creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FHAENA 39 ATHIA

WA 5 G RRe] oL A A A
ulg gA BE 74X AT

A Study on the Value of Energy Storage
System as Reserve Options to Distribution

System Operators

2022 d 2 €



) A A &2 YA AU R A Z X
qulg A W 7HX AT
A Study on the Value of Energy Storage

System as Reserve Options to Distribution

System Operators

2022 d 2 €
a9 % A% (D)
2993 xgdw (8
9 4 %9 g (]




A st 243 Holoh A A AAY] B F7hEe] olvA Al
o} &

Agt Rz -5 sk Aok A AAIH o R o3t
=

WAe Solld AR S A A AR EAge] gt ojor] 7} =
ol¥a Qlt}

%2 ANM(Active Network Management)#2S o]&3d Zlo|c},

.
TN
24
il
—
[P
O
N
Tl
r |
ik
ol
il
r\r
(03
=
L
o
_l
1o
-
wm
@
N
-~
M
>.
O l

ez Maslop & Aol
e A u) AgelA sl AT B A AY £oE o

ato] AU E EshaL, A ARIARE AUAE Aty o] o AlA



= AF YA vlE ARsls dFe] me} BRP(Balancing
Responsible Party) 7} oY AE Fof &2 w3t &Fof nv]#slo] v]&
< wlEskAl o ol ] AP B el HldElste] wiiEshA

A= S oulsit). BRPY =48 WA 5 U S R @

rlr

Aglo]l v&E& ettty A=2Ql AlFad fA ol sk BRPO
o5 o]&o] ¥l AAME BT} FFHEIT),

ATA AlgeM PXFC A1 7Hd< wlg A3t dF5o wet =+

o

Mg Hg FRATL FHse 2 AHoE St PHon A
th 71E A AA3 g2 PXEC Aol TSO7F DSOCAl 45
&)

& Fag Adrtste], TSONA F-due= st A

=

gol gk 2

o]
=
T 9 dst

7 A
olgles ool DSOOIA EAatehs ads 24 €
DSO= Fadd e AFE oldsty] sla] M= Jee] oulgE TSO

NA Tt FEHEF e FABMF k. #E AFeM = ou g e

Agds FYPT £ A= NUAAZZAA(ESS, Energy Storage

System) & DS09 #3589 9Tz AL = AS AAs. 2 o

ToA = olglst ANUAALGAE DSOS FHddd FHOE ARE-st

A]

aL, o] o] YA AGGA FAe] ZhA|ell el A Skt

F90] : HAAFELYIR, PXFC, YA AZAZX], AEZFA
3 W : 2019-22202

_ii_



;q] 1 7((]— /\1 == SN 1
A1 A AFo w7 D EA 1
2"27%{'5%947“_9.5%‘?@ ............................................ 5

A 2 A AAD A ZAI FZTFX] HIFH e 6
A1 A AB AF JLZE T TF e 6
A 2 A AA XA S T HE 9
X‘" 3 Xé l?x].y]_j] ‘\’%7].% ..................................................... 13

Al 3 A DSOQ] FFH T o 16
A 1 A DSOQ o H B corrnmmneiein, 16
A 2 A DS HJ L T e, 19

A4 g NAAAZFA FA TEHEA e 21
;q] 1 A A]g-;q]o]{:]_ ﬂ]o]a ................................................ 21
A2 A XNBYONH ALFE QL i, 25
A 3 A AEFo]A ) ) T T 32
A 4 A NBEFO0]A ZI e 37

;q] 5 7§} A B etiiieeticettietiiititsiitsteesttettntttentsnntsnsssnssnnsans 50

;‘Q-E__E.z:ﬂ_ ........................................................................ 52

Abstract ........................................................................ 55

i



F&z\

5
4
4
4
4
4
4
4
4
4
4
4

1] ZF B 0] A O] e 20
11 N B O]A E I e 31
21 BB 2T G A] e 33
3] Al 4-49] W] o sl 2 ) P RRTEe 39
4] NI A A F AR TFE RFE e, 40
51 ol A A ALe] g (0183 w7} 71F) - Al
61 X A4 Abe] Hlg (025E% ©7h 71F) - 4l
7] o A A A X AFQ GoQ] wervrerernsisnsisiisiiiiaes 49
8] NUA A AR A S F BB e, 43
9] AL RE WEFIE A 0] 2 46
10] A AFAZ 7FR] AFA G A] e 47
11] YA AGAH S 7Fx] AFA AT e 49
19 23
2-1] Active Network Management 7l 8. «weeeeeeesereees 8
2-2] 71 Lo A|Ao FEFTE BHE T e 10
2-3] PXFC W= A <eke] TN I e 11
2-4] PXFC A &9 373 vl & S o, 19
2-5] AN TFAE AR e, 13
3-1] DSO9] oA A A4 oH] 2] 0] & s 17
3-2] DSO9] o A A AR A YA} ceeverererienennns 18
4-1]1 9225 the] A7 BEE e 21
— v -
3’—-! ‘~:"I ]

1 5
-.l i ...‘-I



oo 2

>

1o

oF3y An)g tu] A ZFE A G e
2 Au| 8 v A7 RS e
F ANSE E3 0 Tl O] B weevvveereveesnennnnennnn
I AL E3 goky WA T O] B weeeveveenee
2 RS B3k Zw wa] G o]E] e
ISR E DS RPA RS I Y [ AR
14| 25t e) o= SESE7E B e
7 %ﬁ%é%]: 01]/\] ...............................................
FEHTRA @b v wE ouy Ay

BE A2 FUE Wl W SEEy sl

DIRERE A TR [P [ R
tolube] Ezdme] AEH ol Ao F

ady dug = o8 55 [T R
DSOS T8 HFAL A A] s,
799 5w DSO g 19 & &

749-¢) % DSOS oA A g $4 S8

oI AR ARIAE NPV (IS w7} 715 -
oI AR NPV (B w7} 715
97 ] ﬂ ]x]x]—x}j] Q/dg] 7].;‘<] .................
NIAA A gAe] ZHIQOIRAE 7h 7)) -

