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Abstract

A study on estimation of the Levelized Cost of Energy (LCOE) was conducted for the Korean
onshore wind farms. The LCOE was estimated on the basis of the actual wind farm data from
Data Analysis, Retrieval Transfer system (DART) run by Financial Supervisory Service.
Recently, social discount rate of Korea dropped from 5.5% to 4.5%, which was taken into
account for this study. The onshore wind farms studied accounted for 42% of all the onshore
wind farms of South Korea. Capital Expenditure (CapEx) and Operation Expenditure (OpEx)
were calculated from the actual data, while Capacity Factors (CFs) were obtained from the wind
farms of five provinces. Their distributions were estimated using Maximum Likelihood
Estimation method, and then Monte Carlo Simulation (MCS) was performed for estimating
LCOE, Levelized Fixed Cost (LFC), and Levelized Variable Cost (LVC). As a result, the
LCOE:s at the two discount rates, 4.5 and 5.5%, were 142 and 152 $/MWh, respectively, which
were lower than that of financially viable onshore wind project of Korea. The 1% drop of social
discount rate was estimated to result in a 10 $/MWh decrease in LCOE and a 4 $/MWh in LFC,
which can be an advantage for wind project investors.

Keywords: 32 |4 2| (Wind energy), w52} & A H]-&(LCOE), &5 2} 11 H|-&(LFC), #5
o} M5 H-8(LVC), AH2] 4 <18 (Social Discount Rate), ZH7}E2 A B 0] 4 (MCS)
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1 glom thoet 7t FFPs| 3 iy #1012,

=Uetsfj9] $7-9] 71 2 Aol Bie A4 7Hgolnt. sie] At i AA HolBE okl 7t
5612 LCOES AFESIAINE =) dte 25 FAHIE ALt ApEs 74 7P 0 & AAske o]
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Capacity [MW] No. of wind turbine [unit]

B Selected sample [ Unselected sample B Selected ple M Unselected

P

645.2 461.8 327 234
(58.29%) (41.71%) (58.29%) (41.71%)

Fig. 2 Sample rate of onshore wind farms
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Table 12 2|9 4174 FHEHIREZ2] ot AHl8, Bt CFE HolErt

Table 1 Summary of analyzed wind farms

: . Capaci Avg. CF between 2011 ~2014"
Region No. of wind farm (l\lj[mty & %)
Gangwon-do 5 200.00 23.40 (21.12 ~26.89)
Jeollanam-do 3 100.00 19.22 (11.79 ~ 26.34)
Gyeongsangbuk-do 2 99.00 29.69 (27.07 ~ 31.66)
Gyeongsangnam-do 2 32.75 22.50 (17.34 ~27.60)
Jeju-do 1 30.00 23.72 (22.13 ~ 25.84)
2.38IE Y

71&90] FEYIAGLE SOC AFgfo] o] wizell F2 71 EwAREH]-8-(Weighted Average Cost of
Capital; WACC) &318-S o510 LCOES ARIsIArt. A3 7ol watet 27 glo] Akela] &9l
22 AAT SHA7F AN oL AATAFAFR 2] 2016, 20174 o] what Ao | 2] 7] A7 FAA
oFA]| A28t SOC A 2= ¢15te], WACC €l&o] ofd ARe]A] gela= 2-8stolof ottt 20179 719
Ao} o] whet ARl Ale-E 7|17 2] RIStE Hhedsle] 71 5.5%C1A 4.5%= stk 27853t
oli= A7 A7VAA A AP o] % FARIS B FA EE Siiolr] 918k 2Xole) & A= AR
218:9] Qlsh gt F2} fjof] AA| = ko] SleAlE EjIsk] fiste] 201797EA €] DART AATE AL
A Ao R 18-S 4.5%, 5.5%= Uro] LCOEES Alitstal LECeFLVCe] BlA)E H3S 2451k

