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WE MEEATHURENRN R a2k kg vk F KM (demand response, DR)
RESETGRFORA— ISR, BUARETTZINANF R FRETEAELTEEN
PERX. AXEEARBET —MHARAFRKELATHUEEER, £, FRELEASBE (demand
response aggregator, DRA) #i{ £ DR WK DR RIEE 5 Ha W% %, ## & DRA £ 5 H
B R AR B — R AMENLE], BB\ DR WIEEE E B R B AR EE — A
WMELT DRA. A T AR ZEANEGERFFRME, 21 DRA 2 5RFWHI T 5 DR F 75
AHEAER K EHE T T DRA ffs i & & U A B8 Ar 7 A5 5 % DR W78
# @ DR AP LR BN BRAT TR T ERE. R, BB EEA KAy — MOt = A
BISK AR, BN FIER T HE BN T EEE— M, HFE R LI N A F AN G R, Al A
DA NEFEHATRE. &5, BAHEGA ST RIET BRER f KM 7 AN EE A RS

XiEiR Hu AT, FRENREHE, FRMNLTH, FRRFHEHER, A XHEE
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YE 7 e HL X 2 15 IO B B AH R 7, 75 oK. (demand response, DR) I 4515 5 AR AL
knl S P R RAT g, AT LR ) T is AT 20, JF HAEA A il R4 REEE S AT 5E 1,
T AA R T 0] B AR BRI B TH A 3 BRI R (1 R e %528 DR I H 484 T H AR CRRE, A TH
A A2E DR B, WL T i hli i DR Sils T, AR Tim A P S 25 DR
IH R, BOA B BRI S S ol

7t DR SIS AT LI A Fid, K2 2l 75 K Wi S 25 7 (demand response aggregator,
DRA) k*4 DR %E, Nifiz 5 iiiinsc 5 1, 3¢ B¥% Rimid & R 7 0% DR SHIREH T4
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ISO). DRA FIJE R P SI Z BT n 45 iy, 2824~ DRA M HEES, (HAR% & DRA 253
XS TR BRI, SCHR (9] AU DRA B P Tafi E2 5 R, @M AR . DRA A1
FE Ay E R, SIS B 51 S DRA #HTARIESE, HAR%EE DRA 5 KM
W sEs. Sk [10] #7524 DRA MUK B[R 2 5 H AT i g8 hen iim i sgm, LLRSIEAT AR
AR B ARSI RN T S, %005 18 DRA FUR R B Itk 5238, AR& M%), |
T T BA SR SE PR E, T2 53 vl S VE 58 FHAT N RATAE T 3% 71, STk [11]) 2257 1 B
DRA W aifg KA BARIARAGIE R, B 7% 884 DRA DMINMS R #H S 5 Hil i3 g, 0% 81
VE R M 2 2 23 5 S T 3 (R Se 0.

R SCERH, DR BRI AME 9 FH K 22 08 B e AT ECT BOR I, R TG 78 47 [ B DR BEJ3
T E 2. fESE EAEM B T3 (ERCOT) 1 TolkseEH, DR SR 25008 3 28 BRI fumi i
M. (voluntary load response, VLR)+ [A]_F A5 ffif (qualified balancing up load, BUL), A RAE N —FlRE
J& (load acting as a resource, LaaR) 3. UV NREIRS 51T, 2 538 7 200 2 — € B Fuf 2K,
It/ DR B2 R fEil & [ 7 S DRA 251111, DR HI BAMEY 8 & R P e . A SCH)
DR HFEHRME LaaR FALL, KL, R 7 ARUEH T3 A& ER 56 305, A %080 DR H P (K
M) 25, ACEERE—AMELEK DR 5842 511, DR H P U5 977208 DRA 24t DR
BHR, JRIR1GEE T T A HLH ) DR BIEAMENAS. 7255 T DR BIEAZ 5 i Wt st H, SOk [14~16) %
J&## 5. DR 113 (demand response exchange, DRX), XHLF + 1SO S5AE N7 Al @ L K DR %R
P R, DRA/DR A UE ysE 7t 4 DR SRR, 12 R Gk RF7 T DR 1737,
AW DRA M DR HidgHh3REL DR S50 H 2 5 H AT it A i 356 4 1 52 mi . BIAT 19 AH 5 SCHROR
2185 @SR RA TE AN S 55 35 (1) B e P SRS i (17 ~200 (AN RN ff 2% HE Sk 5 4 v g i
WIWET, 258 52 55 MR B K &R, SR IR EAH Fk i skt s 5
BT SRR A BN K R, — M T T i 3% 2 5 25 AR K I 0 N IR b SR s AN T 37738
HRRAS, DAL T T T 3 71 KN T 2803 120~250 . TR SR FH 8 Sk T 2R 2 1 B Sk 0 M T 1)
Z 5 &M EAT N, XTI Mg AT A EE ISR T L

