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Abstract—This paper presents a scalable mechanism for peer-
to-peer (P2P) energy trading among prosumers in a smart grid.
In the proposed mechanism, prosumers engage in a non-mediated
negotiation with their peers to reach an agreement on the price
and quantity of energy to be exchanged. Instead of concurrent
bilateral negotiation between all peers with high overheads, an
iterative peer matching process is employed to match peers
for bilateral negotiation. The proposed negotiation algorithm
enables prosumers to come to an agreement, given that they
have no prior knowledge about the preference structure of their
trading partners. A greediness factor is introduced to model the
selfish behavior of prosumers in the negotiation process and
to investigate its impact on the negotiation outcome. In order
to recover the costs related to power losses, a transaction fee
is applied to each transaction that enables the grid operator
to recover incurred losses due to P2P trades. The case studies
demonstrate that the proposed mechanism discourages greedy
behavior of prosumers in the negotiation process as it does not
increase their economic surplus. Also, it has an appropriate
performance from the computation overheads and scalability
perspectives.

Index Terms—Decentralized algorithm, market design, multi-
issue negotiation, peer-to-peer market, prosumer, smart grids,
transaction fee.

I. INTRODUCTION

A. Motivation and Problem Statement

THE transition from centralized to decentralized electricity
networks has been accelerated in recent years. This has

facilitated by fast deployment of distributed energy resources
(DER), in line with grid modernization, initiated by the recent
advances in information and communication technology. As
a part of this transition, customers are becoming prosumers,
proactive players who can manage their flexible resources in
response to market signals [1]. Existing market paradigms do
not facilitate the active participation of prosumers in energy
markets. Hence, new liberalized market structures are needed
to pave the path for the prosumers participation in energy
markets. Within this context, new market structures have been
proposed in recent studies to incorporate prosumers in energy
trading through local transactive markets [2], and peer-to-peer
(P2P) energy trading [3].
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P2P energy trading offers several advantages to prosumers
including autonomy, their ability to express individual pref-
erences, and a competition in a transparent market [4]. In
the P2P trading, it is preferred to settle bilateral energy
trade transactions through direct negotiation of peers with
the minimum possible influence from a third party, while
trading peers have no prior knowledge of the preferences of
other peers [5]. There are several challenges in designing an
appropriate mechanism for P2P trading of prosumers. At first,
P2P trading incorporates a large number of prosumers with
various and even conflicting interests. Hence, it is important
to develop a fair and scalable negotiation mechanism that
enables prosumers to participate in the market based on their
preferences, without revealing their private information to a
third party. Secondly, a challenge when implementing P2P
markets is related to dealing with power losses in energy
trading. Indeed, transactions between seller and buyer pro-
sumers inevitably determine power losses, which entail an
extra energy amount and cost that must be recovered by either
the grid operator or each market player [6]. Hence, the aim
of this paper is to address the aforementioned challenges by
designing a fair and scalable negotiation mechanism for P2P
energy trading between prosumers considering power losses
in the transactions.

B. Related Works

Mechanism design for P2P energy trading has been re-
ported in several recent works. According to the adopted
technical approach for designing the market scheme, existing
P2P energy trading methods can be divided in three groups
namely, auction-based, game theory, and optimization-based
[5]. In auction-based methods, market players participate in
the market by submitting their offers/bids to an auctioneer
[7]–[9]. Game theory can be used to model behavior and
decisions of market participants through cooperative and non-
cooperative games [10], [11]. Optimization-based approaches
model the P2P trading as an optimization problem, which
can be solved using different optimization techniques, such
as consensus methods [12], and alternating direction method
of multipliers (ADMM) [13].

In terms of the negotiation mechanism, the methods pro-
posed in the literature can be divided into two categories
based on the interaction of market participants; mediated and
non-mediated negotiations [14]. In a mediated negotiation, a
non-biased mediator facilitates the negotiation between market
participants, while in a non-mediated negotiation, market
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participants directly negotiate with each other. The mediated
negotiation forms as a many-to-one negotiation between pro-
sumers and a third party. Morstyn et al. [15] proposed a
bilateral contract network for P2P energy trading, which is de-
signed based on many-to-one negotiation between prosumers
and a supplier as an intermediary between the generators
and the prosumers. In [16], a virtual agent is introduced as
an intermediator on behalf of all prosumers to proceed the
negotiation with an aggregator. Zhang et al. [17] employed
a unilateral auction mechanism for P2P trading, in which a
market operator is the mediator of the negotiation and con-
structs the P2P matching between producers and consumers.
In [18], a non-profit platform is considered as a tool for the
communication and negotiation of energy buildings within a
community. However, decentralized implementation of P2P
trading requires an algorithm for market settlement, which
can be executed with the least influence from a third party.
In the mediated methods, prosumers need to negotiate with
a third party, instead of direct negotiation with their peers,
which can raise scalability issues and may affect the fairness
of the negotiation process.

