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Abstract

The transition toward decentralized energy systems has led to the devel-
opment of Peer-to-Peer (P2P) energy sharing schemes, allowing prosumers
to exchange surplus energy within regional networks. This paper presents
an optimized energy transaction framework that improves system resilience
while facilitating cost-effective energy exchange through a two-stage adap-
tive P2P pricing mechanism The principal objective is to develop an internal
pricing structure that combines market-based initial price formation with
real-time electric vehicle-aware price adjustment to support equitable energy
trades, reduce dependence on centralized utilities, and enhance economic
efficiency. The suggested methodology uses a mathematical optimization
model that integrates supply-demand dynamics and pricing strategies. A
Mixed-Integer Linear Programming (MILP) method is employed to optimize
energy distribution among prosumers, while considering network limitations
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and variations in renewable energy. Simulation data derived from actual
energy profiles are used to validate the framework across various market
scenarios. Numerical results show that the P2P energy trading mechanism
enhances system resilience by decreasing peak demand by 20% and reducing
prosumer costs by an average of 15%. The proposed pricing strategy guaran-
tees equitable energy distribution, reduces transaction costs, and encourages
active customer engagement. The findings demonstrate that decentralized
energy markets can advance sustainability while also providing modern
power systems with economic advantages.

Keywords: Decentralized energy system, energy market, MILP, P2P, smart
pricing mechanism, system resilience.

1 Introduction

The increasing integration of dispersed energy resources and the move to
decentralized energy systems have led to the creation of innovative energy
trading models, such as P2P energy sharing [1, 2]. P2P energy trading
promotes energy self-sufficiency, lowers transmission losses, and improves
overall system resilience by enabling prosumers to directly exchange excess
energy within a limited network [3, 4]. As the global energy landscape trans-
forms, decentralized energy markets are crucial for achieving sustainability
goals, reducing dependence on traditional power sources, and promoting
consumer participation in the energy transition [5, 6].

Conventional energy markets operate under a centralized framework,
where the production, distribution, and utilization of electricity are managed
by major utility corporations [7]. This structure often results in inefficien-
cies, such as energy limitations, transmission delays, and reduced consumer
autonomy [8]. P2P energy trading, on the other hand, creates a decentralized
system that allows users to engage in direct energy trades based on mutu-
ally acceptable conditions [9]. This market system enhances local energy
consumption, optimizes supply-demand balance, and encourages Demand-
Side Management (DSM) [10, 11]. Furthermore, P2P energy trading provides
economic benefits by allowing prosumers to monetize their excess energy,
thereby reducing reliance on conventional energy suppliers [12].

P2P energy trading, while advantageous, faces challenges such as regu-
latory barriers, pricing complexities, and network constraints [13, 14]. A key
challenge in P2P markets is developing a fair and efficient pricing system
that balances supply and demand while ensuring economic sustainability for
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all participants. Dynamic pricing mechanisms, auction-based models, and
incentive-driven frameworks have been explored to address these issues; yet,
achieving an optimal energy transaction strategy remains an area of ongoing
research. Furthermore, ensuring resilience in energy markets, particularly
during grid outages and demand changes, is critical for the widespread
adoption of P2P energy-sharing.

The proposed aim of this research is to improve resilience and optimize
energy transactions in P2P energy sharing networks through a two-stage
adaptive pricing framework for multi-microgrid systems. The proposed
approach establishes the internal P2P price through a market-based initial
pricing stage and then updates it according to real-time surplus-deficiency
conditions and Electric Vehicle (EV) charging/discharging behavior, thereby
supporting equitable energy distribution, economic benefits for prosumers,
and grid-aware operation. The pricing framework is further integrated with
market matching and MILP-based operational optimization to enhance the
sustainability and effectiveness of energy trading in decentralized energy
systems.