24 SY Hp

Table 2+=LCOE F7go]] AF8- AA] Bllo]B1 & HojFr}. CapExet OpEx= DARTE ol-§sto] F46131 1
CF= At d2lolA Algste A1 9E B+ A= E-85to] 5735131tk CapEx, OpEx, CFE 2H7IE=
Aledle]de] Y2 D8] QoA HA 2 RS Fstofof dit), 4 B B A 5
¥ (Maximum Likelihood Estimation; MLE)-2 o]-83}o] 4319}, A8 @Yol e Aazte 1
5137 thzoll AF 2 €3 7 (Shapiro-Wilk test)= A|8¥5H O, & AtollAd= oiafet R22] FEiE
A2 o1537] wf2efl, 24 E2rof ozt 27 9= (Log Likelihood), 112 T An|2 1 I A (Kolmogorov—
Smirnov test)= Aot ZF £l M4E9] of|= B2 2 747 (Log Normal), Z|4=(Exponential), 3t
(Normal), 12111 77K Gamma) w225 A75I3tE dg?] 882 20179 shit7] B¢l 1,1209-2 285

ct.
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Table 2 Real data

Item Samples Range Mean SD
CapEx
13 1,420.19 ~ 3,275.67 2,346.12 575.84
($/kW)
OpEx
13 108.79 ~225.47 161.69 35.21
($/kW)
CcF 20 11.79 ~31.66 23.71 4.82

(o)

Table 3:2 ¢t HEATMNE HofErh A4 A, 271 9he Hdldke 7= 25 Aot 2= TEshH
FRVE I Anj2 I A (K-S test) 95% A =]45 51of A 5-2)2HE(p-value)©] 0.0

o G A0 W) /Py HH) RES AH5P] SIslel 271 PHS BE BESFAN 21 5]
ZJfel L8 21 BE2 44s}Ac). e 774 AT CapPxo} P 471 B2 727 Opbxs 27145

i)

57} 24 BRg AgE9or] ol sle] ATAR oA,

A

Table 3 Goodness of fit test

CapEx OpEx CF
ftem Log Likelihood K(Sizzzt)‘c Log Likelihood K(Sizzzt)‘c Log Likelihood K(Sizzzt)w
Log Normal -100.89 (gii(z)) -63.95 (8:;2) 6128 (8:413)
Exponential -54.02 (ggf)) -19.25 (833) 8.79 (8?)(6))
Normal -100.55 (8:;3) ~64.22 (8:;2) -39.33 (8:;‘7‘)
Gamma -100.68 (giig) -63.97 (8:;; -60.46 (8;;)

Table 4+=Table 304 A4 | HEZE Hf

TEa fofolo] HolErh W5 A ] 915k, Aee Ao AAE 24 £2E ARESHAL LCOE
7+ 47 9] WellA Akt 785 = M| QIS A5l 571 B ¥ 5 s AE Mg
CapEx, OpEx, CFolH &el-gi} T e7] 9482 4= Al SEUdr] 29 (Life
of Project) ] 7%, Ffj Aol E 5 204 2] & F2 o83t 22 IRENA”, NRELY, OECD? | &
&) A0 e 2589 L F2 ARESP] TR, B Ao siele] LCOE F484(FC, LVC,
CapEx, OpEx, CH&} |72 9]5}10] 2538 A5}, Tat Aba]a] 81918-2 5.5%014 4.5%= 1% 5]
7| wizoll, 7 Aeles BT alfste] MCSE AlRYst3iH.
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Table 4 Inputs

Item Distribution Range Mean SD Mode
CapEx
1 1,420.19 ~ 3,275. 2,346.12 2 -
SKW) Normal ,420.19 ~ 3,275.67 ,346 55.25
OpEx Lo normal 108.79 ~225.47 157.59 1.23 151.41
($/kW) 2 (4.69 ~5.42)" (5.06)" 0.21)" (5.02)"
CF
1 11.79 ~31. 23.71 4, -
%) Norma 79 ~31.66 3.7 70
" log value
2.5 2E7IE2 AlEzfold

