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Optimal allocation of shared electricity-hydrogen storage for low-carbon
operation of multiple regional integrated energy systems
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Qinhuangdao 066004, China; 2. Bingtuan Xingxin Vocational and Technical College, Tiemenguan 841007, China)

Abstract: To achieve wind power utilization and low-carbon operation in multiple regional integrated energy systems
(RIESs), an optimal allocation method for shared electricity-hydrogen storage (SEHS) is proposed, considering seasonal
hydrogen storage and carbon emission penalties. First, by treating SEHS and all RIESs as the master and slave
respectively, a bi-level game-based optimal allocation model of SEHS is established. Then, the carbon emissions of both
SEHS and RIESs are calculated, and a carbon emission penalty price incorporating carbon tax is designed. Based on this,
an optimal allocation model of SEHS that accounts for carbon emission reduction is reformulated. Finally, the presented
model is transformed into a tractable mixed-integer linear programming formulation, and its effectiveness is validated
through numerical case studies. The simulation results demonstrate that the proposed model can effectively address wind
power imbalance over both long- and short-term timescales, while reducing the carbon emissions associated with RIES
loads.

This work is supported by the Joint Fund Project of National Natural Science Foundation of China (No.
U23A20333).
Key words: shared electricity-hydrogen storage; regional integrated energy system; seasonal hydrogen storage; wind

power utilization; carbon emission penalty

515
FE X7 BARRIRT ST, SRl Ja1T, EMEREE R TR
£t RIES AIILAREDL AL B ),

RIES)A 2 7 KA1k B, AR A [E RIES ARGV
AR, RS E A, SCBl RIES KBk

[ A A

EENE: ARG AAFELIA LS8 8 (U23A20333);
AL B EFFRAFH AR B K8 (QN2023182)

CZTIFIE 7 KR SCHR[2]EE 33k T I ik eI
AV AT 2 G AT, 5 ] st e
G BERI AT X EE, B T B B I S AERE R 22 0F



i (L5, 4%

T [ 2 XA ER 15 BEUR AR gt (R mia AT (1 3 2 i -t e AL i B - 53 -

PEo SCER[31He tH—Fh 2 X 4845 & REVR R 4t ELIR ) 3
EIERE R B IMMIC B, AR T & RIES 1
BATHUA. [FIN, HEEmE Ui E AT RIES
FRHTREVRIH AN o SCHR[A14 H — M T X2 S5 K 1Y) 43
A2 OCRAL X B EIL A IS AT SN, SRBL T &AL
X 734 OGAR K B AN SCHR[S ]2 Hh aife 2 B g
E AR IL I 2 L AR S is AT T 2
F AR T W7 VR K R ANEA IE VEXT 2 T B AT IR R
Wi SCHR[6]EH % 22 [X 45k [a] H i 554k e BE U K 3L 22 i)
AL BT T AT AR B R 2 X
Re-ff eI iz g B, A Rt 1 T A s s M
a4, SR, IR AT AR P L A R ATRT RE R
KRR REG: — R oA, IFERFEEH
B U A L ZE A I ) RURE (B s — ) ) A AN Bt
B P AR i T) RUE ) BE VAV 40 1) L, SRR [9 1%
A-FEEM R RN RN RGBT,
R B REVR R =T B0 I AR R B = 2=
PR ) f . SCR[ 101 F 22 e HL A 5 2274 1 Sk
REREARTR = T REIEFI A Z, WhlR 7 by K TR R
/ML AT SRR  STHR[ 11132 25 e
AR AL A - L5 E Re R RS RIAAY, 56
UE 1 2= PR BEAE B B 19 M 1A 15 T A AR AR
YEFH o SCBR[12] M FH 25715 M 206 8 S0 7 e s K PR
HZ T VEA T, SR T — ATk R S R A H -
AR E R ARG . SCER[ 133 — At & Z=
TR RETR A RelR It S, W T SR A IR
IR Z M EER RGN (B2, Bk
WFFEIFARAER . RN ] RUBE T 22 AN X 4 BRI
241 1 3 = 1 -2 fif B8 (shared  electricity-hydrogen
storage, SEHS)IL AL & ] AT IR 7 -

RIES HIRHEBUE 05 T g FH BE 5 DIAH < o SOk
[14-15] AR IFHES T BRI, it & ATl
IR HEBER B 7 7. FELEERL B, SCER[16]5I A
il FL VA& I P B HE TSR A Y, HERA 21 T i LA
20 I PR B HE RO 73 AR 520 o« SRTT, 7 VE R
e B I - RE I BB A A, BRHE
TR T (A HE IR T3 58 ) A SE T BE V5 2R S ik
HERE LT Bre SCBRIL71EESL 1 A0 A% 496 1) fe 1 i
BRI AR A oL, B 1 T ) DX R A
0 e S8OR FH IR iR 22 5 1 AT 5 e L A 2
SCHR[18]H Shapley V2 55 s I BTG,
KR 7 v i B BB AT S LA FL ) R G BR 22
AR . SCHER[19]192 5 R Re I 5 B HE I I8 &
SEMTITIE, R HZITIESEIL T 4R E Re R R St AR
WizAT . PRI, dnfTEIL S B - R AL e 5
NGB RBRABE T, DSR2 A KSR & RelR &

GUNARRRIZAT, AT R 2B

N, ASCE I NSRRI -
Af#Re, E UL R-AMEE NS, Bl RIES
ONBREES LR T SR L - S RE AL
P ERA S5, THEILZ - MEEEAT RIES (8%
HEG S AR E BRHE S SR, SR e
RHER S - R B AR s e )im, it T
R PR RS, Il 07 A TR i A 5 5
IR R

1 ETENEENHEZB-SiEsEMLE

HiER

K1 MR E L AR 2 X ISR A REIR R
G, L - AEREFI & RIES ¥ BA M7 e 5EAL
(R a8 k. b5 LR BN 541, HE AR
8% RIES MIB1TFR, XHigae s &3 T 1b AL
B, s B A ORI A A B AL BT ER,
SKIB SR A G F 28 R iR AR L= - R E 1
HLAY, 2% RIES X 25 Hi W) F ) L T R N L S -5
GREMI TR D 2B AT AL, DARRARIZ AT AR
M, EEH-AAEREA & RIES Z AfEAETHZE L &,

