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ABSTRACT This study presents peer-to-peer (P2P) energy transaction mechanisms to maximize social
welfare considering the uncertainty and profit fairness of the players. The P2P energy transaction problem
is formulated as a P2P energy transaction pair matching and the determination of the P2P transaction price.
To solve the problem, the optimal condition to maximize social welfare is determined using stochastic
P2P energy transaction performance analysis based on the uncertainty characteristics. The analysis results
show that social welfare is maximized to match the producer and consumer pairs that have similar demand
characteristics; the P2P transaction price balances the profit fairness between the pair. Using these results,
two centralized P2P energy transaction mechanisms are proposed by modifying the optimization problem.
Moreover, a decentralized P2P energy transaction mechanism that operates in a distributed manner is
suggested with the operational signal flow for the implementation of the mechanism. The simulation results
show that the centralized and decentralized mechanisms have near optimal performance, with less than a
0.5% and 1% optimal gap compared to the optimal solution that requires perfect information including
uncertainty, respectively. However, the decentralized mechanism is less computationally complex and uses
less information than the centralized mechanisms; consequently, it can alleviate the operational burden and
security and privacy problems. In addition, the results show that the performance of P2P energy transaction
is related to the relative demand ratio between the producer and consumer. The optimal condition and results
suggest a guide to the design of the P2P energy transaction.

INDEX TERMS Demand-side management, distributed energy transaction, distributed generation, energy
community, energy trading, fairness, peer-to-peer, prosumer, uncertainty.

I. INTRODUCTION
A. MOTIVATION
Driven by the development of advanced grid technologies—
such as the smart grid—and environmental issues to reduce
CO2 emissions, the energy system framework has experi-
enced significant changes in recent years [1]. Distributed
energy generators (DEGs) have stimulated increasing interest
in addressing these issues. DEGs provide economic ben-
efits to the grid in terms of transmission and distribution
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savings [2] as well as low carbon renewable energy
sources [3]. On the customer side, small-scale DEGs, such
as solar photovoltaics (PVs), introduce prosumers who work
as producers to sell domestically generated energy, as well
as consumers who buy energy, from the grid and/or other
prosumers [4].

However, the ever-increasing number of DEGs and pro-
sumers reduces the reliability of energy systems and increases
their management complexity [5]. The result requires the
reorganization of the management of the energy system. Con-
sequently, the smart energy community (SEC) framework
has been proposed. The role of the SEC is the effective
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management of self-produced renewable energy, DEGs, and
the development of localized energy transactions [6]. The
participants of the SEC expect an energy cost reduction
of energy vector procurement, the use of local resources
and utilities that will reduce the complexity of energy sys-
tem management, and improve the reliability and quality
of supply [7].

B. PRIOR WORKS
In an SEC, the peer-to-peer (P2P) energy transaction between
energy producers and consumers is an important problem [8].

Various studies have been conducted under an optimiza-
tion problem-based approach. Liu et al. formulated the
bi-level optimal problem (day-ahead and real-time markets)
to minimize the inconvenience cost and solve the distributed
iteration process (real-time pricing) [9]. A dynamic internal
pricing model was proposed for the operation of an energy
sharing zone, which was defined based on the supply and
demand ratio of shared PV energy. Morstyn and McCulloch
formulated amulti-class energymanagement problem tomin-
imize the total cost considering power flow and prosumer
constraints. They proposed a distributed price-directed opti-
mization mechanism using an alternating direction method
of multipliers [10]. The proposed distributed mechanism con-
verged with less than 300 iterations of shorter operating times
compared to the centralized mechanism. Oh and Son pre-
sented an energy matching problem for minimizing the social
welfare with fixed transaction prices [11]. They suggested
an energy trading rule with a guaranteed minimum quantity
to manage the distributed P2P market risk from the unpre-
dictability of resources and proposed centralized and dis-
tributed P2P matching algorithms. Jogunola et al. suggested
a slime-mold inspired optimization method for addressing
the path cost problem for energy routing and the capacity
constraints of distribution lines for congestion control [12].
The paper demonstrated that the cost of energy had a direct
correlation with the distance between the energy producer
and consumer, and, using that, a path-optimized system was
developed for energy routing. Paudel et al. formulated a P2P
energy trading problem for social welfare maximization con-
sidering power loss and network fees [13]. The problem was
decoupled using Lagrangian multiplier methods and a decen-
tralized market clearing algorithm was proposed for the P2P
energy trading considering the privacy of the agents, power
losses, and the utilization fees. Zhang et al. presented a P2P
trading market as a centralized optimization problem to max-
imize the total revenue and proposed a P2P trading market
mechanism including energy and uncertainty trading accord-
ing to flexibility characteristics [14]. Sorin et al. formulated
a P2P energy market as a multi-bilateral economic dispatch
problem and proposed a relaxed consensus and innovation
approach to solve the problem in a decentralizedmanner [15].
Morstyn et al. presented P2P energy trading using bilat-
eral contract networks including an upstream–downstream
energy balance and forward market uncertainty [16].
Leeuwen et al. proposed an integrated blockchain-based

energy management platform that optimized energy flows,
implemented a bilateral trading mechanism, and presented a
smart contract as a virtual aggregator to solve the problem
in a distributed manner [17]. Khorasany et al. proposed a
primal-dual gradient method based on bilateral P2P energy
trading considering line flow constraints to avoid overloaded
or congested lines in the system [18]. These works showed
that the P2P energy transaction problem could be used by cen-
tralized and decentralized mechanisms to solve the optimiza-
tion problem. However, to apply the solution, the centralized
mechanism requires a central controller and is computation-
ally complex, whereas the decentralized mechanisms require
relaxation parameters such as Lagrangian multipliers and an
iteration process.

