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Zwd Alol2e Wirga Alo|2e] Av): ofdel 2ol 47 Ed

tH(2] (3.13)-(3.14)).

SoC. = f "SoC(t) dt/r (3.13)
0

avg

SoC,,, = 2\/3f7(500(t)—500 Y dt/T (3.14)
0

avg

ESSe] 43} L2 ofgfef 22 a2 xdET (4 (3.15-(3.13)).

1. 2
Li=Kyp* N« exp{(SoC’dw—l) . fT }+ 027
B

](e? * Tlife
(3.15)
Ly=1L, « exp{4 * Koo * (SoCavg—O.E))} - (1-1)
(3.16)
Tref
TB
J
L(J) =Y L,(5) (3.18)
j=1

J: Al Apel2 A7k gt 7

ot

’

N: = £

fot

2w Apol2 4 (N:/T|f(t)|dt/262n),
0
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E 3.6 ESS AR7FsAIrel] & = ouA] 2} AH 7FA (20099

-201611)

(/KW-y)

T3
75| 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | TOU
1 17,987 40,984 20,354 22,460 12,060 8,187 5,671 3,942 18,312
2 31,052 62,079 33,606 | 39,242 21,994 14,960 9,962 7015 | 31,309
3 39,949 74,430 43,154 51,967 30,128 20,338 13,145 9,050 40,393
4 46,602 83,311 50,948 | 62,865 37,448 24,883 15,740 10,674 | 47,020
5 51,662 89,918 57,175 72,162 43911 28,680 17,830 12,037 52,805
6 55,719 95,004 62,245 | 80,207 49,669 31,969 19,559 13,174 | 57,155
7 59,539 99,608 66,912 87,736 55,116 35,056 21,159 14,225 59,114
8 62,949 | 103,489 70,855 | 94,174 | 59,806 | 37,651 22,496 15,154 | 61,073
9 66,305 | 107,250 74,648 | 100,370 64,402 40,204 23,801 16,060 63,032
10 68,941 | 110,157 77644 | 105482 68,415 | 42,036 24,846 16,780 | 64,991
11 71,465 | 112,984 80,547 | 110,376 72,344 43,829 25,880 17,468 66,950
12 73,428 | 115473 83,118 | 114,836 76,021 45,452 26,760 18,016 | 68,909
13 75,194 | 117,849 85,582 | 119,161 79,618 46,982 27,585 18,506 70,868
14 76,694 | 119,920 87,863 | 123,101 83,013 48,339 28,310 18915 | 72,827
15 771937 | 121,686 89,961 | 126,658 86,208 49,548 28,938 19,251 74,786
16 79,049 | 123,252 91,823 | 129,994 89,221 50,653 29,494 19537 | 76,745
17 79,769 | 124,216 92977 | 132,672 91,686 51,443 29,831 19,673 78,704
18 80,488 | 125,179 94,131 | 135,349 94,151 52,233 30,168 19,809 | 80,662
19 80,685 | 125,508 94,465 | 136,125 94,932 52,468 30,270 19,847 82,621
20 80,881 | 125838 | 94,798 | 136,901 95,713 52,703 30,372 19,885 | 84,580
21 80,981 | 125,945 94,894 | 137,120 95,941 52,801 30,420 19,902 85,070
22 81,050 | 125977 94910 | 137,153 95,984 | 52,855 30,450 19911 85,070
23 81,085 | 125,996 94919 | 137,176 96,017 | 52,892 30,466 19917 | 85,070
24 81,086 | 126,003 94,922 | 137,187 96,040 | 52,913 30,470 19,921 85,070
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¥ 3.7 ESS AFZTFsATA mE ul Ay A 2 AR A 7HA
(20093 -20161)

(/kW-y)

& 2
Z]}Z 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | TOU
1 17987 | 40984 | 20354 | 22460 | 12,060 8,187 5671 3942 | 18312
2 13,065 | 21,095 | 13252 | 16,782 9,934 6,773 4,292 3074 | 12998
3 8897 | 12350 9548 | 12726 8,134 5,378 3,183 2,035 9,084
4 6,653 8,831 7794 | 10,898 7,320 4,545 2,595 1,623 6,627
5 5,060 6,607 6,226 9,297 6,463 3,798 2,090 1,363 5,785
6 4,057 5,087 5,071 8,045 5,758 3,288 1,729 1138 | 4,350
7 3820 | 4604 | 4667 7,529 5447 3,087 1,600 1,050 1,959
8 3,409 3,830 3,943 6,433 4,690 2,59 1,337 930 1,959
9 3,356 3,761 3,794 6,196 459 2,553 1,305 906 1,959
10 2,637 2,907 2,995 5,112 4,013 1,832 1,045 720 1,959
11 2,523 2,827 2,903 4,894 3,929 1,793 1,034 633 1,959
12 1,963 2,489 2,571 4,461 3,677 1,624 830 547 1,959
13 1,766 2,376 2464 | 4325 3,596 1,529 825 490 1,959
14 1,500 2,070 2,281 3,940 3,395 1,357 725 409 1,959
15 1,243 1,767 2,098 3,556 3,195 1,209 628 336 1,959
16 1,112 1,566 1,862 3,337 3,013 1,105 556 286 1,959
17 719 963 1,154 2,678 2,465 790 337 136 1,959
18 719 963 1,154 2,678 2,465 790 337 136 1,959
19 196 330 334 776 781 235 102 38 1,959
20 196 330 334 776 781 235 102 38 1,959
21 100 107 9% 219 227 9 48 16 490
22 63 32 16 34 43 53 30 9 0
23 35 20 10 22 33 37 16 6 0
24 2 7 3 11 23 21 4 3 0
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SN (4.24)-(427)8 ZFzF A A 19 A A, To Au|zp TAY
Al 28] A AY A, o] Anjak FAAS AL Aot AL 223