ANUIA A LR &A1 72025 v} 7|5) -

#;rﬁ'! _CI:I_ 1_'.li =

5l =7



Al A AE

&

3
b ek ole)

)

Ela

A, WA, B A

2 Yo gt

TZ5% 1980t A=A FEE ANUA #HF317F

o

&k

HO]—/;]' o

|

o
&

ol

A~
TA-5

)

—~
fiTe)

O

o

ol

)
“

=
=

57}

ol

A A AA L

olok7]17} =2E L vt [1]

s

= 99

A A AL
A Al "Fit and forget"

<

=0

%

©
=

wr

ANM (Active Network Management)®

o
T

s

wr
il

AL A A A

e}

715 e

B
=

ATA 7)Ao

|
L

= Zo|t}k. 1} o]d

HEo] 99 & "Fit and forget"

o



99 Wl shbel TSOZ €9 sk ol obdl, vkl DSOZH 7 2

AR 28 Alofste], Wi AES *dske FEHIE Wsteljor &

e AY mul AgelAs B AR B A A 598 o

stel o|UAE QFeta, WA AR oUAE Fhujdtch o] w) Ax

F g 2R rel B 5 Atk £EEY uX g oY

BRP (Balancing Responsible Party) 7} 7o) WA Hw B
T | Sdals 7o) e HUE B82S AEsE Fyolth = 4

wad duA BlEe @R Hlg A dFo] AT = o 3l

4ol w2l BRP7F oAU AE #vlf Z2 wlislet ol nldste] BlE

=
gh?
ol
A,
)
[T
rip
>
n:&
—|—'
1o
s
=y
ot
ol
9
s
v}

EEIE RIS
o itz BAglol
Mg absttiEy AFHe ABTY FA0) Bhe BRP FolF o]
Fol ) QlilE| v} ek 4]

o YX] A4 PXFC Al 7iIde]l s = € A2 AR +

N
(o,
=)
)
ui
o)
=
g
10
i
=Y
ofl
3
o,
Jo
-
i
e
F:H
0$i

78 uA digrEe dAd AL uAe] FAE FEdd Hgol A

| s AGAYE AT o2 EO2 04 9w 9Xo] met 2



Fol, TSO

S

&
A7F

<= 7

]

A
L

s °l

=S

v W= on)g F9l

1

&

A&7 24 PXFC Al&eA DSO

=
=

%

&
Tl

=
|

1

3 oluvA <l

TSO7} DSO°l A

7
5

¥ At [8]
_ﬂ

i Jbooom o e ) T R o m KOR Y
= m%@@ﬂ%%ﬁﬂ&&nwﬂo ) O
—_ A = 8 9 X N X o 03 ppmn
w m 5o A ol el nH A m < wﬁ e
) ‘.IAA_VH ) Ot > J7A| ﬂwE fse) O# 17_A| ]_Ll fo
) o % NS < 1= mﬂ# oy W B = ﬂdlM wﬂ
o e Y W 0 o
o ™ g o0 W 2o o= om oF W W o
AF o o @ 5 =K L Th — =) W JIXM )
oy . o= = ~ N oo o N X
T oE 7T YF g BPoNomow o4 X B
o BT SO S A e -
O ) — [y
“ v w2 2% 0w g WE LT
t S e .. < R TN I
] o )
5 w7 i 10 o oF = =
T o M oy o = do oo o K
) PR e g B 2B @ e F
® = 4 T g GO B TR |
— = B o @ R Mo wp = WO ™
5 O ~ o KON : ) |
To Q" X T = 9 % LMO Wy O R )
T T O I S R )
= o — R X S e NG S S e
Eo e’ El 17r A J_,Al E._ ~X ,.:,._ 1_._A.o — V ﬂAro ﬂ nAl
T o B0 o omoM o x XX o ox BT T
o m ® X oW o @ ~ 2 T T = - ® ¥
W T X 2 e 2 x T T X T oo o oo
o= % g T Y T R N o=
B (L - A W R S| R~ 0 o s
WO oo A e ® .- 9 O RECR N iz i
B TRy @ o TR o x B % m o = R
oo A B o Xoogr X .3 T or
‘Drm ;& w_f NM JH AT AT W OE 0 Hm% ‘U_I il ol - w JI
) p— 0 ™
2w T g e Moy W8
= 6 & T 2 T A N
T X o o AF A T oW T W o g TN



A7 7FAsta, 4o DSO9 U A AR AR AP A AEe] dA @

Aow AR o W DSOS o2 HolH= W Bds S

NEHO AT AUAAGEA T WA WE H2 T9E
G ol 7 AlolAvit 193] DSOS dluE 79 HaFels oy
AAGAA Aol BE 52 Anw AEeA DSOY eug 74
Hagee HES A% AFdolde 19y SudES Mnos
2 43k ST ol DSOS ABAAT AUAAFEN KA o)
Fofl e EIE BAT Aotk my, oJUAAFEA Al g

b

ol

A AFEETANS A g oUAALEA Aol Folo] way
A% F7b2 stk ol% o DSOS qUAAZEA F et
WAS I, AUAA R A Felde]l MATE, F b Aol

T ogEe Aol Au DSOS oUAAREA

o
r
1o
S
N
i
>
o



Al 28 =59 Ne 2 A

B QAo E DSOS FRFHAOR UAALEA oulE FHS
Ao, olm o §Ael Xl tlstel AEeelAS Fal Helgt
AEHIAS UAAGER T4 Wk WE Hx FYE W DSO
o ey 7o Fo] Hast H: AFE R, JUAALEN ALY
Aol Qln FHe A

<
5
g e RS BAOR Ak B =R THS the 2

A 1AL B R A B ug 78 =R A 8 e
e AR

A 2gelNE Y N4 Tz 5% A9 A% 7 79 ue,
2743 Aol d@ 2AF 2

A 3gelME DSO7F £EFE S o|%7] g4 e due A
Wati, o2 o] 88 DSOS oud ugael el et

A 4l A E AEeol el Agatt HolE, Agdolde FHsE

a8y dagEel gal Astar, DSOS AUAAZGH FA TEA AL

d= fs dd AlEdeld dyE AWE Jlojt.
Al 5FeE 2 A7 AAd S Y dElsta, & AT S
A A&kl T
— 5 —



A 2 % A AR ER74H By

601:

A 12 AY AN 72 F

A AR Af3

1.