BT UL EE R, ASGRE TR R A DR RIERKTTIHEER R TR SR
DR B i g tbis B AL =0 H AT i A s, i 5e @ s — AN FI 2% & H AT i 80 DR 17 3485005 56 4 1%
G, Kb, FEH AT DRA ML SR Wi DAL R ek 2 #5805 77 X2 5 %40, DRA £ DR 1l
Y I N LA H BT A AR &, 10 DR iz A% B DR 7 DU ek e 77 S(5e kg . SRUA,
A2 IR IR SR A A O — S AR T ) SR A, AE SR AR B 1 P $R 1) 6 5 TR A Y A7 A P M o —
PE. 1T DR W K7 KREABMENE A, 7 5@ B SERR B T3S (S BAS RV AN RIS 1)
e, I A NEVEEAT KA. 5 Jm, I IR 1 BRI NI SR A J7 V5 11 & B B AT 21tk

2 DR FZFEHAZEEN

K1 e 79I DR BRI B i i se SR, Hrb, DRA 54k kA
Z 5 At W Bhssatr, SR 77 (WA 77). T DRA A ARG K ABIIGET), &
SCHIN—A> DR 137, Hrh, DR AL AR A H R, JE L Bl ok 3248 DR B0, JF LA DR 37
RS SRAG AR A2, DR T3S JE, %% DR A 3% B bR S e AR S (0 1) B A oD fr g, FLARAS
(R 3 K2 BN S bR ST > B S DR T % B3R, DRIk, ARSCH) DR B2 30K DR.
DRA NYE DR T3 LA DR W3z & A AR H AT T K AR 77, DR 135058 % 2 & By DRA
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Price of day-

{ ahead market
. DRX market
Retailers

oA o Price of Load
Retail price | Retail price : | DRX market; | shedding
Customer |--- [ Customer DR customer | DR customer

— > Energy ey Money
1 BAHHRHIER

Figure 1 Trading framework of the electricity market

fEH A7) AR 77, DR 37RO th DR P B R o 5 1) 5 s(B0bR 58 S e

HT DR Wik DR H P safir kg, B SEPRIZ AT o DR Wi tirt& ol fe s T H Al gt
#%. 24 DR g m T HaTiia it & U BLH BTz i X DRA #HTAME S SECHLER —
SELTHARK, B NIRE DRA 25 HETmiz s f MAMRYE, 51 DRA 25 HAIT5E%, FESE
%7 DRA —EHAMILTF M.

SCHR [26] AE75 RE DR BIRAUTE DL T, @7 A5 7 I LA B (RO F AR AL AR R, SR A AE L 7)
M3 51N DR BRI PO R kA 2 T 255 2as. 11T DRA 25 HT iz sa i il BAE—
SERERE ERRRAE G R R (T3 70, B H BT 4, DRISE 2B AT T RT DA DS AR A A A5 L P 75
e, s iGN, AR TR ATI AERE T0 S — B R (AT RN DRA iR
), (HIXE R RUD, BT B R, ST S T E R AT s R n, i i 1 i By
A T O U R A D/ B 5 0 S Y R U R BN R 2B O T i DRA 25 HTi 48, &
WA L& DR 5 ASMRE 1 —36 5045 T DRA 1ERZUEME. I, DR AR T LLH AT
IR M S22 H A AT T I B P v, IR SRS R B R R AU A2