o 2ula GedE Yl 99e Ads: wies 78 & gt

CS, = / (1—wy)q dp (4.24)
plq)
aglnew: f (1 —wy )Ch dp (4.25)
p(q1 +46)
CS, = / (1—wy)gydp (4.26)
plg)
CSy "= f (1—wy)gy dp (4.27)

ESS o= A} A ok Ahua $A 9

rE

b= A (4.24)

-(4.27)5 ol&3sto] 2 (428)3 o] BT + U

ACS = (CS™+ CSy™) — (CS, + CS,)
or (CS'“— CS)) + (CS““— CS,)

pla) plg)
= f q.dp | * (1—w1)+</ ¢Gdp| e (1—w,)
(q +0) (g, —n9)

P P\G
= c{ngp(l—w)—q(1—w)}« §

— A .0 A =er{ng,(1—w) =g (1—w))}
(4.28)
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3 SYPMF(w 2)E AFstd 74 (4183 sdI FdHE FFHo

wep FoAgel FeY o BEAd vgel A @ PS¢

(w, =w,), 29A FAe Wsle ol F4 (4299 o] mdo| T

ACS= c,(ng—q)(1—w) « 4, if wy =w,

(4.29)
= A(1l—w) « §

2 (4.300-(4.33) ZHzE A1 19 gAY A, Fo A FA

Al 29 A A Y A, o Akl FAS AR Aolv. AL 223

o AL JoAE YEU= d9S Aidtele HoE 78 & At

plg) pla)

PS, = / q(p)dp — / w,q,dp (4.30)
0 0

o plg +6) plg, +9)
PS = f q(p)dp — f wyq, dp (4.31)
0 0

P(%) p(q2)

PS, = f q(p)dp — / WGy dp (4.32)
0 0
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ow plg, —nd) plg, —nd)
PS5 = / q(p)dp — / WyGy dp (4.33)
0 0

ESS olyA AefA el o3k ik FA4e] Wsk= 42 (4.30)

—(4.33)= ol&3dte] A (434)3 o] YT = Uk

APS= (PS"— PS,)+(PS)""— PS,)

1
= ¢ {q(1—w) —ng(1—w,)} » 5—|—§cl(1—|—772) e 52 (4.34)

web FoAdel ey o FAYAY vgel ¥ ¥ AL

=

(w, =wy), AAF FAe) Wk ofd 54 (435)% o] HHo| 7}

3.

1

APS= c¢/(q,—ng)(1—w) » 5+§C1(1+772) o 0% if w = w,

= —A(l—w) » 6+ B « &

(4.35)
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S Fste Al RIo] 7] wFoltt, a8 EE MSO+ FHdAHE

dalr] A3 5L FAMHE 4AH o2 thA 21| 4] (436)7

Rl

m

.

AES = {c,(n=1)+e,(ngy—aq) —c} + 0 {17}« &
= {(A-C)—c,,}* 6—2B+ &
(4.36)

2 GAUG ESSE v g% melF F /1% mAA U 7oA

gl SI% 7 AR FAgusts okl E 429 go] AT F

%;L;";} AUA AGAN HE AFFIAY T4 Wt
R ACS = cl{an(l—wQ)—ql(l—wl)}- )
. = 61(77%_(]1)(1_“)) . 0, if Wy = W,
1
APS = cl{ql(l—wl)—an(l—wg)} e 0+ 501(1+?72) . 5
A Ak}
1
= cl(ql—an)(l—w) . (5—1-561(14-772) . 5 if w, =w,
MSO AES = {00(77_1)+C1(7792_(h)_cess} « §)— {01(14—772)} . 5
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o] Fgol AHIA & Arlawol SFS wAA EIrhar 7HAEkS]
= o] AEFrApE TR e dolR gkt ol & Eal, 424 9]
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8§42 A B4 AE 2 2w aFA sholA e BSS uA e
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1, Fa9 oFo] wE e3¢ Wit glon® Mg Wast glo] ¥

Aol Walelx] &=
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(BSO7k 74454442 )

EulAgelA e oA Aol s ESSe] £dol A A dFS
XA g A9 oldA A A e AFAAE S8 st
= ey g
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Wl gl
plg +9) (g —nd)
APS = q(p)dp + / q(p)dp =0 (4.41)
p(q) p(g,)

AUA AGAA G B Ao e Agel, B )
Aol waste] olux AejAY o]} dow Agul§AA wF F
Wl wale Aelshd 4 (442)9 2

AES = {np(g,) —plg;) —c,} * 6 (4.42)

