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Abstract—Peer-to-peer (P2P) energy trading is one of the
promising approaches for implementing decentralized electricity
market paradigms. In the P2P trading, each actor negotiates
directly with a set of trading partners. Since the physical network
or grid is used for energy transfer, power losses are inevitable,
and grid-related costs always occur during the P2P trading.
A proper market clearing mechanism is required for the P2P
energy trading between different producers and consumers. This
paper proposes a decentralized market clearing mechanism for
the P2P energy trading considering the privacy of the agents,
power losses as well as the utilization fees for using the third party
owned network. Grid-related costs in the P2P energy trading are
considered by calculating the network utilization fees using an
electrical distance approach. The simulation results are presented
to verify the effectiveness of the proposed decentralized approach
for market clearing in P2P energy trading.

Index Terms—Peer-to-peer energy trading, network utilization
fees, market clearing, decentralized approach.

NOMENCLATURE
[z]T max (0, z).
Bj,0; Utility function parameters of consumer j.
vy Network usage charge per unit electrical distance.
K Step size for Lagrangian multiplier update.
Ai Per unit price of energy from producer ;.
B Admittance matrix of order N x N.
H Network matrix of order L x N.
L Set of lines in the network.
P /D; Minimum/maximum generation of producer .
P, /D; Minimum/maximum demand of consumer ;.
0i Coefficient of losses for producer .
a;,b;,c;  Cost function parameters of producer .
dj; PTD between consumer j and producer <.
k Index of iterations.
l Index of lines.
N Total number of agents/nodes.
Ne Total number of consumers.
Ny Total number of producers.
Di Total generation of producer .
Dj Total demand of consumer j.
Dji Power demand of consumer j from producer <.
Total network utilization fee for consumer j.

Utility function of consumer j.

W; Total welfare of producer 1.

Total welfare of consumer j.

Welfare of consumer j from the trading with
producer +.
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I. INTRODUCTION

A. Background and Motivation

HE increasing presence of more proactive actors or

agents in the current power system has triggered a design
and adaptation of a more decentralized paradigm to power
systems and electricity market operation [1], [2]. Peer-to-peer
(P2P) energy trading is one of the promising approaches for
implementing decentralized electricity market paradigms. In
the P2P trading, each actor negotiates directly with a set of
trading partners without any intervention of a conventional
intermediary [3]. A P2P market platform enables direct energy
transactions among producers and consumers in the electricity
network [4]. Since the P2P energy trading in smart grids is a
new concept, a proper market clearing mechanism is required
for the P2P energy trading between different producers and
consumers [5]. A market clearing mechanism deals with
electricity pricing and energy allocation. The market clearing
method should be computationally efficient and set with a
defined trading objective. The objective of the trading should
be designed in such a way that it incentivizes the participation
of agents in the P2P market. Besides, agents in the market
behave independently with their interest and have a set of
private information that they do not want to reveal. Therefore,
designing a proper market clearing mechanism for P2P energy
trading while maintaining privacy is a challenging task.

On the other hand, a physical network or grid, which is
used for energy transfer, imposes various grid-related aspects
on energy trading. Such networks or grids usually owned by
third parties other than agents participating in the market.
Grid-related costs always occur during each energy trade.
They mainly account for investment costs to build a network
as well as operation and maintenance expenses [6]. In real
applications, the owner of the grid collects the network uti-
lization fees, paid by consumers corresponding to its network
usage during energy trade, to cover these costs. In traditional
electricity markets, such network fees constitute a significant
portion of the energy bills of consumers [7]. However, the
P2P energy trading enables consumers to reduce network
utilization fees by strategically choosing producers. To achieve
this objective, a factor related to network usage should be
considered while designing a market clearing mechanism for
the P2P trading. Besides, the power losses in the network
lines are inevitable during the power transmission process
in P2P energy trading. Therefore, it is essential to consider
power losses in the P2P trading model to make it more
practical. In summary, power losses in the network and grid-
related costs should be properly integrated into the P2P trading
model. Hence, developing a privacy-preserving and fair market
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clearing mechanism for the P2P energy trading considering
various aspects of the grid is the motive behind this work.

B. Related Works and Contributions

In the literature, there has been an increasing interest in the
area of market design for P2P energy trading. Khorasany et
al. [1], has presented a decentralized bilateral energy trading
system for P2P electricity markets. A P2P energy trading
under network constraints is proposed in [3] and the impact
of P2P transactions on the network is assessed by sensitivity
analysis to ensure the exchange of energy does not violate the
network constraints. A game theory based pricing model for
the P2P energy trading is proposed in [5] to maximize the
social welfare of the buyers and sellers in a prosumer based
community microgrid. P2P negotiations are initiated with the
help of a coordinating agent called P2P market operator.
In [8], a coordinated market model for P2P energy trading
and ancillary services in distribution grids is proposed. The
distribution network operator manages ancillary services in
the network during P2P energy transactions. A P2P energy
trading in virtual microgrids with heterogeneous prosumers is
proposed in [7], where interactions among the prosumers are
modeled as a non-cooperative game.