1.1 Literature Review

Hahnel and Fell [15] examined individual trade preferences in P2P power
marketplaces, highlighting the significance of prosumer-cantered models in
optimizing local supply and demand and promoting active citizen engage-
ment. Despite the social foundation of these marketplaces, there was limited
understanding of how individuals engage in trade with different participants.
A cross-national experiment conducted in Germany (n = 440) and the United
Kingdom (n = 441) found three distinct trading strategies influenced by
trading counterparties. The findings revealed that political orientation, geo-
graphical attachment, climate change and trust in the trading entity all had
an impact on trade decisions. Although trading preferences were consistent
across nations, public broadcast of judgments resulted in country-specific
variances. These findings underscored the importance of considering con-
textual features in the design of P2P systems and developing interventions
to increase public participation in energy markets. Zhao et al. [16] employed
DSM in P2P energy sharing to improve revenue equity and system stabil-
ity. Their methodology used a standardized pricing and energy distribution
system to guarantee fair participation and access to Photo-Voltaic (PV) elec-
tricity. They implemented assessment metrics for grid stability and revenue
equity, enhancing flexible load scheduling with multi-objective optimization.
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Simulation results indicated that, in comparison to P2P sharing alone, the
strategy decreased community expenditures by 16.8%, reduced power fluctu-
ation by 76%, and diminished inequity by 62.6%, underscoring its efficacy
in enhancing economic and operational performance in P2P energy mar-
kets. Kim et al. [17] investigated P2P energy trading price mechanisms by
analyzing 169 papers published between 2015 and 2022. They classified
energy pricing as synchronous or asynchronous and network service pricing
as ex-ante or ex-post. While asynchronous pricing promoted transparency
and Pareto optimality, synchronous pricing improved economic efficiency.
Disputes in network service pricing reduced market participation, especially
between system operators and market participants. The study revealed that
pricing compatibility was dependent upon market results and matching pro-
cesses. Zhang et al. [18] investigated market-driven P2P trading strategies in a
home microgrid included two prosumers and one consumer. They used Hong
Kong household load data to assess five examples included various market
types, tariff regimes, and pricing models. Individual pricing increased price
variability, but time-of-use tariffs enhanced economic efficiency, resulting
in electricity reductions of 31.33% in summer and 43.02% in winter. Bat-
tery Energy Storage System (BESS) increased renewable self-consumption
by 91.98% in summer and 100% in the winter, enhancing trade flexibil-
ity and electricity dispatching. The study provided a framework that may
be adapted to changing market conditions. Zhu et al. [19] examined how
P2P transactions might improve distribution systems’ resistance to high-
impact, low-probability occurrences. A bi-level, two-stage resilient model
was devised in which the Distributed Energy Resource (DER) established
Distribution Locational Marginal Prices (DLMPs), and prosumers partici-
pated in P2P transactions informed by these price signals. The model utilized
anested Column-and-Constraint Generation (CCG) algorithm combined with
a bi-level interaction approach employing deviation penalty functions. Case
studies showed that P2P transactions diminished load shedding costs and
quantities while decreasing operational expenditures, hence improving sys-
tem resilience. Babu et al. [20] assessed the influence of P2P energy sharing
on microgrid resilience through a resilience metric. Researchers examined an
IEEE 123-node test feeder integrating DERs, utilizing a cooperative game
model and a visibility graph to determine the Percolation Threshold (PT).
Three P2P scenarios were examined: within a microgrid, between neighbor-
ing microgrids, and throughout the entire distribution system. The findings
indicated a cost reduction of $8,380, a decrease of 34,917 kWh in reliance on
the grid, and a 14% enhancement in resilience. The study also forecasted
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microgrid energy requirements for operational planning, highlighting P2P
energy sharing’s benefits. Goncalves et al. [21] utilized a MILP model to
maximize energy transactions in a community that comprised energy storage
devices, the grid, and P2P trading. The research used fairness indicators to
examine economic equity, analyzing a ten-household community with six
prosumers with varying PV and storage capacities. The findings demonstrated
differences in cost reductions depending on equipment acquisition capacity,
with participants who combined P2P transactions with high-capacity PV and
storage seeing an 183% cut in energy expenses compared to those who did
not. Dwivedi et al. [22] examined the impact of P2P energy trading and
DERs on the resilience of Electrical Distribution Systems (EDSs) during
extreme events. Although DERs bolster resilience at the consumer level, P2P
trading networks augment system reliability. To measure this influence, they
implemented a methodology utilizing PT analysis in complex networks and
employed cooperative game theory to simulate rational prosumer engage-
ment. In an analysis of microgrid creation within an IEEE-123 node test
feeder incorporating renewables, it was demonstrated that DER and P2P
trade integration resulted in a 67.91% cost reduction and a 25.07% enhance-
ment in microgrid resilience over the course of one year. Kiu et al. [23]
investigated a P2P energy sharing system aimed at mitigating carbon emis-
sions through Renewable Energy (RE) distribution. Although prior research
emphasized cost and emission reduction, the resilience of systems to inter-
ruptions has been insufficiently examined. They presented an optimal P2P
strategy using N-1 contingency to maintain stability in the event of a par-
ticipant’s shutdown. Their methodology established the minimal renewable
capacity necessary to sustain energy supply and meet emissions objectives.
A case study indicated that the absence of N-1 contingency resulted in a
19.47% rise in emissions and a 10.81% rise in energy prices. Their find-
ings highlighted N-1 contingency as a crucial method for improving P2P
system resilience. Wang et al. [24] developed a framework for community
energy management optimization in integrated energy systems to improve
grid flexibility, mitigate demand uncertainty, and increase user participation.
The methodology incorporated Self-Determination Theory (SDT) for user
behavior modeling, a Distributionally Robust Optimization (DRO) layer to
operate uncertainty, and gamification to enhance participation incentives. The
case study demonstrated that the framework decreased expenses by 15%,
lowered carbon emissions by 20%, and enhanced user engagement by 25%
relative to traditional methods. The study integrated technical and behavioral
tactics, providing insights for robust and sustainable energy systems.
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Table 1 presents a detailed description of significant works examined
in this research, concentrating on P2P energy trading, decentralized energy
markets, and system resilience. The table classifies each reference according
to its target area, key findings, methodology, and publication year, providing
insights into recent developments and challenges in the field.