AlrA A Agd we A AR T Wsrh 4
(4.40)-(4.42)¢} 25 wl, AGFARES Aol $4 wstel ESS F4
2 59 U gAY o9 Fo] Hrjr} HES ESSH FA @ A
ojth. 2 (4.40), (44DellA Q1 3 A} o] AM|are}t A= £
AR g7 wEe mE AGReAEe MSOe ESS FA A

5

ﬂJ9

SHAl =2 (442) HA gl o8] ESSol FAFgkth
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au)Ae] H4 BSS A

m§X (ACS+ AES) = m;x (A ES)

- m(?x[{np(QQ)_p(ql)_cess} * 5]

WALl A A BSS FA

m§X (APS+ AES) = mg‘X (AES)

- m(?X[{np(QZ)—p((h)_cess} ¢ 5]

MSO¢| A% ESS FAl

M (AES) =" [{npla) — play) —cous} 0]
T2 (4.43)-(4.45)¢F Zo] ESO7F 7HAF &A1Y uf BE A
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42 TFE AFTE A AFFAAE ESS £

ol ESO7} 7}A5§47t obd S ouletng 7|Ee] shgo] HAeA
Reo onaith B oAdoAE mujAge A e ESS £ 2 £odo] A

H7tAd A v wo] NGRS HA ESS FarAES o)

421901 A7 tabe] W& A% 8743 sHgel vhskel A at
AREu A gel s A 7 Bgel A el AR, 2w, MSO
b oea aaa, 7 AdRdAEe Ao oog Hdsa] 94
U Ao} e & ESSel A, S drin A shgth A el A o
AR A A, 2 BUAGAT ER T 2 A el 2}

= o EAT A, A FwERD AEAREE AR dA A<

- 103 -



FA Tt

)

ojatz 7+

zF

(symmetric) A%+

)

—
10

Agsel ESS FAE 9

=
-

A glol

i e

L
= &2

Lol &2} (free riding) 9] A

bt

5]

o2 4112 =W 2016 9] A

A

]

o

PN
T

B

o
o

oj

)
K
oj
0
;OO
ﬁo

PIMe] 200613 6¥€2 2|

, 19 412+

=
=

29 SMP dHolg

o 54

Al

=

o] A

3

&

d7h7o] Aduz A

¢t cqg= 74

p(q)

GO

[mi
E

H] g2

ESS 9]

Ap 5] =

e vtn Agsar.

ok
e

W, FAe] tigk Al

skelvt [6, 49, 501.

i 7H4

&

tel A4 Al

S

TrEel o

- 104 -

;
[

i

11

Gk
el

r,
b |

: 1_'_] |



g

140 winter{Jan., Feb.)
Spring

120
summer

G fall

winter(Dec.)

SMP [KRW/kKWh]
(]
=]

6o | | e M (winter(Dec.)) 4-* §
40 < *«Ea%;f-
20

0

Q 10000 20000 30000 40000 50000 60000 70000  E0000
demand [MW]

a9 411 =l 201698 AA o589k SMPo| #A

120

e Actual Data g o
—— OLS Estimate . %

100

80

60

Energy Price ($/MWh)

20

0 1 i i I i 1 i
50000 60000 70000 80000 90000 100000 110000 120000 130000
Load (MW)

19 4.12 PJM 20061 642 sk dgriAe] @A [30]

- 105 -



422 AFAAE A At

S Ao A o] ESSE o] &3 v AR 1F Anjx, AL
b, MSO9] &4 Wste= Z2h7) 4122 BolA 3k A3 o] =2 (4.29),

(4.35), (4.36)2 F&o| 7lsstH AJE 9 tpA] AHelstdoh 74 A -

I

o 71E AAFL Wul FAGAN W& wwE TSR AR

Tq_ (wl :'LU2 ZUJ)

ACS = cl(an—ql)(l—w) L)

4.29)
= A(l—w) - § (

1
APS = cl(ql—nq2)(1—w) . 5+§cl(1+772) . (4.35)
= —A(l—w) » 6+ B« &

AES = {c,(n=1)+e,(ngy—q) — oy} + 6= {e,(1+1)}+ &
= (A—C—c,,) * 0—2B + ¢

(4.36)
o] wj, x1&3 g A, B, Cx= 2 (4.21)-(4.23)3} 2},
A=c(ng—q), (4.21)
B= %cl(lirn?), (4.22)
C=c,(1—n) (4.23)
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TE 3T T, A Bl weld gEwhe HMe 7E 29 v
shAINE, Tz 29k g BE A AE AfEAl st ESSe
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e wtgd = vk Al o 9ot dnh 5, AR A s Al
g2 e AlgFoAs B ofyel e Bl ARFAREe] F
AAG7A el g 2pale] HA ESS FA A pHadstelof )
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a9 414 ANAET=xE IR 2 AR FA 4= () 72 Lo
Ay Kl

ABRTE, (b) T2 2 7, Bv) $Eo] LelE FrdA
7 pEw A4 (o TE 3 R4, Bl $Eo Baw Tz
oA AfEe 2A

zolth AAZ B vl A Aeel e FAsh FEREOZA

A 5o el 8 FAEHTE Fre AYAF FEE a9

- 111 -



A}, ESS FAA FA4e ol Aoyl HEE it FALL T Aol

Hk ol 4] (4.29), (435), (436)% olgdte] 54 (44N o] E
=R

ol

o},

rr;%;(m CS+ APS+ AES)