Tushar et al. discussed various game- and auction-based
theoretical approaches to provide an overview of the use of
game-theory approaches to P2P energy trading as a feasible
and effective means of energy management [19]. They also
proposed a canonical coalition game approach for P2P energy
trading, in which a set of participating prosumers formed
a coalition group to trade their energy with one another
and utilized a mid-market rate as a pricing mechanism for
the proposed P2P trading [20], [21]. Liu et al. designed
a Stackelberg game-based energy sharing method for PV
prosumers using a feed-in-tariff where the utility acts as the
leader and all participating prosumers are considered to be
the followers [22]. Paudel et al. modeled price competition
among sellers for P2P energy trading as a noncooperative
game and proposed an M-leader and N-follower—based on
Stackelberg’s game-based approach—using direct interac-
tions between buyers and sellers taking into consideration the
demand response capability and privacy of prosumers [23].
Anoh et al. formulated P2P energy trading as a Stackelberg
game with producers as leaders and consumers as followers
and optimized both the cost for consumers and the utility
for producers [24]. Chen modeled P2P energy sharing as
a generalized Nash-demand bidding game and showed that
Nash equilibrium occurs [25]. Cadre et al. characterized a
P2P energy market solution as a variational equilibrium and
proved that the set of variational equilibria coincides with the
set of social welfare optimal solutions of market design [26].
Wang et al. proposed a real-time double auction market with
a continuous bidding mechanism for a distributed P2P energy
transaction so that the coordination and complementarity of
energy among prosumers could be achieved [27]. It is clear
that these game-theory approaches can solve P2P energy
transaction problems. However, an iterative process to con-
verge the solution is required.

Although many studies have been conducted in this P2P
energy transaction area, there are still several problems to
be resolved, including the operational burden. Firstly, further
research needs to be carried out on the effect of supply
and demand uncertainty. Prosumers’ resources are generally
based on renewable energy with high fluctuation and predic-
tive uncertainty. Fewworks touch on these uncertainty issues.
In [11], the trading rule considering the risk of uncertainty has
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been suggested for P2P energy transactions. A P2P energy
trading mechanism has been proposed considering forecast
power and its uncertainty [14]. These studies show that the
uncertainty of resources affect the systems’ performance
including aspects such as the economic benefits. Therefore,
it is necessary to study P2P energy transactions considering
uncertainty and analyze its effect on performance. Secondly,
the consideration of profit fairness is required. Most of the
discussed research has aimed to maximize social welfare
defined as the overall prosumer profit. A few studies have
introduced fairness during the P2P energy transaction using
the Shapley value [28] and Nash-type non-cooperative game-
theory approach between two prosumers [29]. It is impor-
tant to guarantee the fairness of energy sharing; the result
of fairness may affect the participation willingness of pro-
sumers [9]. Therefore, research into P2P energy transactions
considering profit fairness among prosumers through profit
balancing is required. To fill this void in the research gap, this
study deals with the P2P energy transaction problem includ-
ing uncertainty and fairness problems and uses the proposed
centralized and decentralized P2P energy transaction mecha-
nisms to solve the problem. The centralized mechanism has
near optimal performance, and the decentralized mechanism
reduces the operational burden using a marginal performance
gap.

C. CONTRIBUTION
This study focuses on the P2P energy transaction mechanism
while considering uncertainty and profit fairness. To do this,
we first analyze the stochastic performance of the P2P energy
transaction and propose P2P energy transaction mechanisms.
Our contribution is summarized below:
• Stochastic performance analysis: Net profit, an increase
in the profit in comparison to trading with the grid,
is used as a P2P energy transaction performance metric.
The net profit is related to the characteristics of the
players such as the demand and its uncertainty, and
the transaction parameters, such as the P2P transac-
tion energy and transaction price between the trans-
action pairs. In this study, we analyzed the expected
pair profit using the stochastic properties of the players
and determined the optimal P2P transaction energy to
maximize it. The main contribution of the analysis is the
determination of the optimal condition to maximize the
social welfare—that is, the total profit of players using
the P2P energy transaction. The P2P energy transaction
performance is analyzed as the profit bound due to the
imbalance between production and consumption and the
profit loss due to uncertainty. The analysis shows that
the social welfare is maximized when the prosumer and
consumer with similar stochastic properties is matched.
This is because the P2P transaction energy is maximized
in this condition. The P2P transaction price balances the
profit between the transaction pair. Using these results,
the P2P energy transaction mechanisms are proposed.
Moreover, the analysis suggests the theoretical bound

that each player can obtain. The bound provides a cri-
terion for examining the performance of the P2P energy
transaction.

• P2P energy transaction mechanisms: A P2P energy
transaction is a problem that needs to be solved to deter-
mine the P2P transaction energy and the price of each
transaction pair. The problem becomes a non-convex
optimization problem that requires a central controller
with high computational complexity so that it can be
optimally solved. From the stochastic performance anal-
ysis, the problem decomposes into two parts: pair match-
ing to maximize the profit that is related to the P2P trans-
action energy and profit balancing between the matched
pair using the P2P transaction price. Under this obser-
vation, we propose two central P2P energy transaction
mechanisms by modifying the problem. The proposed
mechanisms require less computational complexity, and
they use the stochastic properties of the players alone.
Nevertheless, the performance gap of the proposed cen-
tral mechanisms is less than 0.5% in comparison to
the optimal solution that is required for perfect infor-
mation, which includes future information. Moreover,
a decentralized mechanism is proposed without a central
controller. The proposed decentralized mechanism is
designed as a one-by-one method in which one or more
transaction pairs are matched in a single process. The
method has a linear computational complexity based on
the player size. The proposed decentralized mechanism
is less computationally complex and requires less infor-
mation in comparison to the central mechanisms. There-
fore, the operational burden and security and privacy
problems are alleviated in the decentralized mechanism.
The performance gap of the proposed decentralized
mechanism is also less than 1% of the optimal solution.

The rest of this paper is organized as follows. Section II
describes the system models and the problem formulation of
the P2P energy transaction. Section III analyzes the stochastic
performance of the P2P energy transaction. Section IV dis-
cusses how to design the proposed P2P energy transaction
mechanisms. Section V and VI demonstrate the measurement
studies that are applied to the proposed mechanisms in com-
parison to the optimal method. Finally, Section VII concludes
the paper.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION
A. SMART ENERGY COMMUNITY MODEL
The SEC studied in this investigation is shown in Figure 1,
and it includes three parts: the community member, the smart
energy service provider (SESP), and the grid utility.

