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The advent of the peer-to-peer energy trading has dramatically altered the
conventional dynamics of distribution networks. Prosumers, managing
independently and engaging in peer-to-peer (P2P) energy exchanges,
introduce critical challenges for the economical and secure operations of
these networks. This research presents a hierarchical framework designed to
manage P2P energy interactions between prosumers and to facilitate flexible
operation within the distribution network at the substation level. The upper layer
of the model aims to stabilize market prices within the distribution framework,
while the lower layer establishes a P2P energy trading platform that upholds
fairness and safeguards the privacy of the prosumer participants. A fixed-point
mapping approach is utilized to assess the interactions between market
stabilization efforts and prosumer bidding strategies within this framework.
Through simulations, we illustrate the logical soundness and effectiveness of
our proposed model and approach. The findings indicate that the proposed
model and the energy trading framework could substantially improve the overall
welfare of all stakeholders involved.
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1 Introduction

Recent advancements in demand-side distributed power and communication control
technology have transformed traditional consumers in the substation area into prosumers
capable of generating electricity (Sheng et al., 2023). These prosumers can independently
manage their in-ternal flexible resources, facilitating a transition from the current oligopoly
market to a more open and adaptable market (Khorasany et al., 2021). A study cited in the
literature (Bo et al., 2023) suggests that individuals with distributed power sources should
engage in direct transactions to enhance local consumption capabilities by leveraging the
spatial-temporal coupling and complementary attributes of various energy sources.
Prosumers typically prefer power trading to be conducted independently, proactively,
and with privacy protection (Nezamabadi and Vahidinasab, 2021). However, the
conventional market model faces challenges in accommodating the trading methods of
prosumers, as its centralized dispatching system struggles to optimize market activities
while considering individual behaviors (Xie et al., 2022a; Xie S. et al., 2021). Therefore, there
is an urgent need to explore energy trading models tailored for prosumer transactions that
integrate collaborative optimization technology.
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Research has demonstrated that the concept of an distribution
network (DN) is an effective approach for managing and
dispatching the internal resources of a distribution network (Xie
et al., 2020). To optimize the existing distribution network and
prosumer cluster, a two-layer optimization model is commonly
used. In (Penkovskii et al., 2020; Xiangsheng et al., 2024), the
Stackelberg game (i.e., master-slave game) is employed to
establish an interactive optimization model between system
operators and prosumer clusters. The objective is to achieve win-
win benefits and coordinated development for all participants.
However, this model may cause congestion in the distribution
network, resulting in higher clearing prices and lower energy
utilization. To address these issues, the introduction of an energy
sharing mechanism can help smooth out uncertainty, reduce peak
demand, and effectively promote the consumption of distributed
resources. As an alternative, market operators have gradually
implemented energy sharing in the electricity market (Xie et al.,
2022b). This enables the surplus electricity generated from
distributed energy resources (DER) to be utilized for trading (Li
et al., 2023). However, there are still challenges to consider when
designing a trading mechanism. One challenge is how to coordinate
the participation of a large number of prosumers while also
considering the scalability of the algorithm. Another challenge is
how to establish a fair-trading mechanism that allows prosumers to
participate based on their own preferences, while also ensuring the
privacy of personal information.

The increasing number of prosumers in contemporary power
systems has resulted in a considerable amount of research on power
energy sharing technology from various perspective. In (Zhang et al.,
2020; Wang et al., 2023), researchers have examined different
approaches to ensure fair income distribution in alliances formed
by photovoltaic participants and operators. One approach involves
applying the Shapley value method (Wang et al., 2023), while
another approach combines the kernel method and the Shapley
value method to distribute profits among alliance participants
(Zhang et al., 2020). Research conducted in (Han et al., 2023;
Zou et al., 2023) utilizes Nash negotiation theory to distribute
profits among alliance members while ensuring individual
privacy. Nevertheless, both the kernel method and Shapley value
method face the obstacle known as the “curse of dimensionality”
when the number of alliance participants increases (Wu et al., 2020).
Additionally, these methods are complex to solve and fail to consider
the diverse contributions of each participant.

