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An interactive cooperative operation strategy for multi-energy microgrid clusters based on
the stable grand coalition
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Abstract: Cooperative interconnection of multi-energy microgrids can enhance the flexibility and reliability of energy
supply. Aiming at the problems of multi-energy complementarity and benefit distribution in the cooperative operation of
multi-energy microgrid clusters, an interactive cooperative operation strategy based on a stable grand coalition is
proposed. First, equipment models of an individual multi-energy microgrid and an electricity-heat demand response
model based on utility cost are established. Next, an interactive cooperative operation model for multi-energy microgrid
clusters based on cooperative game theory is formulated, and it is proven that the proposed model satisfies superadditivity
and balancedness. These properties indicate that interconnected multi-energy microgrids will form a stable grand coalition
to coordinate multi-energy complementary behavior. Then, a nucleolus-based benefit allocation scheme is adopted to
distribute the total benefits generated by cooperation ex-post. Finally, a nested primal-dual algorithm is designed to
accurately solve the nucleolus. Compared with conventional exact nucleolus solution algorithms, the proposed method
reduce the number of iterations from 2V to no more than the number of multi-energy microgrids N. Case study results
show that the proposed strategy effectively promotes complementary energy utilization among microgrids and improves
the benefit level of individual microgrids. The nucleolus-based allocation scheme is fair and reasonable, and the nested
primal-dual algorithm significantly reduces the computation complexity of nucleolus-based allocation.
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2: Wtz =4 =2

3: form=1,2,---,do

4: KA P BEURAR HERE £,

5. SR D) RENAKIE A HEHE, = 5 U,

6: % P PEENE AL &, MIAHAE 4, MERMH 7,
7: if rank(Z,) = N then
8:  KRMFFEM 2(S) =7, (S),VScZ! , JiFRALHnE— Nz

HE LR
9: end if
10: end for
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A Nspan(X, )=, Vm=1 (22)
M2, HrankE )< NI, H
rank(E;) = rank(span(Z:Z )=
rank(span(Z, ,)) +rank(span(4,)) > (23)
rank(span(Z, ) =rank(Z, )

TR, NZ=rank(Z,)=rankE, ) +1=rank(Z,)+
m=m , RYEFHIERREIEHEn<N . %
rank(Z )= N I, HTREHA2(S)=7,(S), VScI,
FPTEME—fR, AR
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ATV 4 > 2 BRI AL R A S X SR 9 ]

o3BT T D RIS AT S ARt 23 e 77 28 B
AN MEM M &RE R 1 B, 5 BIE %
2% 2 {1 4 ELA A i B AR A 1) 50917,
H AT BRGS0 AT AR A A7 Ay Tt 4 2
K2 o, AN . BOE BRI RARIR i
el AN 3 i, A AT R R R Gy
FERT & KT i s (I e -
R1 ZRERMMEEELE
Table 1 Equipment configuration of MEMs

MEMI1 MEM2 MEM3 MEM4
PV x v ' v
CHP v x v v
HP v v x N
EES x x v v
TES x v x v
2 ZEERMM R B M 1%
Table 2 Time-of-use price of MEMs
B Wi /(3&72/kWh)
A BE(20:00—07:00) 0.082
“FB£(07:00—11:00, 18:00—20:00) 0.113
B (11: 00—18:00) 0.17
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Fig. 2 Typical curves of PV output, electricity load,

and heat load of MEMs
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Fig. 3 Curves of outdoor, preference, lowest,

and highest temperatures
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Fig. 4 Day-ahead total amount of electricity traded of the MEM

cluster with the distribution system operator

®3g 1 3 FHIE % MEM [ H AR .
MR 3 ATLLE L : 1) 516 1 B 2 THIES
TERRAAALL, FERETE 3 5T W &2 5 AR & E A =X
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ATMEM2 i T ANE], R 22 5 0K, 18
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PR, AR MEMI W] B8 HAl MEMs 3
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% 3 3 MiER T & MEM K BRI &
Table 3 Day-ahead welfare of each MEM under three cases

/% T
I 1 5 2 e 3
MEMI -5916.12 -5510.71 -4287.2
MEM2 254.19 401.2 654.04
MEM3 -2113.77 -1874.01 ~1430.06
MEM4 -1151.23 -992.29 -876.13
B -8926.93 -7975.81 -5939.35

3) MEM3 ALk, MEM4 [¥] CHP HLZH &I 23 7 #4
fifar, 17 HLILECE (K EES #8900 7RI, Wik
MEM4 [1)5% 75 bk MEM3 &, Hisd Ph i pedRsc |,
MEM3 Fil MEM4 #83&F 7 H & 2 a5 -
4.2 Q@mPEH RIS

AT IEE S A SCERE R AR 2R 8 5
Be 7 AT L, SRR A SO 2 T %A=
TR . F 4450 7HT Shapley f. Nash iR
HI UL AR UGS LT % . R 4 W LR H
1) B B/DAEAESR 4 25 PR Fh DR 4R B B AR e T 1Y)
SECTT S, HA MK EX MEM1. MEM2 Al
MEM4 BEAF, A M7 0% MEM3 A4 F],
MEMs (8] X} H AR B fh 77 S0 LT i — 205 ..
2) J£F Shapley 18 F1 Nash % 1) () B¢ B8 5 AN = FE
KT 0, XEREAFEX 73 Bl & RA = 1A,
EEMEDIR e AT . BARML, 7E Shapley {H4>BC /7
Zd1, 1 MEM2. MEM3 F1 MEM4 ZH 5% /N 5
X BCaE AN R, HoHE R A R B DA SR e
AR 59.13 2570 . £F Nash % K20 B 7 24, MEM1
A MEM2 % 73 Be 5 A =, 21 #5808 KTk B
Y R B PR DA R AR R 2 298.3 6. 3) AL
KA T AR B SamE—r), HeefRiE4
R Z BRI SR AR 1T
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Table 4 Benefit allocation outcomes based on Shapley value,

Nash bargaining, core and nucleolus

Shapleyffi  Nashik}| A= #%
MEMI  -4543.68  -5001.6  —4287.2 -4209.65 —4248.42
MEM2  759.76 91031 654.04 731.6 692.82
MEM3 -141599  -13649 -1430.06 -1609.2 -1519.63
MEM4  -739.44 -483.17  -876.13  —852.1 864.12
MAREE -5939.35  -5939.35  -5939.35 -5939.35 -5939.35
TR
" 59.13 298.3 0 0 0
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Table 5 Calculation performance with different sizes of MEMs

MEM¥ & 4 6 8 10
FECIRAN L 15 63 255 1023
SEIRALES [ /s 1570 42.10 97.10 178.48

BERTE 11 57 247 1013
Wil/s 250 067 489  19.10

ERIEL 2 4 3 3
WfE/s 027 017 023 034
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