3 HuEBTiA5 DR mialKE&HERE

[ 41 L Tk 37 A e SE R I, i i3 BAT Sk e Pk, T35 5 5 38 Al il s ik 72 4
T RRAT RT3 73, 2™ EW L a5 R . N, RASER GRS e Rt i 2 54
(R M A AEAT 9 S S B DT I A B R B RN, X W i I B BT AN AT R 4R 2 R

3.1 EERE
3.1.1 Hujtkxmiz

EIEF O AR T H n MEGRK BRI 1> DRA AL, R HHT T 53EN  B i #% K
N D, BRRHEEIETHRG KBRS DRA M, BITiAHR D 2:

D= Qi+ Qora, (1)
i=1
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A, Qs BB LR i (i=1,...,n) FIH ], Qpra F8 DRA KIH 7.
BT K BT AT DRA HR A 7 o 5

Qz(Bupl) :Blpl, Bl 20, = ].,...,TL, (2)
Qpra(Bpra,p1) = Borapi, Bpra =0, (3)

AN R IR TR —4 2 i R A DRA R E, KA, py NHATT SN, B,
KRKHRE i (i=1,...,n) MHRFRHKEE, Bpra K7~ DRA PR FERE.

A AR AR s 27 S B4 4 LR A DRA (LB B 5, LR L7 2%
PR G 10 H N T S LA i, B

Z Qi+ UQpra = Z Bip1 + Bprap1 = D. (4)

= i=1

i b1 b

niB) = > Bi+ Bpra’
HH, B = (By,Ba,..., By, Bora) AFTA KR DRA [P bR EF bR HEHE.
EGRHE i (i=1,...,n) HAWT 2 KA R
C1i(Qi) = a1iQi + h1iQ:%, i=1,...,n, (6)

Hr ay; A by ARTERIRA ZEL

3.1.2 DR %

DRA Z 5 Hiuiiiy 48 H bR &5 245 DR i\ DR H P WE. ik ¢; &7~ DR H P
jG=1,...,N) BIFERmMNE (FarElEE), WHErE PR &2 f15%5T DRA fEH i m
rhn g, BRIV 2

N
QprA = qu‘7 (7)
j=1
He g >0,j=1,...,N.
i &> DR ﬂﬂF‘ iG= N) 5RHRE AL, R 0L bR Hbr 56 5
q]'(bj,pg):bjpg, bj}O, jzl,...,N, (8)
ﬁfﬁrlﬁéﬂ B TAER S N T DR P EEEIRE) s, b, po 8 DR didgt s, b, Fow
WP GG= N) HIBR A
%H/A Ll&ﬁﬁﬁﬁ DR H P (#hs)a, iR T P4 2% LF i 2 55— 0 DR g HiE g po, B
_ Qpbra
p2(b) = Zjvzl ij 9)

HA, b= (b1,ba,...,0n) A DR BN bR bR SRS
BB HI P B BA 40T ) A5 L SCA R L

Cs5(q;) = azjqj + hajq;®, j=1,...,N, (10)

Horb, agy 1 hgy NRTZHIEA R
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3.2 IEHERIRE TR AR
3.2.1 HEMtAMmIAHEERE
IR AR, FE QR i (i =1,...,n) BRI BEATRR N

max 7 = p1Qi — C1i(Qs), (11)
s.t. Z Qi+ Qpra = D, (12)

i=1
Qi = Bip1, B; >0, (13)

K, RoRAEGL R BT @ AR,
DRA [R5 ) AT s
B TIORA = (p1 — p2)@pRA + AlpoD — p1(D — Qpra) — P3Q@DRA], (14)
s.t. ZQi + Qpra = D, (15)
i=1

Qpra = Bprapi, Bpra >0, (16)

HA, (p1 — p2)Qpra K7s DRA fE H AT T 7 B4R AN IR ZE AL DR 117370655 DR BRI A
ps AT, BUE TR R N FTRHMEREL AlpoD — pi(D — Qora) — psQoral B DRA M
FER IR HIAME. po JyARTETE DRA BT H BT 04, Bl n A1 (17)~(19) RoRBIMEGK
FHL R R AR TR Ay B K T T 4 2o A 2R P4 18 A

max 7 = poQi — C14(Qs), (17)
=1
Qi = Bipo, B; = 0. (19)

n AN (11)~(13) FORIIL R R SR IR 1 AN E a0 (14)~(16) ORI DRA Y3, 14
BT H Rt A T 3 A .