The non-mediated negotiation is another type of negotia-
tions, which can be formed as a many-to-many negotiation
between all prosumers, or as a one-to-one negotiation between
a seller and a buyer prosumer. Many-to-many negotiation
requires a full P2P communication network which allows all
agents to concurrently negotiate on their actions in the market.
In [12], a P2P market structure based on a multi-bilateral
economic dispatch formulation is presented, which enables
prosumers to directly negotiate with each other for multi-
bilateral trading. The peer-centric configuration in [19] and
the fully decentralized market structure proposed in [20] are
other examples of a P2P trading platform with many-to-many
negotiation. However, this type of negotiation results in sig-
nificant computational and communication overheads. In order
to reduce the computation and communication complexities
of the negotiation mechanism, decomposition techniques can
be used to decompose the negotiation problem into several
concurrent negotiations. The P2P frameworks in [21] and [22]
employ the one-to-one negotiation as the negotiation strategy,
in which prosumers engage in bilateral negotiations with peers
to mutually agree on the energy quantity and price in the
transactions. Nonetheless, designing a negotiation mechanism
with a low computational complexity is a challenging task due
to barriers in achieving a fair market outcome considering
the greediness of prosumers. To that end, we propose an
iterative peer matching process that decomposes the negoti-
ation mechanism into several concurrent negotiations among
seller and buyer prosumers taking into account their offers and
greediness.

In resolving the challenges associated with grid-related
aspects of P2P trading, several works employ the concept of
transaction fee for trades in P2P markets to recover the costs
incurred due to the energy transactions [8], [9], [13], [19], [23],
[24]. In [8], a methodology based on the sensitivity analysis
is presented to assess the impact of each trade on the network
and to allocate additional costs associated with the network
constraints to the users involved in the transaction. The power

transfer distribution factor (PTDF) is used in [9] to calculate
the transaction fee to avoid line flow congestion in bilateral
trades. Baroche et al. [23] consider the electrical distance
between zones as the base for transaction fee calculation.
In [24], PTDF is employed to calculate the transaction fee,
which needs to be paid by the energy buyers. The works in
[9], [23], [24] only consider the distance in the transaction
fee calculation and neglect the cost incurred to the network
by power losses. The distribution locational marginal price
(DLMP) is utilized in [13] and [19] for grid utilization
charge calculation in P2P trades. However, in these works, the
transaction fee is not used during the peer matching process,
but it has been used during the negotiation to adjust prosumers’
offers in the market. The calculation of the transaction fee at
each iteration increases the computational complexity of the
mechanism and may cause the market settlement to take a
longer time.

Accordingly, in this paper a transaction fee, calculated based
on power losses, is employed that enables the grid operator to
recover the losses due to the P2P transactions. The transaction
fees are estimated and sent to prosumers before the peer
matching process. The transaction fee calculation does not
need to occur at each iteration of the negotiation, which
consequently avoids increasing the computational complexity
of the mechanism.

C. Contributions and Organization of the Paper

This paper proposes a new method for the peer match-
ing and negotiation of prosumers for P2P energy trading,
where prosumers greedily participate in the market and try
to maximize their economic surplus. The proposed method
has two main steps, namely, peer matching and negotiation.
At the beginning of the market, prosumers advertise their
energy by submitting their offers to a public database. After
reading offers from the database, prosumers select their trading
partners by directly exchanging information with them in the
peer matching process. Then, in the negotiation step seller
and buyer prosumers directly negotiate with each other to
reach agreement on the price and quantity of energy to be
exchanged. For the negotiation, a mechanism is presented that
guarantees a stable outcome acceptable by both parties. The
transaction fee is defined based on the impact of each trade
on the network power losses and is used in the peer matching
process to incentivize prosumers to prioritize their trades based
on their impact on the grid. The main contributions of this
paper are following:

- We propose a new method for P2P energy trading among
prosumers, which allows them to select their trading part-
ners, and negotiate directly with them without any third-
party intervention. The results of the proposed method
are compared with the case of a centralized market
settlement, and the decentralized methods with many-to-
many negotiation.

- We design a non-mediated negotiation algorithm that
is remarkably computationally-efficient as it does not
require peers to directly solve an optimization problem
at each iteration. Also, the greedy behavior of prosumers
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in the negotiation is analyzed to evaluate how greediness
can affect prosumers’ surplus in the market.

- We define a transaction fee which enables the grid
operator to recover the costs related to power losses in
P2P transactions. This fee is utilized in the peer matching
process to incite prosumers to select their trading partners
based on the impact of their trades on the grid.

The rest of this paper is organized as follows: Section II
presents the problem formulation; Section III describes market
settlement algorithm, including the peer matching process, and
the negotiation approach; Section IV provides the case studies
and discusses the results. Finally, conclusions are summarized
in Section V.

II. PROBLEM FORMULATION

A. Assumptions

A distribution system is considered with an electrical and
a communication network. The considered electrical network
is a radial distribution network G(B,L), consisting of a set of
nodes with index b ∈ B and a set of lines with index l ∈ L
connecting these nodes. Prosumers and the grid operator have
two-way communication facilities and communicate through
an appropriate communication platform. Different types of
communication architectures can be employed for P2P trading,
such as structured, unstructured, and hybrid architectures [25].
The adopted architecture should fulfill a set of performance
metrics including latency, reliability, throughput, and security1.
We consider a structured communication graph, such that
each prosumer is able to negotiate with any other prosumer.
However, the proposed method can be employed for the
systems with the incomplete communication graph, in which
the communication for information exchange is restricted to a
preassigned communication graph. Blockchain and distributed
ledger technologies can be used as the platform for informa-
tion exchange in the communication layer [26], [27]. Each
prosumer has the capability to negotiate, accept, and reject
other prosumers’ offers based on its preferences. Any accepted
offer becomes the prosumer’s commitment, which needs to
be delivered through the electrical network. The market is a
forward market, in which prosumers negotiate on the trade for
the next time interval.