Itt.

Zjo

S = EI

datol,

= A
=

ofpy

F

)
pis

SEE R

B

|
L

—
fite)

3

JA7t BFgow ¢

oF

A=wd=>30 71X

g

Tx2E 1980

ol o
1o -

A AAA 2

e

|

L R B = LS P B v = el i [ T

T

59

ol AL 20161 % 499 4w A|AS dAH AH-3}

N

K

o

AuA m&s ¥V F

W AL

=)

3} 5

i

3k A=

] °1#

= =
-._—TO

o)t

Al A%

g

(==
1o

717F =% 2 vk (1]

——



A9

Bo

2. WAAS

i

o

7171 &y 22 wdAE

agA A9 3k

T
X

~g
™
o3

o

A=

il ]

o
&

99}

|
L

‘o [2].

sh

oy

a4y Alsel

ol

ol
o

Network

ANM (Active

o
T

1}

1

2_

A=

AHA G2

v 2 2]

Management

B A A =29 2 (DSO, Distribution System Operator) 7} A2 A of 4 A]

&
i

1714 el

v 2ol

3

o

ol
U

9] 9}

715 e

=]
=

7R Aol

A =4

-
| .

Aoty Z1Ev ofe

"Fit and forget"

[3]

ofF & Zloft}.



o AS

HiH Al :

-3
=

:

} &5

2L X
[==]
-]

[,

.H ;

ra e

4
“ bz
m i)
70
I I
Tl __ " ° 00
<| 3 B e
o
T 1
o0 et et s
Klo
e 4

2ok

19 2—-1. Active Network Management 7} &




Al 22 AY AR a5 49 HE

1. 71€9 Ag = A%

NE Ae mul Aol Bl AT B A dY £2F o

ato cUAE dsia, T AR dUAE Bt o] w AlA

o] A% AF WAge AAS Zty Q= WHAARA AL, FojArA AR} 2

2 BRP(Balancing Responsible Party)7} &3o] wA4stA 4 &
T @ %ol et 2ol dE #ldE B8-S AEshs FHolt
wod oy vl @2 vE T dFe ZAdH = 5 3l

O Uao® Fadd §F vEd dre Ale &I3AE vlE AR3E

N

JAAE B7L F-=atrh, 29 2-2& floA AW 71E T

A Y B g 9 A S etk 4]



1
af
et
1}%
0P
o
o
0o

< BRP
+22Y 8 48
<
A2 BRP
®
=Xt .
[
+338 83 48
<

2. PXFC A%

AR Ao PXFC A1 7de] s =9 & A AR +

A A4 dgtEe] dA AR a9 A Fadd Hlgel I

H] ]

Jo
ol

A ok AR E AZagn v A% =6 we} 279 ¥eg
XN =

WAL REEE A% 4

iy
(o

2 3

s
%
rE
o

PXFC W= Aok TSSO DSOZFe] Ewdo] tfst AFA Aleko]t},
DSO+= TSOAA W= 714 [W/MW] 2k wl= 1z 85 [MW] el whegl A}
deof v]gS A Zstr}, o] wf DSOS AA ofyA] ALgFo] WH=E 9uk

A et 537 S o FUTAL B 5 rh[5]

_10_

Sk

TU



Power

HA[ZE oA |

ofLix Era

0jH| % Band

=0d

==

c &

19 2-3. PXFC WHE Aleke] 7IF X [5]

P

= 7

=

a9 2-394

A oofulg o] At

&

of that ¥ w

H]

A zaloF s, o]

—é‘

]

%o

o1k,

o

ERE N

AHolm 7 o]l AE]

ol# gt PXFC Al ellA DSO+= HA S +w

2 Zlolty. v rY DSOY

91%, DSOE AAZE i A7} o] g eto]
Bl AT

woF uX 9 st WIS fMF A DSOE TS0l

A A Aol o gt

2~
T H

ol ul &

Loin

ot

[l
-
A

H] g2

=

651 o

o

L

stARE, sy @77F s H DSO
sl HER o= AbglA HE dHIR
7b7b #asA ™ DSOE ouE 7Y
H ¥ o
= ds oISl #Hoth

=

= AEdes Zlol ¥ 4

#9e al AuA 4B

;ﬁ'! _u::l_ 1_]| '_.:J"!_ T
I = =



o= dujg 9] Sl Ags 71 AolH, o= TSO7F DSOeiA

SRl e At g FEe A7kl TSONA FHEE e

%
BRP
A AR BRP
a8
23 %} o
[ ]
<
N— H2E| H| &

% 2—4. PXFC A&Y a8 b8 (5]

_12_



Al 38 FATHA B

1. dF35E538<1H (Discounted Cash Flow)

BE 7ol B ZRAE 2 Ao s AR v ZHAE

A 7o m AAske VIMe desagdyoldt . o] YIS At
Ao v d5d du sEe @dES AEsk] dAe] AR gt

& F, A AP B4 u g Aol mnE FA FA AYS @

HalA #tt, dFsFEAYeAA txdor Agsts TdAZIAH
(NPV, Net Present Value)2 AAMAS 719

A7} 0Rh 2A 9 A1 FAe) BgAol rtm Rt (9]

n (‘F; n [t

NPV=)] -

=1 (1+7r) S+ r)

- CF : wIAoAqe) @RS
S ARAL-C BEREEN
- v AR A

a8 2-5. =AAAY AL

_13_

’H ki ]-'H .cjr

oy



a7 )

Q!