. 2 g

| T

! NS
" By | “
. JETTE -
" i, I NN iz #x
: // : \\

Ve
| ¥ ¥ v v IR
> | RIES1 | | RIES2 | | RIES# | <+
O R — i

B EEHZR-SHENZXERAERRS
Fig. 1 Multiple RIESs equipped with a SEHS

AR S ABR7 1E {55 L e e st AN, 1)
S -A RN T S, 95 RIES NERREH, HE
MIZEERE N : Boe, I - hkRe LB S A i
KA EFR, el E I ic 25 % & 174 RIES
FILHBHEAMY: AR, & RIES #ah#2 i di-H
i REMRIE MY, BhsiT i/ o Hir, R E
Y IR AT S

FEALIEATAE LT, 2T E IR
R RE AL BRI R
1.1 #HEZB-SHEEEM U ERE

HTREEA ARG, I 1A RUBE B35 BAT B A2
A FER . NSEDC R R R AR T, A
B TR A RE L - R, A
Wk 2 fros. AR SRR RE T, MR EDNEH



_54 - o) R R HiEH

HhHE, LIS EEM IS RIES BHTIOEH,
T RWIHBEMRT; T EE MR d e E .
fiti ke EAVRBL IR AL, F 1 TH490 RIES
(9T RE YR I £ Y i i W IR B ). RIES GRIEHLRE, DA
ST REIR A HBAE — SN I ZE TR ZE 57

N

ES,c EL _ IES,v
Ps,t +Ps,t _ZP

i,8,t
i=1
3)
N
ES.d FC _ IES,b
R-,t +Ps,t - ZP
i=1

i,8,t

R Lt
L[ axmmemERG 00|
—> iR —> WidE
2 s=-Sf#EkE
Fig. 2 SEHS

1) Bbreki

L e S R LSRR RS AN H R,
HANETHEBITIGE SFEBYERA . SFEEE
A A, () Fis.

A PRI PIEY 53R s AT ¢ I 21 X 4k
CERREIR RS i ML -EAERE I . BT,
N A RIES & .
S T
Co =365 > w.qy (P + P +P5 +
=1 =1 4)
Rlis,b +PS]iL +HFC )At

N
e ¢ AL - RN AL T RIS 4E R,
HL 0.01 70/kW.
C;S = zk[qici

_r(l+r) ©)
Wb M ONEE -SRI ELS, AR
PeE . HMREE . MESEE MR R £ OBEAR
B R E g, fC Rk -E R AR E
(AL A BT A I KN LA = r NI,
B 8%; n NI HI-SUAk RE RV T AERR

max RS = RSS — CS5 = CSS (1)
e RS O RICS 403 93 5L AU RS O 4R
SEATIRS B A R AR AR

SS _ pIES up
R” =R +R;

S T
R-}-ES — 3652 Z a)s [qssj,v (Ris,d + R];C) _
s=1 t=1 (2)

4P (PES + P YA

s,t

s T
REP _ 36522@ (q"" Py — q:JP,bfgis,b YAt

A R RI R 4y B NI E A fifRE S RIES.
R LA SRR s S R T 43 B
B E NN BHG o A% s M BRI
RHEEL: ¢S50 M ¢S RS s MURE ¢ %)
SRR RIES M. &M ¢ A
U™ Sy ¢ I 2 b 2 F A b A R e
fivs PESYL PSP PESCA PESS RIS s A
Fl o I 200 B () R A 2% F A P o
Th# ., WA RIES FIM DI FE FrA RIES ()6
TN, PRI PR SIS s AN E ¢ I 2Rk
L PP R D2 R LR B RN T2 s A AT
I B

2) fit ey 3 B AL

ES.d ES,
P>+ P

ES _ ES ES ES,c ES.,b 8,1
E _Es,t+ n (Pst +Ps,t )_

s,t+1

At

ES

n

0<n" (P + PN At < et En
PES,d ES,v

O < s,t s,t At < Efts,dTESEES

max

ES.,c ES.d <
gs,t + gs,t —~ 1

0.1E) <E S <E.

max max

ES =E5, =02E

max

(6)

b BB L &SRS AINE s AAE ¢
ZIREHLES B R R L RO AR 7™ A
EES 4B AAS B F O A R R R o
RS B OB AR R S AR T, 0.4,

3) Z= R A e Y
ORI L AR, F R LA I A K A

WA, AT E A SR E, R
RIS, BB Lt R it S LI SR AT
HrL o LR B AR R B AT B AT ROy

EEL — PELé/EL
{ S (7

FC _ -FC +FC
Ps,t _Es,zé,



LES O

T 1] 22 X I Z 15 RER 3R SR BRIZ AT AL S - RE AL e B - 55 -

A ESFES G385 s SRS ¢ I 2 fi
B HIIE TR AR T R S AR R ST
&€ A3 F A e B AR L B AT AR

XA R E R UL, AT AR SEbn v 1 DL
BRBORE . AR E R, B — 1
FN AL E R R RCRE. 7 A
BHE, EEE SN BRMEEERRN

Ejy =0.1E

HS

E'C 8
B = (=B, +[Ef,LnHS e ]Ar ®

A B AEANIIH ¢ 2 A B A

EMS R0 ™S 23 B At A0 B i AR R R R

W oo NEERE N I RE, B 0.001.
FEHAMIAH , S B & I 20 il A
Els =(1-365y,> 0 AD[E"  +

loss *7s—1
365(0H (Eisl,m - Eisl,o )]

©)
EFC
EsHtS =(1- 71§sss )Efzs—l + (EfthHS _ﬂ_iltsJ At

St £ s AU E (IS AU B O AR
IEAh, EEEIRESURL . FERA RIS T

R Z 2 X (10)-

Ejg =By,

0 < ESE}?]HSAt < g?S’CTHSEHS

max

Eu Al pisagiopes 1o

<
0s—5 §

e+ e <1
e "SR M RRINE s MU HAEEZEE
FOMEIRDS: oS A B R KA RS
ez th, Bo.1.