B. Market Objective

Let N be the set of prosumers in the market. At each time
interval, prosumers participate in the market to trade power pn
with their peers. The aim of the market settlement is to find
the optimal energy dispatch among prosumers such that their
total economic surplus is maximized. Hence, the optimization
problem can be modeled as

max
pn

∑
n∈N

En(pn) (1a)

s.t. pn =
∑
m

pnm (1b)

1These performance metrics are defined in IEEE 1547.3-2007 for commu-
nication networks for integrating DER applications into power networks.

p
n
≤ pn ≤ pn (1c)

pnm + pmn = 0, ∀n,m ∈ N (1d)

pnm ≥ 0, ∀n ∈ NS (1e)

pnm ≤ 0, ∀n ∈ NB (1f)

where, En is the economic surplus of prosumer n. Prosumers
participating in the P2P market are divided into two subsets
NS and NB indicating seller and buyer prosumers, respec-
tively. Prosumer n is a seller (n ∈ NS) if pn > 0, and is
a buyer (n ∈ NB), if pn < 0. The sum of trades indicates
the total generated/consumed power by the prosumer as in
(1b), where m is index of any trading partner of prosumer n.
It is assumed that prosumers have a range of flexibility for
the power they want to trade in the market, as in (1c). Eq.
(1d) imposes demand-supply constraint in each transaction.
From the market design point of view, the aim is to design a
market settlement mechanism, which allows the prosumers to
negotiate with their peers, without any intervention of a third
party in the negotiation process, to reach an agreement on the
quantity and price of energy in each trade, while maximizing
their economic surplus.

C. Prosumer Model

We consider a nonexclusive model for the prosumers, such
that each prosumer can be equipped with different types of
DER, and is able to manage the optimal set points of its assets,
i.e. PV, storage and flexible loads. Prosumers are assumed to
be economically rational who try to maximize their individual
economic surplus through participating in P2P trading, either
as a seller or a buyer. The economic surplus of each prosumer
can be modeled by

En(pn) =
∑
m

λ̂nmpnm −
1

2
αnp

2
n − βnpn, (2)

where, αn, βn > 0 are two constants representing cost (utility)
of prosumer, and λ̂nm is the perceived per unit price of energy
for the trade between prosumer n and m. This price indicates
the final profit/cost of the prosumer in the market after paying
the costs related to each transaction, i.e.

λ̂nm =

{
λnm − τnm, n ∈ NS
λnm + τnm, n ∈ NB

(3)

where λnm is the energy price in transaction between pro-
sumer n and m, and τnm is the transaction fee paid by the
prosumer n to the grid operator for recovering costs of power
losses related to their trade. In (2), the first term refers to the
received/paid money by the seller/buyer prosumer, while the
second and third terms represent the generation cost for the
seller prosumer, and willingness to pay for the energy of the
buyer prosumer. For a seller prosumer, these terms reflect the
cost of producing the power pn, whereas for a buyer prosumer,
these terms reflect the negative amount the buyer is willing to
pay for the power |pn|. More details on the modeling of cost
(or willingness to pay) function can be found in [28].
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Fig. 1. Flowchart of market settlement algorithm.

Each prosumer tries to maximize its economic surplus
individually. From the first and second order derivatives of
(2) we have

∂En(pnm)

∂pnm
= λnm ± τnm − αnpn − βn = 0 (4a)

λnm = αnpn + βn ± τnm (4b)

∂2En(pnm)

∂p2nm
= −αn < 0. (4c)

Equation (4b) indicates the marginal (reservation) price of
each prosumer at a given power pn. For each seller prosumer,
λnm obtained from this equation gives the minimum price
that the seller is willing to accept to sell its energy, while
for a buyer prosumer this price denotes the maximum price
the buyer is willing to pay for the energy. Therefore, this
equation will be used by the sellers and buyers to determine
the minimum/maximum price that seller/buyer is willing to
accept/pay for the power. However, prosumers may want to
participate in the market using a different strategy rather
than using their marginal cost/benefit function to increase
their economic surplus. Hence, we define a greediness factor
(g > 0), which will be used by prosumers to change their
bidding strategy. For the sake of notational brevity, we use
indices i and j for seller and buyer prosumers in subsets NS
and NB , respectively. In the rest of the paper, pj refers to
|pn|,∀n ∈ NB . Therefore, (4b) can be rewritten as:{

λij = αipi + βi(1 + gi) + τij , ∀i ∈ NS
λji = −αjpj + βj(1− gj)− τij ,∀j ∈ NB

(5)

where gi and gj indicate greediness of seller and buyer
prosumers, respectively. Using these factors, a seller prosumer
increases its minimum acceptable price, and a buyer prosumer
reduces its maximum payable price for any given power.

III. MARKET SETTLEMENT ALGORITHM

In designing the market settlement algorithm for P2P trad-
ing, the objective is to match seller and buyer prosumers
for the negotiation and to design a non-mediated negotiation
process that does not require any private information of peers.
The market settlement algorithm from a prosumer’s point of
view is given in Fig. 1. The market settlement has two main
steps, i.e. peer matching process and the negotiation step.