1.2 Research Gap

Decentralized energy systems are advancing rapidly, yet P2P energy trade
still faces several fundamental research gaps.

Decentralized energy exchange is not adequately addressed by centralized
utilities, which limit autonomy and pricing flexibility. Moreover, existing
pricing strategies often fail to reflect real-time variations in energy supply
and demand, resulting in inefficiencies and unfair market conditions for
prosumers Another issue is resilience, as most frameworks lack adaptive
methods to address energy generation and consumption changes, rendering
them vulnerable to RE intermittency.

Current research uses computationally intensive optimization methods
that are not scalable for large networks, leading to performance degrada-
tion as market participants grow. Further, many models fail to incorporate
network constraints, grid capacity, and regulatory policies, thus compro-
mising their practical relevance. More robust and adaptable optimization
approaches capable of managing changing market conditions and large-scale
energy transactions are required to bridge these gaps. In particular, limited
attention has been given to pricing frameworks that preserve market-based
price limits while adaptively updating internal P2P prices according to EV
charging/discharging behavior and real-time surplus-deficiency conditions in
multi-microgrid energy communities.

1.3 Innovation

This research presents a two-stage adaptive P2P pricing framework for multi-
microgrid energy trading. The proposed pricing mechanism combines a
market-based initial price formation stage with a real-time EV-aware price
adjustment based on surplus-deficiency conditions. The pricing model is
combined with market matching and MILP based operational optimization
models that would allow for more efficient and robust energy trading in
decentralized multi-microgrids. The MILP based operational optimization
model can help in optimizing the allocation of energy among the prosumers
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Table 1 The summary of reviewed literature

Refs. Focus Area Key Findings Methodology Year

[15] P2P trading Three trading strategies Cross-national 2022
preferences and identified; influenced by  experiment (UK,
market participation political orientation, Germany) with 881

trust, and climate participants.
beliefs.

[16] DSM in P2P energy Integrated DSM reduces ~ Uniform pricing and 2023
sharing community costs by energy allocation

16.8%, power with multi-objective
fluctuation by 76%, and ~ optimization.
inequality by 62.6%.

[17] Pricing mechanisms Synchronous pricing Review of 169 2023

in P2P energy trading  improves economic studies (2015-2022)
efficiency; asynchronous  on pricing models in
pricing enhances P2P trading.
transparency.

[18] Market-driven P2P Individual pricing Analysis of five 2023
trading strategies in increases variability; market types, tariff
microgrids ToU tariffs reduce systems, and pricing

energy costs by 31.33% models using Hong
(summer) and 43.02% Kong load data.
(winter).

[19] P2P transactions for P2P transactions lower Bi-level, two-stage 2024
distribution system load shedding costs and model using DLMPs
resilience improve distribution and CCG algorithm.

system resilience.

[20]  P2P energy sharing P2P energy sharing IEEE 123-node test 2024
and microgrid reduces grid reliance by feeder using
resilience 34,917 kWh and cooperative game

enhances resilience by model and visibility
14%. graph.

[21] Optimization of High-capacity PV and MILP model with 2024
energy transactions storage improve energy fairness indicators.
in energy bills by 183%, while
communities those without achieve

only 13% savings.

[22] Impact of DERs and P2P trading with DERs Percolation 2024
P2P trading on EDS enhances microgrid Threshold analysis in
resilience resilience by 25.07% complex networks

and reduces costs by
67.91%.

with cooperative
game theory.

(Continued)
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Table 1 Continued

[23]  P2P energy sharing N-1 contingency N-1 contingency 2024
resilience using N-1 stabilizes P2P systems, approach for P2P
contingency preventing a 10.81% stability with a case

energy price increase study.
and 19.47% rise in
emissions.