(4.47)
max

- 5W{(A—0—c685) « 5— B &}

FAEBG A AH ESS T4 AFe FAGAN & w9
G WA g AL AT £ Ak ol A uAst Fhte)

A A7) w7 el m=EEH A 7] el

4 UADETE A FAFS TE e 2ok,

Yz, ) ess (4.48)
0, otherwise

w{‘wcm ifA-C> ¢
G @ADe mE ARRAEe FAY F& Ause: Aoz
ol ARFA AR g FA AL FAGT F, Fx 18 57
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B oagela 7z 19 Asht e Ao Asete vng 9@

o 7% 383k}

- 112 -

- _'\-.'.“:_1-]5 &k 7
-'-H.E ,I_l __| .II_ -I'I_



425 TFx 20 A dAuREo] BEy® pFxoAe z FEE A

ol zke] FabdEr (ddololdEL] n-oiat nig=Ad)
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e aelste] Aale] FAAES FHBTh ot n-Felxe WAz
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ZF B AlFEARTE B ool Y Ag, 4 FE ARt H A
ESS FAder ndle o33 2ok o] uf, N7/ie] MSO, M7 e AAkA}
Z7he avAteE 2 FEED)Y AFECOAER AR g A<l

(symmetric) Al7g3oi 22 7HA &k ATt

MSO

MSO ¢ F4e] 7k H%% s HAA ESS FAHRS e 84

t

T T4 (4493 2ol xdE + Sk

max

5‘ 7TS((S¢, 6—2)
:m(SaZ_X < [U{Co‘f‘ﬁ(%_n(sz_n(s,z)}_ {Co—f—cl(ql_i_&i—'—d*i)}_ce&g] . 52>
(4.49)
o 71 A,

Ty ESSE o] &% oA FIAHZ 13 MSO /9] o]

8,0_7 ZFZF MSO 79, MSO 7 9] #& B ] Fejzte] ESS F24%

MSO 7o ESS FAHeH(5) %t ojuz the MSOSe ESS w4

)

(0_p)°l ol dH7MA d&& nAa, 2 d¥7tA9 & T, MSO 7

ANA WA= FF> AA FF F 1/Nel|l afjFdst=z A wpx|gto] §,&

2
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A T AR UGS $5 210 £
AR AN NAY AgFel Azt el oo Auskatr] A
Ao UHFE A%z, NJlo) MSOel HA ESS FA@e £3e v

&3} 2.

, otherwise

O, ifco(n_1>+cl(77q2_ql)_cess <0
0% =
N+1

N Co(n_1)+01(77QQ_ql)_Cess
c] (1+772)

(4.50)

1 A Fol4S s XA ABF PPoR B e

0, if A—C—c,, <0
§=1 N (A—C—c,, , (451)
, otherwise
N+1 2B
MSO 7¢] #4 ESS FA&2 tha3d 2.
0, if A—C—c,, <0
5=y 1 [A—C—c,, , (452)
, otherwise
N+1 2B

- 115 -

#;rx_'! _CI:I_ 1_]| -_.fJ]_ T_III_



ERE:

N4 el A g ESSS $9e ouA 2l A
NG FelAEe] FANE JFE WAL A HA FAAsAh F, A2
ek @ U4 A Us ESSE s Al

o FAo wWast A4 F Atk AN FAY W g 2ol

=3

A5
1
APS= c/(q;—1nq) » (1—w) » 5+§C1(1+772) . & (4.53)
WA o Tl Al HES s AH ESS FAFEL R 24
e 24 U509 gol BAT & vk
max max 1
X pl5,) = {ra(6,0,) 41 APS(3,5.)]
_ij [n{co-l—cl —néj—né_j)}—{co-i-cl(ql-i-(S +4_ }— ]
1 1
+A—1{cl(q1—nq2)<1—w>(5j+5_j)+501 (L+17)(5,+5 ) }
(4.54)

7] A,

7y ESSE o] & oluA AdAMZ g Aaa jo o]
0p0 ;7 742t AAkAE jol, Askar j o] Ze Fi W Fefake] ESS Fab

7 J

e ofn et
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AL = ESSE o] &3 v AAAY F Aol A& F AE
ol (A WA ¥ gra T AAleA FIFE vAE FARE (F
WA el e HUE s ESS FAHES AA o] w, MSO9}
HPAAA R AE AL Aale] ESS FAE(S) ww oy ve At

o] ESS FARF (0ol e ddFe wal, I 74 5 kA el Al 1

At e AA F UMl PSR §F Hate] wgsttt o E
o] A AR F REIN F, AR oA PR S
I/Mol 2 g2 o awt 422 (453)d] 1I/MS #3e] YeEA L
A4 AR Feh Pae AY dge $5 220 Fushar
Az fAAQ MA AFRFAAT Aol olele Hrisar] 9@
Aefel s 23z, M/KY Aikake] #HA ESS FA#eY T2
o g
0, if (n—1)+ M{q(nqg @)} <0
"= on—1)+ M+]1L1;71 {a (e, =a)}—c., otherwise
e, (1+17) ’
(4.55)
o) 4 gol4e el A AFF PHon sy g

i
o
EH
["_u_',
ot
-
30,
v
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5SP _