The current research has utilized the distributed optimization
strategy based on the Lagrangian relaxation method and the
alternating direction multiplier method (ADMM) to coordinate
the optimization of market trading strategies (KRANING et al.,
2014). In (Wang et al., 2020), the authors employ the Lagrangian
relaxation method and the sub-gradient method to achieve product
development through electric energy transactions between
consumers, with the Lagrange multiplier serving as a price signal.
To preserve the cost function information, an iterative algorithm
based on subgradients is proposed in (Gregoratti and Matamoros,
2015), using concepts from economics such as the “supply and
demand model” and “market” to explain the algorithm’s iteration
process. Studies in (Yan et al., 2023) introduce an interactive
iteration mechanism for the relaxed Lagrangian function and
demonstrate its convergence to the centralized optimum. These

studies indicate that the P2P trading mechanism can enhance the
operating economy of prosumers. However, the above research
solely focuses on the single-layer bidding mechanism from the
participants’ perspective, which presents challenges in effectively
integrating the P2P trading mechanism with the safe and economic
dispatch of the distribution network.

The research often overlooks the decision-making challenges in
multi-layer and multi-agent collaboration in peer-to-peer energy
trading. This paper introduces a hierarchical game framework for
energy trading among prosumers in distribution networks. The aim
is to improve energy exchange efficiency and promote fairness. A
novel distributed coordination mechanism is proposed to ensure fair
trading while protecting prosumer privacy, using Lagrangian
relaxation and the subgradient method. The model shows that
this mechanism can achieve global economic optimization
through decentralized means. Additionally, a hierarchical game
model is established for interactive energy trading, ensuring
mutual benefits and proving the existence of a game equilibrium
solution. Simulation experiments validate the effectiveness of the
proposed model in promoting resource consumption and
maximizing participant interests.

2 A P2P energy sharing framework
between DSO and prosumers

Existing studies often assume that the electricity prices set by the
upper-level DSO are fixed, and the lower-level participants make
decisions based on these fixed prices (Cai et al., 2023). However, this
assumption fails to consider the crucial interplay between supply
and demand, which restricts the practical implementation of
strategies for both parties engaged in market transactions. In
order to overcome this limitation, this paper introduces a
hierarchical distributed collaboration architecture based on P2P

FIGURE 1
The P2P energy sharing framework.
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energy sharing, as illustrated in Figure 1. The proposed framework
divides the intricate energy market transaction model into two
dimensions: 1) the vertical tra, which encompasses the
Stackelberg game between the active distribution network (leader)
and the prosumer cluster (follower), and 2) the horizontal
dimension, which entails a cooperative game of prosumer P2P
energy sharing at the lower-level.

The proposed P2P sharing aims to coordinate and optimize energy
scheduling and trading strategies. In the lower-layer prosumer model,
each prosumer engages in transaction negotiations based on the energy
sharing mechanism, leveraging the complementary advantages of
energy between prosumers and consumers to enable cooperative
operation. Once the P2P transaction is negotiated and resolved, the
prosumer will provide feedback on the optimized bidding power to the
upper layer, ensuring that its own constraints are met, and engage in
multi-subject bidding. The DSO will utilize the prosumer’s bidding
information and the load forecast value of each node of the distribution
network to clear the market. This two-dimensional game structure
more effectively illustrates themarket’s tiered coordination relationship.

3 A Hierarchical model for coordinating
operators and prosumers

3.1 Upper layer: DSO model

A second order cone program (SOCP) model is proposed for the
distribution network operation:

DN −OP: min FDN ·( ) | s.t. CnsPDN{ }
where FDN is defined as:

FDN pG
k,t( ) � ∑

t∈T
∑
k∈Ng

ak pG
k,t( )2 + bkp

G
k,t + ck (1)

and the constraint sets “CnsPDN” are as follows:

pG
n,t − pD

n,t � ∑
k∈Π n( )

pl
nk,t − pl

mn,t − ~Imn,tRmn( ),∀mn ∈ L (2)

qGn,t − �qDn,t � ∑
k∈Π n( )

qlnk,t − qlmn,t − ~Imn,tXmn( ),∀mn ∈ L (3)

