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Abstract: Virtual power plants (VPPs) play a crucial role as
market players in the development of new power system, and
the reasonable distribution of revenue is an important aid to
promote its orderly construction. In this paper, we propose a
revenue allocation strategy for virtual power plants that takes
into account the rights and responsibilities of the participants.

To maximize the total revenue of the virtual power plants while

EEWB: HRARP RS (EAH)U1910216); [
K ARBI SRR F RS (51807129).

Project Supported by National Natural Science Foundation of
China (Key Program)(U1910216); National Natural Science
Foundation of China (Young Scientistic Program)(51807129).

AR F7,2026,43(3)

accounting for the uncertainty of wind power output, an
intraday optimal dispatching model for virtual power plants is
developed, containing distributed wind power, energy storage
devices and adjustable loads. The performance of the virtual
power plants is simulated with the involvement of various
participants. In addition, to assess the contribution of each
participant to the overall revenue of the VPP from the dual time
scales of historical performance and the day-to-be-assigned
date, three key metrics, namely the historical credibility of the
participants, the contribution to deviation adjustment and the
contribution to profit increase, are all defined. An improved
Shapley value method considering the weighting of the
contribution factors is proposed to allocate the overall revenue
of the virtual power plant. Through this approach, the
distribution of the revenue can achieve a dual impact of both
the historical contribution and the day-to-be-assigned date
performance, thereby motivating the participants to engage in
the collaborative control of the VPP. Example results
demonstrate that the proposed revenue allocation strategy
clarifies the contribution of each participant to the overall
revenue and assessment of the virtual power plant, realizes the
principle of "those who contribute shall benefit", and ensures
the fairness and reasonableness of the revenue allocation of

each participant in the virtual power plant aggregation.

Keywords: virtual power plant (VPP); electricity market;

deviation assessment; improved Shapley algorithm
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oy A eCHL IR AT AR i ss ,  TR] A R AR — i Y IR
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FIVEFHJCIEREE, $Esh%T VPP I 25 AR AY TR AT AR
TCHERREL, AR T T SR s A A B

%2535 X R 22 1 TR K e 1 R DL VPP (A
Wtk BB N, AT S5 H N R

ZUTAME, SLEMZE S5 BRI R AT,
Wt o3 B 7 25 B2 5 H X T VPP i 22 1
HE TR O o

T XHZ 5 W22 MR ST E iS5
JEm S G B ALA I, B BN 255 A B2 fl
i, R TS IR A T LA 22 R R TR
DHFIE R Shapley fHE H, WL (1),

S|I-DWU-|S)!
yu= S BIEDIZB 5y ois - oy G31)
S

U!

A v NI w AR 22 TR ST s 0(S) 4l
B S By IE A 22 TTBRE ;. QS —{UN WA G S HBR
R e e
NHA S KA AR R

i 22 L BTRRBE T AR B VPP N2 5%
XFF % VPP R 22 M sk AR, v fHBR, R
O R i 22 1 TTRR AR, A5 RS R
333 WERHMKTMERR

FEHEATUR 25 43 B, B T 2% & Shapley fH 1%
R R B PR TR, RN A S5 X
VPP A 25 38 B AR XS STERFR B, LA s VPP
T &S HERKBA AT B KRN 5
FeaE SR sgm . PR, 783 bR BTk 40 X ) S Al
b, 2 T B R Xt 4 AR R 2 A i
AT R, LIAAIE VPP B 2
H AR S 5 R

FE X VPP NE-Z 5 s K STk E R %
MECAAE T, %S5 S 5115 VPP A1
K2 M, 5 VPP &K K 2 .

1
%= 3R g(R(S) —R(S —{u)-Rw)  (32)

b RED u B ES s RS)NHE S B 5
RS —(UNDHAA SRR uZ 5 IR ;
AR(S)>N VPP SR £5 1 5
3.3.4 X3t Shapley fH¥EW 28 4 BOERY

VPP &2 5E M LIFE R 0102, oul s
i 2 V5 B BTBREE N Qx> WCRR 1S S STk E
Flar, @z, ey}, W4 R G Shapley {73 Bi & 1E
A+ K

T
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\ERE, Hyp+m+n;=1, Al H VPP #EHE 3 K
R E A, W3 VPP P ERHT RE IR I
TR AR . S far M KA B, TS S 3 Ry LA
PSR EEEAWE, WS 5%, Dk
Tt VPP [ Bk PERE, LA,
% B BN J5 1 el E Shapley i 15 UK £ 77
[
R, =R,+M,R(U) (34)

K. RN VPP G AERBLARIES ; Ry
LR u TE 4 ML Shapley {E 7 T AU S 43 BC 25 51
RN u TERCHE Shapley (H1: T s /3B sh

VPP PRI 5 A FL I R AN T

1) RHC VPP N2 5 & HET g 45 R .