[24] Community energy Integrated SDT, DRO, SDT for user 2025
management in [ES and gamification reduce  behavior, DRO for

costs by 15%, emissions  uncertainty,

by 20%, and increase gamification for

engagement by 25%. participation
incentives.

taking into consideration the dynamics of supply and demand, along with
changes in RE production. In addition to that, the proposed model would
also be able to enhance the robustness of the system by combining pricing,
transaction, and energy allocation within a unified structure. This statement
can be validated through results obtained from simulated data using real-
world energy profiles. Through combining price-based trading, optimization
of energy consumption, and matching into one mathematical model, the
method proposed ensures a stable and efficient P2P energy exchange among
multi-microgrids.

1.4 Paper Structure

Section 2 describes the Methodology, covering multi microgrids topology,
cost function, constraints on the operations, EV constraints, the pricing
scheme, market matching mechanism, clearance and settlement model, and
case study formulation. The numerical results and simulation analysis are
presented in Section 3, where the proposed framework is evaluated in a
36-participant multi-microgrid system. Section 4 concludes the paper and
outlines the future research directions.

2 Methods

This work develops a P2P energy trading framework for multi-microgrid
systems by integrating a two-stage adaptive pricing mechanism with a MILP-
based optimization model to improve system resilience and economic effi-
ciency. The overall procedure consists of multi-microgrid topology design,
market-based initial price formation, EV-aware adaptive price adjustment,
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Figure 1 Conventional multi microgrid scheme.

market matching, transaction clearing, and simulation-based performance
evaluation.

2.1 Multi-microgrid Topology

Multi-microgrid systems are commonly organized as AC, DC, or hybrid
AC/DC structures [25-27]. The architecture, coordinated control, and oper-
ational design have also been widely investigated in prior studies [28-30].
In this study, the adopted conventional Multi Micro Grid (MMG) scheme is
shown in Figure 1, where interconnected microgrids exchange power with
the utility grid and with one another through P2P transactions. Figure 1
represents heterogeneous microgrids equipped with different combinations
of EVs, PV units, Wind Turbines (WTs), micro turbines, ESSs, and local
AC/DC loads.

To ensure secure and economically sustainable operation, the microgrids
are coordinated through a MMG energy management system. As shown
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Historical data

in Figure 2, it supports information interaction, control and scheduling,
resilient operation, and ancillary service, forming the basis of the proposed
framework.

2.2 Cost Formulation

Depending on the local configuration, each microgrid may include Energy
Storage Systems (ESSs), EVs, renewable generation units, and local loads.
The operating cost is formulated using the components explicitly considered
in the scheduling framework. The ESS operating cost is modelled as [31].



Enhanced Resilience and Cost Optimization in P2P Energy Trading 909

2.2.1 Cost of ESS
CESS djESS (Pt, szS) (1)

where dESS is the degradation cost coefficient of the ESS in microgrid j,
and PC? and Pdf denotes the charging and discharging power at time ¢,
respectively. The non-simultaneous charging and discharging condition is
enforced later through the operational constraints.

2.2.2 Cost of trading with distribution grid
The cost of energy exchange with the utility grid is presented as follows in
Equation (2): '

CDT =X 0%y = X3S 2

where )\?’t and p;t denote the electricity purchase price and purchased power
of microgrid j at time ¢, respectively, and A7, and p7 , denote the selling price
and exported power to the grid. Since the selling price is typically lower than
the buying price, local energy sharing and P2P exchange can improve the
economic performance of the microgrids.

2.2.3 P2P energy trading costs
The cost of P2P energy exchange for microgrid j at time ¢ is presented as
follows in Equation (3):

1

2 2
CPPP = N AP ph 3)

1E€ENiF£]

XDP

where N is the set of microgrids, A%

is the transaction price between
microgrids j and ¢ at time ¢, and pp %P is the exchanged power. A positive value

of ] it ? indicates that microgrid j 1mport power from microgrid ¢, whereas a
negative value shows the export.

2.3 Operational Constraints

The day-ahead trading model subject to the following operational constraints
for each microgrid are presented in Equations (4)—(10) [32]:

0 < p pre ,max (4)

0 < p pch ,max (5)



910 Liuyue Fang

0 < plis < plisms ©

SoCis = SoCie—1 + (" - pst — pfte ) ERex 7
SoC; o = SoC; 1 )

SoCmin < S0C; ¢ < SoCj"™* 9)

PP = % WieT, VijeN, i#j (10)

The constraints related to DER includes renewable power generation,
charging and discharge limits for ESS and its State of Charge (SoC) dynam-
ics. Let, p; be the renewable power generation, p;’; " is the charging power,

and pd” is the discharging power of the ESS, with their respective limits as
p; o, pfh X and pdls "M% The energy capacity of the ESS is represented

by EMeX, whlle the SoC at time t is SoC;;. The efficiency of charging
and discharging is represented by nf and nd“ respectively, with SOC§nin
and SoC}"** indicates the lowest and highest SoC boundaries, respectively.
Equation (10) ensures reciprocity in P2P transactions between connected
microgrids.