An indirect customer-to-customer (iC2C) energy trading in
the distribution level is proposed by Chen et al. in [9]. Agents
update their trading strategies using the reinforcement learning
principle, and an energy broker acts as a coordinator for man-
aging the market operations. Suppliers act as intermediaries in
a forward bilateral contract network designed for the real-time
P2P energy trading between sellers and buyers in [10]. Tushar
et al. [11], has presented a P2P energy trading mechanism
where a centralized power system decides the energy price to
incentivize the prosumers to participate in P2P energy trading
to reduce the peak demand on the centralized power system.
A novel P2P model for joint trading of energy and uncertainty
in the local electricity market is proposed in [12]. Liu et
al. [13], has proposed a double auction-based P2P energy
trading for residential demand response to face disturbances.
A consensus-based energy management scheme for smart
grids is proposed in [14]-[16], where the coordination among
the agents through only local information exchange among
neighbors establishes the supply-demand balance.

Most of the existing studies on P2P energy trading often ne-
glect the power losses in the network, assuming that the energy
is transmitted over a short distance in the distribution system.
However, without considering power losses, power flows of
P2P trading decisions cannot satisfy the power balance con-
dition for the stable operation of the power system, and the
practicability of the P2P trading becomes questionable. Since
the power losses occurring in the network directly impact
the market outcome, a transparent loss allocation framework
is required to ensure the economic fairness among agents
in the P2P market. In [17], network losses in a microgrid
are allocated to each node and compensated by discharging
battery storage units at the corresponding node. Kim et al.
[18], has proposed a P2P market considering power losses,
where costs are allocated to each trade based upon its grid

usage. A graph-based loss allocation framework is proposed
in [19] for transactive energy markets in distribution systems.
In [20], the bilateral exchange coefficient is used to calculate
the losses cost associated with each P2P transaction between
nodes.

In these works [1], [3], [5], [7], [9]-[13], different ap-
proaches for P2P energy trading are studied considering the
economic aspect for increasing welfare or decreasing the
cost of agents. However, the grid-related costs of using the
third party owned network for power distribution as well as
power losses in P2P energy transactions are not considered. In
addition, [5], [8]-[11] consider a separate entity to coordinate
the energy trading. The coordinator has different roles, such
as initiate the energy trading [5]; manage the network services
[8]; and perform the market clearing [9]-[11], based on the
market model. The vital role of the coordinator in market
clearing endangers agents’ privacy as well as the system
scalability of the market as all agents need to communicate
with the coordinator responsible for market clearing and share
sufficient information with it. The role of the coordinator
in market clearing is eliminated using a consensus-based
approach to enhance the privacy of the agents in [14]-[16],
but there is no direct negotiation among agents. The direct
negotiation among agents is the rationale behind P2P trading.
Also, the grid-related aspects are not considered.

On the other hand, [17]-[20] propose different approaches
for losses and the associated cost allocation, but have not
studied their impact on the market outcome. The proposed P2P
markets in [18]-[20] rely on the distribution network operator
for the compensation of losses. This increases the dependency
of the local P2P market on the upstream market. The incurred
losses caused by each transaction in the local market should be
compensated to achieve a feasible market solution. Therefore,
the incurred losses should be included in the market model and
compensated within the local market itself to increase the au-
tonomy of the P2P market. Besides, all agents behave greedily
and always try to reach the optimal solution for themselves.
The market clearing mechanism should be designed in such
a way that the optimal local solution should coincide with an
optimal global solution, and it should be fair to all agents.

To this end, there is a lack of a proper framework for the
P2P energy trading, which considers the network usage during
P2P energy transactions along with the privacy of agents. The
focus of this paper is on the design of a proper market clearing
mechanism for P2P energy trading, considering the privacy of
the agents, power losses as well as the utilization fees for using
the third party owned network during energy trade. This paper
proposes a fully decentralized approach for market clearing in
the P2P energy market. The proposed approach uses iterative
negotiations and local decision making to eliminate the need of
the coordinator for market clearing. In addition, power losses
and network utilization fees during P2P energy trading are
taken into account. The novel contributions made in this paper
are as follows:

1) A P2P energy trading is formulated as a social wel-
fare maximization problem with consideration of net-
work/grid usage, i.e., power losses and network utiliza-
tion fees, in P2P energy transactions.
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Fig. 1. The schematic model of P2P energy market

2) An electrical distance approach is proposed to calculate
the network fees for P2P energy trade. The network fees
are proportional to the electrical distance between pro-
ducers and consumers. In this approach, longer distance
transactions become more expensive because of higher
network fees, so consumers are encouraged to trade with
producers at a shorter electrical distance.

3) A novel decentralized approach, which neither requires
any third-party nor reveals any private information of the
agents, is proposed for market clearing in the P2P energy
trading. The proposed decentralized algorithm solves the
P2P market clearing problem without sharing the agents’
preferences and respects the privacy of agents.