3.2.2 DR mifthEER
RIEFRES, DR /5 (j=1,...,N) FIRK R B RR N

max 0; = pag; — Caj(qj), (20)
N

st. > ¢ = Qpra, (21)
j=1
a; =bjp2, b; =0, (22)

X, 0; Fon DR P 5 KA.
N MH (20)~(22) Fnf) DR AP SRR AL T DR didg sy, T Harfie g iz i
DR T3 AR E 520, DR X AN T 37 (R A A A A 1, T — AN A I i A A
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3.2.3 HAEMAHIAHEERE KR

L HTHER T BRI R TR DRA S5 8075 T 0% HARAN FEn (B L, 1% T 315 3]
1 Nash %15, H {B}, Bjygas P} tizt,....n 2578 H BT 2 5, 235185 e (R A7 AE PR AT M — P AT s ik
F1EE 1 AE R 1 uERA.

5131 WR {Bf, Bira. Pl tiet,..n & BRI — AN 5, WX TAERR B i (i=1,...,n)
B By < B*, =31 | Bif+Bjpa — B, FFHEAN KBRS H T QF < 2, XT DRA H Bijra <
(1+2)) Y0, By, I Qpra < 5553 D.

IR R (11)~(13) A1 (14)~(16) KR H A 37 5 A B e — (38 i e, I HAZsh i
RGN AR A ] 1 S R

.....

OgQi<HDli/g Zlfl,i(Qi) + f1,0rA(QDRA), (23)
0<Qpra<3T33 D =
st. > Qi+ Qpra =D, (24)
i1
Horr,
(O — Qi oy [ D (N i
hi@) = (14 5 ) ut@) - [ S Cutmdn, =19

D — zpra
(1 + 2/\)D — (2 + 2/\)33DRA

SIE 1 AER 1 FERI A5 2 LS A A B.

QDRA
f1,0rA(QDRA) = /0 (p2+Ap3) dzpra- (26)

3.2.4 DR WiAHEEEAIKRAE
DR A7 Hlssk B & 1O LA, MTIAE DR 37908 DRA <824 4, BEI DR g 4 i s
W5 HETHOR T B SR, S HEEBE 1, W SR B 1) R A Dy o 1 ) AL Ak il A

N
min i(q), 27
Oéqj<QDRA/2].; fo.j (QJ) (27)
N
s.t. qu‘ =@DRA, (28)
j=1

/\I:F‘7

(N a5 N o @praA (e N
f2,5(q;) = <1+QDRA—2(]j>C2J(qJ) /0 (QDRA*ij)2CQJ(%) rj, j=1...,N. (29)

P H AT LA 1737 3 A R AR I 5 32 (RIS L P i BT TR A A — PR AR IR ).
3.3 SHAEE

TR GEI R A B T I B T B S AR St B AN T i 28, |ER TS HENE2ER, Ik
HURAE B GRS B 5%, BAESSPRR A TIIAET, REFEENESS5ENRAER, #1755
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Start Stop
\ 4 v
Initialization: Display the results
k=k,=k,=1 at the equilibrium

l Y
The utility company determines the load demand N 4\@
D in day-ahead market, and randomly picks the

price in day-ahead market and DRX market.

Pt k=k+1
h 4
DRA and each generator update its

bidding strategy Bpg,(k,) or B(k;). The equilibrium price of
DRX market p,,(k+1) is updated.

The utility company updates the
price p,(k+1) in day-ahead market.

The utility company updates price
py(k+1) in DRX market.

The utility company updates total
transactions in DRX market based on

v . |Each DR customer updates
7 its bidding strategy bi(k,).

