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Abstract

A study on the relationship between levelized cost of energy (LCOE), its components, and
terrain complexity was conducted for Korean onshore wind farms. The 22 wind farms are
selected for this study. The actual capital expenditures (CapExs) and operational expenditures
(OpExs) of the wind farms are collected from the Data Analysis Retrieval Transfer (DART)
system of the Korean Financial Supervisory Service. The capacity factors (CFs) of the wind
farms are estimated using the dataset of system marginal price (SMP), renewable energy
certificate (REC), and capacities of wind farms. To evaluate terrain complexity, the ruggedness
index (RIX) is calculated using the installed wind turbine locations of analyzed onshore wind
farms and the numerical terrain contour data. The average RIX is 25.53% that corresponds to
mountainous terrain. The correlation analysis is performed to determine the relationship
between CF, CapEx, and OpEx in accordance with RIX. The LCOE is calculated from the
actual expenditures and estimated CFs. Consequently, the average LCOE is estimated to be
141.04 USD/MWh. The correlation analysis reveals no relationship between LCOE, its
components, and RIX.

Keywords: 2] o] 1| 2|(Wind energy), w53} @A H]-8(LCOE), 5% Z4(RIX), 94
%2 (Onshore wind energy), 4] (Correlation analysis)
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AR S0} Q)82 Z17F 23171491 2F 10.5 GWOItH?, 7 AlA| S5 b o] -2 Adu]- 822 20109
178 GWellA] 20221 837 GW2 659 GW S7tstAt. et 2023 AR 2027872 A AA|2] i 4
8RS 680 GW7t 5712 Ao g Hol o] 3 550 GWi= |SAFRE o] ge Ao 2 o&5 1 e},
o2fet A= STt ofl 2t Al A1 o = Al FE A 87 SHist Ale2 HojEt.
SR o] 2] 42 0] Sti= A 242 T80 THE3leH of2feh AR 42 <A
(Net present value, NPV), WH<=¢lE(Internal rate of return, IRR), 3]4=717H(Payback period), H]-&-%H 2]
E-(Benefit—Cost Ratio, BCR) Z12]1! #53PPAU7HLevelized cost of energy, LCOE) 5 ThJRt 715 o] ©
Sff FAE et 2022951 FEAR ol et 27 FAAIE BADEA T A2 0 = Qo] et A &
Aol A FEEHTER] 0] 4= 4.5 9l5to] B =191 AT 3HAI7FA (System marginal price, SMP) T A1
AU =] 339154 (Renewable energy certificate, REC) 2] A7 52 EX51= Zo| FQ 34t

SMP&}RECO] A7 & 241617 SloliAle 'daetz] o] WP 7Rl LCOEE S slof ofet. =i 4
FLATRR] 9] LCOES] tigh A3 A= thaatt Zo] -4 =qlet. 1A, A2 72 ol-8ste] A
2] 2] -2-JH]-8(Operational expenditure, OpEx)-& Z3A|(Capital expenditure, CapEx) 2] 44 H]S2
7Hste] BA5H A9} olof| it Bk A1 g A OpExE F45H= A797F 25 let. A4 OpExS &
83FLCOE 349] 34 o1& A151A 318-0] LCOE] thet 9aF A7t 3=k E o2 A7) 4
+ =it o=t FE VS AAIRE ST ISR E9] AA| CapEx@t OpExE 57851l o & &85}
o] LCOEZ F7g5I5irh. H 97t 34 A Qlofl ZIAlsks e 83 AlSHA A Y] T4 dlSel gt &
V9 F9510] SAFEY Capbx Bl 24-& £3%H A7} Q19iet

P 4710] F4 @ A= CapEx, OpEx, S8 T2] o] A7MPAEH Annual energy production, AEP)¥} ©]
-85 (Capacity factor, CF)0]|1 o} FWATA| 9] 17| 0] dFS W= T8 845=E dojA Qi
o= % CapEx, OpEx@} LCOE®]| thet 74 A7t & 88w 1 Qlom o] 5o 3k nXle 2430 A
T 78] o] F0i2) 7] gl whebA 2 Atellr e A2 F shR] A1 BB (Terrain complexity) 2F &
Q7] /4 @ A5 THO| A& Aokt Q). HA| AT B4 floto] W e7te] 84%1 CapExet
OpExe ZHAEY Al270] ZATE 1A Vol A 3510 AR 1A 9] tiE A Kot A% SMP, REC A=
£ olgsto] 7+ AR O] AEPe} CFE S48t 11 3735 AHE o]8sto] 2t F=dddz]| 9
LCOEE ARttt 17|31 ZF ez o] A HE &-8sto] AP s o215 0 &2 Yelle A3
BT 214(Ruggedness index, RIX)& AFEotal A|PE- L LCOE 74484 7He] AAHdS B8t
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X Average
Define SMP & REC
variables Calculation
Analyze
Analyze data of sales revenue of RIX calculation
DART system wind farms
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estimation estimation estimation
I | —'{ Correlation analysis '
LCOE
estimation
Fig. 1 Flowchart of research method
2.1 LCOE