C. Paper Organization

In Section II, detailed problem formulation for the P2P
energy trading is explained. A decentralized approach for
market clearing in the P2P energy trading is discussed in
Section III. Simulation results are illustrated in Section IV,
and conclusions are drawn in Section V.

II. PROBLEM FORMULATION

Consider a smart grid consisting of a set P = {1,---,n,}
of producers with index i € P and a set C = {1,---,n.}
of consumers with index j € C. The set of all agents is
N = PUC, and PNC = ¢. The total number of agents
is N £ n, + n.. The smart grid has the electrical network
and the communication network. The electrical network is
used for energy transfer and the communication network is
used for information exchange among agents. Smart meters are
installed at the premise of each agent. All the communication
tasks are done through the smart meters using communication
infrastructure. The envisioned electricity market for the P2P
energy trading in a smart grid consists of multiple producers
and multiple consumers, as shown in Fig. 1. The producers
and consumers have flexible production and consumption,
respectively. The market is cleared through P2P interactions
among producers and consumers. In this paper, we focus on the
market clearing for a single market period of one hour in the

P2P energy market. ! The terms power and energy are used in-
terchangeably since the market period considered is one hour.

Since the proposed electricity market has n,, producers and
n. consumers, every possible bilateral trades can be condensed
in a demand matrix P € R™*"r as in (1). Each element
pj; of the demand matrix P represents the power demand of
consumer j from producer ¢. All entries of the demand matrix
are considered as the decision variables.

P11 Pin,
P=|: - (1
Pn.1

Prcny

The ;' row of P, denoted by vector P; € RY™™ gives
the demand schedule of consumer j. The total demand of

consumer j is given by
pj = iji (2

i€P

Similarly, the i** column of P, denoted by P; € R !
gives the supply schedule of producer 7. For each producer 7

pi— ¢ilpi) = Y _pji 3)
jec
In (3), ¢;(p;) is the power losses induced by producer i.
The power losses are separable and can be approximated as a
nonlinear function of p; as follows [21]:

¢i(pi) = 0ip} “)

The value of loss-coefficient p; depends on the parameters and
configuration of the the network model [21].

A. Consumer and Producer Model

The responses of different consumers to various scenarios
can be modeled by using the concept of the utility function
[22]. The utility function represents the personal satisfaction
or convenience for electricity usage, and it can be expressed as
a function of energy demand. The utility function of consumer
j is denoted by U;(p,), and it should have the following
properties:

. U]f (pj) >0, ie., it is a non-decreasing function.

. Uj’-’(pj) <0, i.e., utility will get saturated.

o U;(0) =0, i.e., without consumption, satisfaction is zero.
We consider a piece-wise quadratic utility function for con-
sumer j as follows [22], [23]:

Bip; — 30;p3 0 <p; < ﬁ]
Uj(pj) = g2 5, 5)

— . . > ~a

20, “Pi =g,

<

e

The utility function parameters /3; and 6; are the private
information of consumer j.

The cost function C;(p;) of the generator owned by pro-
ducer 7 is a quadratic convex function of power p; [24] as

Ci(pi) = aip? + bip;i + ¢ (6)

ISince the single period problem can be extended to a multiple period
problem with temporally coupled constraints, we solve the problem for a
single market period to demonstrate the performance of the proposed method
in a more explicit manner.
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The cost function parameters a;, b;, and ¢; are the private
information of producer ¢. The coefficient of losses in (4)
satisfies 0 < o; < a;.

B. Network Utilization Fees for P2P Transactions

A new network structure called an electrical structure of the
network based on the electrical distance is used to calculate the
network utilization fees. The electrical structure of the network
has the same number of the node to node connections as in
the topological structure [25]. The network owner provides
the charging rate for network utilization in advance before
the P2P negotiation starts. The network owner considers the
capital cost recovery, cost of maintenance and modernization
of power lines, taxes and policies, etc. to decide the rate for
the network utilization. The detailed study of how the network
owner decides the rate for using the network is beyond the
scope of this paper.

Now, if consumer j buys the p;; amount of power from
producer 4 over the electrical distance of d;, the network fee
for consumer j is estimated by

T(pji) = vdjipji (7)
The total network fee to be paid by consumer j is
TF; = Z Ydjipji 3
i€P

There are various approaches such as the Thevenin’s
impedance distance, mutual impedance distance, power trans-
fer distance (PTD), Jacobian distance to estimate the electrical
distance between nodes in the power system [26]. In this
paper, we use PTD to estimate the electrical distances between
producers and consumers, and PTD is used interchangeably
with the electrical distance. PTD between two nodes indicates
how much of the network’s assets are used in facilitating a
P2P transaction between two nodes. PTD is calculated using
the Power Transfer Distribution Factor (PTDF). The PTDF
accounts for the fraction of transacted power from one node
to another node that flows over a given line [ € £. The detail
method to calculate PTDF is given in [27] and summarized in
Appendix A. The PTD between consumer j and producer ¢ is

dji = Y _|PTDF ;i ©)
lel

C. Welfare of Consumer and Producer

In the P2P market, consumers negotiate with each producer
at the same time. It means each consumer can buy energy
from different producers with various marginal costs, and
for each trade, there is a different network utilization fee.
Therefore, a consumer has different valuation or welfare for
each trade. If consumer j trades energy with producer ¢ in
P2P manner, the welfare of consumer j is given by the utility
of the demand p;; minus the sum of the paid money for this
energy and the network utilization fee to be paid for this trade.
Mathematically,

wj; = Uj(pji) — Nipji — T(pji) (10

where )\; is the per unit price of energy from producer <.