In the peer matching step, prosumers submit their offers,
and select their trading partners for the negotiation based
on their offers and transaction fees. Then, in the negotiation
step, prosumers negotiate with their trading partners to reach
an agreement on the price and quantity of the energy in
each trade. Then, prosumers update their offers based on the
agreement in each round of the peer matching process and
submit new offers if they need a new trading partner. In the
proposed method, both the peer matching and negotiation steps
are iterative. The iteration in the peer matching step appears
for all prosumers simultaneously, while in the negotiation step,
the iteration appears for each matched prosumers.

The following rules are considered for the market settlement
process:

- The final price in the transaction between seller and buyer
is bounded by their initial offers in the peer matching
process.

- A seller and buyer can form a partnership if the seller
has capability to provide the minimum demand of the
buyer. Hence, sellers offer their maximum generation in
their initial offers, while buyers initiate with offering their
minimum demand requirement.

- The negotiation process has a deadline, and if prosumers
cannot reach an agreement with their trading partners
before the deadline, they cannot trade in the market and
have to wait for the next round of the peer matching to
find a new trading partner.

- There is a deadline for the peer matching process, and
if prosumers cannot form any trading partnership before
the deadline, they cannot trade in the P2P market.

Fig. 2 shows the information flow in the proposed method.
It has to be pointed that, while there is a need for a public
database for prosumers to submit their offers and read other
prosumers offers, the peer matching and negotiation steps do
not need any third party intervention, as explained in the rest
of this section.

A. Peer Matching Process

For the peer matching process, we consider a greedy al-
gorithm, in which each prosumer tries to select its trading
partners such that the expected economic surplus is maxi-
mized. Peer matching step is an iterative process that forms
all possibles trading pairs among prosumers. Each transaction
in the market is subject to the power losses, which need to
be compensated to maintain the demand-supply balance in
the network. It is assumed that the grid operator injects the
extra power required to recover the power losses, and in turn,
charges prosumers based on their contribution in the network
losses. For each line l ∈ L, losses can be calculated as γl(pl)2,
where γl is a constant parameter which gives the ratio of
the line’s resistance over the square of the network’s nominal
voltage (Rl/V 2

b ), and pl is the power flowing through that
line [29]. In order to define the share of each transaction from
the losses incurred in each branch, we need to know how the
injected power by the seller is distributed across the network.
Hence, we use the PTDF matrix, which quantifies the fraction
of transacted power from a seller to a buyer that flows over a
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Fig. 2. Information flow in the proposed method; a) all prosumers submit their initial offers and read offers from the database, b) prosumers select their
trading partners by exchanging their peer selection indices calculated using Algorithm 1, c) matched prosumers negotiate by exchanging their offers calculated
using Algorithm 2.

given line and can be obtained using the line susceptance and
the bus susceptance matrices [30]. Using the PTDF, the power
flowing through line l due to transaction between prosumer i
and j can be calculated as

plij = φlijpij , (6)

where, φlij denotes an element of PTDF matrix which indicates
the incremental change in power that flows in line l due to
power transfer between prosumer i and j. The total losses
incurred by the transaction between prosumer i and j can be
calculated by summing over losses in all lines

χij =
∑
l∈L

γl(p
l
ij)

2. (7)

The losses will be compensated by the grid operator and
prosumers need to pay the cost related to their trades to the
grid operator. The cost for compensating losses in each trade is
modeled as a transaction fee, which is equally shared between
the seller and buyer. The transaction fee for the trade between
seller i and buyer j is calculated as

τij =
χij
2
ω, (8)

where, ω is a price coefficient indicated by the grid operator
to set the price for the losses.

Definition: Let AS represents the NS ×NB peer selection
matrix by sellers, where ASi is the ith row indicating selected
peer by seller i, and aSij ∈ {0, 1} indicates whether buyer j is
selected by seller i or not. If aSij = 1, seller i intends to form
a partnership with buyer j, and otherwise, aSij = 0. Similarly,
AB , ABj , and aBji represent NB ×NS peer selection matrix by
buyers, the jth row indicating selected peer by buyer j, and
buyer decision to form partnership with seller i, respectively.

Remark: A partnership between seller i and buyer j is
formed if and only if both seller and buyer simultaneously
select each other as a trading partner, i.e. aSij = aBji = 1.

It is assumed that there is a platform which enables pro-
sumers to submit their offers and inform other prosumers about
their willingness to trade in the upcoming time slot. The offer
of seller i and buyer j can be represented by Oi = (pi, λi),
and Oj = (pj , λj), respectively. These offers are stored in
a public database managed by the grid operator, which can
be accessed by the prosumers for reading offers and selecting
their trading partners (as shown in Fig. 2a).