The community member consists of the consumer and
producer, such as renewable generators and a prosumer with
a PV system or an electric vehicle (EV). Information for the
P2P energy transaction is exchanged between the members.
A P2P energy transaction is determined based on a predeter-
mined mechanism as suggested in this study, and an energy
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FIGURE 1. Smart energy community model.

transaction is performed from the seller to the buyer during a
specified period, such as one day.

The SESP is introduced to deal with the energy transactions
between the members and the utility grid. When one fails to
generate or consume the required amount of energy, it can buy
or sell energy through the SESP for energy balance. If the
P2P energy transaction is operated in a centralized manner,
the SESP can function as a central controller.

The utility announces the retail price—i.e., selling to the
grid pS and buying from the grid pB—and transmits the
energy for the energy balance of the SEC. The retail price can
be used to control SEC access to the grid. However, this study
focuses on the P2P energy transactionmechanism; hence, it is
assumed that the retail price is fixed.

B. PROSUMER MODEL
Even as prosumers, players operate as either producers or
consumers in the P2P energy transaction decision-making
process. Therefore, players are defined as producers and
consumers. Accordingly, there are sets of producers (I) and
consumers (J). Let i ∈ I be the index of the ith producer and
j ∈ J be the index of the jth consumer.
The generation and demand of the players are predicted

using forecasting methods, such as renewable generation
forecasting methods [30], [31] and customer baseline load
calculation methods [32], [33]. Forecasting values include
the uncertainty of the forecasting error. Therefore, the actual
generation of the ith producer, gi, and the demand of the jth
consumer, dj, are written as:

gi = ĝi + εi, ∀i ∈ I

dj = d̂j + εj, ∀j ∈ J (1)

where εi and εj are the uncertainty of the forecasting error.
The uncertainty is modeled as a random value in a set of dis-
tributions in the exponential family, such as normal and expo-
nential distributions [11], [34]. In this study, it is assumed that
the uncertainty has the Laplace distribution that is a double-
side exponential distribution [35]:

εk ∼ L(µk ,
√
2/λk ), ∀k ∈ I ∪ J (2)

C. PROFIT MODEL
When the P2P transaction energy eij and price pij between the
ith producer and the jth consumer are determined through the
P2P energy transaction mechanism, the profit of the producer
and the consumer are measured, as follows.

1) PROFIT OF THE PRODUCER
The generated energy by the producer is traded with the
consumer. However, due to the uncertainty of the generation,
additional or insufficient energy is generated that is mis-
matched with the transaction energy. The energy is sold or
purchased on the grid through the SESP. Therefore, the profit
of the producer i when trading with the consumer j, Bij,
is expressed as:

Bij = eijpij︸︷︷︸
BP1

+ [gi − eij]+ps︸ ︷︷ ︸
BP2

+ [gi − eij]−pB︸ ︷︷ ︸
BP3

(3)

where [a]+ = max{0, a} and [a]− = min{0, a}. The profit
in (3) consists of three parts:
• BP1 : Profit as a result of the P2P energy transaction,
• BP2 : Profits from selling extra energy to the grid,
• BP3 : Penalty from buying insufficient energy from the
grid.

Moreover, the net profit of the producer i in comparison to
trading with the grid becomes:

Bneti = Bij − gipS (4)

2) PROFIT OF THE CONSUMER
Similarly to the producer, the consumer is also affected
by mismatching due to the uncertainty of the consumption.
When this is considered the cost of the consumer j when
trading with the producer i, Cji is obtained as:

Cji = eijpij︸︷︷︸
BC1

+ [dj − eji]+pB︸ ︷︷ ︸
BC2

+ [dj − eji]−pS︸ ︷︷ ︸
BC3

(5)

where eji = eij and pji = pij. Each term to the right of (5)
expresses:
• BC1 : Cost incurred as a result of the P2P energy
transaction,

• BC2 : Cost incurred from buying insufficient energy
from the grid,

• BC3 : Profits obtained from selling extra energy to the
grid.

The net profit of consumer j from the P2P energy transac-
tion becomes:

Bnetj = djpB − Cji (6)
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Note that this study assumes that the P2P energy trans-
action consists of one producer and one consumer match-
ing case, i.e., a one-to-one model. However, the model can
be easily extended to a multi-to-multi matching case that
replaces gi and dj with gij and dji,

Bneti =
∑

j∈J

(
Bij − gijpS

)
Bnetj =

∑
i∈I

(
djipB − Cji

)
(7)

and the constraints: ∑
j∈J

gij = gi∑
i∈I

dji = di (8)

The notation used in this study is summarized in Table 1.

TABLE 1. Notation summary.

D. PROBLEM FORMULATION
The goal of the P2P energy transaction in this study is to
maximize the social welfare that aggregates the total profit
of the players while considering profit fairness. The problem
can be formulated as follows:

P0 : max
eij,pij,v

∑
k∈I∪J

Bnetk

subject to Bnetk ≥ ν, ∀k ∈ I ∪ J

ν ≥ 0 (9)

where ν is the fairness constraint.When considering the prob-
lem of (9), for the P2P energy transaction, the P2P transaction
energy eij and price pij between each transaction pair are
determined to achieve this purpose. Through the first con-
straint, the minimum net profit is guaranteed for all players.

This is a restriction to ensure max-min fairness [36]. The
max-min method increases the level of fairness to reduce the
variance of values. The second constraint expresses that all
players achieve a positive net profit through the P2P energy
transaction. This is a condition for the players to participate
in the P2P energy transactions.When the fairness constraint ν
is zero, it has the same meaning as individual rationality that
each player should achieve a non-negative profit to participate
in the P2P energy transaction.

The net profit that is the objective function of the problem
in (9) is a non-convex function due to the [a]+ and [a]−

operations. Moreover, for finding the optimum set of the P2P
transaction pairs, theoretically high computational complex-
ity is required among |I| × |J| [37], and a central controller
that requires information from all players is also needed.
These difficulties create a burden on the implementation of
the P2P energy transaction in a distributed P2P energy market
with low accountability. In this study, effective P2P energy
transaction mechanisms are suggested to deal with these
difficulties.