The total welfare of consumer is given by the sum of the

welfare from all possible P2P trades, i.e., Y wj;, and can be
i€P

expressed as

W, =Y Ui(pji) — > _ Aipji — TF; (1D
i€P i€P
The welfare of producer 7 is modeled as
Wi = Xi(pi — ¢i(pi)) — Ci(ps) (12)

The first term in (12) indicates the revenue collected by selling
energy to the consumers and the second term represents the
corresponding generation cost.

D. Optimization Problem

In this paper, the P2P energy trading in smart grids is for-
mulated as a social welfare maximization problem as follows:

argmax » > Uj(pji) — Y _ Ci(ps) (13a)
Ppe  jeciep ieP
jec
p,<pi<pVicP (13¢)
p, <Y pi<pVieC (13d)
ieP
where Uj(pjz‘) = Uj(pji) — T(pji); and pp = [piliep-

A balance between the supply and demand in the system
is essential for a stable operation of the power grid. The
constraint (13b) represents the power balance constraint for
producer i, i.e., the total power demanded by consumers
from producer ¢ should match the total generation less the
loss contribution of producer ¢. For the feasibility of (13),
Assumption 1 must be satisfied.

Assumption 1: The demand from producer i € P must be
higher than its minimum generation capacity, i.e.,

> pji > p, — 6ilp,)

jec

(14)

A dual variable corresponding (13b), i.e., A; represents the
energy price of producer ¢. A power balance in the system is
established when individual producer satisfies (13b). Hence,
(13b) is a global constraint, and (13c) and (13d) are the
local capacity constraints of each producer and consumer,
respectively. The nonlinear equality constraint (13b) makes
the optimization problem (13) non-convex, which is difficult
to solve directly. However, the same optimal solution can be
recovered by transforming the non-convex problem (13) into
a strictly convex problem (15) by relaxing the non-convex
equality constraint.

arg max ZZUJ(pﬂ) - ZC’i(pi) (15a)
P:Pe  jecier ieP
st Y pji <pi— di(pi), VieP (15b)
jec

(13¢) and (13d)
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Theorem 1: The transformed problem (15) has the same
optimal solution as the original problem (13).
Proof of Theorem 1: The proof is given in Appendix B.

III. MARKET CLEARING ALGORITHM DESIGN

The transformed problem (15) can be solved in a centralized
fashion having a coordinator with all the information of agents
in the market. But, the presence of a coordinator may breach
the privacy of agents and affect the fairness in the market
clearing process, which is undesirable. Hence, we propose a
decentralized approach to solve (15), where each agent needs
to solve its sub-problem locally with a limited amount of
information from other agents. Due to the presence of spatially
coupled constraints (13d) and (15b), problem (15) cannot be
solved directly. Firstly, problem (15) is decomposed into a
series sub-problems based on the principle of dual decom-
position [28] and the sub-problems are solved distributively.
Since the electricity price is a crucial variable used by all
agents in the market, it is used to realize the coordination
among producers and consumers. The detailed methodology
is explained in the following sections.

A. Decoupling into Sub-problems

Let us define a Lagrangian of transformed primal problem
(15) by relaxing the spatially coupled constraint (13d) and

(15b) as follows:

jECicP icP
w (i)t Lm0 -2r) g
jec i€P jec
+ Z)\Z( — ¢i(pi) Zpﬂ>
i€P jec

where \; > 0 is the Lagrangian multiplier or dual variable
for producer 7 corresponding to constraint (15b); Hj’ﬁj >0
are Lagrangian multipliers for consumer j corresponding to
(13d); and A £ [Ailiep. B £ [F;]jec and p £ (1 ]jec
are vectors of Lagrangian multipliers. From an economic
point of view, the dual variable \; represents the energy
price of producer ¢ to maintain the balance between supply
and demand. The constraint in (13c) is not included in the
Lagrangian equation as they are local constraints and can be
treated as the boundaries of the feasible region of the local
problems.

The supremum of the Lagrangian over the variables P and
Pp gives a dual function as

Z(A, p, 1) - sw Z(P,pp, A, p, 1)

=2 D Gl 1) + ) AN

i€P jEC icP

+ Z(ﬁ]ﬁ] - ngj)

jec

A7)

where J;(\;) is the sub-problem to be solved by producer
i and 9j;(A\i,pu ,71;) is the subproblem to be solved by
=y

consumer j to trade energy with producer ¢. The sub-problems
are defined as follows

H(Ni) £ argmax [Ni(p; — ¢i(pi)) — Ci(pi)] (18)
P, <P:i<P;
%i(/\i,gj,ﬁj) 2 argmax [U;(pji) — \ipji] (19)

OSP.M Sﬁj

where U;(pji) 2 U;(pji) + (Hj — 7i;)pji- The social welfare
maximization concurrently maximizes the individual welfare
of the consumers and producers. Now, the dual problem is
defined as

arg min Z(A, p, )
Ap, @ -

s. t. /\i,ﬁj,ﬂij, Vie P, Vjel

(20)

Theorem 2: The transformed problem (15) holds the strong
duality.

