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Frequency Modulation Capacity Allocation and Revenue Optimization for Grid-forming

Energy Storage Based on Improved Shapley Value
HAN Junkang,HAO Sipeng, LI Shuheng

(School of Electric Power Engineering , Nanjing Institute of Technology , Nanjing 211167, Jiangsu , China )

Abstract: The high proportion of new energy grid connection increases the frequency fluctuation of the power
grid, and grid-forming energy storage is regarded as a key resource to improve frequency stability due to its fast
response and inertia support capability. To address the underestimation of fast-response resource value and
insufficient fairness in revenue allocation within existing frequency modulation auxiliary service mechanisms, a
method for optimizing the capacity allocation and revenue of grid-forming energy storage was proposed based on
the improved Shapley value. A cooperative scheduling framework was constructed, in which grid-forming energy
storage focuses on frequency modulation while grid-following energy storage cooperates with peaking. The inertia
support and dynamic response characteristics were quantified through a dual-track compensation mechanism. A
two-level game model was established to minimize grid power purchase costs and maximize energy storage
revenue for global optimization. The Shapley value method was improved by introducing a three-phase correction
involving technological contribution, capacity availability, and dynamic response capability, thereby constructing a
multidimensional contribution evaluation system. Simulation results demonstrated that the proposed method
increased the system frequency modulation demand satisfaction rate to 98.7% , enhanced the frequency modulation
capacity availability of grid-forming energy storage by 35%, raised the revenue of grid-forming energy storage by
15.5%, and boosted the total revenue by 59.7%. These improvements effectively enhanced resource allocation
efficiency and system economy. The study provides a theoretical paradigm and practical pathway for the market-
based operation of frequency modulation resources in high-proportion renewable energy grids.

Key words: grid-forming energy storage: frequency modulation ancillary services; improved Shapley value
method ; two-level game; capacity allocation ; revenue optimisation
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Fig.1 Two-level optimisation model
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Tab.l  Operating parameters of thermal power unit

KEAL R R/ e RS JEARPE Py R
Hegi's JIMW JI/MW (MW-h')  AoC fedsts PR

G, 160 35 30 1850 0.5 12
G, 110 30 35 1700 0.5 10
G, 100 25 25 1 800 0.45 7
G, 80 20 30 1650 0.4 9
Gs 80 20 25 1700 0.4 8
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Tab.2  Operational parameters of grid-forming energy storage
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oMW M/ it 0 BRI

Es, 60 120 90 10 90 1.1 15
Es, 70 140 90 10 90 1.15 20
Es, 80 160 90 10 90 1.2 25
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Tab.3 Operating parameters of grid-following energy storage
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Esg 50 100 90 10 90
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Fig.3  Frequency modulation capacity winning

bid in stand-alone mode

H/MW

s

JAATAS B

10 20 30 40 50 60 70 80 90
i Bt/15 min

K4 LA s A b by
Fig.4 Optimised frequency modulation capacity winning bid
DAL | F PO0 B BE 1) Hh AR 28 0 o L R 2
THE 63.7% , Es {5 (e W I BL Y bR 28 A 5] 22.4
27



wAMES 20265 F 56K F4H

AR, 4« A T Bt Shapley 18 49 #y W A % 4L IR 90 5 8 & B 5 K S AL

MW , B AL R 255% . Es, F1 Es, B HP R 25
WA B TE9.6 MW Fl 11.2 MW 4k J #4194 754
fith i B9 VA A 25 1 T F MR A 52.1% $2 71 = 87.6%,
o Esy 19 7] PR B S A B 91.2% . 1% ik 4 T
F2FAG 25 TR AL RE 4 4 T 35.8% 1Y I I AT:
55, R B BE R TR 2 RIS I . Sk
[T, kR ML 1) TP b 25 o 0 e 40 28 B i B B
PN R bR ZE 8 MW, B i B 5 Ak
36.3%. PLALS 5 Be AR mE B2 5 1 A 2 1 A
R ZR G AE e RS BE 1 e [N, fiE B INASUE o

