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71ZE kol A o] on g dae] HHgas F(o)e] B 5o W
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sy

o] ou)e H &S Hislsl= Aolr),

koo ek k _
Crex _rrl,?lrrkl(Cch +Crep-)s ' 1=2,3,4 (4.14)
CJI;CR-&- - qk+ (T]i) + C/er (T/i) (4.15)
Chop =CF (PF)+C"™_ (%) (4.16)
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Chop: 717 kol A AA on| g n-&
C}]?CR+: 717 k9] &k (+)Hreko] o] H] &

Crop- 713F kS S ()8 v nl-&

A (4159 A (416)= 7 duj" e olyXxnlg< YeERH=H, o]
e8Fs AAsted Aol VAo R dEhlofordth. whef f (x)

S 4FRFE 27 o7 BAGE SERE G424 Aeldru, o=

=2
i)
XN

>~
>
ofo
2
=2
ot
N
=2
R
ofo

e FOT SOl Ul hge fHoR

1 Toy T34 ,
E(CZ];CR+)_ZC;{€1+(T;€+>+/k b (v)xf, (2)
et et o (4.17)
+ / k v (x)xf, () + / o VOLL(x)xf, (x)

. " (4.18)
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Ty =t (pupw,), k=0,1,.,N—1 (5.1)

F w38 Jbed sl Selop shu, duxoR gl Pol duw

o,

w, = 4,(x)
st (5.2)
s U,

A7) p(z,) = Aol A (control policy)2t AolstH, 7zt JALAA

Al kAl A Ao F2& FA s 7Tk
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3} o] A el ArH63].
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(variance)
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AN pe B7IBES ove=d, Fo7F T Aol ARe o
(in the long run) °]2A &= kS ojn|st}h, 2 AFol A= SO7F 74 Al
49 71EAHeg. 307 or 1A1ZH) B @A E F(scheduled
generation quantity)S Z7|HiF o2 AT e HAIT =
(speed of reversion)® AW, Fo7}F Hghol dr whe] ZH 3=
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tlelg[64]15 wrgste]l A AT =743 o
zbzb [$/MW], [$/MWh]e2 t27] wj&o,
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Aol A S
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173} poba me ek,
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§457] W2l o] e ste] Aol wearsich,
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H BA
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3t 6.3

Jojrd Hol&E (stage 1 = stage 2)

Stage 1 = 2

state

Stage i+
Stage i

1

2

3

4

5

6

7

state 1

0.007484

0.058016

0.161508

0.547692

0.159458

0.054771

0.011071

-
3t

6.4

oo W 3 Fo]3E(stage 2 = stage 3

Stage 2 = 3

state

Stage i+
Stage |

1

2

3

4

5

6

7

0.006707

0.058793

0.161897

0.547303

0.159381

0.05481

0.01111

0.00645

0.05905

0.162025

0.547175

0.159355

0.054822

0.011122

0.006689

0.058811

0.161906

0.547294

0.159379

0.054811

0.011111

state

0.009919

0.055581

0.160291

0.548909

0.159702

0.054649

0.010949

0.00894

0.05656

0.16078

0.54842

0.159604

0.054698

0.010998

0.006539

0.058961

0.161981

0.547219

0.159364

0.054818

0.011118

~N O OB W N =

0.010672

0.054828

0.159914

0.549286

0.159777

0.054611

0.010911
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E 65 dYHFY HolgE(stage 3 = stage 4)
Stage 3 =14 state
Sl I 1 2 3 4 5 6 7

Stage i
1 0.006994 0.058506 0.161753 0.547447 0.159409 0.054795 0.011095
2 0007328 0.058172 0.161586 0.547614 0.159443 0.054779 0.011079
3 0008798 0.056702 0.160851 0.548349 0.15959 0.054705 0.011005
4 | 0.008694 0056806 0.160903 0.548297 0.159579 0.05471 0.01101
5 0.00885 0.05665 0.160825 0.548375 0.159595 0.054703 0.011003
6 0010825 0.054675 0.159837 0.549363 0.159793 0.054604 0.010904

state 7  0.010729 0.054771 0.159886 0.549314 0.159783 0.054609 0.010909
8  0.006807 0.058693 0.161846 0.547354 0.159391 0.054805 0.011105
9  0.009657 0.055843 0.160422 0.548778 0.159676 0.054662 0.010962
10 | 0.009665 0.055835 0.160418 0.548782 0.159676 0.054662 0.010962
11 | 0.009713 0.055787 0.160393 0.548807 0.159681 0.054659 0.010959
12 0.009629 0.055871 0.160435 0.548765 0.159673 0.054664 0.010964
13 | 0.006288 0.059212 0.162106 0.547094 0.159339 0.054831 0.011131