Proof of Theorem 2: The proof is given in Appendix C.

The dual problem (20) can be solved iteratively by de-
ploying the sub-gradient projection method. The Lagrangian
multipliers are updated in the opposite direction to the sub-
gradient of the dual function as

ﬁ?“ = [/ﬁ — KV, @rr (21a)
it = [u] — KV @} (21b)
AL = [Af - WM@} Q1)

Each consumer updates B, and 7z; in each iteration. These
values are not shared with any other entities in the market.
But, each producer updates ); in each iteration and shares
with consumers in the market.

B. Sub-problem Solution

At each iteration k, given the value of dual variable, i.e.,
price \¥, each consumer obtains energy demand from producer
i, ﬁfi by locally (independently) solving the sub-problem (19),

p; .
Ph= oD viec @)

where u;(pj;) = 78({915%7)
Similarly, each producer ¢ independently solves (18) for
a given A\F to determine the energy production. Define

vi(pi) = 8%;?"’) (1 — 8‘%"’;?’7))7 , then
P;
=00 viep (23)

P,

i

The update rule for the dual variable A; becomes

Zpﬂ)] ) (24)

jec

)\k+1 l)\k _ K(( — i( pz
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Algorithm 1 Price Update by Producer

Require: Termination criteria €
Determine: Energy price for P2P energy trading \;
1. Assign the initial value of energy price \?;
while (\¥*1 — \F|> €,) do
2. Broadcast energy price A\F to all consumers;
3. Receive all consumers’ demand ﬁ;‘?i for the given price;
4. Update production p¥ by (23);
5. Update the energy price by (24);
end while

Algorithm 2 Demand Update by Consumer j

Require: Energy price A* = [A},\5, -, A} ]
Determine: Power consumption p?
while (|pf+! — pb|> e & [ — @[> €, do
1. Receive energy price \¥ from producer i ;
2. Update demand ﬁ?i from producer i by (22);
3. Broadcast ﬁfi to corresponding producer i;
4. Update Lagrangian multipliers H;?H and ﬁ? 1 by (25);
end while

The update rules for the Lagrangian multipliers By and fi; are:

.
i = [M;c 7 H(Z]ﬁ?i - pj)] (252)
i€P
N
ot = [u? —k(p; - Zﬁ%)} (25b)
i€P

In order to ensure the convergence, the value of s in (23)
and (24) should be sufficiently small such that 0 < k < 2/L,
where L is the Lipschitz constant [29] for the dual function:

IV2(Q1) = VZ(Qa2)||p< LI|(1) — Q2)|[r (26)

where 2 = (A, p, x) is the single Lagrangian multiplier, and
||-||7 is the matrix Frobenius norm. The stopping criterion
are [\ — A< ey, [pFF! — pF|< €y, and |5 - EF < ..
The process of the price up(iate by producer i and the
demand update by consumer j is summarized in Algorithm
1 and Algorithm 2, respectively. The proposed algorithms are
executed through two-way communications between producers
and consumers. Energy price and energy demand are the
two pieces information need to be exchanged between each
producer and consumer during P2P trading negotiation. Fig.
2 illustrates the interaction between producers and consumers
during P2P trading negotiation.

IV. RESULTS AND DISCUSSIONS

This section presents numerical case studies to show the
feasibility and effectiveness of the proposed method for the
P2P energy trading. For numerical case studies, we consider an
IEEE 9-bus system with three producers and six consumers, as
shown in Fig 3. The parameters for consumers and producers
in the IEEE 9-bus system are taken from [15], [30] and given
in Table 1. Based on the data and the proposed algorithm,
all the simulations are conducted in the MATLAB 2016a

Producer i

« Production update _
ok PR
pi= v ()

2i

« Energy price update

+
) . Wk ek <k
M= [Af‘ - K’((p, - $i(pi)) — Zp/;)]
Jjec

>
=~

>
-

Consumer j

2k % /‘

1 P Pj1 Pinp
: : A A
1 « Demand update ' '
o) # :[u"uh]"’ """ !
ji = 4 4Dy
---------- > « Lagrangian multiplier update -----------

"
= [ﬁf -(Z -e,)]
ier n
= [ﬁf -x(3;- Zﬁj,)]
i€P

—

Fig. 2. Illustration of information exchange between producers and consumers
during P2P trading negotiation

Fig. 3. IEEE 9-bus system for simulation studies

environment with an Intel(R) Xeon(R) CPU E5-1630 v4@3.70
GHz, 16 GB RAM. The step-size for the Lagrangian multiplier
update ~ is chosen as 0.005. The required tolerances for
termination are set to €y = 0.001 and ¢, = 0.001. The initial
values are set as \Y = %g: pi=p.» V1 € P and the charging
rate for network usage is assumed to be v = 0.2$/MWh per
electrical distance unit. Following four cases are considered

for the numerical studies:

o Case 1: P2P trading without losses and network fees.

e Case 2: P2P trading with losses.

e Case 3: P2P trading with network fees.

e Case 4: P2P trading with both losses and network fees.