DRA’s bid output.

2 MERBRRBEERRIZE

Figure 2 Solution algorithm flow chart of the equilibrium model

HTHTEEACKHRARELR, — BRI EERE KM AIEE. 1A BT DR LT KEMFE
AR, LG E P R EEFEIENE DR R0 85 BIF A4 R, i Ttk
FIEAE BE A BR, X FPE S ARIFRPER Z G AR ) B BR 1) 1 4% Ge 35 i vl SRR SRR M S bR LA . ik
TSR LI 23 A7 3R (29,300 AT DLIE I AN 0] 114 =) 3045 J2. A8 L 17 5 F R A IR 28 A XA BR B ) AL, 8
T ARG T AN FH T R R G St S R RSB, BRI 20 A7 s RA TR S bR v ) i 34 A 5% N B 2L S
Y. SCHR [27, 31 38 I 40 7 37 ¥4 I R A R — AN SO (R AR A T R 3 17 SR P A SR %5
A AT B S B L A T3S T 45 AN R AR IR (5 R B L sz R

i 3.2 ANTTA A, AT PLER R AR (23)~(26) (27)~(29) ™ BN Ak e 5D B A0 A S K A
52 SM B eER. BT ESLR B h S A S 5 E R R A TE RS EH IE R,
BEAR SR F 43 A IR B AT SR, 12 5L N TR 25 5 3 I N A | IR 2238, B ) T3
FEgeE R EAIE EH OISR, AT E L T RIS 1S R, X TE bR R s B B i T
RN

ARSI T o3 A AR A PORHE RS B B2 AT SRR, BACRBRAZWE 2 Fros, BINAF FEHLAE
B AMERERIWILE H R0 p1(0) AIWILE DR Tia it pe(0), e NITHEHRGEE.

(1) HATH 3 fs 8 0 oA kAR, M H AT i A BB R ARIE R &y DI, AR50k FR o
B sE N SN

1 +
L) e

Bi(k1) = [ p1(k1)
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DRA SEHrH a4 SR

(f{,DRA)l(pl(kl))] +. (31)

p1(k1)
KEFE A DRA HEHIRN 5 B IRANE BT B AT, BN A FUE & B E A DRA 1k
WrE, B HETH S04 py:

Bpra (k1) = [

" +
p1(k1+1) = {p1(k‘1) — 71 | Bora(k1)pi (k1) + ZBi(kl)pl(kl) - D] } ; (32)

X,y BB K, [T RRGEREITE LR, ()~ Rz R E 4.

FEIXH, B m R ST K R A DRA RS B, IFAE 58T H T T i g 5 4 LR A 4
FAK AT DRA, K HLF A DRA 15 2508 1) H 5T T30 4& J5 4k 22 58 sa i Seng, B 248 50 A A3
BT IA R H AT K. 2 B et s 21585, BN A AR DRA AR &R #iE DR
WM DR A5 i

d(k) = @bra = BpraDi- (33)

(2) DR i o A ARSI, B AR A DR S5 R )5, DR % L& DR M
FOFGRZEN. = DR TR RAFEAT 2 &y 201, DR HPARIES (34) HEHT H CRIBRIENS:

+

(fé,j)il(p2(k2))

HLR A S DR 9IRS, B8 DR W20 po:

+
N
pa(ka+1) = {IDQ (k2) — 72 [Z bj(k2)p2(k2) d(k)] } ) (35)

ﬁ':':', Y2 oK.

34 DR Wik 2165, %5 DR Wz ik K 42224, W DRA RIAIE R B2 203, H T
WA KRR R g, AR DL EPIR, HE DR i I AR, S H BT 50 A% A &
Z 535 IR SRS AR A 503, Bl H TSR0 DR T 370480 RS PR IG5 32 A AE 7R a2k 3] 243 6 i