~Un,t � ~Um,t − 2 pmn,tRmn + qmn,tXmn( ) + ~Imn,t Zmn( )2 (4)
2pl

mn,t2q
l
mn,t

~Imn,t − ~Um,t

���� ����T2 ≤ ~Imn,t + ~Um,t,∀mn (5)
0≤ ~Imn,t ≤ �I

2
,∀mn ∈ L,U2 ≤ ~Un,t ≤ �U

2
,∀n ∈ N (6)

0≤pl
mn,t ≤ �pl, 0≤ qlmn,t ≤ �ql,∀mn ∈ l ∈ L (7)

pG

n
≤pG

n,t ≤ �pG
n , q

G

n
≤ qGn,t ≤ �qGn ,∀n ∈ N (8)

pD
n,t � �pD

n,t,∀n ∈ N/EN{ } (9)
pD
n,t � �pD

n,t + pd
n,t,∀n ∈ EN (10)

wherepG
n,t (q

G
n,t) is the active (reactive) power generation at bus n;p

l
mn,t

(qlmn,t) is the active (reactive) power injection at bus n; ~Un,t, ~In,t is the
quare magnitude of current (voltage); N and L are the bus and line
sets, whereN � 1,/, |N|{ };Π(n) denotes the set of child buses of bus
n; EN is the set of prosumers, and EN � 1,/, |Np|{ }; T is time period
set; ak, bk, ck are the cost coefficients; Rmn, Xmn, and Zl

mn are the
resistance, reactance, and impedance, respectively; �pD

n,t (�q
D
n,t) is the

active (reactive) power load; �pG
n , p

G
n
, �qGn , q

G
n
are the power limitations

of generators; �U,U are the boundaries of voltagemagnitude; �I is upper
bound of line current; �pl (�ql) is the upper bound of active (reactive)
power flow. Eqs 2, 3 represent the node power flow balance
constraints, while Eqs 4, 5 depict the relationship constraints
between node voltage and branch power flow and current. Eq. 6
outlines the constraints on line current and node voltage amplitude.
Eq. 7 enforces the line power limit constraint, while Eq. 8 represents
the generator active and reactive output constraints. Eqs 9, 10 define
the active load for general nodes and prosumer nodes, respectively.

3.2 Lower layer: prosumer model

This subsection discusses the presence of prosumers connected to
the active distribution network, where a number of DGs including
renewable ones has been installed at certain buses. In order to enable
peer-to-peer transactions among prosumers, constraints on
transmission capacity are taken into account. Prosumers are given
the opportunity to submit bids to the DSO to purchase electricity and
counterbalance any imbalances caused by the introduction of new
energy generation through flexible adjustments in their load. The
lower layer model for prosumer is presented as follows:

min Fuser ·( ) | s.t. CnsUser{ }
The objective function Fuser is defined in Eqs 11, 12:

Fuser � ∑
t∈T

∑
i∈EN

−Ui,t + λLMP
i,t pd

i,t( ) (11)

Ui,t � −β1i di,t( )2 + β2i di,t (12)
where Ui,t is the utility function of prosumer i ∈ EN; β

1
i , β

2
i are the

coefficients of quadratic term and primary term, both positive
numbers.and the constraint sets “CnsUser” are as follows:

wi,t + ∑
j≠i,j∈EN

pP2P
ij,t + pd

i,t � di,t + df
i,t,∀i ∈ EN (13)

d
i
≤di,t ≤ �di,∀i ∈ EN (14)

−�pP2P
i ≤pP2P

ij,t ≤ �pP2P
i ,∀i ≠ j, i ∈ EN (15)

pP2P
ij,t + pP2P

ji,t � 0,∀i ≠ j, i ∈ EN (16)
0≤pd

i,t ≤ �pd
i (17)

Where pd
i,t is the bidding power of prosumer i; di,t is the elastic

load of prosumer i; pP2P
ij,t is the sharing power value between

prosumer i and j, which pP2P
ij,t > 0 represents purchasing power

from prosumer j and pP2P
ij,t < 0 represents selling power to

prosumer j; λLMP
i,t is the distribution market clearing price; wi,t is

the forecast value of renewable energy output of prosumer i; dfi,t is
the fixed load of prosumer i; �di, d i

are the power limitations of di,t;
�pP2P
i is the maximum value of energy sharing; �pd

i is upper bound of
pd
i,t; Eq. 13 represents the power balance constraints for prosumers.