2) i VPP INFRET A W REMIR R G

3) RH CPLEX K fift 4 ik A 416 VPP UL
#5, W=k 11D)—28) fin.

4) WP (29) HE VPP WA S 5 H R 3
fii Shapley 18 .

5) MRPEDT A E R | e 2E VL Rk L IR
25 B8 K BTk 1155 Shapley {H 4 ECE IE A 7,
= (30)—(33) s

6) HRYE U Shapley (Hi%i1H 425 #H ik
ECEER, sk (34) iR,

4 EH S

4.1 EHISH
ARSCUAINTEE BT A, A2
Seht IR, T AT 20 MW XU . 10 MW D
K. 1 MW/2 MWh fi&8ERK 30 MW i) VPP, Hi
AL E AT G A 10%. RERH R 22 % B B A h
400 J&/MWh. VPP HiFE V- E (5K FHL 0.95, VPP
HERES AN, VPP N EEH Bk 50
T, VPP N A sCHL R & HL 2 LW, AN
J& VPP [in] B I LI B o AT T 67 AT R M A%
S A A G, 43 R S5 22 5 A% R R
AL PR SERER A SC SN SR A2 Fs; 1l
P A SRR A3 s, SrEEBCIE T RE N
Kl Bl fii/n; VPP 5 W EAESC B LM i T
iy, R B2 iR, K B3k VPP 24
JRHL AR B S SE R e . He, XURLB AR
(RSBt HE g SR T S R AL R 25 2 0 Rl
118 YALMIP f# CPLEX 3K fift e 4T sR f# .

AR F7,2026,43(3)

42 VPP ASW =S

FESCHTEATEY, VPP 45 i MR 4 KR . 6
R Jim2E, 456 MERM, LI VPP SERT D2k
Zede /N E bR, AT IS 677 A BE A 1Y TR
L D A T

Mo RE RN 3 A AL A o3 I 2H G HE A VPP
B, VPP H A dl & RUSAS . Rk EE . W2 TR
TR DA R A s an e 1 s .

£1 VPPAAWE
Table 1 VPP portfolio income JT

B2 3 Eiley
{o} 25121 91312 66191 0

SURA Bl Bl AAR

{fHAEIL AT} 18931 90988 72058 5867
{DR1} 23502 91312 67810 1619
{DR2} 23338 91312 67974 1783
{DR3} 21112 91312 70200 4009

{fififigi s, DR2} 17674 91042 73368 7177
{ffiRELL s, DR3} 14266 91102 76836 10645
{DR1, DR2} 21719 91312 69593 3402

{DR1, DR3} 19929 91312 71384 5193

10 {DR2, DR3} 19773 91312 71539 5348
11 {hfAEBL#E, DRI, DR2} 15852 91042 75190 8999
12 {fiffigie#%, DRI, DR3} 13142 91117 77976 11785
13 {fffEdL#r, DR2, DR3} 13752 91151 77400 11209

14 {DR1, DR2, DR3} 18589 91312 72723 6532

(ikBEi %, DRI,
DR2, DR3}

0
1
2
3
4
5 (%A%, DRI} 17109 90988 73880 7689
6
7
8
9

12627 91163 78535 12345

BHAE 0N HARXGCHIMS 50 Ty,
B A 15 RIS RE 25 F1 3 Fa] i 45 £ foy
HAE VPP, HFES S5 iy, NE 1L
0, B2 5FMASAERSE, Bk
oY, R AR LB B, XFE
B A 4 IR A 7, MikGE &2 5 DR3
RIS, B ES SN T 6636 IG5 X HLIBE A 41
A5 MIBEEAZ A 11, 4 DR2 2 5446EX & 5 DRI
AR, MR T 1310 og; XFHBERA S
14 MR A A 15, YiEfeik 2 5 DRI, DR2
5 DR3IMEEKEE, B S T 5812
JGo IR B IE T BB AR AT gk F, & VPP
WS 55 1T A VE IR A AT ASLAt