SCHR [32] CAEH, R E RGO A A AR A, WHZSRE — @ WS Tz . h T BN
Bt s CZRUE B 1T OIE A 1) i DO AR A7 A ELME— JF EL ™ A0 Il R ) i DG 8 R0 Ay D 1t e B4 i e, A
WA S R WS T P élﬁﬂiﬁﬁ*k/@%d\ﬂt SRS DU IS T Nash B4 2, X T20 KM
B DL e RIS SIUE FE I DG R TT LAS 2 STk [33,34]. AR, S AMEZEE 52 SR 7T LU i, AT
IR SN R 5 15 B AR R A W] RAT S S A 5%, AN 75 22030 A 208 (015 8., AR Ml fdp ok 17 Sk
B F 3 T 3 ) SR AN RS R ] R

4 EHHISHr

ZEIEHB RN, B A 3 MESKER (H G1, G2 1 G3 &) 1 1 /> DRA.
FE 48 R FL R B K AR BRECA C1i(Q;) = a1,Q; + h1i Q2 HRK WA ZREL a1 = 20 §/MWh, hyy =
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= 75 - - - 4
= 0.
= 2
& 70t = 03
3 g R
g 65 % Gl
3 g o2}
560 2 G2
) ool a3
2 55 & DRA
S =
0 7
.2 0 . .
2 50 - - -
0 200 400 600 300 0 200 400 600 800
Number of iterations Number of iterations
3 (MZEMFE) BRImANEREK 4 (MEEHFE) DRA 5&ZBENENREEK
Figure 3 (Color online) Evolution of price in the day- Figure 4 (Color online) Evolution of DRA and genera-
ahead market tors’ bidding strategies in the day-ahead market
~ 100 : : : : <107
z _ 20
= @
S 95 = DR customerl
E = | customer?2
g 9 = ‘ DR customer3
> S 1Of
g g | DR customer4
o = |
s 8¢ Z. 05 H
7
& 5 —
80 ; ; - - 2 k . .
0 50 100 150 200 250 0 50 100 150 200 250
Number of iterations Number of iterations
B 5 (MEMFE) DR X5 HHNEEK B 6 (M%HFE) 4 L DR AARENRESEL
Figure 5 (Color online) Evolution of price in the DRX Figure 6 (Color online) Evolution of 4 DR customers’
market bidding strategies in the DRX market

0.4 $/(MW?2h); ajo = 20 $/MWh, his = 0.45 $/(MW?2h); ay3 = 20 $/MWh, hiz = 0.5 $/(MW2h); 2541
FEIN 40 MW,

DR i3 20 4~ DR H 7, DR P HHE AR BN Coi(q;) = agiqi + haiqi?, as; € [80,81],
ho; € [10,12], % DR 7 A & b (S BOSE X BLX A N S 2 1R I R EHENHEA 90 $§/MWh,
A 41 =0.1, 72 =0.1.

4.1 HHABEERSME

HHATTA TR A 60 MW, AMERECY 0.5 I, 9 7B IESR S 2k, i DR iz
47 800 4~ DR HI. B 3 A1 4 45 7 HETTIZ M AU LT 5 DRA (19 H Al 7 37 850b5 kg FE AR
Dk AT, B 5 M6 SoRk T DR T AIER > DR $bn skiig BEIE A 5 &y 1UA21E
@, MRS 1.378598 s WERA RS, I BAEE AT HAME, & iimtirk iz 55K
e i SRS 4] e DR U S

4.2 AMERRYXE DTSR ELEROFME
HHATTH TR 60 MW I, 3R 1 45 7 #M2 R EOS B i g R sz, Hrb, TR
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Table 1 The impacts of the compensation coefficient on equilibrium results