It is worth mentioning that the results from the centralized
approach are used as a benchmark to validate the results
from the proposed decentralized approach. The centralized
approach is implemented using the interior-point method in
Gurobi 8.1.1.

Fig. 4 shows the development of the objective value for
different cases using the proposed decentralized approach. It
can be seen that the optimal objective value obtained from
the proposed decentralized algorithm in all cases match the
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TABLE I
CONSUMERS AND PRODUCERS PARAMETERS FOR IEEE 9-BUS SYSTEM

[(e7] bl p. ﬁ
Producer | o twh?)  (/MWh)  (MW) (MW) @
P 0.0080 2.25 10 350 0.0005
P2 0.0062 4.20 20 290 0.0007
P3 0.0075 3.25 15 400 0.0004
0, j P, P
Consumer s [MWhQ) ($/MWh) (M(?V ) (M{V)
Cy 0.0720 8.25 60 150 -
Cs 0.0660 7.90 50 100 -
Ce 0.0700 7.55 90 145 -
Cr 0.0550 8.00 60 140 -
Cg 0.0750 7.75 50 150 -
Co 0.0450 8.05 70 170 -
TABLE II
PTD For IEEE 9-Bus SYSTEM IN FIG. 3
Producer Consumer
Cy Cs Cg Cr Cs Co
Py 1.00 250 254 372 400 3.77
P2 372 295 400 1.00 242 351
P3 377 400 3.00 351 259 1.00
TABLE III

PRICE OF PRODUCERS FOR P2P ENERGY TRADING

Energy price ($/MWh)

Producer Case 1 Case2 Case3 Cased
P 5.7586  6.3935 54205  6.0017
P2 6.2853  6.9535 5.9940  6.5830
P3 6.0765  6.5523  5.7671 6.2071
6500 6500

Proposed approach
— — Centralized approach

Proposed approach

4500 — — Centralized approach

‘, Case 1
-= 2500

4500

2500 Case;2

500 500

Objective value
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Iteration Iteration
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Q ()
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< 45 4500 .
£ B0 Cenatized approach E — — Centralized approach
= 2
£ 2500 Case3 | & 2500 Case 4
2 a
o N\ o
500 500
20 40 60 20 40 60 80 100 120
Iteration Iteration

Fig. 4. Evolution of objective value in different cases

global optimal objective values obtained from the centralized
approach. However, the convergence speed of the algorithm
differs among cases. The proposed decentralized algorithm for
P2P energy trading satisfies the termination conditions when
the number of iterations £ = 67 in Case I and the results
converge. Similarly, the algorithm converges in k = 90, k =
68, and k£ = 127 iterations in Case 2, Case 3, and Case 4,
respectively. Fig. 4 also shows that the total objective value
decreases when power losses and network utilization fees are
considered in the P2P trading as compared with that of Case 1.
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Fig. 5. Evolution of total demand and supply in different cases
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Fig. 6. Producers prices update during P2P negotiation in different cases

300 200 — T T .
— _ 7
E 00t T TTTTITITTE - E 150
= B R S
e (o R N = o0 b~
5] 5] Case 2
Z 100 Case 1 13
g £ 50
——=-Pl — — P2 ——P3 —-—-Pl —— P2 ——P3
0 0
20 40 60 20 40 60 80
Iteration Iteration
P11 (]| S— m——————— 200
. / . b —
Z 150 - — — — . = 150 IF
= F =
) S e
- 100
§ 100 Case 3 ; Case 4
z z
£ 50 £ 50
—-—-Pl — — P2 ——P3 —-—-Pl — — P2 ——P3
0 0
20 40 60 20 40 60 80 100 120
Iteration Iteration