4) TS H A AR R

R 1 25 F DX 10 g EL A AL Do LA, R = -
R iz ey b= N i et i S il N P N il
ML H i) 58 BN AR ZEE AN B K. IR
9" <a <q"

< SS,b < SS,v
0 qs,t qs,t (1 1)

T
quj’vm <g*
t=1

A g™ I - AR RE R A% -1 2 IR

1.2 EXEEEEERERRZNTGITHHRE
ASCABE S RIES BT REIR K I AN, H
RH A SR TR A ZER. AR, AFKRS
WA R 2R, R FTE RIES #EL&AH F A% %
R ERERWREC AP, AR WA 3 s,

s i

A
o Ry,

» it ;\ﬁﬁ% @m
o »(0 > =

7 e
L, &

R

—> HAR
—> HGEI
—> A

—> R

R Hb 15

[El 3 RIES K519 K REE RN
Fig. 3 RIES structure and energy flow

1) HARe& %
% RIES LUEATHUA C /A B R, HiEE
FISHE A BEIRAZ 5 AR, W (12) B
minC™ =C5? +Cpy (12)
Kb Co7 WIXIRER B RER ARG | WITH e 4
IBYEREA; O NG EREE RS i 5 EZRUM
2% H R R T S R O RE DRSS 5 A
s T
Cos =365)" > w.qy°(PS, + PES + O/, +

i,8,t i,8,t i,8,t

51 =1 (13)
B +05 + P At

i,8,t L8, i,8,t

X gn® WXBZEERIR RS | R & RT3
BAERA, B 0.01 TT/AW: PO PR QN B

1,8,t i,8,t

O I PY, 3 B s A 1 2K B
VRS | IR HLE LTI AP
. WK EIABLIOH T ThE S B

TR RS e T SRR B R



- 56 - B 2GR 54

CIES _ CUG + CUP + CSS
T i i i
s T PGT QB
C°=365) > wq"%| 2+ Q’»g’B At
ppre An An
S (14)
s=1

T
C" =365)> wq P AL
t=1

i,8,t

C» =365

1

MUJ
M=~

SS,v plIES,b SS,b pIES,v
a)s(qs,t Pi,x,t — Y, Pi,.v,r )At
s 1

K ¢ P RICY RPN IX SR A REIR RS i
ME S BT SAS AN 2% R P D B g A DA
MBS AR S A ¢V WRIRR
vk, W27 Jem’s B E s MVEH (X
B ERIRARG i N EHE MNP HEIIR, 1K
SRRV, B 9.7 kWh/m®; 5" H1 n®® 43 51 Ak
RECHLI R BRIV S A B IR B, 2
0.3 1 0.85.

2) AR A

RIES 7EIEHIZ4TH, R 2 IR, BT,
IR R PGB L TR P 20
PGT +PW +PUP,b +PIES,b :PEC +LE +PIES,V

CECPEC + AC :LC

i,8,t 1,8,t i,s,t

o +p" =L (15)

0,8, 1,8,t

PHE QAC
i,8,t 1,8,t A _ , GT__WH pGT
77HE + CAC +Qi,s,t =y n Pi,x,t

A L L, L QN Ar A s Al
H ¢ %I XIREGEA R RS i WA A
AT AR IE T RE R CTOMCN R
HAHLAIR S AP RERL L, 2 BIEL 4 1 1.2;
" A ™ a3 ) R B A R R AR TR, 4
HIE 0.9 A1 0.8; yOT NBRSFEHLAIIE L, HL 1.47,
RIES HILZ - HREIAT HAERC S I, TRE

©
]
I

W R LR (16).
0<PBY*<B P
0<P%"<(-B,_,)Pu (16)
0B <1

Aot B A s M ¢ %I A R
G5 i AL A T BT B R A R
P™ % RIES 535U AR 5 IR 75
BRI, BT HARRER(12) 8 & 5
REMIREREAS AR, EL g5 A ¢SS0 fEfEfbe 22, i
LSRR TR A T B, HOILTME O 8% 1.

BEAh, RIES 8L ) HAt IS 1T 493K 5 A i

TP, AR,

2 RRBEHINEEZE-SHEERNCEE

kil

76 N EZRAR AR Bl b, 55t = i -
AEFN RIES FIBEHERUE I, 5T RIES FIRRHEBOR 5 it
INERHEBUEST, RIES K7E L= i -2 Af Be R HE R
PERARI B S fifg, BRI PRI ) RIES G fir 1
BRHEG  SZF RIES HRARIZAT
2.1 HZHE-SEFEA RIES AYRRHER

L5 o - S RE T B HE U 10 AT RN

e =), tAe]; (17)

A &8 A s NI ¢ RIS BRI
SHBHICE: Aed N s NIIH 1 BZIF] ¢
i 2] 2 () 3 =2 U e O R HE O Ak 12, AR BE St
SRS BN . % RIES [ HLAEAS S i A
FEAE, ATRIRA

SS _r _UP pESDH SS HES,v
Aes.t_[p Ps,t - s,tPs,t +
N
IES pIES,v
Z (pi,s,tPi,s,t
i=1

s p A b G rE ) B HE SR R, HL
0.75 kg/kWh;  p A% s NI E ¢ I ZI3E Sl -5
it BEHCH LR ARCHE R B, 55T b —mZI R
HE R SRS R, WXA9)FR;
P NEE s AMIIH ¢ NZIAIX ISR AREIR R S i
T L AR B HE TSR B, LAk L2(20).