Compensation coefficient

Item
0 (without DR) 0.1 0.3 0.5 0.7 0.9
Supply function (MW?2h/$) 0.293 0.293 0.277 0.284 0.289 0.293
Gl Bid output (MW) 24.00 24.00 20.04 19.51 19.08 18.71
Profit ($/h) 1256 1256 887 799 733 683
Supply function (MW?2h/$) 0.285 0285  0.269 0275 0280  0.283
G2 Bid output (MW) 23.33 23.33 19.48 18.94 18.49 18.12
Profit ($/h) 1200 1200 848 762 698 649
Supply function (MW?2h/$) 0.277 0.277 0.262 0.267 0.271 0.274
G3 Bid output (MW) 22.68 22.68 18.94 18.38 17.92 17.54
Profit ($/h) 1148 1148 811 727 665 617
Supply function (MW?2h/$) - 0 0.021 0.046 0.068 0.088
DRA Bid output (MW) - 0 1.54 3.17 451 5.63
Profit ($/h) - 0 36 120 231 360
Price of day-ahead market ($/MWh) 81.94 81.94 72.29 68.74 66.07 63.97
Price of DRX market ($/MWh) - - 86.76  88.65  90.20  91.49
Total profit of DR customers ($/h) - 0 8 20 33 45
Increase in retailers’ revenue ($/h) - 0 193 366 485 573
Net increase in retailers’ revenue ($/h) - 0 135 183 146 57
800
=¢=Increase in retailers’ revenue ($/h)
600 = Net increase in retailers’ revenue ($/h)

Compensation amounts ($/h) M
400 /
200 ‘—’/’.FT—‘—'_.*.\.\-\.
0 +H*+— T

—_

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

Compensation coefficient

B 7 (MEMEE) MR TEFR@mMIMZENFN

Figure 7 (Color online) The impacts of compensation coefficient on retailers’ revenues and compensation amounts

AP IME NP R DR B A 28 o 3 I 5 L 25 DRA [(AME &, ATLAE Y, & DRA £
5 H i 8hant, FERRERSG —E AN, B EERNE SR M —E M2 DRA 25
HaTHzsatr. IWE 7 aTCUE Y, B fM2 R B oK, 228 e R I M e 2 18K, B b Beds
DRA &G, D285 i Ao v 88 B 5B 38 KR BN, EAR BB h, aa R 08 0.5 I, &
AT A 1 I K, DRI A SR AR TR R e A A R KL

M 1A, 2 DRA 25 HATi 805, DR Wi a4 &+ HEriia ks, DR A7
AT H AT 3700 1% B sl A% IRk 4, JF3RA 0 as; DRA JUAE DR iz L+ H AT iz i #%
JANFAE H AT bn i, 52— € bk, BhTFHRNFERAARS 7€ N5 Mz,
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Table 2 The impacts of the day-ahead market demand on equilibrium results

Demand of day-ahead market (MW)

Item

40 50 60 70 80
Supply function (MW?2h/$) 0.213 0.250 0.284 0.314  0.341
G1 Bid output (MW) 13.63 16.66 19.51 22.28 24.99
Profit ($/h) 525 666 799 937 1082
Supply function (MW?2h/$) 0.208 0.244 0.275 0.304 0.329
G2 Bid output (MW) 13.33 16.23 18.94 21.55 24.10
Profit ($/h) 506 638 762 890 1023
Supply function (MW2h/$) 0204 0237 0267 0294  0.317
G3 Bid output (MW) 13.04 15.81 18.38 20.85 23.26
Profit ($/h) 488 612 727 846 969
Supply function (MW?2h/$) 0 0019 0.046 0.075  0.104

DRA Bid output (MW) 0 1.30 3.17 5.31 7.65
Profit ($/h) 0 43 120 227 365
With DR ($/MWh) 63.98 66.63 68.74 70.97 73.29
Price of day-ahead market ($/MWh) Without DR ($/MWh) 63.98 69.97 75.96 81.94 87.93
Price drop (%) 0 5.0 10.5 15.5 20.0
Price of DRX market ($/MWh) - 86.48 88.65 91.12 93.83

Total profit of DR customers ($/h) 0 7 20 41 70
Net increase in retailers’ revenue ($/h) 0 68 183 334 522
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Figure 8 (Color online) The impacts of DR resources and day-ahead market demand on the price of day-ahead market
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Table 3 The impacts of the retail price on equilibrium results

Retail price ($/MWh)