=
=

]

of 7|Z2A S mle] Ak

A=} AE 2 7

hyA

Fo] ohy

A =

s

71 e

E{l_

A

2 st &4

de

.

o] =

PN
T

Sk
=

A o)

S

Nqoz 4]

P
T

Sk
=

7)Aol opF it

ol

P g e &4 T

S

WA}

oj
w3l
ojn

T Q= dgolH,

s
ARe] Zdeeltt [10]

)A
0

ojy

;ﬂmo

of thgt Ak 7t

ZRAE

)

f

o

o
ks

9

]

o5 23ko
v —xa =2

]

&
i

s

A o]obY]

J)J
0

G

B

2

Nfo

=0
'~
)

—_—

=

H)
)

%)

o

7] mel =5 H

R

2AE] NAF

Ay

aol

3

E

7}=A]

o] 7hx|e A 7]E 9]

A Zeugolgtal & & ok [9]

Aol A= DSO7}F ofH &

/)

Al #dk. DSO+ wl AlZFelch oy =] A

S

)

L
0

I

HO
<

49 v

<

_14_



o DSOE W AZhvbeh W=, AE @kl oUuAAGEA A

[¢]

>~
>
AN
)
N
ftlo
o
Kl
ol
ol
X
i,
)
o
R
2,
4
XN
)
o,
o,
o
2
1o
o
>~
=
AN
)
R
o
=

o o]} HA¥EE ofFA . whef wiho] As-2hd DSOx= sA=

B A

ol

-

_15_



e}
-

Hot,

3 of

S

4

S
=

bo SHEY

°©

TSSO A ¢

e}

=

=

A 3 & DSOY

A 2.2.27 0l 7] g5°] DSO

A 12 DS02 ou¥

) M= FEel o]

S

el

e

©
=

EFREA

z|

O
=
T

9
i

9

[¢]

(ESS, Energy Storage System)Z DS09 3+

o
=)
"
e

)

ol

T2 DSO7} Z4Ate

o -

ol o

% 3-13 o]

-

=

% PXFC A Aol A

601:

A~®HI(PCS, Power Conditioning System) ¥} wlg| |7} =2 AA=Z

o] e

ofpy

_16_



G777 e g 7RG Agsittd DSO= UAAZEAE

il

o 5 =dd= s 2 Zolth DSO= AMUAAZEAE ol &

Tso DSO

#1

DSO ﬁﬁﬁvﬁﬂ Vil
#2 ARERNEN \_-.‘t::::‘ ESS
et O PO T

DSO ||:ﬁ7§\| Fél ﬁgj;ﬁl

#i ||!.| || |%|

2 O
P

ole st Agoletdl DSOE FHEE L dashzd W 9l AUy

of F7I= AMUAAZEAE shte] AR QlTh oA

3 A=



PN
T

Sk
=

A )

S|

, AL V2 AHE T

U dglolnt. 19 3-28F o] A%

— HAIZF oYX

Power

w

e o
K c
ol &
KA
T =
s 5
g ]
_ " |
;
v
v
i

I ———

ESS

Time

o =

ofp %0

a9 3-2. DSOS ANA AL JFA PAL

_18_



Al 24 DSOY H| & =

9 3149 U gelA RTo], DSOE TS0 Fw+#de $lal ot

o A A FES ST 5 Ak

© HdE A=
ME= DSOZF PXEC Aol wit= 7] def 127kE d4gste] 4l

U A A A

e
)
P
@)
AN
R
2
w
B
>
o3
L

r

>
©

2

T

x

>

o

o

N
>~

>

2

;Y

]

AA FAe] Gz AUAAGEA AL AtE oh= Aoz 7Pg etk
MAAAGEA AAbE DSOC] 25 =olil, 7H3AES o)V
el M= Y GrEEG AR S AlAskE . =5 Zlor &
ATelM e AUAAGEA ] 79 D7k FA4 Ak A7 A

bt

W7hE fA T 7

ol

_19_



Ao 2 el et ddE nE A= AlE Eael dig
&

Hg 32 TSO« As =dF9 Ads DSOMA ZAAMA sdd =

slvjsfor & Zlolth. TSO= DSOS =49 Fxdd Fols sl&
UE] w72 s U AZFLA gt 9 ooux] 714 R 2o o9F

Seost = ApssPrss T 2 gunaluna T )\Peanb:yp Penalty (3-1)

o & )
AEss ANUAAZEA] F4 79 =7t [¢1/kWh]
Prgs AUA AN FA T [KWh]

Agma | ME T w7} [9/kW]
2Pp,q | M= 7ol (M= ARakek Tglow 2u)) (kW]

Apenatry | TNEE 1§ @7 [€1/kWh]
By | BT3B LAF [KWh]

_20_



A 4% AUAAZEA A 7HA £

i

A% 37FA 0|t o] & 8 HolHE g Ad ALY AYFe 9
AR s AFEstglon, olF s Eate] mAag-st o] Zb AR
B2 e Az dabs 20219 7€ 1940t} §ld ¢

dolel= 19 4-13 2o

nE

ko

o353} the| F3H2['21.7.19]

100
80 \//\

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
AlZHn]

I% 4-1. ¥y AFs gib] AIZHdE Bk (11]

_21_

;ﬁ'! _u::l_ 1_]| '_.:J"!_ T
I = =



A

o
(o
il
=
02
oL
ik
2
ot
B
o
L)
i3
=
ol
1o
o,
o
r |
at)

=9 4 AAH

= 9AQl FINGRIDARS] A2E ARSsklth F HolH= EF W Az

100.0

90.0

80.0

70.0

60.0

BEU&% 50.0
[%]

40.0

30.0

20.0

10.0

0.0

Iy 4-2

100.0

90.0

80.0

70.0

60.0

QE% 50.0
[26]

40.0

30.0

20.0

10.0

0.0

1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
Al ZHn)

12 345 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Al ZHh]

_22_



14 s g

9|

dloEfef o

I 2020, 366, 8,784AI el disliA 2t &+ H= 8,784 7

9

[e)
s F

10% "% elA

+

= °l

B o] A el A

steict. A

}\C—)] )

a9 4-4, 4-5, 4-63} o] dFE A

ST

bl AR

oz A5

SRR

)

Al HlolE of

Al
=

e =2

E O|o|E

282

(=]
o
-

80

40
20

[%]

Hslg 60

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

7

6

Al ZHh]

