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Abstract

In this study, the levelized cost of energy (LCOE) is investigated based on the reliability analysis of
onshore wind turbines in Japan. The wind turbine failure database collected by New Energy and Industrial
Technology Department Organization (NEDO) is revised by comparing with the wind turbine failure database
collected by Ministry of Economic, Trade and Industry (METI), which covers Hokkaido area with a high
correction rate. The difference of wind turbine reliability between Europe and Japan is investigated and the effect
of operation period on the reliability is clarified. The probability distribution functions of repair downtime and
repair cost are then built by using NEDO database and the correlation between repair downtime and repair cost
is expressed by the copula function. The nonlinearity of correlation between repair downtime and repair cost is
reproduced by the non-parametric model. Finally, three cost reduction scenarios are proposed, that is, Scenario
1 considers the stock strategy, Scenario 2 uses the preventive maintenance strategy for the rotor and drivetrain
assembly, Scenario 3 improves the efficiency of scheduled maintenance by the weather forecast. The nationwise
availability is improved from 87% for the baseline scenario to 92.4 %, 94.0%, 95.5 % for the three scenarios
and LCOE is also reduced from 13.8 Yen/kWh to 11.9, 11.4, 11.2 Yen/kWh. The probability distribution of
LCOE for each scenario is evaluated by Monte Carlo simulations based on the proposed probability distribution
functions of repair downtime and repair cost.
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Table 1 Collected item of NEDO database
Item Sub-item
Wind Farm
Failure data

Location, Turbine type, Operating start date
Assembly, Event, Occurrence date, Root
cause, Countermeasure

Repair downtime ~ Written question (1 hour resolution)
Repair cost Multiple choice question in 9 Categories
0: 0 Yen

1 0~3500.000 Yen

: 500,000~2.000.000 Yen

: 2,000,000~5,000,000 Yen

: 5,000,000~10,000,000 Yen

: 10.000.000~20.000.000 Yen
:20.000,000~50.000,000 Yen
:50,000,000~100,000.000 Yen

: 100.000,000 Yen ~
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Table 2 Comparison between NEDO database and METI
database (2012.4 —2014.3)

NEDO METI
Area All over Japan Hokkaido
Repair downtime ~ More than 3 days ~ More than 1 hour
Repair cost Available Unavailable

Per failure/turbine
943 failures

Per failure
1087 failures

Unit of data
Failure number
Operational
turbine years
Collection rate

2311 turine years 661 turbine vears

About 40 % About 80 %
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Table 3 Comparison of modified NEDO and METI data
(Number in brackets is original data)

NEDO NEDO METI
(Japan) (Hokkaido) (Hokkaido)
Failure rate (0.47) (0.61) 43
(failure/turbine/year) 1.24 1.59 :
Average of repair downtime ~ (1031) (1031) 590
(hour/failure) 590 596

g
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Frequency
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Fig.l Distribution of repair downtime from 3 days to 3
months between NEDO and METI database normalized by
failure number from 3 days to 3 month repair downtime
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modified NEDO and METI database

GES DIEESIE SR S 52



Ty 7 ) ZEDEEESHERREIZT 720, 1
iz EHEOT 7 U BEEEL TV D EbEL, B
MoOTE 7 VISR LT-. NEDO T —Z 28T 5k
BERALOUEF LI, 18 o7k 7Y (FL—F,
NT, R RAER, T TV, XT Ry
R, "BHTL—F, BRERE, ~7, 3—%¥fE, v
FhilEE R, W, Tofh) HhEORRA Lo
TEY, BRAWROEGE, 2, HBESMLRL,
B 5T 5. 1087 {Foodhieh, 24k i Frcbig | &
102 o7, ofifix, HMEFTSE L, £7 &
TIVDOFT o FA LB LOEIBEOFEEEZRD, K
DI E N T, SEEETYEO Y Y 2 A L
JOME IR A eflld sy L=, 22 h7 L—F L 2y Tl
HWEEIFECLO L L, 2%, HESRL, AHO
MR IR A R G & LT

Fio, 20 HiTHiE L 3 BUNEB LU 3 » HLLE
DE D FA LEHBOHEEEZSNT, T 2T U~
DI 3T %21To7-. 1 BRMOEES X1 BLLE
3 ARGEOMIEIZHSONT, 77U OMEERO R
X, 3 ULk 1 BREREOT7 27 Y ofkEko s
CRICERELT, BT, 3 + ALl Loz
DWTC, TET U OMFEROKREIE, NEDO 7—#
WIERTID 3 » AU L7 7Y OERO R L [
CEIRELT, IRY ST

