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Abstract

The high volatility caused by the intermittent nature of wind power generation adds uncertainty
to power grid systems. Herein, we analyzed the characteristics of domestic wind power output
by focusing on the volatility of capacity factors. Initially, the average characteristics and the
number and duration of ramps, which are representative measures of the volatility of the
capacity factors, were analyzed by year and month, using the data for 2018 ~ 2022 with a
temporal resolution of 1 h. Subsequently, we generated data at various resolution levels using
the 2019 data with a temporal resolution of 5 min and analyzed how the number and duration of
ramps were affected according to the resolution. The results showed that the frequency and
duration of ramps strongly depended on the time resolution of the data, and that evaluating and
considering ramp characteristics can assist in enhancing the flexibility of power system
operations by mitigating rapid ramp events.
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Fig. 1 Capacity factors of wind power by hour for whole year of 2022
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Fig. 2 Box plots of capacity factors of wind power by year (2018 ~ 2022)
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Table 1 Capacity factors of wind power by month and hour (2018 ~ 2022 avg)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1 0299 0323 0258 0234 0215 0.148 0.129 0.169 0.159 0.182 0223 0322
2 0301 0327 0254 0233 0213 0.149 0.132 0.172 0.156 0.187 0229 0.325
3 0303 0328 0252 0232 0214 0.146 0.133 0.173 0.155 0.189 0232 0325
4 0303 0328 0248 0231 0214 0.142 0.133 0.172 0.155 0.191 0233 0325
5 0300 0322 0245 0230 0212 0138 0.133 0.170 0.157 0.193 0235 0324
6 0297 0317 0246 0233 0211 0.133 0.133 0.166 0.158 0.196 0237 0326
7 0290 0307 0245 0226 0204 0.125 0.132 0.160 0.160 0.193 0232 0315
8 0285 0297 0235 0213 019 0.114 0.126 0.153 0.158 0.187 0226 0304
9 0277 0279 0221 0.199 0.178 0.107 0.119 0.148 0.153 0.174 0212 0.29%4
10 0297 0298 0240 0225 0208 0.110 0.114 0.146 0.149 0.162 0215 0311
11 0289 0293 0237 0225 0207 0111 0.113 0.146 0.145 0.155 0205 0.299
12 0278 0280 0226 0214 0.197 0.112 0.113 0.148 0.144 0.153 0.197 0.287
13 0270 0272 0216 0202 0.183 0.112 0.115 0.149 0.145 0.155 0.197 0.282
14 0269 0270 0211 0200 0.176 0.140 0.149 0.186 0.172 0.163 0205 0284
15 0275 0275 0219 0207 0.179 0.147 0.150 0.18 0.176  0.172 0213  0.291
16 028 0285 0231 0219 0.18 0.142 0.137 0.166 0.166 0.180 0217 0.303
17 0294 0295 0245 0230 0.197 0.133 0.123 0.147 0.156  0.184 0221 0.309
18 029 0298 0248 0231 0200 0.128 0.115 0.139 0.153 0.191 0228 0316
19 0308 0309 0250 0229 0200 0.125 O.111 0.134 0.166 0237 025 0331
20 0311 0320 0261 0236 0207 0.130 0.119 0.142 0.175 0242 0257 0333
21 0313 0323 0266 0237 0212 0.137 0.124 0.151 0.174 0224 0247 0333
22 0304 0320 0266 0237 0213 0.139 0.124 0.155 0.166 0202 0236 0324
23 0300 0318 0263 0237 0212 0.144 0.126 0.160 0.163 0.186 0227 0321
24 0299 0317 0261 0233 0213 0.148 0.127 0.166 0.162 0.183 0226 0322
Ave. 0293 0304 0244 0225 0202 0.132 0.126 0.159 0.159 0.187 0225 0313
03
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Fig. 3 Capacity factors of wind power by season and hour (2018 ~ 2022 avg)
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of ¥RF =3 B (frequency table)-& Hl WSt HojEr), 2|7} of7] wiZofl 2= 3k 71 4= Qi
TR} Zo] §igkeo] W2 0ol 7Pk W3keo] HUp)?l 792t 2(Down) Yl 897t el 717k &
o Helth v A=l A |55t FHIE Helrh S Atz oz Hakgo] vl A FEsfjofet
Ao R Hass AA GARSS R AT 4= Gl