4 =5 el =7 E =gl =g E =] e—=]]E =—12E

—_—]E e —3E

_23_



4 4

fujo

STHENYE 2T 22 E Ho|E
100.0
90.0
80.0
70.0
60.0

nE
rx
Mo

50.0
P 40.0
30.0
20.0

10.0

0.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Al Zth]

—E ) —3E 4E ==5E ==(El ==7E =gl == ==]0E ==]1E =123

T

I8 45, 45 A

o,

= &% "Hkd 2 doly

rc
-|>
0x
ox
mjo
ofm
rot
oftl

HEdEE 32 HolH
100.0
90.0
80.0
70.0
60.0

g
rz
Mo

50.0
%
e 40.0

30.0

20.0
10.0

0.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Al Zth]

—]E ) =—3E 48 =5 ==(E ==l ==gEH ==0E ==]0E =—]1E =——12F

OY 4-6. d AAES B3 9 A oy

_24_



A 272 AlEEolA AluEl e

4 | Dso-1
TSO
% | DSO-2 ESS
B O 42
1MW
2 = A1
DSO-i

O™ 4-7. AEClA Ay e The

i

A EH)AE I9 473 o] DSOS wWixAR 1348 +dshs
gAkR Zhgetal, WA R v Feh SMW, Bl 3 SMW, &9

2 2MW7E Al B e stk o] w o |A AR AP A

r|

IMWe] A Es 2k 2o Sy obA 4149 20209 14719

dolE gt ol&3ste] & Fab gh& 8,784/ i AJghuict Askeitt

[d

=

=

obelel 1% 4-8& dHol g F 54 @AY = Fat 19

o

g Zoltk. AA wiate €% wRerY Aolal BRFFFS 1

4-99} 2},

O

_25_

3 A=

1]|u 1



7,000
6,500
6,000

5,500

58

[kVA]
4,500

Jy =
ot

Ay A
4r
o

4,000

3,500

3,000
1 2 3 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24

Al ZHh]

™ 4=8. AA EFskel oS &Fekt vl

1Lt =TT 04|
600

400

200

=8
[kvA]

-200

AlZHn]

_26_



=
=
r
il
—
toty
£
=2
3".:
w
>
»
e
)
1o
s
o
£y
M
Fii
OXE

< 202.5[kVA]=

A" DSOx= UAALZA AFAAl S3& 242 Zola, ofd
DSO+= AUAAZZA AFdAelA WS 238 2 2ot o=
UAAGZA Apdake] F-ap7h Adalss el A & =4 Ad=s
e = vk AlEdol A AUAAZEA AFIARe] Au] R =
IMW= &Fgiet. ool we} 5708 DSO7F AAlEe dF+ Ed3d
ot vl d R AUAAGEA FAS AT Aor A5l

Algdoldeld DSO+ v dd2 243871 S8 =, oyA

oF gtk 197] Wil AR g AgHow Rudt P o
BT NFAR ALGol 5] gro] Aree] FAow [P

Zolth. o] AFES AlEdloldels AHE

Aule HuF olFel w9

ek

61— )\1 41—13 _La:]g]. q_

8784
min zjl[/\ESSP th’SS + 2/\tBandP é’and + )‘PeanltyP ;enalty] (4-1)
t=

_27_



9 A 4—19) wet DSOE 2020d9 8,78471¢ wiAlzF mith AAakw

239 Fo] tetel M, AUAAGER, B7d HdE F AR

2
ulli

& AAAS 27 4-105 gol AuATh AUAAZEA 7Y W@

-

b

ofs

= AlEYolAdo AR At W= 7142 FINGRIDS
A YA 78 AR e FAsHA AR o= M= ] ©@rrE o
S

R

Uz 7kAHT =4 53 DSOS WE 7S FE3 Q9o
He S 1yt (8] teoe® #HdE W= DSO7L

P
Ty
A3 0w Folg 4 9u® FAv Lo AL @) of o

iy

Al

N

oft

=

]

o
=
o

B
=y

&2 3,2439/kWhE AHESISITE[13] ©l5 T8 A%k DSOS
& ulgo] H27h He gk Teka, o o uAAGEA Ar e
Ek ekt

¥
ko

A7t OL4%]
— oj%) YEY

OlH= Band

t t t
Apss < Agana Agss > Agana Apss & Agana> Apenatty

t t t
PBmdfmm T Pandﬂnm T Pamdﬂnm P
ESS &M WA} Band 0| & Violation Penalty X| &

O% 4-10. FE TR @7 vl wE dujy A

_28_

J’—-! -Jfl- B i r



ANEgolAde AekzAo g T JIxE HAAFACE AA= wA7F A}
o e By o] WE, AU AGA], EvE HEEHY Y F

Asrhs Zlolth o] Ulg& okel 4 4-22 et

o

t t t _ pt _ | pt _ pt
PESS+PBCL d +Ppenalty P[mbalnce (_ |P}?eal—time PBid

) (4-2)

i
-3
i
X
By
o
o
Eu)
N
N
2,
=
o
v
_1
L
N
E=)
Mo
2
o
wm
®
i
X,
X,
X,

Pftfand = Pjt?cmdfmin ( Péet load>< n%) (4_3)

9 A 4-30Ae] W= HA FYE %ol WEbA DSOS FHEtd A

go] & Wyt A7tk e drr vl A zkdel n%7b Hthd, o=

v AA Rl Melo] g Aolt;. kAU n%7b drol wl= wrlrb A3

AP I AGEA FHAE F@T, o] E wAAA
— 29 —

;ﬁ'! _u::l_ 1_]| '_.:J"!_ T_III
] — -



— A7 O]
— o YE

1 1

. i

: : OllH| % Band
i

[
Agss > Apana Agss < Apana

1 I
1 I
1 [}
I 1
1 1
1 1
1
\ 1
n%’t E2 4% | n%7t ®2 4 n%7t $2 &2
I |
| 1
| 1
[ Band 0| & :

ESS &M A}

u
4—1° FAsFT. M= HA FUE % 0%FEH 0.1% G

10.0%744 Wz AAslar, oAuAAZEA 42 79 D7F A

_30_

A et

i |
L% ]
B i



% 4-1. AlEHIA F31
n%
0% 0.1% 9.9% 10.0%
AEss
e min > [f o) | min > [f ] min> [f ) | min > [f ]
N 21 Ppsg 2 Ppgg 2 Ppgg 2 Ppgg
o min X [f ) | MIin 2 [f e minX [fol | min 2 [f o]
N 2 Ppgs 2 Py 2 Ppgs 2 Ppgs
- min > [f o) | min> [f ] min> [f ) | min 2 [f ]
N 2 Pygg 2 Ppgg 2 Pygg 2 Ppgg
J00s min > [f o) | min2 [f ) min [f g ) | Min 2 [f o]
N 2 Pggg 2 Ppss 2 Ppggg 2 Ppgs