ESS operation is determined within optimization model through the
charging/discharging limits and SoC constraints given above.

2.4 EV Operation Constraints

Operation of an EV is represented through charge, discharge, and bat-
tery state-of-charge constraints in Equations (11)—(14). The retained EV
constraints follow standard formulations commonly adopted in recent EV-
integrated microgrid and P2P energy management studies [33]:

,ch ,ch,max
0< P;Z}c < Piev ch,ma: (11)

,di ,dis,max
0 S R?Z] 18 S Piev 18 a (12)

ev,ch pev,ch ev,dis ; ev,dis
n, " PLTAL— (P /n ) A
SoCf} = 8oCfi_1 + ———" e —— (13)
i

SoCy"™™ < SoCEY < SoCy "™ (14)
where P} " and Pt/ 45 genote the EV charging and discharging power,

ev,ch,max ev,dis,max
P and P,

respectlvely, are the corresponding upper bounds;
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ev,max

SoC;} is the EV battery state of charge at time ¢; E; is the EV battery

ev,ch
)

ev,dis
7

energy capacity; 7 and n are the charging and discharging efficien-

cies; and SoC; Uit and SoC;"™** represent the minimum and maximum
SoC limits, respectively. At is the scheduling time interval.

2.5 MILP Implementation

In order to obtain the MILP model, binary variables need to be used in order
to avoid the charging and discharging of the ESS and EV simultaneously.
These constraints are presented in Equations (15) and (16):
0 < pfh < ugsephmax
— %

it = Y, ’

0 < pfe < (1 —uy)p!™ ™™ ufy® € {0,1} (15)

ev,ch ev _ev,ch,max
0<p;; <uip;

(2 9

0 < P < (1 —ufy)pf B m™ uf € {0,1} (16)

where w3® and v} are binary mode variables. Therefore, charging and
) )

discharging cannot occur simultaneously, and the model is formulated as a
MILP.

2.6 Two-stage Internal Pricing Model

This section describes the two-stage internal pricing model that has been
developed for the local P2P network. In the first stage, the internal P2P
price is estimated using a market pricing principle subject to limitations
posed by the purchase price and the Feed-In Tariff (FiT) based on the
theory of supply-demand balance. The price is obtained on an hourly basis
based on information about supply and demand within the local network,
without accounting for impacts of EV charging and discharging operations.
Under supply-demand balance conditions, the reference internal P2P price is
formulated according to Equation (17) [34]:

C'sell (t) + Cbuy (t)

AP2Pref (1) = 5 . YteT (17)
The total hourly prosumer generation is given by Equation (18):
Pr(t)= Y Pi(t), VteT (18)

iENp
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and the total community demand is expressed as follows in Equation (19):

Pp(t)= > CP'(t)+ Y CPi(t), VteT (19)

1€ENp 1€EN,

where A\P?P7¢/ (t) is the reference internal P2P price at time t, Cyey(t) and
Chuy(t) denote the feed-in tariff and grid purchase price, respectively, Np
denotes the set of prosumers, IV, denotes the set of consumers, P*(¢) is the
power generated by prosumer 4, and C'P*(¢) and C P’ (t) represent the power
demand of prosumers and consumers, respectively. The reference price in
Equation (17) is then adaptively updated according to the net power imbal-
ance in the community and the aggregate EV charging/discharging effect.
The normalized imbalance index is defined as follows In Equation (20) [35]:

PD(t) +PtEV,ch _ PT(t) o PtEV,diS

PD(t) +PtEV,ch +PT(t) +PtEV,dZS

VieT (20)

Accordingly, the internal P2P price is obtained as follows in Equa-
tion (21):

1
AP2P — \PZpref 5L )(Couy(t) = Coent)), VteT 2D

where I(t) is the normalized imbalance index, P°"“" and P”"*% denote
the aggregate EV charging and discharging power at time ¢, respectively.
A positive value of I(t) indicates a local shortage condition and increases
the internal trading price, whereas a negative value indicates a local surplus
condition and decreases it. Since I(t) € [—1,1], the internal P2P price
remains bounded between the FiT and the grid purchase price.