% 66 YoH s HolgE(stage 4 = stage 5
Stage 4 = 5 state
=g B 2 g 4 5 6 7

Stage i
1 0.007675 0.057825 0.161413 0.547787 0.159477 0.054761 0.011061
2 0.009712 0.055788 0.160394 0.548806 0.159681 0.054659 0.010959
3  0.006458 0.059042 0.162021 0.547179 0.159356 0.054822 0.011122
4 | 0.008475 0057025 0.161013 0.548187 0.159557 0.054721 0.011021
5  0.010257 0.055243 0.160121 0.549079 0.159736 0.054632 0.010932
6  0.009828 0.055672 0.160336 0.548864 0.159693 0.054654 0.010954
7  0.010633 0.054867 0.159933 0.549267 0.159773 0.054613 0.010913
8 0010504 0.054996 0.159998 0.549202 0.15976 0.05462 0.01092
9 0008981 0.056519 0.160759 0.548441 0.159608 0.054696 0.010996

state 10  0.006747 0.058753 0.161876 0.547324 0.159385 0.054808 0.011108
11 | 0.009931 0.055569 0.160285 0.548915 0.159703 0.054648 0.010948
12 | 0.009812 0.055688 0.160344 0.548856 0.159691 0.054654 0.010954
13 | 0.006085 0.059415 0.162207 0.546993 0.159319 0.054841 0.011141
14 | 000704 005846 0.16173 0.54747 0.159414 0.054793 0.011093
15 | 0.009225 0.056275 0.160638 0.548562 0.159632 0.054684 0.010984
16 | 0.006072 0.059428 0.162214 0.546986 0.159317 0.054841 0.011141
17 | 0.006707 0.058793 0.161896 0.547304 0.159381 0.05481 0.01111
18 | 0.008647 0.056853 0.160927 0.548273 0.159575 0.054713 0.011013
19 | 0.006693 0.058807 0.161904 0.547296 0.159379 0.05481 0.01111
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(stage, state CT A8y 3ke¥y  DOsY

(3, 1) 200 600 200
3. 2) 100 600 200
CAE) 100 500 200
3 2 100 400 200
CA) 100 300 200
3, 6) 100 200 200
3. 7) 100 100 200
22 200 0 200
3. 9) 300 0 200
(3, 10) 200 0 200
(3, 11) 300 0 200
(3, 12) 200 0 400
(3, 13) 500 . 220
(3, 14) 100 0 900
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F 610 ©A 4 oMo dny §7F A (AR

(stage, state ST ot ol Es DLCEgf

@4, 1) 100 1000 200
4, 2) 200 800 200
4, 3) 100 800 200
4, 4) 200 600 200
4, 5) 100 600 200
4, 6) 200 400 200
@, 7) 100 400 200
4, 8) 100 300 200
4, 9) 100 200 200
4, 10) 100 100 200
4, 11) 100 0 200
4, 12) 100 0 300
4, 13) 200 0 400
4, 14) 300 0 700
4, 15) 200 0 600
4, 16) 100 0 900
4, 17) 200 0 800
4, 18) 100 0 1100
4, 19) 200 0 1000