K5 A 6 R THRALRT 5 K AL 514
Do TR i i 11 LA L R TP bR L . SRR RS
PR R K AL L e i, b i L
IKF 72.3% , 1L AT ISR I BE, G ~G LA
1F- 2y rh bR AR A 3] 37.5 MW, AHILZ T, #™
RUGERE MY bR it 5 H AU 27.7% , Es ~Es, 1973
HbR LR 20 91l 8.2 MW, 17.5 MW 1 24.8 MW,
A T 53 & AR LA A 17 I 5

JEAT LR A /MW

0 10 20 30 40 50 60 70 80 90
i Bt/15 min

(SIS VA = W S S e i
Fig.5 Frequency modulation mileage winning

bid in stand-alone mode

AT LR AR /MW

0 10 20 30 40 50 60 70 80 90
A BE/15 min

Ko ALm s FLA shpR it

Fig.6 Optimised frequency modulation mileage median bid
PLALIR , i T4 I R AR RE TR PR RE O T K
HLZE, XF 38715 {5 5 i 7 S ASE, B AR GBI A
28

s b L PR T R I A R Y TR bR L
PETH 2 68.5% , Hih Es, 75 =y W i BE (%) Hh b LR 1K
$52.4 MW, Es, fl Es, 1 Hbr BLRE 43 5 42 7 2
41.6 MW F142.5 MW, Es,~Es, 7F 7 faf 2 W I B4
b, bR B AT RS 4 2 300% . 5 kIR
B, HUATLA %) b £ 9 1 4 22 i g Bof B LA R
R B, o5 T 31.5%, B HLAY B K bR LR B R
35 MW DAF o 7 57 fap DRt i 2l i Bz, g ) 784 £ g
B AR LR 5 e 75.2% , 17 K R HLZHAY 5 24.8%
4 D) 51 £t 68 114 3l A5 M BB IE PR T 7R 4R b A 78 v
B R F T ol PR R AR BE R Ak A T e
T o PEALTR M E 3 5| A AR STk B AL, &
FA T A IR L S G HE |+ 0 AL i DR 22 R0
G 0 o7 R P e G B 2 A U 2R AR T 22.1%, KHL
HILZEL D) S5 Ay e A5 0 5

7R T R RS RE R A LR M S T
HWIHE M SR . it 5B 96 4~ B 8] £ 1Y
WA ITEE B, RGO TE A R YR 1E
FRANHE (1) 85%~92% X [H] I By , 75 11 faf feg U BF Bt
HI IR SR G L R O S R R R A o
=Lk, B AN fe s ik B RN AR Y 115.3%,
TRA BB s AR ARG AR, U Bl o 3.2% A
A, T e DA ) B3 1 0 Sl iR 3 R 3 12.5% 0 X A A
& 0 B RFAE 78 43 OB T 75 d+ HLAR S AMEE AL
il %) T 37 SRR T A IO 7R ik i 47 e GBI i) )37
T 78 S5 o A8 v R B AR AR 3 PR AR AL
o PRI A SC T B AR AR BB A% o A 2 1] B SR 5
THT BT XSRS S A
[Fi] s B il 2 3 A SR M AR AL T SRR

80
[
70 A

D
=)

P
o O

Hrk&/[TC-(MW-h) ™
2

3
=3

10 20 30 40 50 60 70 80 90
i} BZ/15 min

P SRBRTT A 15 I A X L

Fig.7 Frequency modulation market offer vs clearing price
K8 JE7s 1A A I ALGERE I IS s B 1, 17 L
SE R PRI RS o5 R 17.55% , B Wt AR AR
TRUAH S Hi R 9 TR 0 TR i i A R U T 3 b i S
SR R RS A VR AR B LA X R DR ) I8

o o



SRR, 4« A T Bt Shapley 18 69 #y I A 4% 4L IR 90 5 2 & B 5 Ik S A4L

B A AR 20265F H 564 F 4

Bl L1 A8 B 6 BE B 4 b 5 5 R A T b, TR] s
BT EB A R IR 25 o A M S LR MR A
I 7 B2 Y 45.6% F136.85% , S 46 I B At fiE
£ Y BRI