Item
70 90 110 130 150
Supply function (MW2h/$) 0.290 0.284 0.278 0.272 0.293
G1 Bid output (MW) 19.00 19.51 20.00 20.45 24.00
Profit ($/h) 721 799 880 964 1256
Supply function (MW?2h/$) 0.281 0.275 0.270 0.264 0.285
G2 Bid output (MW) 18.40 18.94 19.44 19.91 23.33
Profit ($/h) 686 762 840 923 1200
Supply function (MW?2h/$) 0.272 0.267 0.262 0.257 0.277
G3 Bid output (MW) 17.84 18.38 18.90 19.38 22.68
Profit ($/h) 654 727 804 884 1148
Supply function (MW?2h/$) 0.073 0.046 0.023 0.003 0
DRA Bid output (MW) 4.76 3.17 1.67 0.26 0
Profit ($/h) 182 120 62 9.74 0
Price of day-ahead market ($/MWh) 65.58 68.74 71.99 75.30 81.94
Price of DRX market ($3/MWh) 90.49 88.65 86.91 85.28 -
Total profit of DR customers ($/h) 35 20 9 1 0
Net increase in retailers’ revenue ($/h) 301 183 87 12 0
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b, 15 DR 1A 5 MRV, S8 DR Mzt T, DR ™ B ANE N R b H A
7411 wS R D9 ) L 7N i v N B R B A 1R AN S § T NN e i i@ D /R R T A S
Kt DRA FIAE RN
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Table 4 The impacts of the number of DR customers on equilibrium results

Number of DR customers

Item
5 10 20 40 80 800
Supply function (MW?2h/$) 0.293 0.279 0.284 0.287 0.288 0.290
G1 Bid output (MW) 24.00 19.91 19.51 19.28 19.14 19.01
Profit ($/h) 1256 864 799 762 742 723
Supply function (MWZ2h/$) 0.285 0.271 0.275 0.278 0.279 0.281
G2 Bid output (MW) 23.33 19.35 18.94 18.69 18.55 18.42
Profit ($/h) 1200 826 762 726 707 688
Supply function (MW2h/$) 0.277 0.263 0.267 0.270 0.271 0.272
G3 Bid output (MW) 22.68 18.80 18.38 18.13 17.99 17.85
Profit ($/h) 1148 789 727 692 674 655
Supply function (MW2h/$) 0 0.027 0.046 0.058 0.065 0.072
DRA Bid output (MW) 0 1.94 3.17 3.90 4.32 4.73
Profit ($/h) 0 73 120 148 164 181
Price of day-ahead market ($/MWh) 81.94 71.38 68.74 67.25 66.44 65.64
Price of DRX market ($3/MWh) - 95.37 88.65 84.82 82.73 80.67
Total profit of DR customers ($/h) 0 25 20 10 7 2
Net increase in retailers’ revenue ($/h) 0 119 183 217 235 252
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Investigating the market-based operation mechanism of DR
resources using the equilibrium model

Kai ZHANG, Xian WANG" & Shaohua ZHANG

School of Mechatronic Engineering and Automation, Shanghai University, Shanghai 200072, China
* Corresponding author. E-mail: xianwang@shu.edu.cn

Abstract The bidding of DR resources in the day-ahead market has become a trend with the reformation of the
electricity market and the development of smart grids. Therefore, a market-based operation mechanism with DR
resources must be investigated. First, a market mechanism in an auction-based framework for the participation
of DR resources in the electricity market was designed. In this mechanism, a DR market was built to manage
the flexibility of DR resources for a DRA, and the DRA was considered to bid in the day-ahead market. A
compensation mechanism was established to encourage the DRA to participate in the day-ahead market. Second,
a joint equilibrium model of the day-ahead and DR markets was proposed. Herein, the supply function bid form
was applied by the DRA and generators in the day-ahead market. Third, in the DRX market, the supply function
bid mode was also applied by DR customers, and the price in the DR market was determined on the basis of the
bids of DR customers. Then, the existence and uniqueness of the Nash equilibrium were theoretically proven.
Considering information asymmetry in practical application, a distributed algorithm was further proposed to
determine equilibrium outcomes. Finally, numerical examples were presented to verify the reasonableness and
effectiveness of the proposed model and algorithms.

Keywords day-ahead electricity market, demand response aggregator, demand response exchange, oligopolistic
equilibrium model, distributed algorithm
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