Eq. 14 enforces elastic load constraint, while Eq. 15 represents the
upper and lower limits of pP2P

ij,t . Eq. 16 shows energy sharing balance
among prosumers. Eq. 17 represents power limit constraints for
bidding power.

The optimization problem described is centralized and focused
on prosumers. Upon analyzing its structure, it becomes apparent
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that all constraints, with the exception of the common constraint Eq.
16, are independent of each other across different prosumers.
Introducing a Lagrangian multiplier to Eq. 16 allows for
decomposition of the problem through a local Lagrangian
function, yielding Eq. 18 as follows:

L λ( ) � ∑
t∈T

∑
i∈EN

−Ui,t + λLMP
i,t pd

i,t + λi,t pP2P
ij,t + pP2P

ji,t( ) (18)

This decomposition results in the relaxation of the prosumer
problem, allowing it to be decoupled into individual prosumer
subproblems. As a result, the objective function for each
prosumer is:

Fuser,i � ∑
t∈T

−Ui,t + λLMP
i,t pd

i,t( ) +∑
t∈T

∑
j≠i,j∈EN

λj,tp
P2P
ij,t (19)

Due to the economic importance of Lagrange multipliers, the
second term in the objective function is understood as the cost shared
among prosumers. Additionally, a coordinationmechanism should be
designed to attain centralized optimal outcomes by adjusting the
objective function (19). This coordination mechanism will function
through an iterative process. In the (k + 1)-th iteration, the objective
function of the prosumer i is modified as:

Fuser,i � ∑
t∈T

−Ui,t + λLMP
i,t pd

i,t( ) +∑
t∈T

∑
j≠i,j∈EN

λkj,tp
P2P
ij,t

+∑
t∈T

∑
j≠i,j∈EN

ρ

2
pP2P
ij,t + pP2P,k

ji,t( )2 (20)

where k is the index of iteration. ρ is the penalty parameter, and the
quadratic term can be understood as the penalty cost caused by the
imbalance of energy sharing. In order to achieve the feasibility of the
original problem, the subgradient method is used to update the
Lagrange multiplier:

λk+1i,t � λki,t + ρ pP2P,k+1
ij,t + pP2P,k+1

ji,t( ) (21)

This paper analyzes the above distributed coordination model
from an economic perspective, λki,t is equivalent to the sharing price
of the k-th prosumer i participating in P2P transactions. Other
prosumers who want to trade with prosumer i must execute at this
price. When the demand of prosumer i exceeds the available supply
from other prosumers, that is pP2P,k+1

ij,t + pP2P,k+1
ji,t > 0, the sharing

platform updates the sharing price according to Eq. 21, resulting in
an increase in the price of prosumer i.

4 Qualitative analysis based on P2P
energy sharing mechanism

4.1 Horizontal dimension: analysis of
distributed P2P coordination mechanism

Two concerns arise regarding the P2P coordination mechanism
outlined in the lower-level prosumer model: 1) Is there a guarantee of
convergence for this proposed mechanism? 2) Upon convergence, does
the equilibrium closely approximate or equal the optimal solution?

Proposition 1: The distributed P2P coordination mechanism
proposed can converge to centralized optimization.

Proof:Add a constant term λkj,tp
P2P,k
ji,t to Eq. 20, which will not affect

the optimal solution of the original problem. The objective function
is modified to Eq. 22 as follows:

Fuser,i � ∑
t∈T

−Ui,t + λLMP
i,t pd

i,t( ) +∑
t∈T

∑
j≠i,j∈EN

λkj,t pP2P
ij,t + pP2P,k

ji,t( )
+∑

t∈T
∑

j≠i,j∈EN

ρ

2
pP2P
ij,t + pP2P,k

ji,t( )2 (22)

The proposed mechanism has evolved into the classic ADMM
framework. It has been demonstrated that in the context of convex
optimization problems, distributed ADMM can converge to
centralized optimization (Yan et al., 2023).