Table 20] FHA} AR B A2b2 GARSFE] ANGH(|cf, 4, —of, | )o TR Bt FEHAE H
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Fig. 4 Distribution of step change rates of wind power capacity factors (2018, 2022)
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Table 2 Statistics on step change rates of wind power capacity factors

Standard Maximum
Year Average .

deviation Up Down
2018 0.0171 0.0160 0.1440 -0.1161
2019 0.0187 0.0178 0.1632 -0.1083
2020 0.0195 0.0181 0.1459 -0.1374
2021 0.0182 0.0176 0.1843 -0.1074
2022 0.0187 0.0178 0.1837 -0.1451

2 Aol FrhHQ SAMEHRo] S E TR 71F(CF) S 302 AF59. o714 ok Table
20]) Fol2l EEWAS Lheict. 2, B9lte] BAIE o] g8 MakE7t Ei 2497} 30 olo]d o]
Z7% AP (ramp event)©] AT 202 715HALE, Table 304 S Allo] AR 58 AT 5
7HUp)St 2(Down) 2 FE510] Holet, Zar b9 47} o] WSS o] g 82| FHT W5 A

o=
S AOR of8Ie 4+ ik FA AP 40 AT Ao} v WA 27 ke Ho] FRHLE

il

ol
o
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Table 3 Summary of ramp events of wind power capacity factors

Up Ramp Events Down Ramp Events

Year 4 of events Avg duration Max duration 4 of events Avg duration Max duration

(hr) (hr) (hr) (hr)
2018 161 3.161 14 154 3.870 14
2019 164 3.359 15 134 4.343 16
2020 167 3.191 12 145 3.944 15
2021 178 3.117 12 143 3.594 12
2022 160 3.375 14 143 4.300 16

ST W ot A o8BS HEY o2 7T 7 e E HE FARE S AEARHramp
duration)o] IEH>19, o] 8- 2] A ¢l GAHSIEC] 30 oVFel B AZto] S Abzo] A2t 11 1ig}
AL A AREESE AEA 0 & FTHHEA) RO R S ETTT v Aol A (F7h 2 HEAE Rl
A Up (Down) S AEAIZE A 7} He) Table 394 Hzo], Up S AEARE B2 02 ©F 3.2
AIZF 1831 Down AIEAIZES 2 71 OF 4,047 & UElstTh, 12|30l Folle Az ZEAIZE FollA
7V 20 ASAHE ASATDE oA Hojert, AEARE S o] S Apdol tiAske oH=
(reserve) E7-2] AAol 482t HE71 2 5= QP
S Ado] Aol met Et 5 oA ARt AMES A= S AR O Hle-& B ofg== Table 4]
A gRIeh 4= k. 57 o & B, Up 5482 12go] Z18] 1 Down S48 44| 71 Ho] st

+ Ao % Uepiith Bt ol 8-E°] 7H 232 A=(o19) 9] SHE AR 2 Hlgo] ohE Al H]s]

-
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M2 e 2 0 2 2(E2) SAL BT, G, B A vlgo] thAIR 7kl vlel o] 2 g 7 Ao

2 B, 53] 992 0}B(6 ~ 793} 2 ols Rl gert
Fig 5t 370 18 H]%Oﬂ T S BRAES ALER HopE, Up S BT, AL BL fAR

952 ~ 3730] 71 2 3ES 7HAIR] U] A7l Bl0] st vl ehaisiet 7k 07 940l 4
9 8A7HA] 7} 3412 ROl 1 o} 375] Wol AL o] 2A47F 027 A Ao Uit Fig,
5(b}= Down APAS] AP B &S HolF-r], ASE 071 84] T12)3 0.F 14] ~ 24] o] & -2 3

