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ABSTRACT: To address the challenges of source-load
uncertainty and privacy preservation in the coordinated
operation of multiple virtual power plants (VPPs), this paper
proposes an innovative framework that integrates peer-to-peer
(P2P) electricity sharing with distributed optimization. Firstly,
an electro-thermal VPP model incorporating a cloud-based
energy storage leasing system is established, and a multi-VPP
P2P electricity mutual assistance framework is designed.
Secondly, to overcome the limitations of high computational
complexity and strong conservatism in conventional
uncertainty optimization methods, a four-layer three-stage
stochastic robust optimization model is constructed that
accounts for the probability of worst-case source-load
scenarios. This model simultancously addresses dual
uncertainties arising from source-load outputs and scenario
probability distributions. At the same time, a modified
column-and-constraint generation (C&CG) algorithm that
supports parallel computing is proposed to enhance solution
efficiency. Finally, a multi-VPP benefit allocation model is
established based on Nash bargaining theory, decomposed into
cooperative cost-minimization and individual
profit-maximization subproblems. A distributed algorithm
combining modified C&CG with the alternating direction
method of multipliers (ADMM) is adopted to achieve an
efficient solution while preserving privacy. Case studies
demonstrate: 1) The proposed model significantly improves
system economy under uncertain environments; 2) The

distributed solution method balances system privacy and
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computational efficiency; 3) Fair and reasonable profit

allocation is realized for each virtual power plant.
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Fig. 1 Multi-virtual power plant energy trading
framework diagram
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Fig. 2 Distribution of renewable energy generation under different operating scenarios
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Fig. 3 Distribution of electricity consumption under different operating scenarios
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Table 1 Comparative results of different uncertainty
model optimization
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Fig. 4 Cost analysis of VPP1 under different
uncertainty parameters
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Table 3 Impact of different comprehensive norm
confidence levels on scenario probability

BfEE  VPPL X HLH /1/kW VPP2 S6Ak H F1/kW VPP3 X H H F1/kW

0.5 21799.00 7624.88 19799.99
0.6 21774.52 7581.27 19783.67
0.7 21742.81 7548.31 19739.54
0.8 21718.63 7497.08 19672.31
0.9 21695.46 7465.73 19632.57
1.0 21679.39 7441.62 19580.47
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Table 4 VPP operating costs under different scenarios
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Fig.5 VPPI1 electrical power balance diagram
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Fig. 6 Results of cooperative power trading with different virtual power plants
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Fig. 7 Results of cooperative tariff trading for different
virtual power plants
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Table S Algorithm comparison results
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A IRAT I C&CG 5ik 2 34.62
154 C&CG HLiZ: 3 90.31
VPP3 -
Al AT C&CG Hik: 2 27.85

max-min [ @RI 2 5] N KR 0-1 A8 5 AL EE R4 T,
AT P PR AR R . M2, RSO
= BB E LA ALY max-max-min 7] @
MR B B MY, P msR AR
KR HBMAEIFATIHE C&CG HIEM
ADMM ¥ZX%F 2 VPP HLEEAE &) I 0]l 1 5717
2 AT A AR, IEARSE LA 8 5 F %
K E K1 Fizn. B 8(a)il EALE H % VPP 1817 A
FHEAEE DL, & 8(b)—(d)Rom 7 A AN m
—IEAT I VPP S . Hodr, I RERAE
517 WEREWSL, THERKN 3599.82s, X5
5 HIERERATTA. M K B KL T A # 2
128 5y AT IS Sl gt S, SVE 4R 26s TE26 11 IiERE
Wesho DA B0 U0 B AR SC RT3 B0 B A kAR

5ol 21.01
2.5-% Lﬁ ol
Foal § 20.0f
=23} L
Jﬁ' 2.2-0’00,0—004)—00—0-0—04)0000 % 19.5
=201 & 19,00
&~ i
%) 2.0¢ —o— VPPI1 = 18.5r
1.9} ——VPP2 | 180}
18 . T VPP3 N
0246 81012141618 10 12 14 1.6 18 2.0
o BRIRH IEAREL
(a) T 1B 1ADMM-C&CGR %R Bl (b) VPPIIC&CGHIZIEMRE
24.5¢ 2251
I 12
2240 5 22.0
Z Z2Ls
2X23.5 1
E Ezlo
1K N
H230 2205
&= £ 200
> 225 5 20.
T 95—
10 12 14 16 18 2.0 10 1.2 14 1.6 1.8 2.0
BARIREL AR EL
(c) VPP2[IC&CGHIEIEIE (d) VPP3[{IC&CGH LMK

8 FIalfE IADMM-C&CG B &R E
Fig. 8 Iterative convergence plot of ADMM-C&CG
algorithm for subproblem 1



F50% F2M

o

R 639

WS, JRRESEIL 2 EARBRFA RS 5 R AR )R
A BEE ST
44 ZEWB] BERXSHES

6 XL TAENR T AN E VE T 2 )
BEAT L RERE BN SIS AT I AR A R AL R KR

H# 6 T4, % VPP &84T AL /N ATz 4T
A, VPPL F1 VPP3 7E3E/NAC Gy i #2 iR i@ i 1)
VPP2 #E it RSP EIaE, VPP2 1E3 G ik FE rp )
RN K LR T BURARIE K.

SUHE, B S &R M LE T, £
VPP &AFIZAT IR 0l i 1 423.00. 422.94,
423.34 70, —H RN 2N S ER B R 1 1/3,
BOUE TR n] DA R S L L I

£6 MM BRI HEER

Table 6 Nash bargaining model revenue sharing results
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VPP1 20288.80  20699.91 —834.14 423.03
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Table G1 Parameters related to multi-virtual power
plants
24 Kl 24 Bl
E, tsmx 2000 pii2p 100
P ES max 500 pHzP 1000
Nenes 0.95 Nais ks 0.95
Ay 39.4 " 0.45
oM~ o’ 0.9 o= 9.7
Pt 100 noe 0.6
ot 1000 P, 2000
e 03 B e 2000
PEi 3000 Agas 2.5
P 200 Agsom 0.1
R G2 RN MMERMN
Table G2 Purchase and sale price of electricity for virtual

power plants

i Bk I Bt b/ 54/t
IS 01:00-07:00, 22:00-24:00 0.4/0.2
P 07:00-11:00, 14:00-18:00 0.75/0.5
W 11:00-14:00. 18:00-22:00 1.2/0.6
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