Before starting the peer matching process, all prosumers
read offers from the database and receive the transaction fees
for potential transactions from the grid operator. The peer
matching process starts by buyers sending vectors of their
selected peers to sellers. Let r denotes the index of iteration
in the peer matching process, and R indicates the maximum
number of allowable peer matching rounds. In each iteration
r, after receiving offers from buyers, sellers start to select
the best trading partners among them. Sellers arrange all
available offers in descending order based on the perceived
price for each transaction considering the transaction fees.
Then, they will select their preferred trading partners based
on the best available offers. In this step, each seller forms
vector AS,ri , which indicates the selected peer by the seller
i at iteration r of the peer matching process. Similarly, after
receiving offers from sellers, each buyer selects its trading
partner and forms vector AB,rj . If a partnership is formed, i.e.
aS,rij = aB,rji = 1, offers of seller i and buyer j will be removed
from the database. Then, peer matching iteration index will
be updated and unmatched peers explore the database again
to find their trading partners from the available offers. This
algorithm repeats until there is no more potential partnership.
It should be noted that there is a deadline for each round
of peer matching process (r = R), and if prosumers cannot
form any trading partnership before the deadline, they cannot
trade in the P2P market. Prosumers who lose the P2P market
can trade energy with the grid at the fixed rates, e.g. feed-in-
tariffs and time of use prices for sellers and buyers prosumers,
respectively. Algorithm 1 shows the peer matching process for
both seller and buyer prosumers.

B. Negotiation Strategy

After the peer matching process, prosumers start a multi-
issue negotiation to reach an agreement on the quantity and
price of the energy in the transaction. The aim is to design
a negotiation strategy that enables prosumers to come to an
agreement, given that they have no prior knowledge about the
preference structure of their trading partners. It should allow
prosumers to make autonomous decisions by maximizing their
economic surplus through a direct negotiation. The negoti-
ation approach is based on an alternating offer production
mechanism guaranteeing convergence to a unanimous feasible
agreement [31]. Prosumers start the negotiation with an offer
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Algorithm 1: Peer matching Algorithm
——————— Algorithm for each seller i ∈ NS ———————
Input: Orj , aB,rji , τij for any potential trading partner
while Match = 0 or r ≤ R do

Arrange all j ∈ N rB in descending order such that:
λj − τij > λj+1 − τij+1

for j = 1 to N rB do
if pi ≥ pj then

1← aS,rij
else

0← aS,rij
end
if aS,rij = aB,rji = 1 then

1←Match
Go to Algorithm 2

end
end
Set r + 1← r
Send aS,r+1

ij to the buyers
end
——————- Algorithm for each buyer j ∈ NB ——————-
Input: Ori , aS,rji , τij for any potential trading partner
while Match = 0 or r ≤ R do

Arrange all j ∈ N rS in ascending order such that:
λi − τji < λi+1 − τji+1

for i = 1 to N rS do
if pj ≤ pi then

1← aB,rji
else

0← aB,rji
end
if aB,rji = aS,rij = 1 then

1←Match
Go to Algorithm 2

end
end
Set r + 1← r
Send aB,r+1

ji to the sellers
end

generating the highest possible economic surplus by setting
their greediness factor to a high value and continue by de-
creasing their greediness to reach an agreement.

Fig. 3 depicts the interaction of a seller and a buyer
prosumer. Each prosumer has an aspiration region, which
indicates the area in the target economic surplus space within
which a prosumer aspires to come to an agreement with
its trading partner. Also, each prosumer has a marginal
cost/benefit line, which reveals the minimum/maximum price
for each amount of energy that each prosumer is willing to
accept/pay. Prosumers neither propose nor accept any offer
which is out of their aspiration zone. As stated in Section
II-C, and equation (5), prosumers can use different greediness
factors to adjust this line to increase their economic surplus.
Depending on the greediness of trading peers, there are several
potential agreement points in the zone of agreement. It should
be noted that the zone of agreement is unknown to the
negotiators as none of them knows their trading partner’s
aspiration region. Thus, the negotiation mechanism should
allow prosumers to reach an agreement, which is in their
acceptable zone of actions, considering that none of the peers
has any explicit knowledge of the zone of agreement.

The negotiation mechanism is an iterative process with k
as iteration index. The pseudocode for the negotiation process

 

Fig. 3. Illustration of offers by seller and buyer prosumers during the
negotiation.

is provided in Algorithm 2. After being matched with a peer,
each seller i ∈ NS and buyer j ∈ NB first calculates its
reservation price for the demanded/offered quantity by the
buyer/seller using (9a) and (9b), respectively

λkij,r = αip
k
ji + βi(1 + gki ) + τij (9a)

λkji,r = −αjpkij + βi(1− gkj )− τij . (9b)

Each prosumer checks if the price offered by the peer is in
its aspiration zone or not, by comparing it with its reservation
price

|λkij,r − λkji| < ε,∀i ∈ NS (10a)

|λkji,r − λkij | < ε,∀j ∈ NB . (10b)

If so, the seller and buyer accept the offer and update their
power and price using (11) and (12) respectively{

pk+1
ij = max(p

i
, pkji)

λk+1
ij = αip

k+1
ij + βi(1 + gki ) + τij

∀i ∈ NS (11)

{
pk+1
ji = min(pj , p

k
ij)

λk+1
ji = −αipk+1

ji + βj(1− gkj )− τij
∀j ∈ NB . (12)

If the offered price by the peer is not close to the prosumer
reservation price for the offered quantity, prosumers check if
the offered quantity by the peer is the same as their offered
quantity i.e.

|pkij − pkji| < ε,∀i ∈ NS and ∀j ∈ NB . (13)

If this is the case, seller accepts the offer only if λkji ≥ λkij ,
and offer is acceptable for the buyer if λkij ≥ λkji. Then, they
update their prices by (14)

λk+1
ij = λk+1

ji =
λkij + λkji

2
. (14)