_31_




A 32 AlEEelA dagE

1. 34 # A3 (Dynamic Programming)

Dynamic Programmings A3} A4S sfdsts w2l = 3ot

T AR o] B FHE, thEAQ] d2s v

i)
rir
-z
M
Hd
2
1o
-
BN
il
PN
rlr
Md
2
2,
)
%
_O‘L
=
o
il
of
:ol:

u
X
N
e
Ay
b
O
527
off
d
2
S
X
b
1>
1o,
ofl
=
il
=4
DOJ{-:
)
s
o,
o
N
52
o

f(5)

f(4) f(3)

VAR N\

f(3) f(2) f(2) f(1)

A

f(2) (1)

O9 4-12. YR URFE oA

_32_

A& sty



T35t st= Al EH ol Ao = DSOZF 8,784712 ® Al ztwpch i
S ZFst] 7 AAAEQ] WA ow

3
Wzt FEel olg o, AFF 2

i v btcmd P E’SS P zfenalty
1 Pz'tmbalcmce 0 0
2 0 Pitmbalcmce 0
3 0 0 Piinbalance

AlE# ol o= DSOZF 8,7847019] wi Alzkmith 9 37bA] =¥ F
U AYstes AA B9 el diste] b AR CvE v g
X

st 98 Sofol @tk of uf oule wlg Frol e AA 3

Wk 37FA S A Zolo® AA Ao e AlEHeldoR

Tl AUAA F A ¢ A= & vk HEol DSO7F

i Ao dEE = e e 79 AdAe] 29 dA dEE 3
ZHART F @7 ditel, voluy TR RE s AlEE ol

_33_



[P }mba!ancef 0, O] \:
3% 7HX| 3#78E J1X)
it t t > >
[Pbam'.a PESS'PPe'nﬂlty] [0, Pimbalmce' 0] \: 704_?_9] _J'x_ tet %‘—?—QI _J;._
[Of Of P fmbaltmr:el \:

¥ 4-13. "ol zradw e AlEdeld 49 &

2. &2 (Greedy Algorithm)

Greedy Algorithme ®S&roleti Egr, HA3 EAE ddsts
o Ay st
T EE A5 FE o Fdslel AVUAA H2 Al @
UERE TR olgf g AR S Beske shvhe] HA 3 Ve w T

drglFs AFEE 4 9tk Greedy  Algorithm  Dynamic

719 = sltoltt. ¢4 Dynamic Programming &7

Mo
|
ftH

S|
=

X

1

o

Programming¥ 2] B& F95 29 HAAES A &, 74 dAE

HAA S Fotal ol E Fall AA A HAE At [15]

AR

5 10

P

10 999

i

20

N\

I9 4-14. 294 €859 7 oA

_34_



o]#] 8t Greedy Algorithm? ZAAL BE Ao 2 Ay 9=
Zlolth, gtk By I¥ 4-149 L o HE A

ek A7 #AT £ oodvh a9 4-149) 22 9FE WA @]
A&, Greedy Algorithm® 85 9lafjd olefe] 27FA 7o) He s}

t}.[15]

Algeoldel X DSO= wi AlRbviek 17 4-158F o] thefdh Je=

FHAPE ol FA Ak o W Z vtk DSOE Phuy min = AlSISHIL
J—?_éé‘l— %ﬁﬁé‘ %]: Zmbalance Oﬂ EHOH}ﬂ )\band’ AtESS’ )\;enalty k” 7]‘X] % 7]—
= = t
XO]_ X1 ?‘Sl_ ‘l_ 7}-X]5§~ }‘\j—E—'u 01—7“ ‘Q—q— EIJ_O]: PB{md min O] Lmbalance %)‘_E‘E]—
Avd F7HAQD Fuadd dd¥ e 7dE de+ gl
ClHx 2
P:?and—min
Band Penalty
ESS ° . ° Band
ESS ESS
t=1 =2 t=3 t=4 t=8,782 t=8,783 t=8,784

% 4-15. DSOS 8 =52 oA

_35_

-";rxﬂ-! _k::l '|_



2

| & 4

Al wAZEe A gE A=) Aot o At

M

Al E#H o)A 2
o] Avte] gisA JFE 7AA g 5HAJA F2E HAH, W A
Ttk HA o] FE AP A ddets B HA gro]l AAS I F
H &5 HAs) stA sk AA HA s 2 ke HF R xR
exdx zZFa gtk 9 U&s EdE AlEdeldE  Greedy

Algorithm 7|8FC. 2 <35t}

_36_



A 42 AgdHold 23

A& ol A& MATLAB R2021aZ o] &3] a3t}

1. DSOY g Fdu|3 A EeIA

3 4-19 20,20071HA A9 el dei 24 492 5 ek DSO
7F FEd e ol F7] A8 Abgshke By Fdnlge] HAavt He #f

& ole) a9 4-163 ol AEHAT.