SS

_ ~SS pIESb (1 8)
ps,t e,x,t )]At

e (19)
+EY lé/

Ev,t—l KR

NEAL RIES %t BEIR U BRHEBGR S, A SO
# RIES BISERON) i mie N ATBRHEBGR R )
HESE AR a0 RO S T S
NIRRT, LK RIES S\ REVR -T2 5k
R, JAUMEDA RIES 4t BEVR AR ARS8,
H 5 IEN

IES _

Ss _

ps,t -

IES
ei,s,t 20
pi,s,t GT QGB ( )
i,8,t i,8,t UP,b w IES,b
(l?]GT + ﬂ/nGB + E,S,t + Pi,s,t + B,s,t ]At

e ¢ NE s AN ¢ B 2R X455 Re R
Rati EHEE, HoRIEA: W Eg WIS A
MR A - AR

1ES UG R?Tt Q;GvB t UP pUP,b SS plES,b
€ = [p ( MaT + M’G’B J +p B AP BS }At

@n




i (L5, 4%

T [ 2 XA ER 15 BEUR AR gt (R mia AT (1 3 2 i -t e AL i B - 57 -

Rfre pY RS ITRHDBGREE, B 1.6 ke/m’.
g% b, ilA RIES 70 BRI R N

S T
eiIES’L = 3652 Z wrptlf,st (L?,s,t +Lic,x,t + Lf,ls,t )At
s=1 t=1 (22)

N
L IES,L
e = E e
i=1

A ™0 et Al R X ISR G REIR R G i

FERIFTA RIES 4740 (B HE s

2.2 EERHEMETI AR -SRI ERE
A E SRR A 46 55 T Bk HE TR L AN e

B o [Klt, RIES H AN [m) i HE ORI F B HE R
AR TR N
qUGC _ pUGKT
qUPC _ pUPKT (23)
5 =

o ¢V M g Ay BN SIS R B g
WA LRI BRHE O T s g0y MR s NI o
I Z20) A\ =2 F S i A R R HE TR SN A% s <7
RGBT -

HT TN EIR AL = - R A BB
HMEHBGE T LS, R RIES 5 EZSIM.
2 SRR SR RE I REVR A 5 A& IE K
ey, RIS R Aot = - A g RE
AL L B R

uG b UG UGC Riﬂ; QstBt
C =365 > o, |:(q +q )(ﬂn“ +MGB ﬂm

s=1 t=1

S T
CiUP — 36SZZQJS (thP,b + qUPC )Pl}ji,bAt
s=1 t=1
N
€ = 3653 065 + 5P R

s=1 t=1

(24)
3 AR

ST M 23552 P O P B
(U “HI 17 RUZBEIER,  EE gt -
SUEREMLER B, FEM% RIES MIETHR
T e N BN LT A
S SRR, IR, R 1 PR i
THR AT A I, T B (AL B8 A
AR Mo, R BRI - R A
BRI T AR BB 27 ), HERCBRIE . BHERCE
LR O R DN G 22 M S
HEATSRAR. I IR, S0 BORSR A
FLIPE 4 F, ARSI BT

1) BERAe . R RSB oy KKT 2%
4, B RUEAAE T 40 B AR

2) LTI Lt : SRR M 5K KKT %
R R LR E A R e N B AN S, N A KR
FRVEAE H br eR B RN E U A T 2,
B AR TS 5 4 S TR A RO R ) A

3) AN 1 SR WEIEIKE k=0, RHKE
AR 1 AT R, TR RIES 57 far (A Bk
HECE: e AL = i - A R X HE HE RE 1 B
gt

4) B 2 SR BORTERIRE k=k+ 1, Wik
HEBE ST AS 5 NBIATY 1 () H AR RS N SRR
AR 2 AT IR, 3R RIES 5 far (Al
HEE e &

5) AT AH AR PR ROE AR S IR R 2 E AT
Eﬁﬁﬁ%ﬁﬁw,mu”—&ﬂﬁusamom
R, Wit EE R S0, B
HHLRE IR BOR L ¢35, ERIPIR 4).

FEUIHZE, S ). )M Tk
[2314H[F], BEAAFER .

BERAR e, N R SRAE OAKKT
Fofth, A B R AR AR

v

ARLRPEI AN WA RMIE AN /R R TT
AR AR T (LRI 0

l

WAL RME: WHE k=0, RARMS
SHERLETRIR, THIT, ¢55F

v
TERISRAR: =k +1, RASRAEINT
PRI TSR A, L ek

‘e” —et l|/eH <0.01?

B VR R

4 REURIERIE
Fig. 4 Solving flowchart of the proposed model
4 FHEHIRE

ARSCIEEL T 3 N RIES AF 9B FE0 R .
Hrp, RIESI RGBS, UFRoREVDh, A



-58- B 2GR 54

HEARMH; RIES2 MR EIHFERE, HNAMH
SRAEK; RIES3 MR B IEITH, (2510 KRB K .
KH 4 AN HARER ) 4 ANFTT, BANFET
(I RE N 85, 100, 85 £ 95, FMUE H KN B3k
N 24, % RIES L7 F X H 2R H 7 g
25 N BRI AL A L - AR A o=
B SCHER[11, 24-25]0 % 1 NHREMN S5, AR
JH MATLAB # At N YALMIP T B A 379 FE,
W H CPLEX R a3 3E 1T KA -

=1 BRBENSH

Table 1 Power grid price parameters

5 B LAY AN
Fif B . .
(JG/kWh) (J6/kWh)
08:00—12: 00
% 1.35 0.9
17:00—21:00
12:00—17:00
B2 0.86 0.6
21:00—24:00
% 00:00—08: 00 0.45 0.3

4.1 EFENEXNEZBE-SEERKEE D

AT AL 2 - R T B 2 A Xk 4R A R
BWARGZITIRM, REWT 3 M.

Y 1: % RIES MOrFC B GRS, A it
ZhkRE.

W5 2: %% RIES AL B IL 68, (HILZAERE N
HitE,

Y&t 3: % RIES BB M= H-Sf#RE, -
SUBRE S i 2 B A AR .

