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Assessment of levelized cost of energy for wind energy based on reliability analysis
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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 Location, Turbinetype, Operating start date
Failure data Assembly, Event, Occurrence date, Root

cause, Countermeasure
Repair downtime ~ Written question (1 hour resolution)
Multiple choice question in 9 Categories
10 Yen
:0~500,000 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 ~

Repair cost
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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
Unit of data Per failure Per failure/turbine
Failure number 1087 failures 943 failures
Operational

2311 turine years 661 turbine years

turbine years
Collection rate

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) 143
(failure/turbine/year) 1.24 1.59 ’
Average of repair downtime ~ (1031) (1031) 590
(hour/failure) 590 596
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months between NEDO and METI database normalized by
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Fig.2 Frequency distribution of repair downtime between
modified NEDO and METI database
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Table 4 Characteristics of each database

NEDO Reliawind WMEP
Collection 2014-2016 2008-2011  1999-2006
Ope. year <20 yr. 2—-4yr <17 yr.
Operational
rurbin years 2311 - 15357
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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Table 5 Identified coefficients of Beta function for repair downtime

Repair downtime

. a b (a-b)/a

(hour/failure)

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) ¢ 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
Repair cost  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
Repair cost  Ave. (10,000Yen/failure) 263 265
Std. (10,000Yen/failure) 839 845
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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 Identified

Crixed 4,500 Yen/kW Identified

Cother 2,500 Yen/kW Ref. 1)
Capacity Factor 21.8%=22% Ref. 1)
Tiepair 1,004 hr/turbine Identified
Tperiodic 135 hr/turbine Ref. 13)
Availability 87% Ref. 1)
Levelized Cost of Energy 13.9 Yen/kWh Ref. 1)
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Table 10 LCOE parameter for each scenario

Baseline Scenario 1 Scenario 2 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
Theriodic (Hour) 135 135 135 0 0
Availability (%) 87 92.4 94.0 95.5 95.5
Capacity factor (%) 22.20 23.4 23.8 24.2 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 1 531 1.7
Scenario 2 394 1.8
Scenario 3 394 1.8
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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
Baseline 12.2 21.8 1.78
Scenario 1 10.8 15.6 1.44
Scenario 2 10.7 15.0 1.39
Scenario 3 10.6 14.8 1.39
Target for 2030 8.5 12.1 1.42
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