%108
3.5 5

3 4

2.5

Total Cost

100
60 80

50 20 40

ESS Price Band min % [scale 0.1%]

I8 4-16. 499 £ DS09 vy 9 & Hl &

o



A

AU AGEA & T Wb At FeFE WE Hx TUYE

32

n%7t %E5E DSOS efue FUuge Hopt AL & & 9

_—

od oUAALEA §H 79 WE AL W, WE Ha elgo
FolASE F 2w o] F4FS wlnh
TS O 20,2007H4 59 Fel thsiA DSOC AUAAFIA &
=2

, ol 1 =173 o] yeRdt}. 20,20071H4]

2ol
+
ko
ﬂllﬂl
>
i
=)
32
=

A99 4 BEM DSOS UAAZEN FH e Fost wAS

& ddsklvy 3, oUAAGEA A Y @I Mgt ST,
ME HA FYE %7 F255 DSOS ANUAAFLA FH S+

1.5 4

Total Demand

0.5

100
150 80 &

ESS Price 200 100
Band min % [scale 0.1%)]

% 4-17. 399 8 DSO09 AMUAAZEA Fd F8

_38_



A AlFE ol dolA DSOw= Ee A5 ol whallA o= A%

B
o
[
=2
=
ol
-
ko
N
o
e
o,
o
o
il
o

A3kt 29 vhd 20,2007H4] &2
-9 ol thal M oA AZEA AFAARE] AN A5 EE
e Fall AR ool A =AE skt g

ESS}'orofzt quss ><AESS_ OAPEX— Z(OPEXﬂT&d + OPE‘X; amable) (4_4>

t

A d-de AAUAAGEA AR QM dEEEE dEdnh
2ol AbgE WEE B 4-36l skl

3% 4-3. 2 449 Wl g 4o

o g
i DSO A<= (1~1)
t Al ZE A
2 NUAAFEH 4 o %
Agss AR A =] Fof] &7}
CA PEX NI A) A 7] A0 )
Y OPEX ooyt OPEX iaie) | U4 A4744 n40% 290




2 2 4—4ef AT AqUAAG G A HolE = B 4-4F FaLsh
St (8]
E 4-4. YA AZZH A 25 (8]
T A @7} w9 H| 31
1,876 '184d 7|+
ESS A u]Fx}H] dollar/kW
1,446 '25d 7+
10 '18d 7|+
1A FA R 5H] dollar/kW—year
3 '25d 7+
W5 A B 0.12 | cents/kW—year
35 1,153.77 ¥ /dollar | '21.7.197]1
AL A ElE 4.5 %
An] 47 10 Years
PCS &=¢ 1,000 kW
Afagled =1
v el 2] &% 4,000 kWh
o URA| A %A v]-§ A A5 5 oYX A @7l 20189

=
-

of me AEdeld Au vug 9
F57] A3 WA vl

S7kel 20259 % @UbE RE 0

A]

YA
ar

=

=

Kol
=

4_

|g5tol, oluXAgEA @} s
sl Abgsteich 7 wbd SRAT

5, ¥ 4—-6°] YeRHAT

_40_



3 45 AJUAAZEA AR Bl (2018 % ©@7F 715)

g (s$] © 9D

Year
ESS Au|Fat0] | 14 FAEFH | HE FA B
0 2,164,472,520 11,537,700 1,385
1 0] 11,040,861 1,325
2 0 10,565,417 1,268
3 0] 10,110,447 1,213
4 0 9,675,069 1,161
5 0] 9,258,439 1,111
6 0 8,859,751 1,063
7 0] 8,478,230 1,017
8 0 8,113,139 974
9 0 7,763,769 932
2 A 2,164,472,520 95,402,824 11,448
= 2,259,886,792

3E 4-6. AR AR A B]E (20256 % ©IF 71)

0 & (%9 : )
Year
ESS Av|FA] | 14 FARFH] | HE A 2]
0 1,668,351,420 9,230,160 1,385
1 0] 8,832,689 1,325
2 0 8,452,334 1,268
3 0] 8,088,358 1,213
4 0 7,740,055 1,161
5 0] 7,406,752 1,111
6 0 7,087,801 1,063
7 0] 6,782,584 1,017
8 0] 6,490,511 974
9 0] 6,211,016 932
2 A 1,668,351,420 76,322,259 11,448
= 7 1,744,685,128

_41_




o2 o ol o 3k 4-7°l wep AAksESITE
E A4-7. ANYAAZZA ALY G
+ o
Year | W7F @& o 9l (9)) k!
(&/kWh) (kWh)
0 Zq( eSS Zq( 58 X )\ESS
T E X A o X
1 > €ss qess ESS 1+ DR
= Z 5 A g X ()2
2 1§>\ESS:200 v qess qess ESS 1+ DR DR :
(S A pes= |
3 SE_}OJO
3 kol A7) — qess quss X)‘ESSX 1+DR) =
L o
9 Zq‘;‘” quss X)‘ESSX 1‘|‘DR)
17 _ D b X A g X 8.269
t,i
9 w183 sole] thako] wHAIAE o ¥ 4-83 ol T
Sck. ol% ki ABdolH F9-9 4 20,2007H4] BF Aol of
UA AR AFdARS] F2F eldo] I s = A (Ed A7 7 01
o & A5 E AAreE

_42_



4-8. AN AZEA A AF 5F

2 = %Y v & ®B) NPV (=A—-B)
2,259,886,792
18¥ % -
v & quSSXAESSXS%g ( ) A3 3% > 0
1,744,685,128 a4 fH)
(259 %

NUAAGEA AP AES] 1ol A &
£ 20,2007F4] %2 el tieto] Aatstd olUA AR drpE R
O 4-18, 4-199 Zrh 2018d%e oUAAGHA @It A=
1,8317H4 4-%-9] ¢, 20256 5E9] WA AZEA] drtel M= 2,8447}

A Bgel oA Aol ehgol Wkl
x10°

1.5

NPV(2018)
1

0.5

100
. 150 200 100
ESS Price Band min % [scale 0.1%)

18 4-18. oA AZAA AFG A NPV (2018 % 7} 715)

_ 43 _
,»H S8



«10°

2.5

2 =
1.5
o
&
5
Z
0.5 0
0+
0
100 150 200 100
ESS Price Band min % [scale 0.1%]

_—11;% 4-109. OﬂI/ﬂX]ﬂ;g’%]’j] /\]—‘ﬁX]' NPV (20251{3}5 %7]' 7]%)
3. DSO9] oA AZA] FH gt 71x] A