LCOE (USD/MWh) = LCZZZE]_T(Z-) + j:; ,SEJ;(Z) !
1:21 (1+7) =1 (A7)

A7, OpEr (i) i¥e] OpExolT, AEP(i)E i1A2] AFP, r-& Eel-&(Discount rate), L-& EHFHTA]
o] 24 (Life of project)o]c}.

i = N T

2.2 218 ZHE 2|5(RIX)

Fig. 2= 4179 FE

AdT2] 91219 RIX gk 5 @5t I A4S Wehdnt. RIXE 54 7278 173
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3.5 km Z[ogof| thisto] 47 F7FTHA 0 2 AL 10 2|9 ZBAETH0.3e ok Ao HlgE A o= 1
ERACH?, RIXE 0%, “~10%" 121 “10% ~ 50%7A1 2L oV 02 F7 3714 WiF2 e 4= QI o152
2z} “wetat A9 29 (Flat and hilly)”, “& ] 242 2138 (More complex)” 1] 11 “4FeF2]& (Mountainous)”

o2 AoV}, FYHHA|E HESHE RIXGHS =& S1sto] AA1H S897] 9129 RIXE AH&
Skl o5 Bt Bslth Aol ARG R/E 2 EAER] o] S| IXPEE Egole] 7 FHTA

©2]19] S HlolEE st o= E tiEEghel Bt RIXE AF=3H3I:

{RIX = 0.03% |+ | W rix =15, S HRix = 4433%

L —

L1

Fig. 2 Examples of different average RIX values

2.3 SMCHAF M

Table 1-2 242 floto] A H S48 W HTR] 9] CapEx, OpEx, B 3717, AH|-&=HCapacity) 1
21 FU7]9] 7145 vehdict. CapExet OpEx—‘E A8 Aol AQHE w0 2 AR 1A 9] S]AR}
B2 22U, F 227140 SAFEEEPATA] 9] 343719 FEL7 7L MAEGlo ol F AF
of| A7 LAGAR|E= 2740t} SARESRPITAES] 1 kW & CapFx@F OpEx9] Bt (Mean)
2,503.65 USD/kWe} 73.11 USD/kWolth. A7 el F- i ez] o] 4du]-§F9] Z{t|(Max) 2} X4 (Min)= 2t
7} 98 MW} 14 MWolH o] 5] & Au|-gake 730,05 MWolth AH Feubddkz] 24717k o, %]

A, iigﬁ-_O_ 71—71— 16L=] 2L=] 7. 4115]0]1:]—

Table 1 CapExs, OpExs, operation periods, capacity and No. of wind turbines of analyzed wind farms

Items No. of data Mean SD Min Max Sum
CapEx [USD/kW] 22 2,503.65 502.91 1,712.15 3,654.70 -
OpEx [USD/kW] 143 73.11 31.38 23.57 200.44 -
Operation periods [years] 22 7.41 3.54 2.00 16.00 -
Capacity [MW] 22 39.04 25.70 14.00 98.00 730.05
No. of wind turbines [unit] 343 - - - - -
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27} BT ©] 914, W] o] e ek Tel3 FeA7 1 SWTGS) S1AIo4e)
W RIX} B LTS HolZeh, o] Aol BEFo] Sfgot 0%2] RIX ghe A2 glglon

19 )] RIX g 7HI9 ekt 1) 302 715 slgick, 2499 2h2te] Sepagiael RIXE thEst
L gk BRG] ok 0.03% 8 Ao Fe] sigehis 45,5971 ThyshA vept o] olse)

B2 25.53%°1t}. A1 22702 WHRA] F 167047 AFetA]Y Wl s, ol =W S/ =Y

16 MW/45.03%/1,074 m
98 MW/23.93%/1:008 M= 0d <7 19.8 MW/45.27%/1,054 m
40 MW/33.42%/1,119 m————————— e 18 MW/37.42%/1,054 m

30 MW/41.45%/1,132 m—————

16 MW/34.85%/1,193 m
32.2 MW/44.33%/1,325 m

South 53.4 MW/34.97%/359 m
Korea R 594 MW/38.13%/595 m

14 MW/32.15%/836 d
18.75 MW/45.55%/6;;\ A
19.8 MW/5.56%/5 m .
b \\ g LR
20 MW/0.03%/3 m 16.8 MW/20.02%/516 m
42 MW/3.59%/31 m——