A 4ol e ERFAA A GA 29 EA 33 FAREE dde B

o oRb, dEAde] ofd dARG A FHM= Zed saxAAd
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623 TR ETY Edo WE HZF & A4 20 HirsH
(1) B3| AN 8T Ho|FE
TEETY EdS HAs|AZ AdAYsta, 1 620 wEt A9 S
u Ho|gES vy Zu. deojrdy wust u e 277}t
002 sk Aol Attt & FAd & vk 53] & 6145 B
W, AH 1A= FaEd o] 29 W R g3 ggo] by am bk
= e 19914 = G HFor FI FEo] A
% 611 HitF+ Heo] && (stage 1 = stage 2)
Stage 1 =2 state
~Jage 1y 2 3 4 5 6 7
Stage i
state 1 0.007412 0.058088 0.161544 0.547656 0.159451 0.054774 0.011074
¥ 612 Hits|H Ho|gE(stage 2 = stage 3
Stage 2 =3 state
-y SEge 2 3 4 5 6 7
age i
1 0.009962 0.011838 0.055069 0.054131 0.159706 0.159847 0.549447
2  0.006792 0.015008 0.056654 0.052546 0.159389 0.549605 0.160005
3 0.008581 0.013219 0.05576 0.15864 0.549168 0.159916 0.054716
state = 4  0.010655 0.054845 0.159922 0.549278 0.159776 0.054612 0.010912
5 0.051683 0.162717 0.550859 0.158341 0.054308 0.011046 0.011046
6 0.162098 0.550549 0.158651 0.05437 0.052302 0.011015 0.011015
7 0.549872 0.159328 0.160744 0.054506 0.053656 0.010947 0.010947
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3% 613 HEH ol gE(stage 3 = stage 4)
Stage 3 =14 state
Sl I 1 2 3 4 5 6 7

Stage i
1 0006524 0.015276 0.056788 0.052412 0.159362 0.160019 0.549619
2 0.009821 0.011979 0.055139 0.054061 0.159692 0.159854 0.549454
3 0.00898 0.01282 0.05556 0.05364 0.159608 0.159896 0.549496
4 0006584 0.015216 0.056758 0.052442 0.159368 0.160016 0.549616
5  0.006432 0.015368 0.056834 0.052366 0.159353 0.549623 0.160023
6 0.0065 0.0153 00568 01576 0.54896 0.16002 0.05482

state 7  0.010047 0.055453 0.160227 0.548973 0.159715 0.054643 0.010943
8 0.04985 0.16455 0.551775 0.157425 0.054125 0.011137 0.011137
9  0.162307 0.550654 0.158546 0.054349 0.052093 0.011025 0.011025
10 0.551884 0.157316 0.164768 0.054103 0.049632 0.011148 0.011148
11 0.551341 0.157859 0.163682 0.054212 0.050718 0.011094 0.011094
12 0.549432 0.159768 0.159864 0.054594 0.054536 0.010903 0.010903
13 0.549562 0.159638 0.160125 0.054568 0.054275 0.010916 0.010916

¥ 6.14 Hir3 A HolgE(stage 4 = stage 5
Stage 4 = 5 state
=g B 2 g 4 5 6 7

Stage i
1 0010484 0011316 0.054808 0.054392 0.159758 0.159821 0.549421
2 0.006749 0.015051 0.056675 0.052525 0.159385 0.160008 0.549608
3  0.009835 0.011965 0.055132 0.054068 0.159694 0.159853 0.549453
4 0009217 0.012583 0.055441 0.053759 0.159632 0.159884 0.549484
5 0.00753 0.01427 0.056285 0.052915 0.159463 0.159968 0.549568
6  0.009122 0.012678 0.055489 0.053711 0.159622 0.159889 0.549489
7  0.010203 0.011597 0.054948 0.054252 0.15973 0.159835 0.549435
8  0.007117 0.014683 0.056491 0.052709 0.159422 0.159989 0.549589
9  0.008098 0.013702 0.056001 0.053199 0.15952 0.15994 0.54954

statt 10  0.010016 0.011784 0.055042 0.054158 0.159712 0.159844 0.549444
11 0.008297 0.013503 0.055901 0.053299 0.15954 0.54953 0.15993
12 0.007193 0.014607 0.056454 0.157946 0.549029 0.159985 0.054785
13 0.006365 0.059135 0.162068 0.547132 0.159346 0.054827 0.011127
14 0.053766 0.160634 0.549817 0.159383 0.054517 0.010942 0.010942
15  0.161816 0.550408 0.158792 0.054398 0.052584 0.011001 0.011001
16 0.549972 0.159228 0.160943 0.054486 0.053457 0.010957 0.010957
17  0.550291 0.158909 0.161583 0.054422 0.052817 0.010989 0.010989
18 055098 0.15822 0.162959 0.054284 0.051441 0.011058 0.011058
19  0.551714 0.157486 0.164428 0.054137 0.049972 0.011131 0.011131
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btk e el WMEAE BA EAS] WEd 3% duY A9

¥ DLC #AFedo] A nlg Hastel wet A4 §&Fa 77 "o

¥ 617 A 3 oA ouy & AAH(HT3A)