Fig. 7. Supply adjustment of producers in response to prices in different cases

The evolution of the total supply and demand in different cases
are shown in Fig. 5. The total supply meets the total demand,
and thus, the power balance condition is satisfied gradually
in Case 1 and Case 3. Unlike in Case I and Case 3, the
total supply does not meet the total demand in Case 2 and
Case 4 because power losses are considered in these two cases.
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TABLE IV
COMPARISON OF MW OUTPUT OF PRODUCERS FROM CENTRALIZED AND PROPOSED DECENTRALIZED APPROACH
Case 1 Case 2 Case 3 Case 4
Method 2 P, Ps P; 2 Ps P Ps P3 P Py P3
Centralized | 219.291 168.171 188.436 185.046 124.413 163.149 198.157 144.677 167.809 170.520 110.243 148.109
Proposed 219.291 168.171 188.436 185.032 124.400 163.144 198.157 144.677 167.809 170.517 110.243 148.109
TABLE V
DEMAND OF INDIVIDUAL CONSUMER FROM DIFFERENT PRODUCERS USING PROPOSED METHOD
Consumer Case 1 Case 2 Case 3 Case 4
Py P2 P3 Py Po P3 Py Po P3 Py Po P3
Cy 34.602 27.284  30.187 | 25.785 18.008  23.579 | 36.521 20.993 24.013 | 28.728 13.091 18.181
Cs 32445 24465 27.628 | 22.826 14.342  20.419 | 29.994 19.952  20.195 | 22.607 12.446  14.947
Cg 34.022 26498 29.480 | 33.423 25424  31.154 | 36.208 23.845 29.947 | 35573 23.098 31.329
Cr 40.752  31.176 34972 | 29.209 19.028  26.321 33263 32.836 27.843 | 22796 < 22.127 19.843
Cg 26.551 19.529  22.313 19.861 12.395 17.744 | 20.393 16.952  19.526 17.510 13964  18.525
Co 50919 39.215 43.855 | 36.181 24.368 33.281 41.679  30.099 46.286 | 28.764 17.010  36.509
0.01 for all cases considered in this paper, which is negligible.
o Case | Case 2 — — Caved ——Coed Hence, the solution from the proposed method converges to

Residual

20 40 60 80
Iteration

100 120

Fig. 8. Evolution of primal residuals [|P* — P*||3 in different cases.

Once the power losses are taken into account, the total supply
should meet the sum of the demand and losses. The mismatch
between the total supply and the total demand is the total losses
in the system. Fig. 6 shows the evolution of the producers
prices in the above mentioned four cases. The evolution of
the supply of producers in different cases are shown in Fig. 7.
It shows that producers update their production decision in
response to the evolution in their prices.

Table IV shows the output of producers obtained from the
proposed decentralized approach and centralized approach in
different cases. The results from two approaches are compa-
rable. Fig. 8 shows the evolution of primal residuals given
by ||P¥ — P*||2 in different cases, where P* is the demand
matrix P at the k" iteration; P* is the global optimal
solution obtained by using the centralized approach; and |[-||2
is the Euclidean norm. The primal residual or Euclidean norm
indicates how close is the optimal solution obtained from
the proposed decentralized algorithm with the optimal global
solution obtained from the centralized approach. The solution
is considered to be more accurate if the value of the Euclidean
norm is small. The value of the Euclidean norm is less than

the global optimum solution despite the individuals behave in
a greedy manner.

Table II shows the PTD for different trading pairs for P2P
energy transactions in the IEEE 9-bus system shown in Fig. 3.
These PTD are used to calculate the network utilization fee for
every possible P2P transaction. The energy prices of different
producers for the P2P energy trading in different cases are
shown in Table III. The electricity prices in Case 2 are higher
compared with those of Case I due to power losses. The
producers set higher prices because they have to bear the cost
of losses from the revenue of the actual energy sold. Table V
shows the trading amount between different pairs in the above
mentioned four different cases. It is obvious that the amount
of energy transacted between the trading pair is less in Case
2 as compared with the same in Case I because of the higher
prices in Case 2. But, when the network utilization fee is
considered in the P2P trading, the amount of energy transacted
between the trading pairs depends not only on the energy
price but also on the network fee. The trading of consumer
Cy with different producers in Case 3 is chosen to explain the
effect of the network utilization fee on P2P trading decisions.
Consumer Cgy is buying the largest amount of power from
producer Ps; despite the price offered by producer P; is the
cheapest. Such alteration in trading decisions is because of
the electrical distance between the trading pairs. It is clear
from Table II that producer Ps is electrically near to Cgy as
compared to Py, i.e., PTD between P3 and Cy is 1.00 whereas
PTD between P; and Cy is 3.77. Hence, consumer Cgy has to
pay more network fees if it buys more power from P;. So it
prefers to buy from P3. Similar observations can be made for
other consumers too. The combined effects of power losses
and network fees on P2P trading decisions can be observed in
Case 4. Tt is clear that when we consider network utilization
fees in P2P energy trading, the decision of consumers depends
on the prices offered by producers as well as the electrical
distance from producers.