2SR AR AMCHL olueh BAVE FolS ] U4 S Fo 56 B B 4E S st
of 2AVH 0 ATE TS Foltt o MCSE 53a7] ol s 50] $4da oz Sals]o]
o g}, MCS'= thFet Hofell 4 E85]31 glom, LCOE Aol gleji o) 13>, Hed 9] 97501 5)
Q1. ThFet 4 AHo] Glovt B oA £4l MeEe] HEg o]
Method: ITM)-& E81] 42 481900, 1h4-0] Bi7l HA2ATio] 2 dake mlA|na vo] Weiet &
HI2 14 A o] F0lstodol Jith, MCS 40 48] 5] Al Vo] me} als}glon, o} slo]
LCOES} LCOE T4 840] Bfa} E2EAS 245}t

oo
rok
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==

0

3. 24E8%
3.1 2EIPIE2 AlE2iord 33

MCS7H 41214 7 =l 9] A58l7] Sl 0] Aol AZolo sitt. wid HaeA] o
Ggzo] B0 SaElofolk MCSe] ATHE A3 4 9lrk. o] B53b] $15te] & P HRuns test)
= A35IHom 11 A= Table 53 2}, HAHZEM 95% A=<= stollA] -#-2J2HE(p-value)©] 0.05 oFgo]

7] wigoll, 47t SHA 02 FEE S-S FRIT 4= Jlth
Table 5 Runs test
Discount Rate Item Sample size Runs statistic p-value

CapEx 1,000,000 -1.80 0.07

4.5% OpEx 1,000,000 -1.02 0.31

CF 1,000,000 -0.51 0.61

CapEx 1,000,000 0.23 0.82

5.5% OpEx 1,000,000 0.07 0.95

CF 1,000,000 0.42 0.67
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3.2 SEI7IE=Z AlZ2lold Azt

2478004 T4 W] gt At HAS Safota HH BxE AAstglen g MCSE 1,000,0008 BHs:
|3 SHITY. Fig. 32 AFe] A ER1& 4.5%, 5.5%°1 tigt MCS AHE Hojsrt, Fg, 39] Rlk==LFCFLVC
£ goto] LCOEE ARl &, JAESILE LCOES] Bzt 2 BE WS AAstojof it 5Tt 5| AR
TIF(LCOE £3) 0] F7} 7t 004kl £ 0 2 71 172 (Positive Skew)S 7121= FH|o|7] w2l B
FHRoN= th2 A 23 0] 53k B (Mean), SU% (Median), Z|517H(Mode) 9] gto] 25 T2,

S

0.014 | Discount rate [%] Rate Mean Median Mode
|| — 5.5 55 % 170.01 163.20 152
— ] 5 o,
0.012 4.5 % 161.43 154.95 142
0.010 —
> L
o
S o0.008
=]
o
o
. 0.006
0.004
0.002
0.000 |
50 100 150 200 250 300 350 400 450

LCOE [$/MWh]

Fig. 3 Result of Monte Carlo simulation for LCOE

S|AE IM(ER) 9] HMIZES F517] $16te] LCOE, LFC 18]17 LVCE] Hl(Bin)< 1 $/MWh=E 451
©om, LCOE®] 241k LFCLFLVCe] FRIgkS gt A7p7t opd LECe LVCE &oto] 424 1,000,0007H
O] LCOEO]| thgt Z[lgkolet. whha] LFCeFLVCe] 291gke] 3t LCOES] F[HIgko] thg 4= Qlet. A8 I+
Pofl A ZghS i EZELe 2 AARt A} k27 Fig, 39] tEgRe Wigto] 71 A9t 202 st} o]
£ Be] g A Ao vt 907 7] WPEE 71x]7] thize] Bt FAzte] tER o=
2561A] 92 =k et 300 $/MWho 2 §lE4=7} 0ol 233 el 450 $/MWh7HA] ‘257 ] wigol &
ST HaH(Mean)o] HRIZHETF 950 2 o) Foh= Bt HeRdth mwehi] LCOES] tha#gho & Hatil &
FRLET HHZES Aoh= Zo] Brdoltta weksm, 374 LCOES] HRIg SR1& 4.5% 4 off 142 $/
MWh, 5.5%% mj 152 $/MWhSAtt.
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3.3LCOE &4