1) JLE A REAC B A e 10 AN AT

RAHT I AR AL B X 2 AN XIRGE A eI R St
(R AT R, 51375 1.2 [0 EL45 50y N 2.
R 3 PR

£2 =1 HEER

Table 2 Simulation results of scenario 1

RIESI RIES2 RIES3

B TBAT AT TG 339.87 652.45 903.90
e 2 E/MWh 38.76 37.76 20.97
EFERE/MWh 156.22 20.06 0

=3 TR 2HESE
Table 3 Simulation results of scenario 2

RIESI  RIES2 RIES3 JLEARE
BAT AT o6 27848 69490  1009.52 —
ik REZ B/MWh — — — 46.41
LEFE R E/MWh 0 0 0 —
SRR TG T — — — 174.02

& 2. & 3 "J%0, 35 1 # RIESI—RIES3
R R IBIT AN 1896.21 Jiot, TMiims 2 W

RIES1—RIES3 1847 BiA AN 2 B 1 S5 4R
4358 1982.90 J3 61 174.02 Jiot, XFKHZE
A X ISR A RETR RS B L Ak Ae vT LURIS S A )
LTS F, B 1. 2 BB MR B AR
WA 97.49 MWh Al 46.41 MWh, 3K E 1A
176.28 MWh A1 0 MWh, X3 3L 6k GERE WS IR/
i E N E AR, P& RIES AR AL
5, LA TE AN

BEAk, 7. R AN R R I Ak AR 5 % RIES
FNHEZENEESE, B 5. Be6 nhlAms2 h
HEAEREE S A H e 78 T A

0.9

— 4%
—*— H
081 =
0.7F
=
Z 06}
B
£ 05)
g
041
03}

0.2 : : : : :
00:00  05:00  10:00  15:00  20:00 24:00
JUT0 T A I 2

5 FEEEREM

Fig. 5 Purchasing price of electricity

& /(FE/kWh)

20:00 24:00

04 - ‘ s
00:00  05:00  10:00  15:00
Y AR

E 6 BN
Fig. 6 Selling price of electricity

5 A, R AEREAE & LA H e i FE
H AR —E, (AR 2R 1) 78 HL FRLA IS e 1K A2
T EF L=k RN RIES WS B AR D, FTbAAy
AT PR e E LA, M RIES I SEHE 2 HLAE

P 6 mIA, 7E & 2% e R LAY 1 28 A I B
(00: 00—08: 00), FLZAif AL E FIBOHE AN N 0.46
J6/ kWh, BT H W S L LR 0.45 J0/kWh, fRIE



TR, %

T 7] 22 X325 15 RE IR R SRR AT I 3L -

iy
e
ap
[aYay
=
=
o=
cu
mg
Wi
Ne)

T %% RIES )\ E G G H o LT, LRt 2
MR R, DS E SR K. 7R
b 2 R KR AT R GRS B, RIES FH H 75 SR B0, 4
K Z= R H ) 09: 00—11: 00 K 20: 00—21: 00 i
B, g R R AN R, A3 T 1.34 JU/kWh;
IM7E RIES H HL 75 3R & /N1 18: 00—19: 00 B EL,
LA R A LA FECA 0.95 J0/kWho

2) i B S AERER) RIES 1247 7047

Y&t 2 1, RIES1—RIES3 7E & # A H ¥ s 1)
RPEAE DL A 7. 9 Fior. I 7. 9
Al%1, RIES1 MK RSB N L, BAFHIK
FEL R A & L O ) 32 S P 5k NS 4B B P XU R
SR, TR AR A A R . R,
RIEST &322 fif G 8 Z W sk IR . AL &
RIES2 (AL G far fa SRR, (HRBC A E, Ffi
fr T 2RI L L BEES 5 g L AR A L /N e [EIR, 94
SENAMNAE R L RE, KPR ES
28 PSR VA AT LR 48 T B A A0 v e AT AR
MV AT REBORES, RREHLR R LI
fBRE L N2, PRI, RIES2 78 XUHL & 430Nt B Jr)
HEaEptE, (HNIEEMEREI B SR, b
4b, RIES3 FIX RS, (HAEFHREAR, BEFRER
AR HL, SRR AN b 2% R X R T A R S
g DA, RIES3 ALl n 3 28 Xy R

A AR g AR R
A RE
3

AL
MIE A RENT

z =
= s,
= &
00:00 10:00  20:00 00:00 10:00 20:00
H2 O i %) HEWA HKZ)
z zZ
= =
1S &
-4 -4
00:00 10:00 20:00 00:00 10:00 20:00
AW B Z) AT EH I %)
& 7 RIES1 BERThER P48
Fig. 7 Power balance of RIES1
L It RS T g R
WISk AL P AT
4
z z
= =
= =

6 ~4
00:00 10:00 20:00 00:00 10:00 20:00
A H i %) H 2 g H )

4

0

/MW

4 s
00:00 10:00 20:00 00:00 10:00 20:00
B LT A %) AW Z]

& 8 RIES2 HUFB I
Fig. 8 Power balance of RIES2

[ FSan Mot RS VAN PRV
NI AL R ISk = il RE i
z z
2 =
i &
= 5
00:00 10:00 20:00 60:00 10:00 20:00
FF N AN
= z
s =
% 5
& =
-2 -3
00:00 10:00 20:00 00:00 10:00 20:00
I H ) AT IR FI A

[ 9 RIES3 AR I
Fig. 9 Power balance of RIES3

3) SETHA MBI - RE T
fic B A AERE LS, 5t 3 R4S R
x4 FR.
R4 BB HELER

Table 4 Simulation results of scenario 3

RIESI RIES2 RIES3  JLZei-S fiffE

BAT A TI TG 24591 676.65 1019.83 —
it L %% 2% B/MWh — — — 28.87
FLfA S 75 /MWh — — — 3.16
okt F b 25 /MWh — — — 217
A fik e E/MWh — — — 558.07
EFFRE/MWh 0 0 0 —
SEAEAE AR/ TG T — — — 190.73

% 4 A%, RIESI—RIES3 (RGBT RLAA]
L B - RE S AR 43 1A 1942.39 5 Jo Al
190.73 Jigt. 535 2 Mtk, LA g N T
FEWHEAMRE, FHEEMENK T 1671 T,
RIES1—RIES3 [ IS1T A R FE 1 40.51 Ji70. {H
#&, RIES3 R LSRR R, BTHA
2111 10.31 JI7G.