(stage, state ST o N E= DLCR2

3, 1) 200 500 =
CAE) 200 400 200
o) 100 300 100
(3, 6) 200 400 100
3. 1) 100 500 100
3, 7 100 500 100
3, 2) 200 300 100
3, 10) 300 300 100
G, 11) 500 200 100
3, 12) 500 200 300
(3, 13) 300 600 300
SR 100 900 300
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FE 618 &7 4 oMo oulg &7 AAH T3] A)
=i N R=a=1] L 22F 22 F
(Stage, state 2x|’o [=] le'o [=} DLCo =}
4, 1) 400 800 400
4, 2) 200 800 200
4, 3) 200 600 200
4, 4) 300 300 300
4, 5) 200 400 200
(4, 6) 200 200 400
4, 7) 300 100 300
4, 8) 200 0 200
4, 9) 200 0 400
(4, 10) 200 0 400
(4, 11) 200 0 300
4, 12) 200 0 100
(4, 13) 200 100 100
(4, 14) 200 100 100
(4, 15) 200 100 100
(4, 16) 400 300 200
4, 17) 300 400 400
(4, 18) 300 500 600
(4, 19) 200 500 500
@7 4] A3k oA €@ 3¢ Asbe} etk +EBEP 2 4
o 95 gl & 3o A/ Do, Bu AE5A
S wgstel 7 xpee] Adulgol wek 7 A9 BagFe] AFALL
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A 6404 A3t
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o5 (stage 1 = stage 2)

state

3 4 5 6 7

0.159945 0.079262| 0.140664 0.439889 0.127469 0.043866 0.008906

¢ 5 (stage 2 = stage 3

state
4

3 5 6 7

state

0.163614

0.075648

0.138803

0.441696

0.127835

0.043682

0.008722

0.161463

0.077799

0.139878

0.440621

0.12762

0.04379

0.00883

0.16277

0.076491

0.139224

0.441274

0.127751

0.043724

0.008764

0.160517

0.078745

0.140351

0.440148

0.127526

0.043837

0.008877

0.161163

0.078099

0.140028

0.440471

0.12759

0.043805

0.008845

0.160908

0.078354

0.140155

0.440343

0.127565

0.043818

0.008858

0.161175

0.078087

0.140022

0.440477

0.127591

0.043804

0.008844
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% 621 HxzE HolgE(stage 3 = stage 4)
Stage 3 =14 state
g I 1 2 3 4 5 6 7

Stage i
1 0161055 0.078207 0.140082 0440417 0.127579 0.04381 0.00885
2 0.161595 0.077667 0.139812 0.440687 0.127633 0.043783 0.008823
3  0.161801 0.077461 0.139709 0.44079 0.127654 0.043773 0.008813
4 0162701 0.07656 0.139259 0.44124 0.127744 0.043728 0.008768
5 0.160091 0.07917 0.140564 0.439935 0.127483 0.043858 0.008398
6  0.162931 0.076331 0.139144 0.441355 0.127767 0.043716 0.008756

state 7  0.160387 0.078875 0.140416 0.440083 0.127513 0.043844 0.008884
8  0.163146 0.076115 0.139036 0.441463 0.127789 0.043706 0.008746
9  0.162822 0.076439 0.139198 04413 0.127756 0.043722 0.008762
10 0160361 0.0789 0.140429 0.44007 0.12751 0.043845 0.008885
11 0.160567 0.078695 0.140326 0440173 0.127531 0.043835 0.008875
12 0.161595 0.077666 0.139812 0.440687 0.127634 0.043783 0.008823
13 0.160657 0.078604 0.140281 0440218 0.12754 0.04383 0.00887

I 622 Ak HolgE(stage 4 = stage 5
Stage 4 = 5 state
=g B 2 g 4 5 6 7

Stage i
1 0160547 0.078714 0.140336 0440163 0.127529 0.043836 0.008876
2 0.161169 0.078092 0.140025 0.440474 0.127591 0.043805 0.008845
3 0.16341 0.075852 0.138904 0.441594 0.127815 0.043693 0.008733
4 0161677 0077584 0.139771 0440728 0.127642 0.043779 0.008819
5  0.160944 0.078317 0.140137 0.440361 0.127568 0.043816 0.008856
6  0.162447 0.076815 0.139386 0441113 0.127719 0.043741 0.008781
7  0.163066 0.076195 0.139076 0.441422 0.127781 0.04371 0.00875
8  0.159939 0.079322 0.14064 0.439859 0.127468 0.043866 0.008906
9 0.162381 0.07688 0.139419 0.44108 0.127712 0.043744 0.008784