A5kt Z7h2e] Up tha o= Downel )1 Down thgolle Up HHEEI- EA.8 Hofzm itk

Table 4 Ramp events of wind power capacity factors by month

Up Ramp Events (unit:%) Down Ramp Events (unit:%o)
2018 2019 2020 2021 2022 Avg 2018 2019 2020 2021 2022 Avg
Jan 10.00  10.71 488 1297 1259 1020 1146  10.27 6.12 1887 1577  12.50
Feb 6.84 11.80 9.19 10.63 11.30 9.95 6.77 1147 9.62 9.92 8.13 9.18
Mar 11.58 12.89 12.20 8.47 14.07 11.84 7.81 11.47 10.31 9.73 18.37 11.54
Apr 14.74 6.53 10.88 11.89 7.41 10.29  20.83 856 1224 1031 11.06  12.60
May 12.63 6.17 9.38 14.05 8.33 10.11 7.29 8.22 9.27 12.84 5.37 8.60
Jun 1.58 2.72 7.13 2.70 6.11 4.05 1.04 342 6.64 3.50 3.58 3.64
July 1.05 5.63 4.50 2.88 3.33 3.48 3.12 4.62 3.32 1.17 1.95 2.84
Aug 9.47 2.18 4.88 4.50 1.48 4.50 5.73 3.77 5.77 4.28 4.39 4.79
Sep 3.16 3.27 6.57 4.87 5.74 4.72 4.17 3.60 3.50 3.70 7.48 4.49
Oct 12.11 11.80 8.26 6.67 11.67 10.10 15.62 822 11.19 7.59 8.62  10.25
Nov 2.63 11.07 11.82 9.73 7.41 8.53 6.25 13.53 13.81 7.20 7.32 9.62
Dec 14.21 1524 1032 10.63 10.56  12.19 990 12.84 822  10.89 7.97 9.96
spring,,:
| autumn . PN
winter

g - . § : autumn

2z winter € .

; g AR

> \ w A Y\ #

W iy o L

2 I £ L WY
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Fig. 5 Up/Down ramp events by season and hour (2018 ~ 2022 avg)
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=7 05-mingl 2019 AH=E o1g8iA TRl 104, 15+, 2042, 30+, 60:29] AH=E A dstirt.
05-min Y= Ak=oflE §F AlRte] 52 THA = 1272 F-2 5 o] ddo] - 105,120712]
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&3 G9INTre]  N = 12/ w7} ek,

AR ol 458 n 7 DHGIAITEO] BAE RS Gr) (MW). 2 BATSR, AR o] 4531 5 1] G912k o]

ofV) = =1, N £ =1,2,..,8760 ©)

4’7'6:172'7778760 (6)

™

5 5)\2
= (e — )
N®)(=12)

%, 2502 std, = 57 H9E W=

i
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Fig. 6 Standard deviations of capacity factors in the 5-min time resolution during peak times
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Table 5 Summary of ramp events of capacity factors in the different temporal resolutions
< Up Ramp Events Down Ramp Events
ear
# of events Avg duration Max duration # of events Avg duration Max duration
05-min 798 1.244 12 801 2.229 11
10-min 313 1.757 9 271 2.380 23
15-min 217 1.945 9 193 2.358 16
20-min 196 1.878 8 184 2.614 16
30-min 168 1.738 7 163 2.258 17

0.1327

[=]
-
=]

o.o;%\ 0.0531

Standard deviation/Mean of ramp rates

0.05 \‘
\\ 0.0359
0.0416 ——1] 00292
0.0333 —0.0257
0.029 ——0.0178

0.0243
0.0187

0.00

05 10 15 25 30 60
Temporal Resolution

Fig. 7 Standard deviations and means of ramp rates of capacity factors in different temporal resolutions
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