2.7 Market Matching Mechanism

For demonstration purposes, a double auction mechanism generates trades
in the P2P transaction. This step includes replicating generation and load
patterns across the electric network’s buses to precisely depict the dynamics
of power demand and supply. Utilizing these simulated outcomes, a double
auction process aligns buy and sell orders, enabling P2P trading [36].

After determining the internal P2P price, a double-auction mechanism is
used to match buy and sell orders in the local P2P market. Let D and S denote
the sets of buy and sell orders, respectively, defined as:

 Purchase and sale orders: D = {(dil,pgl,qldl)}, S ={(si1,05,4,)}
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where d; and s; are the identifiers of buy and sell orders, p;-i and p; denote the
bid and ask prices, and ql-d and ¢} denote the corresponding energy quantities.
A matched transaction is represented by t = (s¢,dy, q), t € T

Where sy, d;, and ¢; denote the seller, buyer, and traded quantity, respec-
tively. Algorithm 1 generates the feasible P2P trades by matching buyers
and sellers according to price compatibility and available energy quantities
as follows:

Algorithm 1. Market Matching Algorithm
D < set of buy orders{(d;,,p{ ,ql)}
S « set of sell orders{(si,,p;,,q:,)}
T + (> initialize matches

Sort D by increasing p¢

Sort S by decreasing pj

for each buy order (d;, p?, ¢¢) € D do
if ¢¢ = 0 then continue

for each sell order (s;,p;i,q;) € S do
if ¢¢ > 0and p > p¢ then

q: = min(qf, ¢f)

t=(si,di,qt)

T+ TU{t}

qzd — qld —qt

@G 4~

if ¢¢ = 0 then

break

end if

end for

end for

Qiotal = Y, 7 g+ > Calculate total matched quantity

This matching process prioritizes higher bid prices and lower ask prices,
thereby pairing the most willing buyers with the least-cost sellers while
respecting the available demand and supply quantities.

2.8 Clearance and Settlement Model

the candidate transactions have been identified based on Algorithm 1; the
clearance process is used to determine the set of all possible P2P transactions
in the network. Suppose that NV represents the set of buses, and T denotes
the set of candidate transactions where each transaction t is denoted by ¢ =
(8¢, dy, qi), which indicates the sellers;, the buyer d;, and the traded amount
qy, respectively. For any transaction ¢ € T, a continuous decision variable
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x¢ € [0,1] is defined to capture the fraction of this transaction that will be
conducted. Therefore, the conducted energy amount for transaction ¢ is z¢;.

2.9 Case Study and Objective Function

A small-scale multi-microgrid energy community is considered to validate
the proposed framework. The test system consists of 36 individuals dis-
tributed across three microgrids. In each microgrid, the participants include
4 prosumers equipped with EVs and PV units, 4 prosumers equipped with
WTs and ESSs, and 4 consumers without local generation or storage. In
addition, each microgrid is supported by a conventional diesel generator.
The simulation is conducted to evaluate the effects of the proposed P2P
trading and pricing framework on energy management performance, grid
dependence, and transaction efficiency in the multi-microgrid system. The
objective function is expressed as follows in Equation (22):

3 12
Obj => Y G (22)

i=1 j=1

where G ; denotes the grid consumption of participant j in microgrid i.

To provide a clear overview of the proposed methodology, Figure 3
presents the overall workflow of the developed two-stage P2P energy trading
framework. The flowchart summarizes the main sequential steps of the model
as follows.

3 Numerical Results and Simulation Analysis

The scheme for the multi-microgrid structure under study is provided in
Figure 4. The network is composed of interconnected participants in two
regions linked together by feeders A and B, where the prosumer buyers,
prosumer sellers, and regular consumers interact through both power flow and
data flow. In this structure, the prosumers make maximum use of their locally
produced renewables generation for self-consumption, however, the excess
energy could be stored or exchanged via the local P2P electricity market.
This configuration provides the operational basis for the proposed pricing,
market matching, and energy management process.

The power transfer costs in the P2P market, which includes the role
of EV charging and discharging, illustrated in Figure 5. Here, the pricing
structures are obviously more cost-effective than direct purchasing electricity
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Figure 3 Overall workflow of the proposed two-stage P2P energy trading framework.
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Figure 5 Internal Import prices under the proposed Mechanism.

from the main grid. As a consequence, consumers can purchase energy at a
reduced cost while producers can sell energy at more favorable prices. Thus,
the suggested transaction scheme provides advantages for both buyers and
sellers. Even after price adjustment, the internal P2P price remains lower
than the grid purchase price. Conversely, when energy costs increase and
prosumer solar output declines, EVs support the grid by discharging excess
power during the 12-14 and 19-22 time interval.

