Bottom lease cost ($) 5 1 22
Fixed charge rate (%) 11,85 11.85 1.0
COE ($/kWh) 0.0486 0.0893 18
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Table 7. Cost of energy of wind turbines at rated wind speed, 8 m/s
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spar +2& = 879,840 X $5,000/& = $4,399,200
AFA = 902m x 77, 7kg/m X $2/kg x 3set = $420,512
FIEE WHAE = 3629910 X $22/E = $79.858
A = $4,899,570

NRELOJA] A|otst 4 Alof| whel 114 419] support structure
A= AAEY kW § $3002 oh33t o] A},

$300/kW X 5,000kW = $1,500,000

A=HE & 4 910 0C3- Hywmd-J < H-8-4] support
structure?] A A= spar FLREY AZH|7} fRES 2}
Ak, Ao B|ste] 3 27uj7} Hr}, o] grog B
4 Sof tigt =87} WolA| 1L, spar EHE F2E0| tigt
AR Axgiio] dEE wopd 4 ook, FiE 24

Design parameter Land Offshore (fixed) Offshore (floating)
Turbine capital cost ($1000) 4,022 4,565 4,565
Balance of station cost ($1000) 2,320 5,535 8,757
Lease and O&M cost ($1000/yr) 202 Pivgl 47

COE ($/kWh) 0.052 0.095 0.116

10 | Alxi2dof| LA x|




o] Azx971l $2,000/ % 4851 spar +2=2] 71xH|
L 1,759,680, ZPEO| 2 7AZH|E= $2,260,050°.2 NREL
o 240 e Azhule] oF 1 5ul7h He,

Table 70] 0C32] 5MW EJH1-S -4t A2]3he 7H-00} 3
Aol g At B 02 MRS 5ol tste] o )]

48 AT 20E st o8 BH B4 g
O] o JAH|E-S kWhit $0.116 0.2 A] SAHE-9] H|Z $0.052

o Wit} oF 2 2ul], 174 AT ] Bl $0.0959] vls}
of o 12817} & & 4 Qlrk I o= SA AL B

Levelized cost of renewable electricity
Cost per kWh, 2009

Large hydro [ 43¢

Onshore wind 6-12¢
Offshore wind 8-13¢
Geothermal - 6-13¢

Biomass [ &-12¢
Concentrated solar power* 19-35¢

Photovoltaics**

Notes: *Incudes solar thermal and focusing mirrors on photovoitaic cells
**Current range of utility-scale photovol l.‘m insd Il/[un ons in the U.S.

Fig. 3 Levelized cost of renewable electricity®®

Capacity factor for renewable resources
% capacity ranges, 2009

Large hydro 40-93%

Onshore wind 35-44%

Offshore wind 40-45%
Geothermal . 85-90%
Biomass [[] 80-85%
- 26-32% Concentrated solar power

21-26% Photovoltaics

Source: U.S. Department of Enengy/NREL

Fig. 4 Capacity factor for renewable resources®
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Fig. 304 1t wh
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Foll 918 oF 4= 9t} 3t Fig, 4ol AAA oA
9 capacity factor 7t HYE
factor e HY7} A=Y AL 40-45%,

HojFA Q)= capacity

SAFEZH )

7L 35-44%2A SAFER ] capacity factorZ} ¥ IH
Table 89 ®2l capacity factor®] FrE% theF 1 HYof 4l
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o 5 ek

8. 22
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Design parameter Land Offshore (fixed) Offshore (floating)
Rated wind speed (m/s) 7 8 8
Capacity factor 34.0 419 419

AEP (MWh) 14,886 18,332 18,332
Turbine capital cost ($1000) 4,022 4,565 4,565
Balance of station cost ($1000) 2,320 5,535 8,757
Lease and O&M cost ($1000/yr) 202 47 471

COE ($/kwh) 0.062 0.095 0.116
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