In the case that a seller and a buyer have reached an
agreement on the quantity, but the offered price by the peer is
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Algorithm 2: Negotiation Algorithm
——————— Algorithm for each seller i ∈ NS ———————
Initialization: pkij ← pi, λ

k
ij ← αip

k
ij + βi(1 + gki ) + τij , k ← 1

while |Ok+1
ij −Okij | < ε or k ≤ K do

Receive Okji from the buyer
Calculate λkij,r using (9a)
if |λkij,r − λkji| < ε then

Update pk+1
ij and λk+1

ij using (11)
else

if |pkij − pkji| < ε then
if λkji ≥ λkij then

Update λk+1
ij using (14)

else
Update λk+1

ij using (15a)
end
Set pk+1

ij ← pkj and gk+1
i ← gki

end
Update gk+1

i , pk+1
ij , and λk+1

ij using (16a), and (17)
end
Set k + 1← k
Send Ok+1

ij to the buyer
end
——————- Algorithm for each buyer j ∈ NB ——————-
Initialization: pkji ← p

j
, λkji ← −αjpkji + βj(1− gki )− τij , k ←

1
while |Ok+1

ji −Okji| < ε or k ≤ K do
Receive Okij from the seller
Calculate λkji,r using (9b)
if |λkji,r − λkij | < ε then

Update pk+1
ji and λk+1

ji using (12)
else

if |pkij − pkji| < ε then
if λkij ≤ λkji then

Update λk+1
ji using (14)

else
Update λk+1

ji using (15b)
end
Set pk+1

ji ← pkij and gk+1
j ← gkj

end
Update gk+1

j , pk+1
ji , and λk+1

ji using (16b), and (18)
end
Set k + 1← k
Send Ok+1

ji to the seller
end

not acceptable for them, they adjust their prices using (15) to
incetivize the peer to continue the negotiation

λk+1
ij = max(λkij,r, λ

k
ij − µλ,i) (15a)

λk+1
ji = min(λkji,r, λ

k
ji + µλ,j), (15b)

where µλ is a small positive constant adjusting offered price.
As the economic surplus of a prosumer obtained by agreement
is higher than that without an agreement, if there is no
agreement on neither the price nor the quantity, prosumers
reduce their greediness factor using (16) to reduce the risk of
no agreement solution at the end of the negotiation,

gk+1
i = max(0, gki − µg,i) (16a)

gk+1
j = max(0, gkj − µg,j), (16b)

where µg is a tuning parameter for the greediness factor
reflecting prosumer willingness to move toward the potential
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Fig. 4. 27 Bus LV distribution network model [32].

agreement. After updating the greediness factor, the seller and
the buyer update their offered quantity and price using (17)
and (18), respectively{

pk+1
ij = max(p

i
, pkij − µp,i(pkij − pkji))

λk+1
ij = αip

k+1
ij + βi(1 + gk+1

i ) + τij
∀i ∈ NS (17)

{
pk+1
ji = min(pj , p

k
ji + µp,j(p

k
ji − pkij))

λk+1
ji = −αjpk+1

ji + βj(1− gk+1
j )− τij

∀j ∈ NB ,

(18)
where µp is the tuning parameter for offered energy. Once
the new price and power are calculated, prosumers send their
new offers to their trading peer. The negotiation ends if no
changes occur during an iteration, or if it reaches the maximum
number of iterations (k = K). Here, K is the deadline of
the negotiation process, and if prosumers cannot reach an
agreement with their trading partners, they have to wait for
the next round of peer matching to find a new trading partner.

IV. CASE STUDY

In this section, the feasibility and performance of the
proposed mechanism for P2P energy trading are numerically
analyzed. The case studies are carried out using the 27 bus
distribution test system from [32]. The test system is illustrated
in Fig. 4, and bus and branch data are same as [32]. We
consider two cases of varied scales markets:

- Case A: A market with five players connected to different
buses in feeder 1 to investigate the performance of the
proposed method in the negotiation step and to analyze
the impact of the greediness of players in the market.

- Case B: A market with 26 players connected to different
buses in all feeders to demonstrate the impact of con-
sidering transaction fees and also the scalability of the
proposed method. Moreover, this case is used to compare
the performance of the proposed mechanism with the
results of a centralized mechanism, simultaneous peer
matching and negotiation, and many-to-many negotiation
[20].

All case studies have been implemented using MATLAB on
a computer with an Intel Core i7 of 2.6 GHz and 16 GB
memory. Simulations are performed for one time slot with the
duration equal to one hour.
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TABLE I
CONSTANTS PARAMETERS VALUES IN Case A

Parameter ε µλ µg µp K R ω(¢/kWh2)
Value 0.001 0.1 0.1 0.01 30 5 1.1

TABLE II
PARAMETERS OF PROSUMERS IN FEEDER 1

Bus
No.

Prosumer
Index

α
(¢/kWh2)

β
(¢/kWh)

p
(kW)

p
(kW)

g0

(¢/kWh)
p0

(kW)
2 i = 1 0.11 6.1 0 5 0.9 5
5 i = 2 0.12 9.3 0 8 1 8
3 j = 1 0.21 14.2 1 4 0.5 1
4 j = 2 0.23 12.4 2 5 0.5 2
6 j = 3 0.13 10.3 2 4 0.6 2

2

3

4 5 6

p11 = 4 kW
λ11 = 8.78 ¢/kWh

r = 1

p13 = 0.81 kW
λ13 = 8.86 ¢/kWh

r = 3

p23 = 2.81 kW
λ23 = 9.92 ¢/kWh

r = 2

p22 = 4.88 kW
λ22 = 10.97 ¢/kWh

r = 1

S1

B1

B3 S2 B2

Fig. 5. P2P transactions in Case A; traded energy, price, and round of peer
matching.