M+w—1

07 'Lf W A_O_C€SS<O
MA+w—1
M A= C=cy, otherwise
2B ’
(4.56)
WA ol A4 ESS EAGe e gt
M —1
0, if+TwA—C—cess< 0
M4+w—1
i M A= Ccy, otherwise
M 2B ’
(4.57)
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28] 2}
AR Aabahel e WAoo w A ESS BASE 7@ F 9

A A Apale] FA, $GEA @ ouA AjANE ESSE

ro,
:?L_',
B
>,
1o
o
ox
=2
(g
o
N
o
o
iy
-
30,
v
B>

WA Aol Mahe e

ACS = cl(an—ql)(l—w) ) (4.58)

sl kel F4el AUk MEs s H4 ESS FAYS e %

Agr= 74 4599 2ol xdE = Ut

max max 1
max
= 5, [77{00+C1(92_775k_775—k)}_{CO+C1(Q1+5k+5—k)}_Cess] * 0y,
1
+7{C1(77QQ_C]1)(1_w2)(5k+5—k)}
(4.59)
o] 7] A,

7o BSSE o] 43 x| AolAU 97 AuA ko] o]l
S0 e ZH7E WA ko], WA k9] 2e RE U Folxie] BSS T}

e ofm g},
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ML k= ESSE ol &7 oluA AdA T Aol A= ¢ U=
ole] (B WA ) ojF-a T AANA FFE A= FAMI (F

Ha ol 3+ HUE &= ESS FxZEHS ZAAzL o] wf, MSO¢t

mAE e AA T /70 AGsER 55 weke] wrdskadvh &%
ave] ASE AR F gRay F, 2 koA nAE dgS
/7o) e 9 %-g 3 4224 (458)° 1/2& #3ske] vebi ),

A FAEE ot P AR Uee 25 230 $5359

Az A ZA ARIATE sl ole)s FHuiststr] 9%
Aol W wd APz, Z9 2o FA ESS Tk 2§ )

&3 2.
. Z—w-+1
Oa chﬂ(nil)_k Z Cl(nq27ql)7cess < O
Z—w+1
650: 00(77_1)+ Z Cl(an_ql)_Cess
,otherwise
Z+1
7 c,(1+7%)

(4.60)

o)% dlMe] gol4e 9d %A ABF WHow rFsIU the)

2ol

2dL Utk

I:li
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Z—w+1
0, z’f#A—O—cm< 0
Z— 1
§9¢ = 7Z+ A—C—c,,
A o , otherwise
A
(4.61)
28R k9] HA ESS FAES v 2o
0, i 27ty o <0
A
Z— 1
0, = w A—C—c,,
1z e
~Z 711 o ,otherwise
Z
(4.62)
wob 7t pEw AddelAe 7 Fas we A (24 A4, 5
Nooo Moo, 70009 759 2 980 H4 ESS FARe & Fe mE
LolAm, ol ARFAANG (+AEFTE FHE AT J4 ESS

FAF(M T sttt olE 4 (451), (4.66), (461)& 4 (4.48)7)
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ok i/ ol BT 9 o T W B HM
- il R g X oy o o X
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! B 7E _Xx ‘ul ~o &o v JH EE
N et R Ko I = = N
oF o o ME BT o w7
r
= < EE o wow B o
o L wn [anrd n_i ‘mﬂ
hal TR 9 ™ iy
ofp ~ N ™ 62 = o) ml
=T T n TR g o ow PR OE
- N (S B N S S
1! Hm_ 1_,_Al X0 X — —_ K- 3
o = T T o Bog T X
< il N weom a.f _umo N wiﬂ K -
) B P © o o= PO ox 2 g
.UI Gl < Eo (& = 8 . HT ~o
! o NI
i AT ooy Mo o . R
; rE fzrrTiess
_ = e CEEES B o) o o o = 5
S , 2 SR = =
% - PTos ™ h X ®
N . al = s SR ~ —
) w2 o= T g ;T
a Y a A
T - o N o BO°® W o o
i - . oR
> S TGS 3 M T oT o =
1Qr N Mo © T T N BOw W ME N
= X B i Ny oV
5 P oz R oW o Fon Do
Z © R o X 9 T e i
ey © N wH o Y = o 7
— N = - o L wn —_ — T —
o) ) <t i3 "o} KR 7 ) X o} N
E ~ oo o o @»m o T ox A

'|'|'I

Gk
&l

o]

;
[

F
P

7o) %}l

Folze] T o

1
=

=

=

R

=

R

t}

[e)

T
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(mixed complementarity problem)=® A2 3}slo] =it}
7t A g2 HA ESS FAHA e Yl oy e WyoR

& % Aok

19
fljo
B
=
o
ol

ol
N
H
rot
B
L)
fllo
B
L)
ok
P
o,
=
o,
=)
K3
Y9
B
2
19
Y
&
Lo,

=
[©))
@
&
.
o
=51
i
ot
o>

°
=

_H:S%X < [77{00+01 (q2—775,;5—775§7~)}— {c0+c1 (a +5f+5§i)}_c€55] X

(4.63)

Tt ESSE o83 oy Al A= Q1% MSO /9] °]<,
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(5;9,(5§ 27y MSO 79], MSO 7 ¢ RE Algolzte] ESS Fx1=F

44 FAFES Fae AY Hge T2 2949 gt Tt

6 =0°

R AT A Al ESSell Tk bssta NARe] diF A2l

o 71

MSO7} &A= A ZFTFZo)A MS0S %= HZA ESS Ex4% &= 424

=

(4.64)9F 2ot

. if feoln—D+e;tngy—q) <0
; — (5P+5C)C1 (1+772)_Cess
N [(coh—1)+c(ng,—q)

S =l Nt1 e (1+17) ’

otherwise
- (6P + 50)01 (1 + 772) — Cess

c,(1+7n?)