III. STOCHASTIC PERFORMANCE OF THE P2P ENERGY
TRANSACTION
To design effective P2P energy transaction mechanisms,
the stochastic performance of the players using the P2P
energy transaction is analyzed while considering their uncer-
tainty. This analysis suggests the optimal condition and the
expected profit bound to solve the problem of (9); it is used
to design the P2P energy transaction mechanisms.

A. EXPECT PROFIT FROM THE PLAYERS
When a P2P energy transaction between producer i and con-
sumer j proceeds with eij and pij, the profits of the players are
predicted using the stochastic properties of the uncertainty.

1) PRODUCER’S PROFIT
From (3), the profit of producer i by trading to consumer j is
projected as:

B̂ij = E
{
eijpij + [gi − eij]+pS + [gi − eij]−pB

}
= E

{
eijpij + [ĝi + εi − eij]+pS + [ĝi + εi − eij]−pB

}
= eijpij + E

{
[εi + lij]+

}
pS + E

{
[εi + lij]−

}
pB (10)

where lij = ĝi−eij. In (10), pS and pB are announced from the
grid utilty, eij and pij are determined thorough the P2P energy
transaction mechanism, and ĝi is measured by the generation
forecasting of producer i.

Therefore, if the uncertainty εi has a zero mean with λi,
the expected profit of producer i, B̂ij, can be measured as:

B̂ij = eijpij + [lij]+pS + [lij]−pB − (pB − pS )
1
2λi

e−λi|lij|

(11)

and the expected net profit of producer i, B̂neti , is expressed
as:

B̂neti = B̂ij − ĝipS (12)

The detailed calculations are described in Appendix A.
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2) CONSUMER’S PROFIT
The cost of consumer j by trading to producer i in (5) is
predicted as:

Ĉji = E
{
ejipji + [dj − eji]+pB + [dj − eji]−pS

}
= E

{
ejipji + [d̂j + εj − eji]+pB + [d̂j + εj − eji]−pS

}
= ejipji + E

{
[εj + lji]+

}
pB + E

{
[εj + lji]−

}
pS (13)

where lji = d̂j − eji.
Similar to the case of the producer, assuming that the

uncertainty has a zero mean with λj, the expected cost of
consumer j, Ĉji, can be measured as:

Ĉji = ejipji + [lji]+pB + [lji]−pS + (pB − pS )
1
2λj

e−λj|lji|

(14)

and the expected net profit of consumer j, B̂netj , is shown as:

B̂netj = d̂jpB − Ĉji (15)

The detailed calculations are shown in Appendix B.

B. EXPECTED PAIR PROFIT
The objective in (9) is to maximize the social welfare of the
overall players. It can be converted to the sum of the profits
of all transaction pairs.

From (12) and (15), the expected pair profit of the transac-
tion pair (i, j), B̂(i,j), is measured as:

B̂(i,j) = B̂neti + B̂
net
j

= d̂jpB − ĝipS

+ [lij]+pS + [lij]−pB − (pB − pS )
1
2λi

e−λi|lij|

− [lji]+pB − [lji]−pS − (pB − pS )
1
2λj

e−λj|lji| (16)

The expected pair profit is the sum of the prosumer’s profit
and the consumer’s cost saving. The prosumer’s profit con-
sists of profit from the P2P energy transaction (BP1) and the
extra profit or penalty from the uncertainty of the prosumer
(BP2 and BP3) as shown in (3). Likewise, the cost of the
consumer consists of the cost incurred by the P2P energy
transaction (BC1) and the penalty or the extra profit from the
uncertainty of the consumer (BC2 and BC3) as shown in (5).
The P2P transaction price affects the profit and the cost of
the P2P energy transaction (BP1 and BC1). In (16), due to
the mutual P2P energy transaction profit and the cost offset
between the producer and consumer, the expected pair profit
is isolated from the P2P transaction price pij and is decided
based on the P2P transaction energy eij.
As described in detail in Appendix C, the optimal P2P

transaction energy e∗ij to maximize the expected pair profit
B̂(i,j) is calculated through the derivative of (16), as follows:

e∗ij =
λi

λi + λj
ĝi +

λj

λi + λj
d̂j (17)

This value is a risk balancing point for the producer and
consumer according to the uncertainty that satisfies the fol-
lowing condition:

1
λi
e−λi|lij| =

1
λj
e−λj|lji| (18)

Substituting (17) into (16), the expected maximum pair
profit between producer i and consumer j through the P2P
energy transaction, B̂∗(i,j), is measured as:

B̂∗(i,j)=
pB − pS

2

{
2min(ĝi, d̂j)−

λi + λj

λiλj
e
−

λiλj
λi+λj

|ĝi−d̂j|
}

(19)

In (19), the coefficient (pB− pS )/2 is a systematic parameter
that controls the participation of the P2P energy transaction.
The first term becomes the profit bound due to the imbalance
between production and consumption, and the second term
expresses the profit loss due to uncertainty.

IV. P2P ENERGY TRANSACTION MECHANISM
A. DESIGN RATIONALE
The problem of the P2P energy transaction tomaximize social
welfare while considering profit fairness becomes the deci-
sion of the P2P transaction energy eij and price pij between
the pairs and the fairness constraint ν that is formulated in (9).
However, when the social welfare, which is the total profit

of all players, is converted into total pair profit, the effect
of the P2P transaction price on the social welfare is isolated
due to the P2P energy transaction profit and the cost offset
between the producer and consumer—as described in the
performance analysis of the previous section. The P2P trans-
action price only affects the profit balance for each producer
and consumer pair.

As a result, the social welfare maximization problem is
simplified as a pair matching problem that determines the
P2P transaction energy among the players. The profit fairness
constraint is considered as profit balancing between the pair
by determining the P2P transaction price.