4.2 Vertical dimension: master-slave game
equilibrium analysis

Upon completion of the P2P energy sharing transaction,
prosumers have the opportunity to engage in the distribution
market to enhance their profits. The DSO determines the
clearing price based on the bidding power of prosumers.
Additionally, market pricing strategies can impact the bidding
power of prosumers. The Stackelberg game is a useful tool to
illustrate this hierarchical decision-making framework.

UL: λLMP � argmin FDN ·( ) s.t.| CnsPDN{ }
LL: pd � argmin Fuser ·( ) s.t.| CnsUser{ }

Where λLMP ≜ λLMP
j,t{ }, pd ≜ pd

i,t{ }, this article uses local marginal
price (LMP) as the clearing price in the distribution market (Xie
Shiwei et al., 2021), corresponding to the dual variable in Eq. 2.
Assuming (λLMP,*, pd,*) is the equilibrium solution of the game.

When the game model reaches Nash equilibrium, neither player
can unilaterally change their strategy to achieve greater benefits. Before
solving for the Stackelberg equilibrium solution, it is essential to prove
its existence and uniqueness by utilizing the following theorem.

Theorem 1: For the proposed Stackelberg game model with a single
leader and multiple followers, there is a unique Stackelberg equilibrium
if the following conditions are satisfied (Yu and Hong, 2016):

eq \o\ac(○,1) The strategy set of leader and followers are
nonempty, compact and convex set.
eq \o\ac(○,2) When the leader’s strategy is given, all followers
have a unique optimal solution.
eq \o\ac(○,3) When the follower’s strategy is given, the leader has
a unique optimal solution.

Proof: From the above three conditions to prove.

1) Due to the strategy sets of the optimal power flow model and
the energy management model for prosumers in the
distribution network are both nonempty, compact and
convex action sets in Euclidean space, the condition eq
\o\ac(○,1) of Theorem 1 is satisfied.

2) For the energy management model of low level prosumer
cluster, by substituting its power balance constraint into the
objective function, it is obtained by 23:
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Fuser � ∑
t∈T

∑
i∈EN

⎛⎝β1i⎛⎝wi,t + ∑
j ≠ i,j ∈ EN

pP2P
ij,t + pd

i,t − df
i,t
⎞⎠2

− β2i wi,t + ∑
j≠i,j∈EN

pP2P
ij,t + pd

i,t − df
i,t

⎛⎝ ⎞⎠ + λLMP
i,t pd

i,t
⎞⎠ (23)

The first derivative of Fuser with respect pd
i,t is

∂Fuser

∂pd
i,t

� 2β1i Di,t + pd
i,t( ) − β2i + λLMP

i,t (24)

where Di,t � wi,t +∑j≠i,j∈ENp
P2P
ij,t − dfi,t is a constant term.

The second derivative of Fuser is given by Eq. 25:

∂2Fuser

∂pd
i,t∂pd

j,t

� 2β1i i � j,∀t
0 i ≠ j,∀t{ (25)

he Hessian matrix is strictly positive definite and has a minimum
value, indicating the existence of an optimal solution for the
prosumer model under the leader strategy. This satisfies the
condition eq \o\ac(○,2) in Theorem 1.

3) For the optimal power flow model of the upper level
distribution network, a unique pricing strategy can be
derived based on the bidding power of the lower level
prosumer cluster, considering the physical meaning of local
marginal price and literature findings. This strategy meets the
condition eq \o\ac(○,3) in Theorem 1.

5 Solving algorithm

5.1 P2P distributed coordination algorithm

In order to ensure the reliable and efficient operation of prosumer
clusters, it is essential to coordinate resources among prosumers and
facilitate optimal peer-to-peer energy trading. Prosumers are often hesitant
to disclose their private information due to privacy concerns and
information imbalances, while sharing platforms must efficiently
manage resources for a large number of prosumers, a time-consuming
task. To address these challenges, this article introduces a novel distributed
coordination mechanism for facilitating energy trading and determining
transaction prices among prosumers. Algorithm 1 offers a comprehensive
overview of this coordination mechanism, with publicly available data
from prosumers limited to sharing power values and transaction prices.

1. Set iteration index k � 0, convergence error

tolerance δ >0, penalty parameter ρ>0.