40 MW/23.35%/405

Flat and hilly More complex Mountainous

30 MW/0.26%/92 m Classification
25.2 MW/1.50%/421N

Range 0<RIX<1 1<RIX<10 10 <RIX
No. of wind farms 3 3 16

Fig. 3 Locations of onshore wind farms and values of total capacity, average RIX and average elevation of WTGs

2.4 {7 1A

LCOE Alitoll Dagt Feddetz| o] AEPe} CFE Ao | floixle HAE LA o] miE7d B of =i
74421 SMP, REC Hlo|&7} D a5t Feddz] o] mjE&ie AEP} A mufj7}A o] 5o = ALt &
S A H FEEAGREY 29717 0] FA 2004 Fdf 16Wdo] B = 201 s == AEPE =5 5§
2tk waba] AFPO] thaEgko 2 WS ARgSto] LCOFS ARSI T3t DARTS] ZHAR 1A 2 K] mfjid
O] MEHHE o853, SMPe} REGE= =8 Ag |40 U, A AtaE &85t

2 FollAE LCOE Atz 918+ 7 = ddthx| o] A Bt AEP 7] SMP + IRECE ©]-85F311L
o17]A 1IRECE 7F5#] 19] RECE WERATE 20122 2022132] 8219} A5 SMPLFREC dlo]g]' 2] <
T Yo gy 2he-2 A-8oto] EA o) ARSIt M7 HE-2 SMPLFREC 12| REC 7FeA| 2 A4t
AEo, 20218 714 A7HA] REC 715A1%E 1,009 e B2 B Ao M= 1.09] 715215 A3 |4
SMP + 1RECS] o}, M4 8|1 B2 77} 283.65 USD/MWh, 102.19 USD/MWh 2] 178.97
USD/MWhel 1 A5 747} 342,68 USD/MWh, 110.96 USD/MWh 121 207.54 USD/MWho]c},
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4% LCOE 74 84 Hlo[E|e} RIX 7] TAE 4517 flote] AJksde sl e diAre
okt Zo] SAAR FAE 4= QIEHHY. Table 2= ATHAIS¢t 10 Fdote ABTAS HoiF
(p, )& oFH2] A(2)o] ol AbEHrt”.

Table 2 The degree of correlation and interpretation

Correlation Few Low Medium High Very high
Value Less 0.2 02~04 0.4~0.7 0.7~0.9 09~1.0
Interpretation No relation Small Acceptable Special Strong

gjx—m -7

Py = @

m

ifc—x Zy y)’

j=1

o471, W 2 OF y= 22 m 7o) grolth 2, 9 y = 2 ©F y O] A W0l Al 1 9} y—x-‘l}y«] Batoltt A
T 242 9519 95% A= sl g A7a AASHT AF7HE VA= 0olth. o)Al &+
OJe+E(P-value) o] -F-2]==(Significant level) 91 0.05 oJoto|H HF7HI-E 7| Zsto] Aol Y= A o=
ot AT 24 Al AT e 7-Foll kst S 4 AABIRAL AR fle 782l 5
AlA-S SJa|7t gl A 0 &2 7HsiTh

3.1 0|21} RIX Zto| AlZHEA

Fig. 4= 4 CF, B RIX 121 A ZZ2 (Rated power) 7H] AHRHAIE HojZt, CFe 2,489 19
THl7FAT} DART AATE LA 9] mfE<l Y RE o]-85to] Fa AEPE 4FERH & HPAwR] 0] Adu]-§7S o
sto] Alatstodrt. CFE] #, 24, Hwt-2 ZH2} 35.9%, 15.97%, 23.45%°1H. Fig. 49] (a)& EH A
HPTE] 9] CFet RIX 9] Ro)ghE-2 0.72192 AF7 o] g =] o] gle Ao yesltt. CF= 3
& ojof| L7 0) AAE, S82A, FHLH719 1 5 ol 88lo] ofs AHH Y 15 FE52 AF

FEFS Hol = Ao = A A Qirt spARE A AT, Che RIXHTEAIE HolA] ¢istt. o= CE7t
=521 g 27 Bt A7t S8t 22 A9 A Q1 719 Halof viztetal, B5o] power boosting 2] S
7] Al2"e] thet H4l7]eol Autslr] w2l Aoz BT Fig. 49 (b)e= o1& IFH o= HojEr
24 7] A AR g stE o] A& o] oA 1L Qirt. Bt CFeF A& 9] fojehE-2 0.0241=2