(4.64)

hshl =4 (4.65)<F

{0, if A—C—("+6%) « 2B—¢,,, <0

5 (67469, otherwise

2B
(4.65)
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MSO 79| H#% ESS FA%F 5+ 54 (466)3 2t}

c
L (67469, otherwise

{o, if A—C—(6"+6°) « 2B—c,, <0
2B

(4.66)
MCP =4S 9% 545 24 463)9 AA Zaxd (first

order necessary condition)¥} g H ¥4 %A (complementarity condition)

< 7ty 2 (4.67), (4.68)% 2t

co(n—1)—(6P+50)cl(1+772)+01(77q2—ql)—cess+)\S—%cl(1+n2)5520
(4.67)
A>016">0 (4.68)

714, A\ MSO ouA AYAHE ESS FAwke] HirzxA
(lower-bound)ell 3@ s+ 21®XQt &4 (Lagrangean multiplier)&

o v g},

AR

WA fe old A Al A e ololsh X Al AL ESSe] T4

9 oegow Qe AN FAe W G Austelr] 97 AFL
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2=g)a Aolt}. o] u] o X A A e o]y} Ao T gL

FAL FA &
A ESSYo ugt AAEM, zpxlo] Fxpel ESSYF Hw

1

i I

=

=
T

AgFEA RS o] FAkgk ESSO ol oA w3

AR ol HA ESS FARE e A%

= RN

4% 4+ 9
max
max
57 [n{co+cl (qz—néf—néfj)}— {co+c1 (q1+5f+5fj)}—cess] . 553
J 1
+M cl{q1 (1—wl)—nqz(l—wz)}(éf—i-éfj)-i-501(1-1—772)(5;3-1-6]_32.)2
(4.69)
o] 7] A,

Tpt ESSE o] &3 oA A AYHRE AdF WA} o] o] Q)

T,
61,07 1 b7 AR} o), AR} o) mE AAEelale] ESS T

2 ojugh,

A FAZFS Fots AT HgLe 2 2049 AA R s

[€)

BE ANZGZAR7 A5EA ESSel T2} 7hEsta Mol oA A

o 71 v

A7} ZAsE AT RA AAxle] = HA ESS =A% 5=

T2 (470)3 Zo

- 126 -

}4 _‘-\.I:_'I']i '__-ii —II
--"\-\.E I|_I _.| .II_ -I'I-



if Mv;ilﬁ(ﬁ%*ql)ﬂo(nfl) <0
> M1, ¢ ,
=7 0%+ 60 (1+7*) =,
(5P: %CI(UQQ7Q1)+00(7]71)
‘31(1+772) ’
otherwise
_%(554—50)01(1-5-772)—
’ 01(1+772)
(4.70)
Aol folds P8l A Al A Fo] Xt 2 (4.71)F
Fdam
Zf %A_ C <0
0
) M 1
Y ——(5°+6%) « 2B— Cos
2B ’otherwise
— MMl (8°+69)
(4.71)

AL jo] HA ESS A = 4 (4.72)9F 2o

J
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if %A—C <0
0, _
—%(5‘%56’) « 2B—c,,,
P M+w—1
SV | T AT e
M 2B ’otherwise
. M_l S C
7 (6°+6°)
(4.72)

21 (4.69)9] A1A ZeEAT AR

MJF]:Z*lcl(nqg—th)—co(l—n)—cess+AP—%01(1+U2)(55+60)—01(1+772)5P=0
(4.73)
A=01L6">0 (4.74)

71, X' QAo ol i A A A ESS FArEke] Hazd

Fets At s4E on g

avl k= oldA A olost oA Ae)AUS ESsel ®

ol

A gl g oz 1%k Aol F o] Wake] gho Hhstelr] 97 A

2 £9F Aotk o] © U Fe A o] Aae] FAL A,
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a}

>,

v

298 ESSYol meh AP, alo] FAG ESSY Wb of

A mE GRS FAW BSSY 9o JHAAE e i

T

WA ko) AA ESS FASL R BARSE £4 (475)9 2ol

=
O

max
= 5k0 [77{00+Cl(q2_7761?_775€k)}_ {CO+Cl(q1+5kC+59k)}_cess] * O
' 1
+—la{na(1—uw,) =g (1—w)}Ef +5%)]
(4.75)

o1 7] A,
T ESSE o] &3 olux] A 1k At ko] o] <,
06,00 Zh2h &vlR ko), 2MAh k9 ®E AFReI Y ESS T
<& ojul g,