2. Prosumers initialize the trading price λ0j,t � 0,j ∈ EN,

and desired traded energy pP2P,0
ij,t .

3. while || λk+1i,t − λki,t || ≥ δ do

4. for all prosumers do

5. pP2P,k+1
ij,t = argmin (20)

s.t. (13)–(17)

6. Update λk+1j,t as (21)

7. end

8. k � k + 1

9. Calculate || λk+1i,t − λki,t ||

10. end

Algorithm 1. P2P distributed coordination mechanism.

5.2 Fixed point algorithm

Two traditional methods are commonly used for solving two-
layer models. One method involves the stationary point
approach, where the lower-level model is replaced with
equivalent KKT conditions. However, a large number of Big-
M constraints and binary variables lead to non-convexity and
nonlinearity of the model, which not only increases the
computational burden of large scale cases but also makes it
difficult to ensure the uniqueness of the equilibrium solution
(Kazempour et al., 2013). Another approach is the utilization of
fixed point algorithms where prosumers keep utility functions
private and iteratively interact by exchanging price and quantity
offers, as demonstrated in Algorithm 2, although proving
theoretical convergence can be challenging (Wang et al.,
2018). The subsequent section will delve into the discussion
on the algorithm’s convergence.

1. Set the iteration r � 0, convergence error tolerance

ε>0.

2. Prosumers initialize the bidding power pd,0
i,t.

3. for r = 1: NM do

4. Solving the following Problem to get λLMP:

5. λLMP = argmin (1)

s.t. (2)–(10)

6. Call Algorithm 1 with λLMP

and obtain pd,r
i,t.

7. if || pd,r+1
i,t − pd,r

i,t || ≤ ε then

break

8. end for

Algorithm 2. Fixed point algorithm.

5.3 Algorithm convergence analysis

The research demonstrates that the proposed P2P distributed
coordination algorithm can effectively achieve optimal results
similar to a centralized system. In the context of a two-layer
model involving prosumer clusters in the distribution market, the
intricate mathematical nature of the market equilibrium problem
poses challenges for ensuring the convergence of Algorithm 2.
This section offers a simplified geometric explanation to explore
the conditions under which Algorithm 2 can successfully
converge. Let Make denote the power market clearing problem
and represent the prosumer cluster problem, both of which
are convex optimization problems. The fixed point provided
can be utilized to determine the equilibrium point of the
Stackelberg game, as given in Eq. 26.

λLMP[ ] � Γ pd( )& pd[ ] � Θ λLMP( ) (26)

setting ∂Fuser

∂pd
i,t
� 0, (24) can be derived as follows:

λLMP
i,t � −2β1i Di,t + pd

i,t( ) + β2i ,∀i (27)

let demand response curve [λLMP] � Θ−1(pd) defined in Eq. 27.
The iterative process of the fixed point algorithm can be
described by the “cobweb” model shown in Figure 2, where
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the equilibrium point corresponds to the intersection of the
supply and demand curves. The fixed point can only converge
when the slope of the demand response curve exceeds the price
response curve.

Based on this, provide the convergence conditions for the fixed
point algorithm of the model in this article, as given in Eq. 28:

∂Γ pd
i,t( )

∂pd
i,t

∣∣∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣∣∣ <

dΘ−1 pd
i,t( )

dpd
i,t

∣∣∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣∣∣ � 2β1i ≤ 2max∀i β1i( ) (28)

Evidently, β1i value will affect the convergence performance of
the proposed model.

6 Case study

6.1 Case description

The simulation test adopts an improved IEEE 33-bus system,
based on the Matlab platform, programmed and solved using the
YALMIP toolbox and Gurobi solver. For the improved testing
system, as shown in Figure 3, nodes 10, 16, 19, 23, and 30 are
connected to five distributed power sources respectively; 4, 13, and
26 nodes are connected to three prosumers, among which prosumer
1 and prosumer 3 are equipped with photovoltaic units, and

prosumer 2 is equipped with wind turbines; The voltage level of
active distribution network is 12.66 kV, the allowable deviation of
node voltage is set to ±5%. The parameters of the distribution system
are shown in Supplementary Table SA1. The parameters of
prosumers are shown in Table 1, and the renewable energy
output and load curve of prosumers are shown in Supplementary
Appendix SB.