In order to support the pricing scheme suggested in the study, Table 2
below compares the key characteristics of the proposed method against
representative studies from the recent literature. The comparison is based on
whether each work explicitly includes the selected features.

As can be seen from Table 2, most previous research works have only
focused on particular aspects of the pricing validation problem. In contrast,
the proposed framework combines two-stage internal pricing, EV-aware price
adjustment, explicit double-auction-based matching, multi-microgrid appli-
cability, and optimization-based scheduling. This broader integration sup-
ports the practical suitability of the proposed pricing method for coordinated
P2P trading in interconnected microgrids.

Figure 6 illustrates the energy imported by each participant from different
sources. As shown in the figure, consumers (e.g., Individuals 1-7) import the
largest amount of energy from the main grid, traditional diesel generators,
and peer participants. By contrast, PV owners use local generation to reduce
their dependence on the main grid and diesel generators, as observed for
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Individuals 25-32. According to the proposed pricing mechanism, most EV
owners actively participate in P2P energy sharing, which explains the rela-
tively low level of EV self-consumption shown in Figure 6. The participation
of EV owners in P2P trading is further illustrated in Figure 7 for Individ-
uals 25-33. Among them, Participant 26 shows the highest level of trading
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Table 3 Participant 11 equipped with EV and RES

BESS BESS P2P P2P

Charge Discharge  Import  Export Demand RES DG:1 DGy DG3 Grid

0 0 0 0 1.91905 0.1656 0 0 0 1.75345
0.5 0 0 0 1.7185  0.0616 0 0 0 2.1569
0.5 0 0 0 1.6081  0.2064 0 0 0 1.9017
0.5 0 0 0 1.56965 0.1034 0 0 0 1.96625
0.5 0 0 0 1.76905  0.1969 0 0 0 2.07215
0.5 0 0 0 1.72385  0.6407 0 0 0 1.58315
0 0.5 0 0 1.84675  0.3408 0 0 0 1.00595
0 0.5 0.393 0 1.8179  0.1611 0 0 0 0.7638
0 0.5 0.151365 0 2.7499  0.1813 0 0 0 1.917235
0 0.5 1.3544 0 2.1406  0.2862 0 0 0 0

0 0.5 0 0 2.15705 0.0625 0 0 0 1.59455
0.5 0 1.8002 0 3.4045 0.1043 0 0 2 0
0.5 0 1.8667 0 3.6268  0.2601 0 0 2 0
0.5 0 1.86241 0 1.7505  0.1546 0 0 0.23349 0
0.5 0 1.78198 0 2.50645 0.1205 0 0 1.10397 0
0.5 0 0.4922 0 2.2365  0.2443 0 0 2 0

0 0 0.40745 0 2.65455 0.2471 0 0 2 0

0 0.5 0.8783 0 3.6645  0.2862 0 0 2 0

0 0.5 0.68565 0 3.22725 0.0416 0 0 2 0

0.5 0 2.4856 0 2.0377  0.0521 0 0 0 0

0 0.5 0 0 23165  0.0209 0 0 0 1.7956
0 0.5 0.022305 0 3.1978  0.0104 0 0 0 2.665095
0 0.5 0 0 1.62185  0.0929 0 0 0 1.02895
0 0.5 0.232545 0 1.6785  0.0519 0 0 0 0.894055

activity. This result indicates that the proposed pricing mechanism effectively
encourages EV owners to participate in the local energy community.

The battery charge and discharge profiles are presented in Figures 8
and 9, respectively, while the EV battery charging and discharging profiles are
shown in Figures 10 and 11. Additionally, the detailed results for Individual
11, who is equipped with RES and BESS, are presented in Table 3, while the
results for Participant 26, equipped with EV and RES, are given in Table 4.

To provide a more direct quantitative summary of the overall results,
Table 5 compares the aggregate energy exchange under the studied cases with
and without P2P trading.