4144 DSOE AFaelAg BE 490 Feld ouA A g
FH Fe7h WS ol AUAAZEA FA

TETd T gl ¥ HoAxs ek, o] A AUAAGEA &
A

i)
o
i
ol
o
10
>
Do
o
Do
()
()
N
N
Ry
=2
=
ol
ol
%
Do
(-
)
(@)
L
kr
(o]
=
o
i)
H
rL
(N
1o

_44_



%107
15 -

10

ESS Value(1-year)

100
150 80

ESS Price 200 100
Band min % [scale 0.1%)]

I8 4-20. 197F oAU AAZAER A9 71HA

414804 = DSOS JAelr B B9 gl AiAALGEA &

A Z=o7) BAEtE S s, 9 18 4-20914% DSO9 ¢

X
2
_>l:4
2
I
N
N

X

5
Lo
=
lo
N
—|—4
N
N
N
td
rln
o

9 Fel A BYE A
& gasginh, 2ev 4.28004 RoE] AUAAFFA AdAe 9
Aol Abglel AAe] Frut Ao fi A A9 Furh 44
e £ FAsth DSOS YA NUAAFFA &4 74
L RE A FolA wgstgont, uAALEA AdAe Foy
o] #FuwA ghethd o AAl AN gl A9 B 5 vk 19

m2 okl 24 20F Al wEeE 43 ol AR A7

_45_

¥ A=

- .

Eﬂ :i‘,fl it



A2 g2l A E s,

@ [mln(Ef) without ESS _mln(Zf) with ESS ]

t = firstyear

@ AR AZEA AR QAN =@ANA T} 0uTh 2 A

9 F e 2ds BF wSshs 490 v & 4-99 #2018
d w7t M= Ay AAZEA 9] D7k 23~12699] wEE, W

e A AAAR F¢] @b 17~13799 BXE W HA 74

2 0~3.1%9 wx & Kl

E4-9. U5 BF wgshe 449
18AE @t 7E
CASE Number 1] 2] 3 1,829 | 1,830 | 1,831
ESS @7} Apgs
23|24 |25 75 76 78
[ €l
e #HA FYE 2%
2. 2. 2.
[hel ;o] 0|00 3 3 3
25\ % &t JE
CASE Number 1] 2] 3 2,842 | 2,843 | 2,844
ESS @7} Apgg
17 | 18 | 19 78 80 82
(&9l €l
e A Y5 2%
1 1 1
[hel ;o] 0|00 3 3 3

_46_




ESia?gzionZ Esioljtfe( T ' [min(Ef) yinout ss — M0 (ZF) yih mos ] (4—6)
3E 4-10. ANHGAAGH] 7] A oA

Veur | MIN(ZS) witho(iEjs) min (Zf) wiEh:E%g) ES?* AV% H] 31
0 142,922,669 62,186,456 | 80,736,213
1 136,768,104 59,508,571 | 77,259,534
2 130,878,569 56,946,001 | 73,932,568
3 125,242,649 54,493,780 | 70,748,869
4 119,849,425 52,147,158 | 67,702,267

5 114,688,445 49,901,587 | 64,786,858 | =Y

n% = 0%
6 109,749,708 47,752,715 | 61,996,994
7 105,023,644 | 45,696,378 | 59,327,267
8 100,501,095 43,728,591 | 56,772,504
9 96,173,297 41,845,542 | 54,327,755
24| 1,181,797,606 | 514,206,779 | 667,590,828
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Abstract

A Study on the Value of Energy
Storage System as Reserve
Options to Distribution System

Operators

Hyun Soo, Kim

Department of Engineering Practice
Graduate School of Engineering Practice

Seoul National University

The power industry has been operating for a long time in the
form of a network—based natural monopoly. This monopoly
industry has been operated in a vertical and integrated way, in
which one company manages power generation = transmission
= distribution = sales. However, even in this monopoly

structure, energy liberalization began in earnest in the UK in the
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1980s, and many countries around the world are currently
operating energy market liberalization in various stages and
forms. Among these institutional changes around the world, the
story of decentralization of the power system is being discussed.

In order to connect more distributed power sources to the grid
in the future, the power system of the future will adopt the
Active Network Management (ANM) method. One of the main
functions of the ANM method is that the distribution system
operator controls the output of renewable energy in real time.
However, institutional improvement is inevitable for this. Because
distributed power can only be accommodated in the distribution
system with the existing "fit and forget" method, a large number
of distributed power sources are not operated by TSO, but
multiple DSOs control the output of individual distributed power
sources. Therefore, it will have to change to the form of
operating the distribution system.

In the existing electricity wholesale market, the sales operator
predicts the electricity demand one day in advance and bids for
energy, and the power generation operator sells the energy. At
this time, the system operator secures reserve power in advance
by using the auxiliary service market to resolve the imbalance

that may occur during system operation. The cost used in this
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case 1s the supply—demand balance cost. In the case of balanced
supply and demand cost, the system operator distributes the cost
in proportion to the amount of energy sold or purchased by the
BRP according to the cost socialization principle. This means that
the distribution 1S not in proportion to the disproportionate
amount of the seller. Incentives to induce BRP's participation in
actively maintaining systemic balance are insufficient because
charges are imposed regardless of the presence or absence of
imbalance in BRP or the size of the amount of imbalance.

In the energy market, the PXFC market concept has been
proposed as a method in which the cost inducer bears the
disproportionate cost according to the cost causality principle.
Unlike the existing electricity market, in the PXFC market, the
TSO transfers the responsibility and cost burden for the
supply—demand balance to the DSO, which has the effect of
distributing the difficulty of excessive system operation borne by
the TSO to a large number of DSOs.

The TSO decentralizes the supply—demand balance obligation
to the DSO, and the DSO must maintain the supply—demand
balance by purchasing a band—type reserve from the TSO to
fulfill the supply—demand balance obligation. In this study, it is

assumed that an energy storage system (ESS) that can perform
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the same role as a reserve power is used as the role of
supply—demand balance of DSO. In this study, such an energy
storage device is used as an option for DSO's supply—demand
balance policy, and the value of this energy storage device

option is calculated at this time.

Keywords : Distribution System Operator, PXFC, Energy
Storage System, Real Option
Student Number : 2019-22202
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