MAGEREBE 55 3 AT E Y X2 5 VPP 5L
AfizfTHS, VPP SERFE T 2= ikl 2 iR .
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Fig.2 VPP output deviation

N 2 AT, RO A FLAE 25 I B A AR i 25
B A 0 T VPP SEiFH il £k 5 H wi b i
Mk Z B mZER R, @RMZELEL 1%, HE1
AT, HROGHAZ S5 T, B 9
HEO0, 2REEBIA 913 70, W X Hn2%E
A% 2.51 iot, BEE R 6.62 i, WES
¥ 3% b B AR 0 37.9%

MAHRER A 3 R ATIE T 2 5 VPP A&
AFE ATy, BPXT R BB 4H A 15, BR 10 2 29 Bf Bt
F1 89 % 95 B Br tht T KOG et 22 1 K H AT I8 47 B8 5
(87 RE T IR S BOR B2 T bR im 25, JLARAT
B4 AT 3 3 i e A AT R Y G e i R TGRS, il
15 VPP SRt T i Sy B AR Han s th e,
/NT VPP BRIEFTA, SREAEHRIA 9.11 JiTg,
AT IR 22 2 1% 2 A KOG BRI % % 9
() 14%, &34 DR FGEREE 19 2% H 0.91 71T,
VPP @i tih 7.85 TITG, HEHNT 18.6%. f#fER
RN 3 AR e iR e 3 BRI

RN 2 7R
2.0
— fiffE# % — DRI
1.5} — DR2 — DR3
1.0}
§ 0.5F
ﬁ _0.5 -
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20 16 32 48 64 80 9
N B
3 AT RRIRESERT 7 2k
Fig. 3 Real-time output curve of the adjustable resource

®2 WREATHRAEE

Table 2 Adjustments amount of adjustable resources

ZH fi#hE DRI DR2 DR3
P/ MWh 46 12 8 38
i H /% 442 11.6 7.7 36.5

#2700, f#figi 4 . DRI, DR2 1 DR3
A2 550 R 5 5 44.2%. 11.6%.,
7.7% F136.5%. M 3 AT UL, HLBH75 7 70 HL o
faf (DR1). i olb 28 94 £ faf (DR2) A1 Toalk w] 94 71 fif
(DR3)3 Ff o] § 15 T g ALK L FE 0 &= 17 Wh B, 39
% 54 BB 87 2 96 B B AE AR B B B IR,
XPAMAI R “ &7 IR, £F 18 2 38 MBS
66 %= 86 B B, WY 6 faf AR 4l U B A BB R
REVHAE, XPANRIN “MRile” R, 2B HE
R VPP iz 8 RS 4, W/ VPP SERTH
15 AT Z M TR 25, DA R A A 25 7%
KA, S8l VPP BRI A e kb o

Zi b, mTAEREM 3P A S S,
5 VPP B BRI Z5 3N T 18.6%, HASH5EM
DUk R, T EARYE A S 5 W sk iz A
AT, a2 585 BRI S5 VPP iy,
TR G R R
43 ESE5HEWEHE

S A SC TR B R A R, R T 6 Fl
ST LR W o

W 12

M 2

W 3

R 4.

i LA RS
2L Shapley 1H7% .

7 i 25 R R STBREE Y Shapley {H7%
% R R K TRk EE Y Shapley B .
WM 5. e {52 Y Shapley i .

M 6: LEAHIEDRAEEE . WMERER
ik BE B AL 35 3 4 BTHAR BE B etk Shapley fE T o

B 4 425 & Weha D7 S A5 25 B bR o B
$1{0.4,0.9,0.8, 0.5} . AL 1 PECHA AR E AR
Wezs, Bl Rk 6 ForEL RIS X VPP NS5
B EATAEL, HrFEess R uE 4 B

i B S 5 35 ] F e SR 43 TR 281 A4 A2 11 5 s
SE R R R R L, R ES 4 T e AT
B —FR BT i . XESRIE 1 A3 BT AT, 4% R
A, fERE A TR R, AN
%5 A EC A o LAk BT — 2, il DR2 {4315 5%
MR AL RS, NP5 g ] F e 2 5 300 T 45
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Fig.4 Return distribution across various participants
under different strategies
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B R FH 25 1 Shapley {H 1A% &S5 #0930 bR 51
BREE, RS ECSS R TC Ik T AR 2 5 35 A i
X AR 2R S