As shown in Table 5, enabling P2P trading does not change the total load
demand or storage/EV, but it significantly reduces reliance on the grid and
DG supply while increases local energy exchange through the P2P market.
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Table 4 Participant 25 Equipped with BESS and RES

EV EV P2P P2pP

Charge Discharge Import Export  Demand RES DGy DG2 DG3 Grid
0.411328 0 0 0 0.86685 0 0 0 0 1.278178
0.499293 0 0 0 0.259417 0 0 0 0 0.75871
0.451106 0 0 0 0.217917 0 0 0 0 0.669023
0.485061 0 0 0 0.762817 0 0 0 0 1.247877
0.495988 0 0 0 0.209083 0 0 0 0  0.705071
0.438642 0 0 0 0.22005 0 0 0 0  0.658692
0.445217 0 0 0 0.752 0 0 0 0 1.197217
0 0 0 0 0.212867 0.039383 0 0 0  0.173483
0 0 0 0 1.084283  0.27725 0 0 0  0.807033
0 0 0 0.788267 0.241467 1.029733 0 0 0 0

0 0 0 1970317 0.22645 2.196767 0 0 0 0

0 0 0 2.542317 0.247517 2.789833 0 0 0 0

0 0 0 3.181133 0.236567  3.4177 0 0 0 0

0 0 0 3.361067 0.25435 3.615417 0 0 0 0

0 0 0 3.157917  0.2357  3.393617 0 0 0 0

0 0 0 2.517717 0.245017 2.762733 0 0 0 0
0.273365 0 0 1.003951 0.216967 1.494283 0 0 0 0

0 0.5 0 0.410633 0.218933 0.129567 0 0 0 0

0 0.5 0 2294183 0.205817 0 0 0 2 0

0 0.5 0 0.281133 0.218867 0 0 0 0 0

0 0.5 0 0.2968 0.2032 0 0 0 0 0

0 0.5 0 0 0.894417 0 0 0 0 0394417
0 0.5 0 0.002983  0.497017 0 0 0 0 0

0 0.5 0 0 1.032417 0 0 0 0 0532417

Table 5 Comparative summary of total energy exchange by source and market under the
studied cases

Total Grid + Total
Load DGs sends to
Demand Total ESS Total EV. Import Grid Total P2P
Cases (kWh) (kWh) (kWh) (kWh) (kWh) (kWh)
Case 1 (Without 1166.6  107.7854 203.5991 597.7104 105.8929 0

P2P)
Case 2 (With P2P)  1166.6  107.7854 203.5991 398.8175 12.5051  343.8929

4 Conclusions

Decentralized energy systems are growing fast, increasing the need for
energy trading frameworks that improve both resilience and economic effi-
ciency. This study proposed a two-stage adaptive P2P energy trading frame-
work that combines market-based initial pricing, EV-aware real-time price
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adjustment, and MILP-based operational optimization. The proposed frame-
work addresses key issues in P2P energy trading, including price fairness,
coordinated energy allocation, and operational resilience.

As per the results, the proposed approach can lead to peak demand
reduction by 20%, and a cost saving of 15%. The pricing strategy designed
under this model ensures a fair transaction and encourages participation in
the local electricity market. Furthermore, coordination between BESS and
EVs improves the operating flexibility and minimizes the dependence on
the primary grid system. The suggested multi-microgrid structure is able
to optimize local energy trading by combining renewable energy, electric
vehicles, and energy storage systems in an optimization process. The MILP
optimization algorithm is capable of balancing cost, availability, and technical
limitations, whereas the market matching algorithm makes it possible to
achieve viable and coordinated P2P trading of electricity.

Despite the effectiveness of this approach, there may be some problems
when scaling up to larger energy communities, owing to the computational
complexity of optimization process. Therefore, future research should there-
fore focus on more scalable and distributed solution methods, and regulatory
frameworks that support the practical integration of decentralized energy
trading into existing power systems.

Overall, P2P energy trading has proved itself an effective tool for
improving price efficiency and coordination within multi-microgrids.

List of abbreviations

Abbreviation U Binary mode variable

BESS  Battery Energy Storage P Power
Systems

CCG Column-and-Constraint Pp Power demand /
Generation consumption

DER Distributed Energy Frer Maximum energy capacity
Resource

DLMP Distribution Locational I(t)  Normalized imbalance index
Marginal Prices

DSM  Demand-Side D Set of buy orders
Management

EDS Electrical Distribution S Set of sell orders

Systems




924 Liuyue Fang

ESS Energy Storage System Subscript
EV Electric Vehicle i Microgrid / participant index
FiT Feed-in Tariff J Microgrid index
MMG Multi-microgrid t Time index
MILP Mixed-Integer Linear ch  charge
Programming
P2pP Peer-to-Peer dis  discharge
PT Percolation Threshold b buy
PV Photo-Voltaic s sell
RE Renewable Energy P prosumer
SDT  Self-Determination c consumer
Theory
SoC State of Charge Superscript
WT Wind Turbine ref reference value
Symbols Greek symbols
CPSS ESS operating cost A Electricity price/transaction
price
C9md Cost of energy exchange n Charging/discharging
with the utility grid efficiency
CP?  Cost of P2P energy trading At  Scheduling time interval
q Energy quantity
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