The upper limit of energy sharing power between prosumer
1 and 2 is 150 kW, the upper limit of energy sharing power between
prosumer 2 and 3 is 200 kW, and the upper limit of energy sharing
power between prosumer 1 and 3 is 180 kW. Convergence error
tolerance ε � 10−3, δ � 10−2. all prosumers have an initial
transaction price and expected sharing power is zero in P2P
transactions, penalty parameter ρ � 10. Fixed point iteration for
initial bidding power pd,0 � 0, maximum number of
iterations NM = 20.

6.2 Analysis of algorithm results

Figure 4 displays the iteration curve of the outer level fixed point
algorithm, illustrating that as the number of iterations increases, the
convergence speed decreases. By the 10th iteration, the iteration
error has approached 0, reaching the termination iteration standard.
The operating cost of the DN ultimately converges to $15582.9,
which shows the closed-loop negotiation process effectively. The
curve confirms the existence and uniqueness of the game
equilibrium solution, as well as the convergence of the fixed
point algorithm.

Figure 5 illustrates the convergence of the P2P energy sharing
mechanism among prosumers in the final fixed point iteration,
displaying the convergence outcomes of the objective functions for
each prosumer. The graph indicates that the algorithm reaches
convergence after 36 iterations with high accuracy. Based on
Figure 4, it is evident that the operational costs of the DN and
the prosumers remain unchanged. The iteration results
demonstrate that the P2P energy sharing coordination
mechanism proposed in this study successfully achieves energy
supply-demand equilibrium and efficiently identifies the global
optimal solution.

6.3 Analysis of simulation results

Figures 6–8 illustrate the power dispatching strategy and P2P
transaction prices of prosumers 1–3. The symmetrical
characteristics in these figures demonstrate a balance between
power generation and consumption among the prosumers,
highlighting the effectiveness of the P2P trading mechanism
proposed in this study. Prosumers 1 and 3, which have a high
proportion of PV, choose to sell electricity to other prosumers
during the 7:00–18:00 photovoltaic output period. Additionally,
during the periods of 1:00–7:00 and 18:00–24:00, the transaction
prices for prosumers 1 and 3 are higher, making it more cost-
effective for prosumer 1 to engage in trade with prosumer 2 when
power supply is low. In some cases, prosumer 1 may even profit by
purchasing electricity from prosumer 2 and selling it to prosumer 3.
Prosumer 2 relies on wind power as its renewable energy source,

FIGURE 2
The geometric explanation behind the fixed point. (A)
convergence (B) divergence.

FIGURE 3
The structure of an improved 33 node power distribution system.
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with higher output at night and lower output during the day. The
complementary energy profiles between prosumer 2 and prosumers
1 and 3 lead to frequent P2P trading interactions.

It is evident that the primary purchasers of electricity from
the DN are prosumer 1 and 2, because the local marginal price at
the distribution node where prosumer 3 is located is higher.
Prosumer 3 derives greater utility from energy use, hence
prioritizing energy trading with other prosumers to increase
elastic loads and reducing costs. Prosumer 1 and 2 can also
leverage the P2P mechanism for their benefit. Moreover, the P2P
mechanism partially eases the power supply burden on the DN by
altering the local power flow within the distribution network,
while considering both the collective and individual advantages
of prosumers.

Table 2 presents a comparison of scheduling costs for prosumers
in various scenarios. In the absence of P2P energy transactions,
prosumers solely rely on interactions with the power grid, which

increases the cost by 9.8% compared to the P2P transactions
proposed in this study. It verifies the effectiveness of P2P energy
sharing mechanism considered in this paper. Furthermore, when
compared to Case 2 and Case 3, the approach outlined in this article
can achieve similar outcomes to centralized optimization. The
distinction is that centralized management aims to minimize the
total cost of prosumer clusters as a whole, without considering the
cost allocation of shared power. Prosumer 3 consistently engages in
energy trading with prosumer 1 and 2, causing prosumer 1 and 2 to
purchase more electricity from the grid, which may be perceived as
economically unfair. In contrast, the decentralized cooperation

TABLE 1 Parameters of prosumers.