A. Case A: Trading in Feeder 1

In the first case study, we assume that five prosumers,
including two sellers and three buyers, are connected to
different nodes of feeder 1. Table I lists the values of constant
parameters in the algorithm, and Table II presents different
parameters of the prosumers. Results for energy trading in
this case are represented in Fig. 5, and Fig. 6 illustrates
the convergence of offered powers by prosumers in different
transactions. The peer matching process lasts for three rounds,
in which in the first round there are two matches between seller
1-buyer 1, and seller 2-buyer 2. Then, in the second and third
round of peer matching process buyer 3 is matched to seller 2
and 1, respectively. Each transaction has a unique price, which
confirms that different from pool-based P2P market clearing
(e.g., [11]), the proposed method allows to settle bilateral trade
with product differentiation.

The evolution of offers by prosumers in the transaction
between seller 2 and buyer 2 is represented in Fig. 7, which
demonstrates how prosumers update their offers during the
negotiation step. Both prosumers start offering greedily with a
high value of g. The seller, for example, at the first iteration,
offers its maximum power 8 kW at the price 20 ¢/kWh,
and buyer offers 2 kW at price zero. Then, they continue
negotiating with lowering their greediness and adjusting their
offers. Once they reach their marginal cost/benefit curves,
they start to adjust their offered power to concede to an
agreement. Then, after reaching agreement on the power, they
concede to agree on the price. They reach an agreement after
k = 23 iteration. From Fig. 7, it can be verified that the final
agreement occurs in the zone of agreement of prosumers.

Fig. 8 demonstrates how greediness of prosumers changes
their final agreement in the transaction between seller 2 and
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Fig. 6. Convergence of offered powers by seller and buyer prosumers; (a)
Seller 1-Buyer 1, (b) Seller 2-Buyer 2, (c) Seller 2-Buyer 3, (d) Seller 1-Buyer
3.
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Fig. 7. Evolution of offers in the negotiation between seller 2 and buyer 2

buyer 2. For this case study, the results in the final agreement
of prosumers are compared for different values of (gi/gj).
Results verify that none of the prosumers can increase its
economic surplus by acting greedily in the negotiation process.
Considering that the economic surplus of prosumers in an
agreement is higher than the one with no agreement, they
prefer to concede to reach an agreement. Acting greedily
in the negotiation can make the negotiation process longer,
and prosumers may reach the negotiation deadline without
any agreement. Therefore, the greedy behavior of prosumers
can reduce their economic surplus at the end. The proposed
negotiation approach allows prosumers to concurrently nego-
tiate on the power and price without exchanging any private
information (α, and β in this case). Since each prosumer is
using a unique greediness factor, they cannot employ their
opponent’s offers to explore their private information.
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B. Case B: Trading in All Feeders

In this case study, the proposed algorithm is implemented
for all 26 players in the market. Fig. 9 demonstrates how
loss-based transaction fee affects the peer matching process.
Results are displayed for the first round of peer matching,
in which 12 pairs are formed for the negotiation. It can
be asserted that most of the pairs are formed based on the
lowest available transaction fee. However, it should be noted
that the transaction fee is not the only factor affecting the
selection of a trading partner by a prosumer. As stated in
Section III-A, prosumers select their trading partners based
on the preserved price as in (3), and therefore, a seller/buyer
prosumer may select a trading partner with a higher transaction
fee, but a higher/lower offer. More importantly, to form a
partnership between the seller and buyer, both of them should
simultaneously select each other as the trading partner.

To evaluate the scalability of the proposed method, the
execution time and the number of iterations required for the
peer matching and negotiation for both Case A and B are
compared in Table III. It should be noted that the given number

TABLE III
IMPACT OF NUMBER OF PROSUMERS ON THE EXECUTION TIME OF THE

PROPOSED METHOD

Peer matching Negotiation
No. iterations time (s) No. iterations time (s)

Case A 3 0.05 22 1.02
Case B 4 0.05 24 1.12

TABLE IV
COMPARISON OF THE PROPOSED METHOD WITH MANY-TO-MANY

NEGOTIATION METHODS PRESENTED IN [19] AND [20]

Negotiation
model

1 seller-14 buyers 12 sellers-14 buyers
No. iterations time (s) No. iterations time (s)

[19] 84 13.03 301 94.73
[20] 198 11.21 825 14.13
This work 341 12.38 346 4.68

of iterations and the required time for the negotiation in Table
III denote the maximum number of iterations and time for all
of the peers. As it can be perceived, both the peer matching and
negotiation steps can be executed in a short time, without any
need to solve complex problems. Furthermore, results reveal
that increase in the number of peers in the market increases
the number of peer matching rounds. However, it does not
have any significant impact on the negotiation time of each
transaction. This is due to the fact that all negotiations occur
in parallel and increase in the number of matched peers in the
market does not change the negotiation time between peers.
This, in turn, increases the scalability of the proposed method
and makes it capable of being utilized in systems with a large
number of prosumers.