ZET S AR TE A SR H I 7S O TR RN i R
EEWAE 10 iR 7T UUE H, FET AR
KERAT R, fEE . LT . Hrf, RIEST,
RIES2 7E4 KEMNHBE AR, 1EH ERAR



- 60 - B 2GR 54

BonmETHEAMrEEEZRNE. £E . 4FN
FH e st B, RIES2. RIES3 2 MZETi A B fe
) B SR K A A (R R SR . (B2, H T RIEST
KHRZ, BN N PEAEREEAT I
1M RIES3 WX R =, SEARA S mZA T A R
AT,

— T ﬁktﬂlﬂgf? — AR

2 9 - 10 =
B =05 HH H E
e f—— 122 [ M 2
g ! 5O 15 1
= #ER , =
N || PR lp =", =
00:00  10:00  20:00 00:00  10:00  20:00
HREUAHZ HEHTHIZ]
2 5 o 0 45 =
N IR
g 1/ 3 E = 35 2
5! & -03 s
5 | | 1 ER — 25 &
0 1 =05 -
00:00  10:00  20:00 00:00  10:00  20:00
AR A H B %) AZR P A%

E 10 FNMEMEERTMBEINREHEE
Fig. 10 Charge-discharge power and stored energy of

seasonal hydrogen energy storage

eAh, s 2 PAE LG E R E A RO
46.41 MWh, H/EFHZEHMH K& KM R &N
35.75 MWh, i HAthZE5 #1805 1) K fig LRI
BT RMEERE, X2l T REEAFEZET A
A 3 3, LA RE NG
REMBENHEEAMERESE SN 28.87 MWh
F1558.07 MWh. ZET5VEESEREFIINNRERS B8 47 H R,
XA RIZETT I KU A AR AN I AT, A P 2 B O
AP, (3D T A FEZET RGBT N B .
4.2 EEKRRHANEZE-SEEALEE ST

LERFLN 20 £ 70/t I, T R HERE T i L
FH — S it e D101 T 5 A 2R SRR At st R g ik AR St %
e 11 fiorss

,
210710

SRR

ERIKEL
11 XKWk

Fig. 11 Iteration convergence curve

HHE 11 AT5n, 207 7 aERULE , SRS
SR T AR tHEALECE A 13th Gen Intel(R)
Core(TM) i9-13900H 2.60 GHz, 1Jj ELIs 7] A 191.8 s,
AH R LA R U 5 Fios .

& 5 al%n, Sip5t 3 M, MR E T
PLJS, RIESI—RIES3 Higfr A &4 in, L=
HL -G RE i L2 . PR AR L Rl et N 1
S Re e B 25 &, D7 5 2 1Rk R RE,
SREXCE rey () S A A

=5 EEWRBHINABEER
Table 5 Simulation results with carbon emission reduction

S A - RE

RIES1 RIES2 RIES3

AT AT TG 309.13  759.28 1132.81 —
fiti 2% E 2% B/MWh — — — 34.48
LA 25 /M Wh — — — 4.89
PRRL B 25 5/ MWh — — — 3.36
Sk e A E/MWh — — — 863.67
HEFE K E/MWh 0 0 0 —
SEAEEAIE/ 6 — — — 214.54

YRR N 0 E70/4. 20 704, 40 E 0 I
WA RIES Gt (R HE RO S i HE RS ol an i 12
Fios. AILAEH, BEEBRNMS LS, HilA# RIES
Btar (BRI AR WIR D> . A THREL N 0 270t 1
0L, bR 20 SE70/4 F1 40 20/t I, Jila) RIES
A BRI B 20 I FEAIK T 5.6% A1 11.8%.

x10° x104
12 . 2.10
Hl RIESI
[ RIES2
o 10 [ Rriess 1205«
8 m g
= 8} {2.00 =
= &
frany paz)
= 2
X 6 {195 &
= A
G o4 190 2
o Iy
= 12
2 185 7
0 1.80
0 20 40
BN IS /(320

12 318 RIESs Safar A9 ikHERL
Fig. 12 Carbon emissions injected into the loads of RIESs

ERR AL 0 35 7T/t A 20 SE T/t IR, fE S
HFf 05: 00—09: 00 BB, RIEST M e, J&
ZEH-F MR IR 6 Fis.

FHE 6 AT%0, 5 B Rk A IR R HERUE T )
RIES M 25 B R e FL s /D 1) SR = B S RE 11
T %2 . IXE BT B g X R BRI P R
ML S RE G T KRR E R, U



Par
&

] (L5

T [ 2 XA ER 15 BEUR AR gt (R mia AT (1 3 2 i -t e AL i B

- 61 -

BEAUBRHEI R RN, WS- REI BTy 7B H A 05: 00—09: 00 I, RIEST KA
UK BB SN 7 s .