We also apply the proposed algorithm on the IEEE 39-bus
system with 18 consumers and 10 producers to demonstrate
the scalability. The parameters of producers and consumers
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Fig. 9. Convergence characteristics of the proposed method in IEEE 39 bus
system without considering losses and network fees (Case 1).

are taken from [14], [15]. Fig. 9 shows the evolution of the
different parameters, i.e., the total supply and total demand,
objective value, producers’ prices, and supply, using the pro-
posed method in the IEEE 39-bus system without considering
losses and network fees. The total supply equates the total
demand, and the power balance condition is being satisfied
when the number of iterations k = 589 for the same level of
accuracy as in the case of the IEEE 9-bus system. Fig. 9(c)
and 9(d) show an evolution of producers’ prices update and
supply decisions update, respectively. These figures consist of
10 curves in each as there are 10 producers in the system. As
the prices converge, the objective value, i.e., social welfare,
converges to its optimal value, as shown in Fig. 9(b). Fig. 10
shows the evolution of the primal residuals. It demonstrates
the convergence of the proposed decentralized algorithm in
the IEEE 39-bus system. The optimal objective value from
the proposed approach is the same as the one obtained from
the centralized method. The small value of the primal residual
and the matching of the optimal objective value are evidence
of the convergence of the proposed algorithm. It is obvious
that the extent of the computations being performed by each
agent is determined by the number of iterations required
for convergence. However, in the proposed algorithm, the
computational burden is fairly shared among all agents in
the system. Hence, the proposed decentralized algorithm for
market clearing in the P2P energy trading is scalable in terms
of computational burden and convergence.

V. CONCLUSION

In this paper, we presented a fully decentralized market
clearing mechanism for the P2P energy trading. A P2P energy
trading is formulated as an aggregated welfare maximization
problem with consideration of grid usage aspect in P2P energy
transactions. The original non-convex problem is transformed
into a convex problem by relaxing the non-convex equality
constraint under mild assumptions. The electricity prices and
generation/demand are adjusted to maximize the social welfare
and to achieve the balance between supply and demand in
the market. The proposed method is applied to the IEEE 9-
bus system and IEEE 39-bus system. The convergence and
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Fig. 10. Evolution of primal residuals ||P* — P*||2 in different cases for
IEEE 39-bus system.

scalability of the proposed method are verified via numerical
results. It is found that when we consider network fees in the
P2P energy trading, the decision of consumers depends on the
prices offered by producers as well as the electrical distance
from producers. In the future, we plan to extend the P2P
energy trading framework proposed in this paper to include
network constraints using an optimal power flow.

APPENDIX

A. PTDF Calculation Method

The PTDF matrix is calculated as

PTDF = H,B, ' 27)

where H, is the sub-matrix of matrix H obtained by deleting
the column corresponding to the slack node, and B, is the
sub-matrix of matrix B obtained by removing the row and
column corresponding to the slack node. The matrices H and
B are defined as

1
By,=——form#n, By, = (28)
X

mn

1
2 o

m#n

1 1
H;,,=-H, = — H;, = — fi , 29
1 l o ! Z orr #n,m (29)

€T
mn m#n mn

where indices m, n, and r represent nodes. The PTD between
node m and node n denoted as d,,,, is calculated by

dyn = Y _|PTDF, (30)

el
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B. Proof of Theorem 1
The Lagrangian of transformed problem (15) is

L = Z Z Uj(Pji) - ZCz-(pi)

jeCieP i€EP
+ Z Ai (pi — 0} — iji) + Zﬁi@z
icP jec icP
_ (€29
+ Zﬂ(pz —pi)+ Z&(ijz‘ —Qj)
icP jec icP
+ Zﬁj <pj - iji)
jec i€P
The KKT conditions of (15) are given below in (32).
0¥ 80 (p ) — ,
op, op, + ( lez) + U, 1eP
(32a)
U . (p..
%:Mf&fﬁﬁu,:o;wec (32b)
Opj; Ipj; -
MN(Xopy—pi+op?) =0, X\ 20 vieP (320)
jec
Ez(ﬁz - pz) = 07 57, Z 07 Vie P (32d)
Y;(p;—p,) =0, ¥; >0; Vie P (32e)
m;(p; —p;) =0, B; >0;VjeC (32f)
ti(pj—p,) =0, p, > 0;Vj €C (329)

As per the KKT conditions (32c), A; > 0 for all ¢ € P. If
A; > 0, (15b) is strictly satisfied by the optimal solution due
to the KKT condtion (32c¢).

Since p; > p, for all i € P, either 9, or ¥, equals to zero
due to the KKT conditions (32d) and (32¢). Assume A =0
for some ¢ € P. Then, ¥, should be positive to satisfy the
KKT condition (32a), as C (p ) >0 (strictly positive) for all
1 € P. This means \; can be equal to 0 only when p; = p.
Then, the KKT cond1t10n (32c) implies either (33a) or (33b)

> pii <p,— 6ilp,) (33a)
jec
> pji=p,— 6ilp) (33b)
jec

As per Assumption 1, (33a) is a contradiction and hence, (33b)
is the only possible condition. Therefore, the optimal solution
which satisfies the KKT conditions strictly satisfies (15b).
Hence, the two problems (13) and (15) are equivalent.

C. Proof of Theorem 2
Let ¥, > g,p? > 0 for all i € P be a decision variable
of (15) such that

D pi=pi—T; VieP
jec

2 2
(\Ij;l) = <\1121) + (Vo) vie P (34b)

where (34a) is a linear constraint and (34b) is a convex second-
order cone constraint. Accordingly, (34) can replace the power

(34a)

balance constraint (15b) in (15). Therefore, (15) is a convex
(second-order cone) program which holds a strong duality.
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