HA FAFS Febe AR A T3 2049 A Tt
RE AL AfrEA ESSel FAF sbsstar Za1el diA A<l
Co

aulAsh EASE AGTRAN 2] F AR ESS FAF 5O

4 (4T6)% 2k,
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if Z712+161(77QQ*‘11)+00(7771) <0
0,
—(0°+69) e, (1+7°) —c,,,
(SC: Zi,l;_'—lCl(n(b*ql)‘l'co(nil)icess
Z‘fz‘l e, (147 7otfherwise
__Zfl (8546 e, (1+12),
(4.76)
A1l folHS 93 A Az s AT o] xBEH 42 (4.77)7
FAgu
Z— 1
if LA_ C <0
0 A
_<5S+5P) * ZB_Cess
Z—w—+1
50_ fl; A_C—Cess
Z+1 ’
7 « 2B otherwise
7 5, P
T (854 67)
4.77)

2u A ko) HA ESS FAE 5w 2

(4.78) 3 2ot
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Z—w+1

if A-C
0, Z
_465+50). ZB_Cws
Z—w+1
=11z AT
A Z+1 ’
7 2B otherwise
2 s P
e (6°46")
MCP EES 913 543 2] (4759 A1A 2ex719

ZF

= 2]

A

[e)
Ltzl]_

Z—w+1
Z

A= 0

4714, \E &uAe UA AU E ESS FAFe] A

e (ngy—q) —cy(1—=1) —c,

T2 (4.79), (4.80)% Zot

e (1) (%) - ZEL

169> 0

et g Aet 75 v g
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(4.78)

SE A

.

c,(1+72)6%4+1%=0

(4.79)
(4.80)

=
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4.3 Ardl AT

431 AHEAT- dolH

AT AHATE Babe] thad AgTzels 2 Al

£ 43 AEdTE AT At B o ESS st E e 7 E 6k

3} 2} 1| 7| & #k &9
Co 19,000 [¥1/MWh]
N ¢ 2.2 [91/MWh?]
g} 2} v § Q. 50,000 [MWh]
o 70,000 [MWHh]
ESS n 0.9 [pul
shabn g Cous 10,000 [9]/MWh]

NG e F BRRAL ¢ o 20119 AL @] AA A
A ashk SMPE o], 2Abshstel Taelm, 2 A9 F87 qp g,

EoagAde) B 3T 3 AN exva A Fage =
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dte A gshsleh 2011 o] Fol= =l eujHo] AA Frhete] ¥ A4
Ak e x| Ao SMP 7FA Al 7F A4 o), Hete AtddTE 9
st 2011 HlelH & ol&sted vetnEE FE3Ath ESS dehnH

F WA BE gE 097, WA AFFH vE B5 = AR @

T2 19 AAATAAE Aol el FABT Feel FRE
At A9, o] KALEY AH FALEL FAddrh o] FAEG
el fUUEE WARE B4 shte vlwe] HFEm

=
A ANZ Qg Al FAMSG Luae] FAR, a8 FA

ool 94 EAW £ @ADH 2T £ @42 FE FHz
45 F9Ee] AH ESS FAFES oF 4194 [MWhleld], o o
e o fElE e FAL oF 35009 AEolth £4EF fdelE
A7 ESS BAF 2L FAN PR FAY Wk E 449 AA 4

2] skt
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44 FHASTETEAAMY HA ESS FAF (FF LA A Y S

A=A ESS 2%, §" (MWh)
4193.87
Ag713 (2/kWh)
plq,) 129.00 | p(g, +6"™)| 13823 =7 +9.23
p(qy) 17300 | plgy—ns"™) 164.70 z7 - 830
¥ s ()

ESO 0

A 2=} - 84,926

2] 7} + 119,945
% A3 F AN + 35,019

°F 42 [GWh]e] F2t¥l ESS=E 213g dgrtAe Wst= AA 1, 29
A 27y 9.23 [9/kWh] 57}, 830 [Y/kWh] Z48k%laL, o] 2 913k 4w

Aol FAE o 19 2w 7k AR TS o 87 suwa 7

{1

23t ESS9 olyA AR sl A A TS w
T 2[R AR o5k Aolt) (A o]F, welfare transfer).

LR A A FAES FEeE e HA ESS FAES ESS

Jo

o Fx @ eguel web AREM, 9 Avs AFNEFE ¢,
10000 [9/MWh] & we] Axbs vhehoieh Aol 2 A% ol

Aol A4 ESS FAHA wA= d¢e 19 4150 Vet
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120

g 8 8

Surplus change
2

(% 10® KRW)

[
(=21
[—]

=
th <

Marginal Surplus
change (KRW/MWh)

i
th =

[+
=

CS PS ——"/
@: cpss =0
P s, a0 ! @: cgss =5
el S e Y @: cpss = 10
B S B (x 10° KRW)
P . ™ —~

(b)
29 415 ESS FA@el wE Ak 19 FAWsE FAMe] A3
go] MAE G (a) FAAS, (b) FAFANS
2% 415 () ESS ol mE 7 Aggeldse F4 wshe, 1
el £AER fdelEe] FANGE JEAT. AN E 5 .7
ztzE @O 0 [Y/kWh], @ 5,000 [¢9/MWh], 3 10,000 [¥1/MWh]¥ w9