FERWE 3 A BCET, A% RE I & T AT B9 IR 5 A
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JO7 FE S 0 T R DL F TR A 2 1R PR A T R
B DTk, (HEXFEM B AN TS 55 1%
RIRZm, ANGeE 2RI 1 SEbristT
2R

FEORWE 4 S BCHS, BRT DR2 LISh, %= 5&
B T AR A ST R R IE ARG, X
T DR2 [ A e 2& s B AR b T F M AR Y B Bt
B H: g i Xt T3~ VPP A G K A ST AT R . %
FEFIE G DUk T DR R G s R AR bl M4
Wiz, S50 AT DRSS S il
TSR B 22 1 P AR i B S 50 .

R AR E XS 5 E W, AR
ERBERENS S5, GRS & 052 i
. HRmg SATIL, D EEE A, M
TEAS YR [0 328 2 v g 7 it e K, (B S BRITJC i3k
i O, BRSE E 5 | A D 545 25 B R ok A i
WA EHAT R, DR A2 5 FH#HIS A g
$ B8 H A7 S T A B IR R 125 VPP,

Femg 5 H B R AR AR, JCE R AR e
N R AEREL, RN 3 TCEk AR P A,
XT LW 6 BRI A SCHr B2 SR w7 B 45 SR AT . 4 4>

2 5 H 0 F w22 AL EAA Tk, MiiERE R At T
Gk B ¥ ] ST i R L B M R A, X TR 22
PRI S5 G STl K, R e A A M 5 448 Jon e
;5 DRI 5 DR2 32 Al 815 75 5 1 i BB il
B T 22 L G STRRA DN, A AR I RS R
Ko BRAS SO $E 3R ms hy R Ge b o 2 m] 875 R
WEYERCIR, T VPP RTTRE I MR G R B 1T
FaEME
4.4 W5 R EE S
441 BEKEX vPP BiAK S HIE M
HERLHL) T RGN AR % AR (RS R a8 47
fy, MF—sRE R, naAm R
SR il 22, 2 FBUR IR 1217 A KU
T AL ) RSP Y A K A 0.55 FRERIK
A% IR 0.05 BB INE) 0.95, 43 BT THE B
R4 S, SEEANE 5 TR
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Fig. 5 Surplus returns of VPP at

different confidence levels

ML SRR, REDLR T AR Wi A BE A AR K
SRS >, T R BAOAHC . HEEKE
M 0.55 B AIEINF] 0.95 I, LT Rk Z Al
FEFER T 15.3%, SXEARE IR A5 T,
B [ I BEE AR KPR, BT #s T
EETERZ et AE g Wi iR s . PTLAE Y, R
B s T SR S TR B S . Ik, as
B RS E R HTTRA, R E R E KR
KEE,

4.4.2  ZlWZE SR A X s KR e

K6 AR 25 M T 42 5 E R
HIE 6 AL, SRAIA SO 2% 82 5 3 STk iy
VPP Wi 53 BET7 5 N, Bl St i 22 2% A% LA 14
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Fhr, VPP sk AR, {Hf#REX % . DRI,
DR2 }2 DR3 /A3 S a5 HIANRE R 3 o a2 R R Y
T2 it — o, 25 75 A A B il i 25 25 i L
Wi Tt E . SE VPP Mlss TR, Bt
TR 2ZE 2 BT, K GRS 5m )
Sk T T W 1) e 22 2% A% AR LB 2 3 K . BB
4 TR JE T IR S5 VPP W I T RE AR 0 % %
BAS AR, BREAT 4T VPP BRI 25 i
OB DTk K SEah R 2= il R, AR
& VPP PIEB AT I G IR AR B M ER . PRI,
RO RO AE BRAIG,  (EL: W] 30 W R X T 4 T
VPP I 5 M BTERIE A, e 2l L AR £ 3

35000

- BRI e fiffE
—a— DRI —v— DR2 - 78 500
30000 7 — DR3 = flfiaf
1 478 000
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€ 20000 - 197500 1B
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o6 AREMREEZBENTESSENWKE
Fig. 6 Revenue of each participant under deviation
assessment tariffs of different benchmarks