In another case study, the proposed method is compared
with the case of many-to-many negotiation between all peers
to investigate how the negotiation model affects the execution
time and the number of iterations. For this case study, besides
the structure considered for Case B, a new case is considered,
in which seller 1 is assumed to be a large-scale prosumer,
which is the only seller in the market and in each round of the
peer matching process, it is matched to one of the 14 buyers.
For the many-to-many negotiation, the developed methods in
[19] and [20] are employed. The peer-centric configuration in
[19] is based on a many-to-many negotiation, in which peers
optimize their objective function and select those trades which
are optimal with respect to their preferences. The bilateral
trading platform in [20] is also a many-to-many negotiation,
where direct gradient method is used to solve prosumers local
problems.

Results in Table IV show that in the first case, when there
is only one seller in the market, the many-to-many negotiation
approaches need less number of iterations for convergence
than our proposed method. However, the negotiation time for
all methods is almost the same. It has to be pointed out
that this case can be considered as the worst case scenario
for the proposed method since it needs the highest possible
rounds of peer matching. At the same time, this case is a
special case of many-to-many negotiation, with only one seller
in the market. However, in the Case B, when the number
of sellers increases, the proposed method has a better per-
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Fig. 10. Comparison of the execution time in the proposed method and the
simultaneous negotiation and peer matching.

formance than many-to-many negotiation approaches. In the
peer-centric method, prosumers need to solve an optimization
problem at each iteration, which makes the market settlement
to take a longer time. The bilateral method in [20] reduces
the negotiation time by using direct gradient method for
solving prosumers’ objective function. However, compared to
the proposed method, this method needs a higher number of
iterations for convergence. As results in Table IV illustrate,
the negotiation method proposed in this paper decreases the
negotiation time significantly. This is due to the fact that
prosumers are not concurrently negotiating with each other
and can reach an agreement in a shorter time. Also, the
economic surplus maximization problem is transformed to a
set of operations as in (9a) to (18), which allows prosumers to
update their offers without solving any optimization problem,
which in turn enhances the computational efficiency of the
algorithm. It can be inferred from the results that in the
case that there is an extreme difference between the number
of seller and buyer prosumers in the market, the many-to-
many negotiation may yield better outcomes than the proposed
method in terms of the execution time, as demonstrated by the
simulation results. However, for a system with a large number
of prosumers, the proposed method can reduce the execution
time significantly, as shown in Table IV.

In the proposed method, the peer matching and negotiation
steps occur sequentially. The motivation for separating these
two steps is to enhance the computational efficiency of the
algorithm. In order to show how this separation affects the
results of the market settlement, we compare our method
with the case of simultaneous peer matching and negotiation
between peers. Fig. 10 shows the execution time for the market
settlement, considering different number of prosumers in the
market. Results demonstrate that in the case of simultaneous
negotiation and peer matching, an increase in the number
of prosumers in the market increases the execution time
significantly. This is due to the fact that the negotiation step
is an iterative process, and increasing the number of involved
peers in the negotiation raises the number of iterations and the
required time for the convergence [33]. Hence, we implement
the peer matching process before the negotiation step to limit
the number of trading partners of each prosumer, and conse-
quently, speed up the negotiation process. However, prosumers
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Fig. 11. Comparison of the results in the proposed method with the centralized
optimization; a) total economic surplus, b) total traded power.

may achieve better results, in terms of the economic surplus
and the traded energy, in case of simultaneous peer matching
and negotiation between all peers. Hence, to minimize the
loss of economic surplus, we make the peer matching process
iterative to allow the prosumers to be matched with different
trading partners, and to increase their economic surplus.

In general, methods that enable prosumers to select their
trading partners and negotiate with them simultaneously can
reach roughly the same results as the centralized optimization
(see [19] and [20]). Therefore, we consider a centralized
optimization as the benchmark for comparison. The centralized
method can be considered as a many-to-one negotiation, in
which a central operator collects all information from pro-
sumers and clears the market. Results are shown in Fig. 11, and
illustrate that the proposed method can reach approximately
the same results as the centralized method. However, as in
the proposed method there is no central entity for the peer
matching and prosumers do not negotiate simultaneously, there
is a small loss in the total economic surplus (3% in this case).
Given the advantages of the proposed method, in terms of
its scalability and low computation overheads, the loss in the
economic surplus is not significant and can be compromised.

V. CONCLUSION

This paper proposes a new method for P2P energy trading
among prosumers. The proposed method uses an iterative
peer matching process to match prosumers for the negotiation,
taking into account the losses in the network. A negotiation
mechanism is designed, which enables prosumers to negotiate
with their trading partners on the price and amount of energy
without revealing their private information. Case studies show
that the proposed method is computationally efficient and is
applicable to systems with different scales. Also, compared
to many-to-many negotiation, the proposed method needs a
shorter time for the market clearing process. Furthermore, it
is demonstrated that the peer matching process in influenced
by the considered transaction fee and prosumers incorporate
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the costs related to losses in the trade in selecting their trading
partners.

A limitation of the proposed method is that the peer
matching step may take a long time in systems where there is
an extreme difference between number of seller and buyer
prosumers. However, the negotiation time in the proposed
method is not affected by the number of prosumers. Hence,
when the number of prosumers in the market increases, there
is a trade-off between the increased time in the peer matching
and reduced time in the negotiation process.
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