B. CENTRALIZED P2P ENERGY TRANSACTION
MECHANISM
Herein, two centralized P2P energy transaction mechanisms
are suggested. For the central mechanism, the SESP is oper-
ated as a central controller and all players exchange infor-
mation with the controller. As described earlier in the design
rationale, the mechanisms consist of two parts: pair matching
and profit balancing.

1) PAIR MATCHING
When the producer and consumer match, the expected max-
imum pair profit is determined by (19) through the optimum
P2P transaction energy of (17). Therefore, the pair matching
problem to maximize the social welfare is expressed as:

P1 : max
(i,j)

∑
(i,j)∈(I,J)

B̂∗(i,j) (20)
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This problem is a mixed-integer problem with 0-1 binary
decision variables, so it can be solved through iterative
algorithms by relaxing variables such as branch-and-bound
procedures [38].

Moreover, to reduce the complexity, the expected max-
imum pair profit, which is the objective function in (20),
is approximated as:

B̂∗(i,j) ≤ (pB − pS )min(ĝi, d̂j)

∝ min
(
ĝi, d̂j

)
= B̃(i,j) (21)

caused by λi+λj
λiλj

e
−

λiλj
λi+λj

|ĝi−d̂j|
≥ 0. Therefore, the second pair

matching problem is presented as:

P2 : max
(i,j)

∑
(i,j)∈(I,J)

B̃(i,j) (22)

The problem in (22) is solved in a similar fashion to (20).
However, it only uses the generation and demand forecasting
information without its uncertainty characteristics. There-
fore, it can reduce not only the information exchange between
the controller and the players but also the computational
complexity.

2) PROFIT BALANCING
When the pairs match, the profits between the pairs are
balanced by controlling the P2P transaction price while con-
sidering profit fairness. To achieve profit fairness, the profit
between the producer and consumer pair is equally balanced,
as follows:

B̂neti = B̂netj = 0.5B̂∗(i,j) (23)

In this study, the max-min fairness is considered to be the
maximized value of the minimum player. This is a weak
fairness constraint that guarantees the worst profit player.
However, without the loss of social welfare, the profit balanc-
ing simply satisfies the profit fairness between the producer
and consumer pair.

In the proposed mechanisms, using the analysis discussed
in Section III, the producer and consumer pair is matched by
those who have similar demand and generation characteris-
tics for maximizing the pair benefit. The transaction price
is determined to balance the profit between the pair. If the
number of players is sufficient tomatch the pair with the same
characteristics, the transaction price is decided by the uniform
price, that is, the median price between the price to sell to the
grid of the producer and to buy from the grid of the consumer.

C. DECENTRALIZED P2P ENERGY TRANSACTION
MECHANISM
Although the problem is simplified by the approximation of
the objective function, a set search in |I| × |J| is needed to
operate the centralized P2P energy transaction mechanisms.
Moreover, the central controller requests information from all
the players. Information, especially on demand, can create
security and privacy concerns.

By exchanging information between the players without a
central controller, the decentralized P2P energy transaction
mechanism can be designed as follows.

Decentralized P2P Energy Transaction Mechanism
Initialization
1. Set the player set I and J.
2. Broadcast (ĝi, λi) from producer i ∈ I.
P2P energy transaction matching
3. do while I 6= ø and J 6= ø
4. Each consumer j ∈ J

5. Select k ← argmaxk∈IB̂
∗

(k,j).
6. Send the request to transaction (RTT) with B̂∗(k,j) to
producer k .
7. Each producer i ∈ I

8. Check the RTT and select l ← argmaxl∈Ji B̂
∗

(i,l) where
Ji is the consumer set sent from RTT to i.
9. Send the confirmation to the transaction (CTT) to
consumer l.
10. Update the player sets
11. I← I− {k} and J← J− {l}.
12. end do

In this decentralized P2P energy transaction mechanism,
each consumer requests the P2P energy transaction pairing
to the prosumer to maximize the expected pair profit using
the broadcasting information of prosumers and its own infor-
mation. The prosumer confirms the pair matching to the
consumer for whom the expected pair profit is the great-
est among the consumers that sent the request. Therefore,
the mechanism is a one-by-one method in which one or more
transaction pairs are matched in one process. This mech-
anism has a linear computational burden of max (|I| , |J|).
In this decentralized mechanism, the expected pair profit is
exchanged between the players without detailed information.
Therefore, the security and privacy problems are alleviated.
For amore efficient implementation of themechanism, a clear
timer can be used as the lifetime of the RTT/CTT signal,
which is similar to the information exchange procedures such
as IEEE 802.11 RTS/CTS [39]. The player set update as
presented in line 10 and 11 is also replaced by a determined
market time when the mechanism is implemented in the real
world.

The signal flow of the decentralized P2P energy transaction
mechanism is expressed in Figure 2.

V. NUMERICAL RESULTS
The uncertainty of the generation in the producer and the
demand in the consumer causes a loss of profit as shown
in (19). Therefore, the ideal case without uncertainty such as
1/λk = 0,∀k ∈ I ∪ J is the maximum performance bound
of the pair profit. Considering the profit balancing between
the producer and consumer, the profit bound of the players
becomes:

B̂∗neti = B̂∗netj ≤
(pB − pS )

2
min(ĝi, d̂j) (24)
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FIGURE 2. Signal flow of the decentralized P2P energy transaction mechanism.

Assuming that the player set is large enough, all play-
ers asymptotically have the unit profit bound (UPB),
as follows:

Unit Profit Bound =
(pB − pS )

2
[$/kWh] (25)

The characteristics that affect the profit are the generation
and demand forecasting and its uncertainty, as shown in (19).
Therefore, the profit is expressed as a relative value. The
relative demand is the demand ratio over generation forecast-
ing, i.e. d̂j/ĝi. The relative λi and λj, i.e. λ̃i and λ̃j, are the
values that make the standard deviation of the uncertainty of
the generation and demand forecasting to be x% of the fore-
casting values, respectively. It expresses the value of using
the mean absolute percentage error (MAPE) as a forecasting
performance indicator [30].