HPEE RS 7 > 7 A LORFEMIT, KT —% LFH
BRlz e 2R & L, 3 » A UL Lol 7200 B
& Lz, MPEEIREY, o224 43 BRmEOHK
ik, #7254 L3 HELE | A o #bEfE 1H #
DL L R A= 2 b O BES S 2 E L, L
Bz vat L. oo 24 53 7 AL EOKRED,
FHIERTD 3 7 A LA OB IR 3 -2l & B (R 2=
ZLOMBERSMZREL, SEickviFELE.
UL EOs iz XY, BRI 7 o2 A LB L O

EIROEFHEITZL L 22w as, S 389 Wb/,

262 THMEE TH5.

FHAREIIBWCREIR FEERT L, 1S
206 1 S IcBMT 08NS S, A5 T
1x, (), QOIFRTEHIT, |- oflic, i
AL HBREEFEL, | XD OEICER L.
HFHESIWRLIEE S 1SV onfhE | Kb
ORBENITR D 970, WEEEALEL 5.
MBS IH A 7 o 7 A DZHONWT, TR A 1, Wk
WIHZ D 2 A4 LOFBERBEF b T B SHE
EOWDMELARLEIICFEELE. SEEIBEICSVWT,
EDOAFRER 2D, 1 HHTZ0 & 1 KHiZDsy
fIEFEC EREL, MBEAEITAW R

Trwxnr (}IJ f%): Tm;m.r’r (II]}{{ZF) X A (fq:a’i%—) XA (l)
Cn-‘rmir (P:_If'r%): Cn;mir' (FE_[;"'{#:) X A (1‘43;’;%;) (2)

Journal of JWEA

2.2 REOEHEMETM

S L7- NEDO & — Z _R— 2 & HWT, HA LM
ICBIT MRS L OWREEIA Y Y ¥ A L% R
T %. KL%, NEDO 7 — # (3l E% D b D & 57
#T— 2 OF§% % Table 4 (277, WHESA-BRED
EEIIZ, NEDO & WMEP 7349 20 4ELL B & Rvwo
IZ%f L, Reliawind (ZiEsBA46 5 2~4 L Ao T
%. m—#AiT NEDO & WMEP 2N E#ifE % & D
{zxt L, Reliawind XAl Z MO HZZ2 0t R & LT 5.
7 L— Rofili#EEliX, NEDO & WMEP 7 & h—/L
H# Ly FiiEE STeDizxt L, Reliawind 12 €~ F
HEORZFRLE LTS, FIA4AT LA Vit
NEDO & WMEP ¥ TR L ¥4 L7 FEXEZ AR
L LTWB DIz L, Reliawind XX 7 B D &% x4
ELTWA.

Table 4 Characteristics of each database

NEDO Reliawind ~ WMEP
Collection 2014-2016 2008-2011  1999-2006
Ope. vear <20 yr. 2—4yr. <17y
Operational

; 2311 . 15357

turbin years
Turbine number 780 350 1593
Rot. Speed Fixed/Variable  Variable Fixed/Variable
Control Stall/Pitch Pitch Stall/Pitch
Drivetrain Geared/Direct  Geared Geared/Direct
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Fig.3 Comparison of Japan and Europe
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Table 5 Identified coefficients of Beta function for repair downtime

Repair downtime

(hour/failure) a 4 (ebla
72~168 0.699 0.845 -0.21
168~336 0.931 1.34 -0.44
336~720 0.703 0.975 -0.39
720~2160 0.752 1.49 -0.98
2160~8760 0.460 1.27 -1.76
Whole data 0.699 0.845 -0.21

Table 6 Identified coefficients of Beta function for repair cost

Repair downtime

(hour/failure) d b (a-b)/a
72~168 0.327 36.4 -110.32
168~336 0.129 7.52 -57.30
336~720 0.174 3.41 -18.60
720~2160 0.221 2.85 -11.90
2160~8760 0.353 1.49 -3.22
Whole data 0.078 2.67 -33.23
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Table 7 Comparison between predicted and observed repair
downtime and repair cost

Obs. Model
Repair Ave. (hour/failure) 389 388
downtime Std. (hour/failure) 1023 1017

Ave. (10,000Yen/failure) 262 263
Std. (10,000Yen/failure) 835 839
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Fig. 7 Comparison of predicted cumulative distribution
and observation for the rotor and drivetrain assembly

Table 8 Average and standard deviation of system model
and summed subassembly model

System Assem.