Table 6= F4%H LCOE2} ZF H-E2] W (Mean), F|H1ZH(Mode) T} FFHZKStandard deviation; SD)
£ HojFr}, ofuf, LECe}F LVCE Bwgko] obd 1 $/MWhe] Hl.0 2 Aite zwigho|ct. &318 4.5%, 5.5%
o|A] CapEx, OpEx, CF, 12|11l LVC= Al e|o]Ad 2] Atz QIgt ¥ olofli="d= 2lo]7} §13ich. skAlgt &
A& 4.5%L o LFC= 5.5%Xct Bt 8.53 $/MWh, F§IgE 4 $/MWh #4691, £3] LCOE= &
5.5%X5c} Bt 8.58 $/MWh, Z[H17L 10 $/MWh H 745ttt o] = Algdo| el ofgt Mgl oid AFslA]
&ol-g- 915} et geko = webett wiba] 1%2] Eolg 915k= LCOES} LFCO] #4of A
71951582 ER1 4= et ol @A FHWADA] 2FA7L ohd Al FARAFE] theh el o=
2 F=2} 913 24 avtet o go] FEWAER] gl 7113 A o= wietHh
gt 7} elgollA LCOES} LFCO] BHAl= 318 5.5% KTt 4.5%% f o 2kt th2 H4E
2ol7} Glis 24 SIS 4= 0 LCOESF LECol A= ER1-89] Qlotz BFHA7} 242 2.21 $/MWh, 2.
$/MWh 7t4519eL. ol AFR)A E2l82] Qlsl7F LCOES] MEAdS AAARITh= e Hojg= Zlo
T, BR8-S B A A] BRrES A7 AMG S g AR 0] HR] ek Fatei,
A 2Q1E 1% stk LCOES Mg 7ol 34291 a7t 9l

val=lpss -1__§ 5_7]]

)

o

f
Mo
ru

N
W
O

%

Table 6 Result of Monte Carlo simulation

Discount Item CapEx OpEx CF LFC LvVC LCOE
Rate ($/kW) ($/kW) (%) ($/MWh) ($/MWh) ($/MWh)

Mean 2346.66 159.98 2332 80.28 81.15 161.43

4.5% Mode’ - - - 74.00 69.00 142.00

SD 442.02 27.30 0.04 2237 21.60 38.69

Mean 2347.57 159.99 2331 88.81 81.20 170.01

5.5% Mode” - - - 78.00 70.00 152.00

SD 441.94 27.35 0.04 24.76 21.68 40.90

" 1bin=1$/MWh, Mode(LCOE) = Mode(LFC)+ Mode(LVC)

Fig. 4= 325 LCOES} 20174 715 AS=HAI7}A (System Marginal Price; SMP), AA1A8oA 2] F-2¢15
#J(Renewable Energy Certificate; REC), 12878 A|2HLong—term Fixed—Price Contracts; FPC)of| 25+ 1
VA& Hlloto] HofErt, ojuff SMP+= =2 A2 4 (Korea Power Exchange; KPX)9] 2017d &
SMP, REC= KPX 9] 20178 AAYAA] 550541 7zhiEole o] Bat7to]™ SMP+RECE o] + gh& T
gt groleh. FPCe 20174 /39t7] 1787FAAIF A3 A4 o] Bt7hAolet. 788 LCOE= 4.5% &
Q1&olA SMP+REC K} 67 $/MWh Y11, REC Hr} 14.8 $/MWh £3-2 8118 = Qlrt. 3520175
NP 1H7FAAAE ] BH7FARTE 30.6 $/MWh Wttt ouA A 7400 w2, AL
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7= 2 AR ERA 0] LCOEE 167.4 $/MWho|slz, o] dtol|A] 343t 3Helg 4.5%)41¢] LCOE
Hr}25.4 $/MWhH =22 & 4= et tebA] 99 = A2 TR] o] LCOEE 18] = miz{Eo]|
Tl E5FAANE SESH AFAAS 7T sk