Figure 3 shows the achievement ratio of the UPB according
to the change of the player’s characteristics with pB = 0.15
and pS = 0.10. Figures 3(a) and 3(b) illustrate the UPB
achievement ratio when λ̃i is set as 5% and 15%, respectively.
As shown in the figures, the maximum achievement ratio
is obtained when the generation and demand are balanced,
such as the relative demand when it becomes 1. Moreover,
the result shows that the profit is highly related to matching
the size of the generation and demand rather than their uncer-
tainty. As the mismatching between generation and demand
increases, the influence of the uncertainty decreases by the
exponential term in the second part of (19). When generation
and demand is balanced, the uncertainty is mainly affected.
In this case, the uncertainty affects the UPB achievement.
For example, to obtain the 90% UPB achievement ratio,
the prosumers with λ̃i = 5% and λ̃i = 15% should
match the consumers with λ̃j = 23% and λ̃j = 13% in
Figures 3(a) and 3(b), respectively. Finally, when the relative
demand is less than 1, the UPB achievement decreases more
in comparison to the case when the relative demand is greater
than 1. The first part of (19) is responsible for this effect.
Therefore, the players can selfishly choose those with fore-
casting values that are greater than theirs for a stable profit.

FIGURE 3. Unit profit bound achievement ratio according to the change
of the player’s characteristics. The relative λi and λj , i.e., λ̃i and λ̃j , are
the values that create the mean absolute percentage error (MAPE) of the
generation and demand forecasting uncertainty, which is x%, respectively.

VI. CASE STUDY
To verify the effectiveness of the proposed mechanisms,
the performance of the P2P energy transaction mechanisms
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is measured and the effect of the characteristics of the players
is discussed. The results are compared to the optimal perfor-
mance by solving the problem P0 in (9) that requires perfect
information, including future information.

This study considered the experimental environment pre-
sented in [11]. The daily energy transaction is considered to
be a player trading energy within the same pair for a day. The
transaction is measured every half hour. The buying and sell-
ing price to the grid is assumed to be pB = 0.12 $/kWh and
pS = 0.08 $/kWh, which are the average electricity prices
in USD [40]. The average daily demand and the uncertainty
of the players is uniformly distributed in a specific range
depending on the case. For the player sets, eight producers
and consumers were considered, but the case for varying the
set size is also described. The performances are calculated by
averaging the results over 1,000 days.

A. PERFORMANCE
Table 2 shows the performance of the average unit profitwhen
applying the proposed P2P energy transaction mechanism,
P1, P2, and the decentralized method, as well as the optimal
solution of the problem P0. Based on statistics from the U.S.
Energy Information Administration [40] and the accuracy of
the forecasting methods [30]–[33], the average daily demand
and relative λj of the reference case were set to 30 kWh
and 15%, respectively. It was assumed that the producer
had the same characteristics as the consumer, except for the
demand imbalance case.

TABLE 2. Average Unit Profit [¢/kWh].

In the reference case, the results applying the proposed
mechanisms achieved more than 87% of the UPB, which

was 2 $/kWh, and they had less than a 1% performance gap
in comparison to the optimal solution of P0. By increasing
the uncertainty that was presented in the high uncertainty
case, the UPB achievement was reduced to approximately
81%. However, the performance gap of the proposed mecha-
nisms was still less than 1%. In the demand imbalance case,
the UPB achievements of the proposed mechanisms were
approximately 64%. However, the numerical UPB achieve-
ment bound in this case was 65.3% (Figure 3(b)). This veri-
fied that the proposed mechanisms were well designed, and
that they worked effectively.

By comparing the results of applying P1 and P2, an identi-
cal performance was observed. As discussed in the previous
numerical results section, this showed that the profit was
highly related to the matched energy quantity rather than
its uncertainty. The decentralized mechanism had a lower
performance than the centralized mechanisms of P1 and P2.
This was because the decentralized mechanism could select
a local maximum solution. The characteristics of the results
are discussed in the next section.

Even with a slight performance degradation, the decentral-
ized mechanism benefits in terms of computational complex-
ity. The centralized methods of P1 and P2 are solutions of
a mixed-integer problem with 0-1 binary decision variables.
Therefore, the centralized methods require a computational
complexity of O( |I| × |J|) for archiving the solution. How-
ever, the decentralized method needs a computational com-
plexity of O( max (|I| , |J|)) to solve the problem because the
method matches the prosumer and consumer using a one-
by-one method. Therefore, in the case of the centralized
mechanisms, the computational complexity increased in the
form of a square based on the size of the player sets, but in
the case of the decentralized mechanism, it increases linearly.

Figure 4 shows the profit achievement related to the size
of the player sets for the reference case. The black line is the
solution of the optimal problem P0 using the perfect informa-
tion, including future information. The blue line with a circle
and the red line with a diamond are the results obtained when
applying the proposed centralized mechanisms of P1 and P2,
and the dashed purple line with a square is the solution of
the proposed decentralized mechanism. Random matching
represented by the dash-dot lines is a result of performing the
pair matching randomly. The optimal exchange is the case
where the optimal value of (17) is used as the P2P transaction
energy, and the equal exchange is the case where the average
value of the generation and demand forecasting is used.

By increasing the size of the player sets, the UPB achieve-
ment ratios that apply the optimal and proposed mechanisms
also increased, as shown in Figure 4(a). This is because as
the size increases, the multi-user diversity gain is enhanced,
and the performance approaches the UPB [41]. However,
in the case of randommatching, since the multi-user diversity
gain cannot be obtained, the performance converges even
if the size increases. Similarly, the decentralized mecha-
nism has less multi-user diversity gain; therefore, the opti-
mal gap slightly increases as the size increases as shown
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FIGURE 4. Comparison of the profit achievement with a varying player set
size.

in Figure 4(b). However, the optimal gap of the decentralized
mechanism is maintained when it is less than 1%. In addition,
the UPB achievement gap between the proposed mecha-
nisms and the method using random matching was approx-
imately 3%, and it was approximately 0.5% between the
optimal exchange case and the equal exchange case. This was
because the P2P transaction energy was coarsely determined
through pair matching and it was finely adjusted in the actual
exchange.