4.43 b7 SRfEE BN MR

PUALEL VPP 4L 10 H 2 5/ iy, 6
WA TE Day2 5 Day3 T H B AN lE PE R B 52 L
W 2 Wl o 24 7, Ak H DT SRR B s, R
10 RHEALZ 5 H BRREARAE, K BR B E S
SEPRE R b SCH RS FRE SRRl R 22 %5 % AN
4 800 JL/MWh, 42 53 10 H W5 M s (52
FEFEARINGE 3. £ 4 PR,

MR 3ATLLAE L, Y4 Day2 55 Day3 fiff ig 1%
AN, A 22 8 DT R R R 251G K DTk
R0, HHUEEM 7.72 TToCIE/NE 6.82 oG, fifi
B AR N 2.16 JTITI/NE 1.26 TG, HILAE
REIE 5 24 H AU AR/ 45 8405 JL R UL %5, 1
TOREATREE T30 M ik 3810 o M A i 45 171
fif DR1, DR2 5 DR3 (924 H it z5 539 b7+ 765 6.
709 JC 1 642 JT, LA 2 Jily IR A e 1 8 B A
1% -
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®3 &55%F10 HYz=

Table3 Ten-day revenue for

each participant Jo

izffH  f8 DR1  DR2 DR3 W& ARG

Dayl 8405 3024 4382 5778 77161 21589
Day2 —3810 3789 5091 6420 68185 12613
Day3 —3810 3768 5082 6451 68185 12613
Day4 8297 2970 4382 5940 7716l 21589
Day5 8356 2926 4353 5954 77161 21589
Day6 8405 2889 4328 5967 77161 21589
Day7 8446 2858 4307 5977 77161 21589
Day8 8482 2831 4290 5986 7716l 21589
Day9 8513 2808 4274 5994 77161 21589
Day10 8540 2788 4261 6000 77161 21589

*4 BSE5F10AHEEEE
Table 4 Ten-day historical credibility for each participant

iZf1 H fititie DRI DR2 DR3
W 0.40 0.90 0.80 0.50
Dayl 0.45 0.91 0.82 0.55
Day?2 0.42 0.92 0.83 0.58
Day3 0.38 0.92 0.85 0.62
Day4 0.43 0.93 0.86 0.64
Day5 0.47 0.93 0.87 0.67
Day6 0.50 0.94 0.88 0.69
Day7 0.53 0.94 0.88 0.71
Day8 0.56 0.94 0.89 0.72
Day9 0.58 0.95 0.89 0.74
Day10 0.60 0.95 0.90 0.75

fE % M Day4 JF iy, G REYK Z IE# W,
T Day2 Y5 Day3 RAELEMN, (15366581
A5 E E LR 038, F3 Dayd RAF A NA
RO, (H S H OIS A 4202 JEFEAIK & 4148 JT .
M Day4 % Dayl0 fiffig i 254 H $#27+, Jf H @i
Day1 B 045 AW 4R , X0 TRERE R IR 15 25 B4
I, A H 2 52 Bl 07 2 (5 45 5 g s 47 25 8 i i
T4, Z DaylOfgREAI DI A5 E A F] 0.6, 4B
i Dayl i 0.4 (I A5 2% .

5 #ig

AR S 3 55 3 A S IE T R R AR A A R
GV, HAGEIMFEE:
FIEPTLAEERE, RARRNNZS S, A
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Table A1 Time-of-use electricity price and deviation
penalty coefficient

AR B RM/OUMWhY)  my om,
08:00—11:00

e

% 17:0023.00 531 08 16
07:00—08:00

F 13:00—17:00 332 10 10
23:00—24:00

pn 00:00—07:00

= 11:0013.00 150 1.6 08

T A2 HRBEIERSH

Table A2 Parameters of energy storage device
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Z 4 FR/MWh 0.4

71 [ f/MWh 1.8
FER R FR/MW 1
FEIERRE/ % 89

P RAS/GT/MWh) 300

WILHSOC/% 50
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Table A3 Parameters of flexible load
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Fig. Bl Adjustable capacity of three flexible loads
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Fig. B2  Electricity market price
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ig. B3 Wind and PV day-ahead and real-time output
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