(x10")
20+

18F
Ri16f

£14'
Eot
=

|ior
E oL
T

= )
T T T

4y 1) B i i 1

H 1 5 2
P8 2% A ) B RE NS 4 P4 I

Fig.8 Composition of revenue of each grid-forming

4y o) 4 i 3

energy storage plant

F 4L A UGERE Es, FEAS e DL TR ATA
Sy T A S0 N E T, KA 16.61 J1 Y Bk 2S
5 Es, Ml Es, 70 985 1 21.5% M 7.2%., 225 T
R ) LR AMEE AN 2 1 AMEE Bk T R AR fE
ST RIEAEE . 26 538 i PRI 25 23 i pE—
AR T IR PR RIRLN o AL X HL A BE s, 110 I8 i
FUER 43 e fb 2 (IR AR PR T 3 1) o5 L, R R I
7 R 4 i = U 25 9.94 J7 I8, AN R TR A I 25 19
59.8%. 2% AR AL AL 3 2 22 S 1k oA B SR W, 4R
e O B HL R 2 . BRI L % B Esg D) AT £
13.5% B W WAL T 4R 45 9.67 J7 TCU a5 , AR B s A
RN A A5 8 R 0 A BRI o BRI 25 25 4 36
UE T A6 O == ORI R O T 75 T e Bl [ 55 s 1)
AR, ST RGBT
P2 A BETE A [A) IR 55 THAAAE R A i s BAME
B UE T AR SCOR AL S W A A 250

R4 THRBBRS KSR

Tab.4  Frequency regulation ancillary service revenue distribution

ffRE ARG R ARy A
G e Tt JiTt SO
Es, 0.262 6.52 7.15 13.67
Es, 0.352 6.85 8.65 155
Es, 0.382 7.37 9.24 16.61

o mb T UL R A SRR TSR . X
o A, PR IS FR G R AT SR R R AR T
9.5% , F LA RN 55 o AR 15.5% , Bl ss 1
1 59.7% . shZSWA R A& I HF 5Tk T 62% A E
PHAE R, X — S5 FUES T =B Bef& IE R F ek
£ 40 B TP BIAE o S8 R B AR SCHR R Y e ik
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Tab.5 Peak shaving ancillary service revenue distribution

TEREZEI AR IR R/ % IR R TToT
Es, 12.8 7.49
o) 24 £ il Es, 14.1 8.96
Es, 15.4 9.94
Es, 10.0 8.13
Es, 10.7 8.52
R A R Esg 1.3 8.84
Es, 1222 9.08
Esq 13.5 9.67
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Tab.6  Comparison of indicators

ik ST R MIMEGERE RS/

W% s t%  JiG

7 AR 89.2 46.5 72.19
SURBR 97.6 53.9 94.83

Rtam
XA IALEAY 5+ ik
98.7 62 116.41
Shaplay {H 7%
5 4%

AR SR X K T B At R 2 5 8 A B R 55 1
Ao S as A, #e T 3T el Shapley {H
(%) 4] 90 T s R 91 0 4l B R 45 D IR AR AR AHE 22 . 3
1S i BB SV AMEE B , ST R AR TR oK
0 i R 5 2 BRI RS A A BN IE . BFST R
B« JUT B A fof g o 764 £ R 1800 25 o mT R PR T
35%, F G MR KO 2 N 89.2% -+ &
98.7% 5 73 | A\ Bl 5 i 1o 4% 1F K 7 1 2 i/F Shapley {E
A R AR A BE 1) 2 2 Tk, A RS o
FE M 46.5% $2 T+ 2 62% 5 22 Ak 18 13 5w f ey 1)
Ui BE VR AT P b B 49 4K 300% , 7] B £ 455 I 06 T
Y3 17.55% WA FRICER 5 Lo BFE LR B B e
71 F G5 R I AL BE 2 5 R B R 45 T 4R
HET BRI 5 5B, X o R I TR A
Vsl E B EESEMAE.
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