FA9 wahE
e e BSS Gl we @

A=A T 19 415 (b)= ESO% 45 +E

Asgasts derln
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AE AfshE BSOS FACW 9Fe mAD 2uast AAAe] T4
A GFe MAA @k AP g s qUA ARG ESS

o] B Qg ESO9 TS HaA7IH (D-0), ol FAFH &

©
N
=
ofo
&3]
P
wn
1
&3]
wmn
P
B
N
N
N
o
v
o
o,
X
ES
k)
b
in)
d
g
o
4
b
it
_0|£
ki
Jh

A& ZolH, o= v B2 $49 S7HE 72T 4 (448)°0 A4

o
<

o
Solg 4 9ol AgH go] BSSS FWA RES uh A7)
A7 Aol nh Aolx = Al 26700 [9/MWh] ®eh sobw 4
A5 FAYEE A A ARG ESS FAE A A

B ool Ashe AR W BAsE 2o, A, AP 284
o FAY §& AU s BSS FARS 2 Avloluz, oA Ay
@ A3 2ol AFAL Asss FAYY FAsth AHNFAL A
Bz 3] 91 o) Ashi= FAYA I FAV B GBS FAs=

Fholefelo] B 4 9l Aol

FABY A B, Aol BA o] hnlgol BT HFA

e AEAGE e TARANY FFe BA vk AR 4%
27 obd A%, $AF Ads 4 5 Ak o A%, AHFA

2 Hygels 44 BSSe el Wsirh QAW o] W AR 2]
Ao FAMSE 99 Ade] Fol met g + Ak FAG A

gk

2 Qg At WaE At Aade] F4 FaBe 4F LG
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o F4 Frhgst Rk F AAARRE 2AR o|FHE T %}

ot FFe MAAR AA FA FAF (welfare gain e FAEG

FAdow B AdATAAE, 197 oA AAHE ESS T
A, e9 & A% & AHFAY WHE £Ese], BSS FA ALY
AAHom AAe T4 F/he A odE Fug stk 9
A AT = Lxy a9 +87F 50,000 MWh, =33 427} 70,000
MWhel el % 71k mde] Anz, & @ Wel U A AR

s}

=

AEFAe o 37 500 FlelE AL @

5
ol
s
38
£
o
il
—_
[-‘V
lo
utl

Fate], A7 A3 T A EF=U1E

el 3718 =

Ll
kit
e
_O‘L
52
o
r (]
L
>~
-
fok
ol

Zal7] 98, 20160 A4 = F2uoHE o489, dF o
Ux AejAdE dttn Hgsigon, ESOE $@ FadSol b
shtha 7bgsta, BSSel AL selsh gt Mg b Hus

2

ash Aafael oz s, z2zel W b HH= ESS T4

a
2L
ol
rr
P
r2
o
>
>
s
0,
filo
N
L
o
52
L
ol\
N
L
>,
N
ol
S
filo
J
2
ok
B

itk olsh ol FAF ESSE ol §, olUA A AUz o] 47
= odolm 29 A (2109 9), A ATl o 776919 F7b
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Abstract

Short-term Effects of Energy
Arbitrage with ESS on Market
Participants’ Welfare and

Investment Strategies

Hyeongig Kim
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

In contrast to traditional philosophy that electricity demands
should be fully supplied only by controlling generation units, many
previous studies show that appropriate changes of demand are more
efficient. System load flattening provides system-wide benefits, which
reduce operational costs in the short-term, and defer the construction

of additional supply units in the long-term. Nonetheless, power
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demand 1s generally inelastic in terms of price and thus not
effectively responsive to price incentives. In contrast, by owning
energy storage systems (ESSs), every energy storage owner (ESO)
1S able to be price—elastic and demand can be changed without
reduction of the customer’'s utility because the amount of power
actually consumed by customers does not change. Furthermore, as the
costs of ESS have decreased and the price volatility of the electricity
market has increased, many studies have been conducted on energy
arbitrage using ESSs. However, there 1s a lack of research on
welfare analysis by market participants, especially in relation to ESS
investment strategy.

In this study, the existing two-period model which can analyze
effects of energy arbitrage with ESS 1s modified in consideration of
the ESS cost and risk—free contracts. We analyze the impacts of ESS
for energy arbitrage on the changes in the welfare of market
participants and determined the optimal amount of ESS investment
for three types of ESS investors in different market structures. When
the prices of electricity begin to change by energy arbitrage using
ESS, the value of energy arbitrage i1s reduced, and the welfare of

market participants changes due to the external effects of energy
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arbitrage. Thus, each market participant is incentivized differently to
invest in ESS. The optimal amounts of ESS investment are
determined by the ratio of risk—free contracts to total demand and the
costs of storing. When more than two players exist in the same
sector, the players non-cooperatively compete. Compared with the
case that maximizes social welfare, the case when the players in only
one sector are allowed to invest in ESS, the customers tend to
over—invest in ESS, whereas the MSOs and producers under-invest
in ESS. In addition, when every player can invest in ESS at the
same time in the competitive wholesale market structure (which is
simulated reflecting Korean circumstances), only the customers are
willing to invest in ESS. This study confirms that significant welfare
1s transferred from the producers to the customers, and customers are
able to to exercise market power by operating ESS. We conclude that
an increase in the number of customers and/or risk-free contracts
encourages other market participants to invest in ESS, which reduce

customers’ market power.

keywords : energy arbitrage, energy storage system, investment
strategy, Nash equilibrium, social welfare
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