Repair Ave. (hour/failure) 388 390
downtime Std. (hour/failure) 1017 1023
Repaircost  Ave. (10.000Yen/failure) 263 265

Std. (10.000Yen/failure) 839 845
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Fig. 8 Comparison of predicted cumulative distribution
and observation for the electric and control assembly
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LCOE — CAPEX X FCR + OPEX (10)
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Table 9 LCOE parameters in Japan

Average Ref.

CAPEX 282.000 Yen/kW Ref. 1)
FCR 6.12% Identified
OPEX Crepair 2.300 Yen/kW [dentified

Crixea 4.500 Yen/kW Identified

G o 2.500 Yen/kW Ref. 1)
Capacity Factor 21.8%=22% Ref. 1)
Trepuity 1.004 hr/turbine Identified
Dosrioase 135 hr/turbine Ref. 13)
Availability 87% Ref. 1)
Levelized Cost of Energy 13.9 Yen/kWh Ref. 1)
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BE D2 A LORPIZHB L TTRD ERELT.
Btk iz, Targetfor2030 & LT, 2030 4% TIT 10GW
AT DLV BFAEZ RIS, WAL L ERE R
Tloxt LT, BN L 28 M2 VT, KRGS
AN EDEARE LHEFFERE OB A M L 7=, %8
HhA ORI, Wieser & 228K L7 18.6%% V-,
VU EDE ) A OFRES Table 10 (12777 & & BT,
Fig.11 {Zidm—% - BrlihRE L OER - #lHROT &
YTV OWT T U A EEH LA oMEEIR
o 24 LAORMGMERT. @aoi-), e
TR T —FIR— Iz ERAL-BES
ffizmnR L. Figo BT 20 EEB L= ThoH
ZEW4inG. E7m, Table 11 (21%, &7 U A Dk
BEf IR 2 0 v 2 A LOFEM & BiREcE R~ LT,
TV FITRT L5 Ea R FOFHfEE Tablel0
Dk TE:ER X O Fig. 12 {2777, Baseline (2%t LT, T
fifi SRR K 5 Scenario 1 @ = A2 MERZIFIZ 1.9
/kWh & K& <, RREILHER 212 & D Scenario2 B L O
KEATHOFMIZ L 5 Scenario 3 @ =2 A ~MEREL)HIE,

Scenario2 & L C, H{ﬁiﬁ,;ﬁ,ﬁ(‘:‘ﬁ.ﬁﬁ)@fﬁ FEL, o FHER 0.5 F/kWh, 0.2 FI/kWh & 72 -7z, Target for
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Table 10 LCOE parameter for each scenario
Baseline Scenario 1 Scenario2  Scenario 3 Target for 2030
CAPEX (Yen/kW) 282,000 230,180
FCR (%) 6.12 6.12
OPEX (Yen/kW) 9300 7257 6551 6551 5347
Trepair (Hour) 1004 531 394 394 394
A—_— (Hour) 135 135 135 0 0
Availability (%) 87 92.4 94.0 95.5 95.5
Capacity factor (%) 22.20 234 23.8 242 24.2
Average of LCOE (Yen/kWh) 13.8 11.9 11.4 11.2 9.2
Reduction from Baseline (Yen/kWh) — -1.9 2.4 -2.6 -4.6
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Table 11 Repair downtime for each scenario

Ave. (hour/turbine) CoV

Baseline 1004 2.6
Scenario | 531 1.7
Scenario 2 394 1.8
Scenario 3 394 1.8
B il
z
5]
08
%
E 06
[=]
=
k= Scenario |
=
Eppslt 000000 meoms Scenario 2. 3
s
<

0

0 0.2 0.4 0.6 08 1

Normalized repair downtime per failure

(a) Rotor and drivetrain assembly

=
&
|
L
= 0.8
Z\
06
e
(=%
o4
E; Scenario |
E 02|  imAres Scenario 2, 3
[=
o

[i]

0 0.2 0.4 0.6 08 1

Normalized repair downtime per failure

(b) Electric and control assembly
Fig.11 Cumulative distributions of repair downtime for
each scenaio
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Table 12 Predicted P50 and P90 for each scenario
P50 P90 P90/P50
12.2 21.8 1.78
10.8 15.6 1.44
10.7 15.0 1.39
10.6 14.8 1.39
8.5 12.1 1.42
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