SMP+REC NI A SR ) 209

FPC RSN ERS i kg 181.6

[Nedol=l Discount rate = 5.5%

LCOE 142

Discount rate = 4.5%

REC W\ Relir{' kira(-)] 127.2

SVl Avg of 2017 (A)

\ \ \ \ \ L I

o 40 80 120 160 200 240
Price [$/MWh]

Fig. 4 Comparison of LCOE

Table 72 578 LCOE®} &% ¥45= AlA A9t Blwsto] HojErh CapEx, OpEx, CF= IRENAT)
9} NREL8)S] HUAE o]-gsto] Hlwstgitt. AFSld &91E 4.5%% o, CapEx®t OpEx9] ztol= Z¥zt
869.66 $/kW, 108.24 $/kW=2 MAIAE A E =22 & 5= 91.0H, CF] Zfol= AAIA A E L 5.68% T
b )

E
ok} whebA] BE R T AIAIA ARt et 2ol 7t Sla& S 4= AASich
Table 7 Comparison of Inputs and LCOE
Source Year Discount LCOE CapEx OpEx CF
rate ($/MWh) ($/kW) ($/kW) (%)
World 2016" - - - 51.74 -
(IRENA”,NREL®) 20177 - - 1477.00 - 29.00
CKorea e 017 4.5% 142.0 2346.66 159.98 23.32
(This study using A .
MCS) (Averaging) 5.5% 152.0 2347.57 159.99 2331
34 2= 24
T30 2 W2 Aot 9] Hare] thel LCOES] TIFtE 248 AA[SISIT. o] dollA, T FAo]

e 2} £ M58 594 WMSIZE 1, LCOEZ} ot ialgterlol disto] 2ajake 24 olufsiel, 1.2
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= Fig. 53 2. CapExet OpExiz -4 13 2.0] el UrERaL )0 RIZH=r} ulesict. CapExel
OpEx7} 20% W&3191& W] LCOE= oF 10%2] WIZEE 713t CF= CapEx@} OpExet th2A| 249 1
Bz o] Fefolck. CF7F20% S71oteke W LCOEE 9 15% At CF7F20% 2A519h& o] LCOEE=
F 25% 57181900, ol= CF7H sobda5 izbdxiso] S71sh7] whizelth. LCOEZL 7He RigtsiA w-gst
= 7Y W= CPolv A4 0= CapEx®} OpExe] Blsto] 27 &AI7I= Aol olftt. w2t LCOES
2571 18lA= CapExt OpEx] #gto] Adi=|ojof ehrtal ket

CF

25 O A~ - OpEx
20 9 CapEx
O
15
— 10 H o)
S | . ®
> 5 O & ®
= o Q
£ ®
c -5 RDg O
3 @
-10 ) O
O
-15 O
-20
-25

\ \ \ \ \ \
20 15 -10 -5 0 5 10 15 20

Parameters [%]

Fig. 5 Sensitivity analysis of LCOE parameters

448

AR A1) SOC A1 A3k A5l Sl 1) A ke Bjsl] Slale] Alsla Selg
4.5%, 5.5% 5 717 AlolA% Hhedslo] S SAEHuATR| o] A4 LCOES 24519t ol $jsio],
DARTS] ZhAb A0} B2l @s]0] A Bslo] 44| Hole| Fvior & Exples Algeeld
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