205
FRELN 0 ZE 70/t 20 £/t F1 40 E T/t B,

7 6 RIESI RTGRBINZ
Table 6 Purchasing power of RIES1

i B 05:00—06: 00 06:00—07:00 07:00—08: 00 08:00—09: 00
H 258.87 470.52 218.38 165.45
=1 607.56 798.97 370.13 1016.99
N EL T g LW
#* 41.10 235.13 0 41458
. v % 392.16 719.05 895.37 641.17
RN 0 570/
H 0 0 0 0
- = 0 0 0 0
AFL L - i BB T kW
% 0 0 0 0
% 0 0 0 0
H 0 0 0 0
] 0 798.97 370.13 1016.99
MR e =
% 0 0 0 0
. . % 0 0 895.37 641.17
BN 20 ZET0/t
H 258.87 470.52 218.38 165.45
N =) 607.56 0 0 0
L - BRI HL/RW
% 41.10 235.13 0 41458
% 392.16 719.05 0 0
% 7 RIESI BYRAS M LB
Table 7 Power generation of the gas turbine in RIES1
i B 05:00—06: 00 06:00—07:00 07:00—08: 00 08:00—09: 00
H 8.27 8.27 8.27 8.27
i 0 380/t BL 8.27 8.27 8.27 8.27
kL3 0 i IR L UKW 2
20 £ TT/t #* 8.27 8.27 8.27 8.27
% 8.27 8.27 8.27 8.27
H 267.14 355.84 226.65 173.72
=] 32.83 39.21 66.61 77.24
BN 40 0 BRACH L W =
* 8.27 64.81 8.27 118.06
% 338.96 402.73 676.73 649.43
HHR 7 ml g, MEBiN 0 270/t B 20 Eou/it 40 X102 A0
i, BRAFEHLI K DR RAC, XK RIES] 7 R L
05: 00—09: 00 i B A |- 25 Fit W R =2 Hh - A E D E 36| {usas &
HLEE N . B i 40 E0/t B, BcHEE i i
. N N N & 32¢1 K. 1
TR, 05:00—09: 00 I B IREEEHLK 1, g Lz
A LU AT, R R = .l .-
B, E :
BEAL, AT AT A RO R R AR 1 £ 24 187 £
S, ZEPEEE RS ERAL S B A R AN L *N Lo
(BRI 40 35 TT/0RT, 52 —URk Al 1 5 A R Yo o1 02 03 04 s

JEAIAR A RIES 97 fu S B HERCE B L a0 B 13 B

HH P 13 AT %0, B TR E R AL B R
R T, st B - S B TR R R =5 [A], 2 4E
HREMSEARLERE M. H2&, HEM4HES

SRR LR RS EL A
13 FHM SRR AIRTRATES
Fig. 13 Analysis of declining unit capital costs in seasonal

hydrogen energy storage



-62 - @) R GARY  H
P BRI 0.4 K2 0.5 B, T configuration of shared energy storage capacity under

B -EERE BT B I ZE R A K, BT LS
I K 8 T S BRI (DR, s - R AR
- 2 L X P i L EELAA R R LA L S R
HANHS, L RK/NSZ A BE B 25 A T AR R
SN, FLATLIA) RIES A7 A S BRHEBE AL AR
BRI, (HEEIITE 1.838%10% ~1.844x10t Jii [
LAWY

5 #5ig

AL A 2 X I E5 G R R R S MK IRs 1T &
B 7 N e L A A e HI P A RN e X R A
BRI, JREREACR 5 TR IR & B
R i o 38 0 L R AR PR S

1) ML T RIES B E G E, KT EM
T8 L = A e U0 A0 I B RT DASR BUEE i 1 22 7 RX
al, JFSREX R4 T AN

2) SFETHAMBE L E - AR AR K
LI [A] ROBERIR T RE /1, BERE AT 280 R AS [|] 2275
1) R 70 AT AN I, e/ R i rR AR B G B AR

3) Wt B T, 248 % RIES FIH
B HIE IO B MG P e = v S R IR LA T it
E, PR T IR RIES 97 (O BRHEBCER: «

AR A, AR . R
RREEREVR IR 2% 1) BARSE R, ARG — 4R
Sk
AW, B, MK, L BT YR A T AR
HEP IR E RIE R ANAEED]. B RGRY
L, 2023, 51(5): 22-32.

LI Jiyong, ZHAO Xinzhe, ZHENG Yifei, et al. Optimal

configuration of a regional integrated energy system

= W ¥
ot

considering energy sharing based on Nash negotiation[J].
Power System Protection and Control, 2023, 51(5):
22-32.

(2] K870, AT, BoR%E, S5 1hlH 235 04 75 7 K 1
Srh R E RS BN ED]. BRI,
2022, 37(23): 5912-5921.
DU Xili, LI Xiaozhu, CHEN Laijun, et al. Robust and
optimized configuration of centralized shared energy

demand[J].
Transactions of China Electrotechnical Society, 2022,
37(23): 5912-5921.

(3] UhEFER, EHWE, ¥ ZXERGEREBAGELIKT
It RE A ROUCRCE Y], SRR EEEM, 2021,
4(4): 382-392.

SHUAI Xuanyue, WANG Xiuli, HUANG Jing. Optimal

storage for multi-scenario regulation

[4]

(5]

(6]

[7]

(8]

[9]

multiple  regional integrated  energy  systems
interconnection[J]. Journal of Global Energy Interconnection,
2021, 4(4): 382-392.

Hk, BRokZE, 22577, 45 R T AIEZERHE Shapley
70T 2O RAE XL S A RE AL I8 4T HEE[7]. AL
R, 2023, 47(6): 2252-2261.

TIAN Xin, CHEN Laijun, LI Xiaozhu, et al. Optimal
scheduling for energy storage sharing among communities
with photovoltaic resource based on Stackelberg game
and improved Shapley value[J]. Power System Technology,
2023, 47(6): 2252-2261.

W &RE, TR, Bt S R TRA RN M-
HLEAERENZ BE B AL 5 WK [T]. R HOR, 2024,
50(4): 1392-1402.

YANG Dongfeng, WANG Yilin, YANG Shihui, et al.
Multi-microgrid and shared energy storage two-layer
energy trading strategy based on hybrid game[J]. High
Voltage Engineering, 2024, 50(4): 1392-1402.

TR, PREEYE, TREE, & ETIRG I 2 X
L = E R S S5 T[], R RG E L,
2024, 48(3): 31-41.

ZHANG Jun, ZHONG Kangye, ZHANG Yongjun, et al.
Hybrid game based sharing operation mode for multi-
regional electric power and energy storage and its
economic benefit analysis[J]. Automation of Electric Power
Systems, 2024, 48(3): 31-41.

AR, R, BRESE. B ISR A E 12 XM
W 5 3L e FL b B AR ALIZ AT )], I R GRS
241, 2023, 51(24): 77-89.

ZHANG Cheng, LUO Yujin, CHEN Changliang.
Collaborative optimization operation of multi park
microgrids and shared energy storage power stations
considering source load uncertainty[J]. Power System
Protection and Control, 2023, 51(24): 77-89.