To satisfy the fairness constraint, the Jain’s fairness index
is measured [42]:

F =
(E
{
Bneti

}
)2

E
{
(Bneti )2

}
In all cases that apply the proposed P2P energy transaction
mechanisms, the fairness index was 0.97, which was the same
as the optimal case. Since the Jain’s fairness index is 1 for
the best fairness, this indicates a very high degree of fairness.
When using the uniform price as the median price between
the selling price to the grid and the buying price from the
grid, the fairness index increased from 0.93 to 0.95 with an

increasing number of pairs—from 4 to 16—in the reference
case. In the reference case, the players had similar character-
istics; hence, the pair was well matched. Therefore, even if
using the uniform price, the profit was allocated fairly. It can
also be seen that the fairness index improved as the number of
pairs increased. However, in the imbalance case, the fairness
index was reduced to 0.74 when using the uniform price. This
suggests that profit balancing is required by controlling the
transaction price.

B. CHARACTERISTICS
As described in the previous numerical results section,
the performance of the P2P energy transaction is related to the
relative characteristics between the players. This section dis-
cusses how the relative characteristics are determined through
the P2P energy transaction mechanisms. In Figures 5 and 6,
the black dashed line, the blue line with a circle, and the
red line with a square express the results using the optimal
solution, the proposed central solution, and the proposed
decentralized solution, respectively. Because the two central
solutions using P1 and P2 have similar results, the result from
P1 is shown as the central solution.
Figure 5 shows the characteristics of the players using the

P2P energy transaction as the reference case. The reference
case is a demand balanced environment, in which the rel-
ative demand becomes 1 on average. Therefore, as shown
in Figure 5(a), in the case of the optimal and central solutions,
players are matched with the highest probability that the rel-
ative demand is close to 1 through the P2P energy transaction
mechanisms. In particular, the central solution matches with
a higher probability than the optimal solution, in which the
relative demand of the transaction pair is 1. The optimal solu-
tion matches the transaction pairs while considering the per-
fect information—which includes the future information—
however, the central solution only has stochastic information.
Therefore, the central solution is more biased to demand
balancing, which is a dominant factor to determine the profit.
In the case of a decentralized solution, the highest proba-
bility point matched the transaction pairs, and the relative
demand was less than 1. In the proposed decentralized P2P
energy transaction, the customers first chose the producers.
Therefore, the customers selfishly selected the producers,
which generated a value that was larger than their demand
to mitigate the risk using the uncertainty. However, the con-
sumer who was not selected by the producer was matched to
a high relative demand, as shown by the probability, which
had a 1.4–1.6 relative demand range. Figure 5(b) shows the
effect of the uncertainty through the P2P energy transaction
mechanisms. At an average value of 30%, most of the trans-
action pairs were constructed, and there was little difference
between the results using the mechanisms in the reference
case.

Figure 6 shows the characteristics of the players using
the P2P energy transaction for the demand imbalance case.
In this case, the relative demand was 1.5 on average.
Therefore, as shown in Figure 6(a), the optimal solution
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FIGURE 5. Characteristics of the players using the P2P energy transaction
as the reference case.

matched the transaction pairs, which was close to 1.5.
However, the proposed central and decentralized solutions
matched the transaction pairs with a similar probability via
a relative demand range from 1–1.5. The proposed P2P
energy transaction mechanisms used imperfect information;
thus, the results were biased toward demand balancing to
achieve the maximum profit. Moreover, the optimal solution
in Figure 6(b) reduced the variance of the transaction pair
uncertainty in comparison to the results shown in Figure 5(b).
However, the proposed central and decentralized solutions
shown in Figure 6(b) exhibited similar results to Figure 5(b)
since the relative λ is the same in the reference case and
the demand imbalance case. These differences in the charac-
teristic analysis created an optimal gap between the optimal
solution and the proposed solutions. The results suggest that
the proposed P2P energy transaction mechanisms was less
adaptive than the optimal method. However, the proposed
mechanisms demonstrated a similar trend to the optimal
method in most cases and exhibited only a slight difference
in performance.

FIGURE 6. Characteristics of the players using the P2P energy transaction
as the demand imbalance case.

FIGURE 7. Real demand properties.

C. PRACTICAL CASE
For more practical results, we ran simulations using the sam-
ple data sets from demand profiles of wind generation and
building loads presented in [11]. The generation data were
collected from the Bonneville Power Administration (BPA),
United States Department of Energy [43], and the building
load data were recorded as part of the Korea Micro Grid
Energy Project (K-MEG) [44]. The statistical properties of
demand are shown in Figure 7. The performance was aver-
aged based on the results over 30 days with eight producer
and consumer sets.
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TABLE 3. Average Unit Profit [¢/kWh].

In Table 3, the performance of the average unit profit using
real data when applying the proposed P2P energy transaction
mechanisms, P1, P2, and the decentralized method, as well as
the optimal solution of the problem P0, is shown. It exhibits
the same trend as that of the ideal case. The optimal gap was
slightly increased because the characteristics of demand and
load were imbalanced. However, the gap was less than 2%.
This confirms that the proposed mechanisms work well.

VII. CONCLUSION
In this study, we focused on the P2P energy transaction prob-
lem for social welfare maximization while considering the
profit fairness between transaction pairs. First, we analyzed
the stochastic performance of the P2P energy transaction.
The key finding of the stochastic performance analysis was
that the social welfare using the P2P energy transaction was
maximized when a prosumer and consumer with similar
characteristics were matched. The analysis also showed that
the P2P energy transaction problem can be decomposed into
two parts: pair matching to maximize the pair profit and
profit balancing between the matched pair. When converting
the P2P energy transaction problem to the pair matching
problem, the P2P transaction price was decoupled from the
matching problem due to the P2P energy transaction profit
and cost offset between the producer and consumer. The-
oretically, the optimal P2P transaction energy to maximize
the pair profit and P2P transaction price to satisfy the profit
fairness between the matched pair are suggested. Using these
findings, we proposed two centralized mechanisms and one
decentralized mechanism for the P2P energy transaction.
We showed, empirically, that the proposed mechanisms per-
formed closely to the optimal solution that was required for
perfect information, i.e., within 0.5% of the optimal gap for
the centralized mechanisms and within 1% of the optimal gap
for the decentralized mechanisms, respectively. In addition,
we discussed the relationship between the performance of the
P2P energy transaction and the characteristics of the matched
pairs and demonstrated that it was primarily related to the
relative demand between the producer and the consumer. The
theoretical performance analysis of the P2P energy transac-
tion and the discussion of the relationship suggest a guide to
design the P2P energy transaction.