Prosumer group β1i (/MW2) β2i (/MW) d
i
/�di (MW) �pd

i (MW)

1 2.5 78 0/1.2 0.6

2 3 76 0/1.0 0.6

3 4 82 0/1.2 0.52

FIGURE 4
The convergence results related to distribution network.

FIGURE 5
The convergence results related to prosumers.

FIGURE 6
Prosumer 1 power scheduling strategy and P2P transaction price.

FIGURE 7
Prosumer 2 power scheduling strategy and P2P transaction price.
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method employed in this mechanism ensures the protection of
prosumers’ information privacy.

Case 1: prosumers do not consider P2P transactions.

Case 2: prosumers adopt centralized optimization to solve the
lower level model.

Case 3: prosumers adopts the P2P energy sharing mechanism
proposed in this article to solve the lower level model.

6.4 Convergence analysis of fixed point
algorithm with different β1i

In the previous section, the convergence condition of the fixed point
iteration is analyzed, that is, the value of the utility function will affect
the convergence performance of the fixed point algorithm. Figure 9
shows the convergence performance of different through fixed point
algorithm, provide the convergence process of fixed point iteration for
three scenarios of parameter β1i , 1.5 β

1
i and 2 β1i respectively. It is with

the increase of the β1i value that the fixed point algorithm can achieve
faster convergence, and the validity of the fixed point convergence
condition of the previous analysis is verified.

7 Conclusion

This paper introduces a novel two-layer P2P energy sharing
framework aimed at addressing the challenges arising from the

growing integration of prosumers in active distribution networks.
The framework is structured with the distribution system
operator at the helm, followed by prosumer clusters engaging
in P2P energy sharing. The lower level of the framework breaks
down the centralized model of prosumer clusters using the
Lagrange relaxation principle and subgradient method,
presenting a distributed P2P energy sharing coordination
mechanism with a sound economic interpretation that enables
each prosumer to make independent decisions. The use of a fixed
point algorithm as a distributed technology to resolve the
Stackelberg game is discussed, along with an algorithm
convergence analysis for the model. The key findings of the
study are summarized as follows:

(1) The P2P energy sharing and coordination mechanism
presented in this study aims to optimize prosumers’
benefits from transactions and enhance the efficient use of
renewable energy. The use of algorithms theoretically allows
for achieving a globally optimal solution and making rational
allocation decisions regarding energy sharing
transaction costs.

(2) The hierarchical coordination management strategy based on
Stackelberg game effectively achieves a win-win outcome
between DSOs and prosumers. It determines the optimal
pricing strategy for the active distribution network and the
energy demand of prosumers. The strategy is validated
through theory and simulation, confirming the existence
and uniqueness of the game equilibrium solution.
Additionally, it addresses the theoretical limitations in the
convergence of fixed-point algorithms.

FIGURE 8
Prosumer 3 power scheduling strategy and P2P transaction price.

TABLE 2 Comparison of prosumer scheduling costs under different cases.

Case Prosumer 1 Prosumer 2 Prosumer 3 Total cost

cost/$ cost/$ cost/$ /$

1 386.6 88.1 2.8 477.5

2 256.8 548.5 −370.5 434.8

3 368.4 86.6 −20.2 434.8

FIGURE 9
Fixed point iterative convergence performance of different β1i .
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(3) This article explores the implementation of a clearing
mechanism for P2P energy sharing, enabling prosumers to
engage in energy transactions in a decentralized and secure
manner to foster cooperation. By comparing it with traditional
peer-to-grid energy trading, the study demonstrates the
operational advantages for both DSOs and prosumers
through the P2P energy sharing mechanism, ultimately
enhancing the balance between supply and demand among
prosumers. The hierarchical collaborative optimization
scheduling model proposed in this paper effectively
coordinates the interconnected operations of prosumers
while aligning with the operational objectives of the DN.

Due to the difficulty in verifying the convergence of fixed point
iterative algorithm from a theoretical perspective. Resting on the
price demand curve, this article innovatively proposes a criterion for
the existence of market equilibrium, the obtained game equilibrium
solution can be regarded as a reasonable planning scheme that
conforms to engineering reality.
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