W, %, RO, . SRR R A
A& IR LA R BE DT[] ) R R S,
2023, 51(24): 90-101.

ZANG Yunfan, XIA Sheng, LI Jiawen, et al. A robust
game optimization scheduling method for shared energy
storage micro electric network group distribution[J]. Power
System Protection and Control, 2023, 51(24): 90-101.
G, BRGE, B, & FUHRAME-RERS
FHLAR G B REHLALRI[]. A B L TR A 4,
2023, 43(18): 6978-6991.

LU Mingfang, LI Xianshan, LI Fei, et al. Two-stage
stochastic programming of seasonal hydrogen energy

storage and mixed hydrogen-fueled gas turbine system[J].



ar:
, &

i R 3 T 17 2 X SRR 17

IR R GRS AT (3 2 -k R AL i

- 63 -

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Proceedings of the CSEE, 2023, 43(18): 6978-6991.

JREL, R, i, % WS AR R RN AR
RIMESL[]. o AL T FE 224, 2022, 42(1): 83-93.
ZHANG Hong, YUAN Tiejiang, TAN lJie, et al. Hydrogen
energy system planning framework for unified energy
system[J]. Proceedings of the CSEE, 2022, 42(1): 83-93.
PAN Guangsheng, GU Wei, QIU Haifeng, et al. Bi-level
mixed-integer planning for electricity-hydrogen integrated
energy system considering levelized cost of hydrogen[J].
Applied Energy, 2020, 279.

JIANG Haiyang, QI Buyang, DU Ershun, et al. Modeling
hydrogen supply chain in renewable electric energy system
planning[J]. IEEE Transactions on Industry Applications,
2022, 58(2): 2780-2791.

TRHEAE, WAL PVER, 55 T KRG REEIL SN
%ﬁm%%ﬂEﬁﬁ%ﬁﬂﬂ[.$I%MIﬁiﬁ

2023, 43(23): 9136-9148.

XU Yanchun, LIU Haiyuan, SUN Sihan, et al. Bi-level
mixed integer programming of multi-microgrid system
considering the hybrid energy sharing station[J]. Proceedings
of the CSEE, 2023, 43(23): 9136-9148.

KANG Chongqing, ZHOU Tianrui, CHEN Qixin, et al.
Carbon emission flow from generation to demand: a
network-based model[J]. IEEE Transactions on Smart
Grid, 2015, 6(5): 2386-2394.

CHENG Yaohua, ZHANG Ning, WANG Yi, et al. Modeling
carbon emission flow in multiple energy systems[J]. IEEE
Transactions on Smart Grid, 2019, 10(4): 3562-3574.

GU Chenjia, LIU Yikui, WANG Jianxue, et al. Carbon-
oriented planning of distributed generation and energy
storage assets in power distribution network with hydrogen-
based microgrids[J]. IEEE Transactions on Sustainable
Energy, 2023, 14(2): 790-802.

HUAN Yujing, WANG Yudong, LIU Nian, et al. Low-
carbon economic dispatch and energy sharing method of
multiple integrated energy systems from the perspective
of system of systems[J]. Energy, 2022, 244.
WRIES, 08, kil 55 2 TRRABURAE IS A H
ARGV PRI AL D). ARG RIS
i, 2021, 49(10): 1-11.

CHEN Houhe, MAO Wenling, ZHANG Rufeng, et al.
Low-carbon optimal scheduling of a power system
source-load considering coordination based on carbon
emission flow theory[J]. Power System Protection and
Control, 2021, 49(10): 1-11.

CHENG Yaohua, ZHANG Ning, ZHANG Baosen, et al.

Low-carbon operation of multiple energy systems based

[20]

[21]

[22]

[23]

[24]

[25]

on energy-carbon integrated prices[J]. IEEE Transactions
on Smart Grid, 2020, 11(2): 1307-1318.

Eb, 5K, HARER, FET XU a) 32 IR 4 e
i 5 A R IE R G2 6? BATHME[)]. M LA R,
2023, 38(13): 3437-3446.

WANG Can, ZHANG Yu, TIAN Fuyin, et al. Economic
operation of energy storage power stations and integrated
energy systems based on bidirectional master-slave
game[J]. Transactions of China Electrotechnical Society,
2023, 38(13): 3437-3446.

PAN Guangsheng, GU Wei, LU Yuping, et al. Optimal
planning for electricity-hydrogen integrated energy system
considering power to hydrogen and heat and seasonal
storage[J]. IEEE Transactions on Sustainable Energy,
2020, 11(4): 2662-2676.

RERZE, R, @b, A T EE R IR S5 AV A
B2 MM ARG Z A B )] MR, 2021,
45(10): 3822-3829.

WU Shengjun, LI Qun, LIU Jiankun, et al. Bi-level
optimal configuration for combined cooling heating and

power multi-microgrids based on energy storage station

service[J]. Power System Technology, 2021, 45(10):
3822-3829.
FEE, BRE, XM, & T EMNEIERAERE

il 2% &L 8 M TR D).
519-526.

LI Zhiao, CHEN Laijun, LIU Dangwu, et al. Subsidy
pricing method for Stackelberg-game-based energy storage
system[J]. High Voltage Engineering, 2020, 46(2): 519-526.
QIU Yibin, LI Qi, Al Yuxuan,

distributionally robust optimization-based coordinated

EHERAR, 2020, 46(2):

et al. Two-stage
scheduling of integrated energy system with electricity-
hydrogen hybrid energy storage[J]. Protection and Control
of Modern Power Systems, 2023, 8(2): 1-14.

WANG Yongli, WANG Yudong, HUANG Yujing, et al.
Planning and operation method of the regional integrated
energy system considering economy and environment[J].
Energy, 2019, 171: 731-750.

IiS HER: 2024-12-04;

{&E HEA: 2025-04-25

fEEE T

FTRA(1989—), F, @144, HH+, a3k, #R
76 K AR R A G ALX B M ALEAT; E-mail: Ich@ysu.
edu.cn

2 F1998—), F, ML, LG @AHEALESRR
% 4R, E-mail: 1501869168@qq.com