This paper proposed not only the P2P energy transaction
mechanisms but also the operational signal. However, for
the practical implementation of the proposed mechanisms,

additional considerations are required. With regard to the
utility, grid constraints such as transaction capacity and con-
gestion could be considered. With regard to the P2P energy
transaction system, additional attention could be given to
settlement of the service fee.

APPENDIX
A. EXPECTED PROFIT OF THE PRODUCER
The expected profit of producer i to consumer j by the P2P
energy transaction with eij and pij in (10) is rewritten as:

B̂ij=E
{
eijpij + [gi − eij]+pS + [gi − eij]−pB

}
=E

{
eijpij + [ĝi + εi − eij]+pS + [ĝi + εi − eij]−pB

}
= eijpij + E

{
[εi + lij]+

}
pS + E

{
[εi + lij]−

}
pB,

= eijpij+pS

∫
∞

0
(x+lij)fεi (x)dx+pB

∫ 0

−∞

(x+lij)fεi (x)dx,

(26)

where lij = ĝi − eij and fεi (x) is the probability distribution
function (PDF) of the uncertainty εi. In this study, the uncer-
tainty is assumed to be a random variable that has a Laplace
distribution with a zero mean and λi. Therefore, the PDF of
εi becomes:

fεi (x) =
λi

2
e−λi|x|. (27)

Applying the PDF of (27), each term of (26) is calculated
as:

pS

∫
∞

0
(x + lij)fεi (x)dx

=


pS lij + pS

1
2λi

e−λilij , for lij ≥ 0,

pS
1
2λi

eλilij , for lij < 0,
(28)

and:

pB

∫ 0

−∞

(x+lij)fεi (x)dx=


−pB

1
2λi

e−λilij , for lij ≥ 0,

pBlij − pB
1
2λi

eλilij , for lij < 0.

(29)

As a result, the expected profit of producer i is summarized
as:

B̂ij = eijpij + [lij]+pS + [lij]−pB − (pB − pS )
1
2λi

e−λi|lij|,

(30)

and the expected net profit of producer i is calculated as:

B̂neti = B̂ij − E {gipS} ,
= B̂ij − ĝipS . (31)
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B. EXPECTED PROFIT OF THE CONSUMER
The expected cost of consumer j by trading to producer i
in (13) is predicted as:

Ĉji=E
{
ejipji + [dj − eji]+pB + [dj − eji]−pS

}
=E

{
ejipji + [d̂j + εj − eji]+pB + [d̂j + εj − eji]−pS

}
= ejipji + E

{
[εj + lji]+

}
pB + E

{
[εj + lji]−

}
pS

= ejipji+pB

∫
∞

0
(x+lji)fεj (x)dx+pS

∫ 0

−∞

(x+lji)fεj (x)dx,

(32)

where lji = d̂j − eji and fεj (x) is the PDF of the uncertainty εj
with a zero mean and λj.
Similarly to the producer case, each term in (32) is calcu-

lated as:

pB

∫
∞

0
(x + lij)fεj (x)dx = [lji]+pB + pB

1
2λj

e−λj|lji|, (33)

and:

pS

∫ 0

−∞

(x + lji)fεj (x)dx = [lji]−pS − pS
1
2λj

e−λj|lji|. (34)

Therefore, the expected cost of consumer j is summarized
as:

Ĉji = ejipji + [lji]+pB + [lji]−pS + (pB − pS )
1
2λj

e−λj|lji|,

(35)

and the expected net profit of consumer j is presented as:

B̂netj = E
{
djpB

}
− Ĉji,

= d̂jpB − Ĉji. (36)

C. THE OPTIMUM e∗ij TO MAXIMIZE THE EXPECTED PAIR
PROFIT
The expected pair profit (16) is expressed as:

B̂(i,j) = B̂neti + B̂
net
j

= d̂jpB − ĝipS
+
(
[lij]+ − [lji]−

)
pS +

(
[lij]− − [lji]+

)
pB

− (pB − pS )
{

1
2λi

e−λi|lij| +
1
2λj

e−λj|lji|
}
. (37)

To obtain the optimum P2P transaction energy eij, it is
differentiated as follows:

∂B̂(i,j)
∂eij

=



(pB−pS )−
(pB−pS )

2

{
e−λilij+e−λjlji

}
,

for lij≥0, lji≥0, (38a)

−(pB−pS )+
(pB−pS )

2

{
eλilij+eλjlji

}
,

for lij≤0, lji≤0, (38b)

−
(pB − pS )

2

{
e−λilij − eλjlji

}
, for lij≥0, lji≤0, (38c)

(pB − pS )
2

{
eλilij − e−λjlji

}
, for lij≤0, lji≥0. (38c)

For the cases of (38a) and (38b), the optimum value should
satisfy the condition:

e−λi|lij| + e−λj|lji| = 2. (39)

The condition is only satisfied when:

lij = lji = 0, (40)

because e−λi|lij|, e−λj|lji| ≤ 1,∀i ∈ I , j ∈ J .
For the cases of (38c) and (38d), the condition to achieve

the optimum value is expressed as:

e−λi|lij| = e−λj|lji|, (41)

and it is rewritten as:

λi|lij| = λj|lji|. (42)

The condition in (42) includes the condition of (40).
As a result, using the condition of (42), the optimal trans-

action energy e∗ij is measured as:

e∗ij =
λi

λi + λj
ĝi +

λj

λi + λj
d̂j. (43)

The solution is from the condition of (41) that consists of
two strictly decreasing functions bounded by (0,1). There-
fore, the optimal solution of (43) is the unique solution to
maximize the expected pair profit in (37) [45].
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