7} e HEhAT:. E5F o 50] A2 ¢Fe] FAIE Holal Al o]
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020 ¢ © e e o 20 _==—"8 .
& 15 ¢ - - g 15 2 °
(] ()]
Z 10 Y = 0.0229X + 22.864 z 10 Y = 3.0712X + 16.106
R = 0.080 R = 0.4790
5 P-value = 0.7219 5 | Pp-value = 0.0241
0 0
0 10 20 30 40 50 0 1 2 3 4
Average RIX [%] Rated power [MW]
(a) Average CF vs. Average RIX (b) Average CF vs. Rated power

Fig. 4 Correlation between average CF, average RIX and rated power

3.2 23|, HH2FH[2F RIX 712 4F2kEA

Fig. 5= CapEx®} B+t OpEx 12|11 Bt RIX 7+ A AnE Uehdet, 20229 AHb7| Ad-54
EZAFD BP0 np2d =2 r)do] Brlstt Al ol A iz A 50%714] E5Hct E
AR 0 & A5 Rt Hlgo| oA | B8 FeX| P Hrt FAH|7} Z7 kA Hrt shARt ()] A
A A3}, CapExet Bt RIX O] F2l8hg-2 0.8278= A57Hdo] g =]o] A gl A0 2 LErs:
CapExollA 71 2 v15-& AR5 848 F2ubir| o] 71402 CapEx] oF 710%2 AA. Fadt
A719) VAL A @A KT LAY 74, AZAL] 7|, AR 77 T TRt 840
olsf) A7}, webA CapEx@t RIXwE SAH] 5710 Rt FL47] 714 9] gk ¢ldl Fig. 59]
()¢} Lol FAH Ao = wetert. (b)i= B OpExet Wt RIX 7He] A A3tg HoErt o]59]
OJgtE-2 0.08400.2 FF7Fdo] Afeix]o] AL gl A0 & et om ofof whef 4] A2 A

-
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Fig. 5 Correlation between expenditures and average RIX
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3.3 LCOEQ] 2247} AlzhsA
Table 32 LCOE AWES $18] A2 Blo]el s Hofzrt. &<l (Discount rate)- 413§ 47790l ARg-at
AEIE AR 45%5 ARgatslth. B7MdsE(nflation rate)> A3t 2%, FHHH7|S] AeAotE:
(Degradation rate)-< 917+ 0.01%= 2-83111 SAFESEEATR] 9] 2977k 20 © & 5l BAgH&
& HAHIHAE2] LCOEA= Table 39| atgha AR&SE] A(Dofl ofsh Alt=3ict. LCOE At $19t &
SR AEPS] 92 Bt AEPE 20180]| tieh a2 4% & At s Alska= A-85te] st

Table 3 Input data for LCOE calculation

Items No. of data Mean SD Min Max
CapEx [USD/kW] 22 2,503.65 502.97 1,712.15 3,654.70
Averaged OpEx [USD/kW] 22 75.33 22.51 45.85 121.30
Discount rate [%] 1 4.50 - - -
Inflation rate [%o/year] 1 2.00 - - -
Degradation rate [%/year] 1 0.01 - - -
Operation period [years] 1 20.00 - - -
Average CF[%] 22 23.45 4.69 15.97 35.90

Fig. 62 AF28 LCOES] W} RIX 71] AHEA 29kg HojZe) 249 227 SAEaadx
LCOE9] |t} 5‘45\_, Bt = Z+2} 175.88 USD/MWh, 95.24 USD/MWh, 141.04 USD/MWheoltt, LCOES}
RIX 71] §OSHE-2 0.28585 ATV} Gl 2102 FAH9Lm ofo] whet 54 B2 4485k4] 93tk

190
<170 |® - ™
= a o 8 g
S150 - - _ _ _ o
s -———-—___
2 130 B CEee
=)
2 110 -
w a a
S 90 |y- 03271 + 14930
= 70 | R=02382

P-value = 0.2858
50
0 10 20 30 40 50

Average RIX [%]

Fig. 6 Correlation between LCOE and average RIX

4. &
B Aol = 22704 SRR TR] o] LCOEST 1 788491 CapEx, OpEx, CF] A4 3t& 5
Zgotdar. TR 9] RIX@F] ATHEAE Safotqirt. 11 ¥} thaat 22 222 A& 4 Ql80rh

i
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- 43 7% A7}, CapEx, OpEx 12|11 CF= RIXOH ATHAE gl 2102 EAE9It) 20124 ~
2022'39] SMP + IREGE °-8sto] Ul S48 dd20] CFE 5743t 23, 249 S488=ddd
Z]0] B CF= 23.45%0|t}, o8 E-4ato] T 227 SAFEebdTia|o] 1
w2 141.04 USD/MWho |1 RIXSk= A7} gle 22 Lelsitt,

2 AT TSR 5] 9 Fe= ST EAEAY] YAXAE RIXERE B Hes ARt

A7t lem 35 okt A 24 Hiesa B85 24e U o= g "asdo] qith
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