state 10  0.159867 0.079394 0.140676 0439823 0.127461 0.04387 0.00891
11 0.162942 0.076319 0.139138 0441361 0.127768 0.043716 0.008756
12 0.15967 0.079592 0.140774 0439724 0.127441 0.04388 0.00892
13 0.162008 0.077254 0.139605 0.440893 0.127675 0.043763 0.008803
14 0.162633 0.076628 0.139293 0.441206 0.127737 0.043731 0.008771
15  0.160307 0.078954 0.140456 0.440043 0.127505 0.043848 0.008888
16 0.162554 0.076707 0.139332 0441167 0.127729 0.043735 0.008775
17  0.160109 0.079152 0.140555 0.439944 0.127485 0.043858 0.008398
18 0.162563 0.076698 0.139328 0441171 0.12773 0.043735 0.008775
19  0.160049 0.079212 0.140585 0.439914 0.127479 0.043861 0.008901
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Power[ MW
Requested tertiaryreserve
Tertiarycontrol starts fully starts to be availabe
Required power
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642 ALE AT 238 A

A 22k duE e F e gwFo] 3000IMWIelH, e Etd

1o
ME
oft

7b4 %70 100[MW/minlol gt 7Fdstgh, aaa R WA Qe

gest 2ol 4aldl

¥ 6.36 22k dnlgE &7 & oA
Power (£ [MW] ) Price (4 [$/MW] )

0< P™ <500 300
500 < P <900 350
900 < P <1500 400
1500 < P < 2000 450
2000 < P** <2500 530
2500 < P** < 4000 570

of Wl 37 dmE Agow AAAZAA | AL e 2

¥ 637 A3t A 7re] AP AZGFA 2] 7R -1
(F-3l=7F4 % 100MW/min)

Activation Time Secl(%ndaljy Reserve Value of
. equirement Vv
[minutes] [MW] ESS(V,.s)
[$/MW]
3 1,800 900,000
5 2,000 650,000
7 2,200 544,000
10 2,500 285,000
104 2] o



8 Azbel A ARG o 72

(F-3l57F5 % 150MW/min)

Activation Time Sec}c%rédarjy Reserve Value of
[minutes] qﬁﬁfl‘{%em ESS(V.,,)
[$/MW]
3 1,200 1,2300,000
5 1,500 1,035,000
7 1,800 900,000
10 2,250 517,500
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Abstract

In the electric power network, it is essential to maintain a certain amount
of generation capacity as frequency control reserve capacity to ensure that the
power system is able to stop frequency excursion, avoid power shortage due
to an unforeseen increase in load, generator random outages, and load
fluctuation. Conventionally, frequency control reserve are implemented by
directly handling centralized, vertically integrated utilities and is declared as
non-profitable mandatory service. However, after the advent of electric power
industry restructuring, frequency control services are treated as market
commodities in the category of ancillary service. These services include
primary, secondary, and tertiary control reserve from point of view their time
deployment as well as corresponding control scheme. In practice, in order to
quantify the needs of the frequency control reserve, especially the spinning
reserve, deterministic approaches have been used without ensuring consistent
reliability. Many previous researches have proposed probabilistic methods to
evaluate in a more consistent way the amount of reserve capacity required in a
power system. However, one of important aspects neglected in previous
researches and practices for the determination methods of reserve capacity is

interrelation among frequency control reserves. This dissertation presents a
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methodology to determine the frequency control reserve capacity requirements
based on functional and economical mutuality among various reserves, direct
load control(DLC), and load shedding. The main objective of the proposed
methodology are : to fomulate a multi stage problem to determine adaptive
capacities of balancing resources using a dynamic programming; to determine
the capacities for the different sub-market of balancing resources(e.g. secondary
control reserve, tertiary control reserve and DLC).

The result of case study shows that reserve capacity decision strategy can be
built by the proposed model. The case study demonstrate adaptive reserve
capacity decision based on power imbalance and reserve prices can be more
effective. Moreover, the last case study is presented to show that ESS can have
more value as tertiary control reserve, which activation time 1s shorter and
more flexible than traditional resources.

In short, this dissertation presents a novel approach to determining reserve

capacity requirement in a competitive market.

Keywords: frequency control reserve, capacity requirement, competitive
market, multi-stage, dynamic programming

Student number : 2006-21158
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