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This paper studies a social cooperation backed peer-to-peer energy trading technique by which prosumers can
decide how they can use their batteries opportunistically for participating in the peer-to-peer trading. The ob-
jective is to achieve a solution in which the ultimate beneficiaries are the prosumers, i.e., a prosumer-centric
solution. To do so, a coalition formation game is designed, which enables a prosumer to compare its benefit of
participating in the peer-to-peer trading with and without using its battery and thus, allows the prosumer to form
suitable social coalition groups with other similar prosumers in the network for conducting peer-to-peer trading.
The properties of the formed coalitions are studied, and it is shown that (1) the coalition structure that stems
from the social cooperation between participating prosumers at each time slot is both stable and optimal, and (2)
the outcomes of the proposed peer-to-peer trading scheme are prosumer-centric. Case studies are conducted
based on real household energy usage and solar generation data to highlight how the proposed scheme can
benefit prosumers through exhibiting prosumer-centric properties.

1. Introduction

The extensive growth in distributed energy resources in recent times
is not only able to supply the growing energy demand of consumers, but
can also facilitate introduction of a notable mix of clean renewable
energy into the grid [1]. For this reason, it is critical to enable extensive
participation of owners of these assets in the deregulated energy market
to provide frequency control services, demand response, profit max-
imization, operation reliability, planning, combating of uncertainty in
generation, and managing of the networked distribution system [2]. As
such, to enable prosumers’ participation, the Feed-in-Tariff (FiT)

scheme has been in the market since the last decade [3]. However, the
benefit to prosumers for participating in the FiT has been proven to be
very marginal [4]. Consequently, a number of FiT schemes has been
discontinued in recent times [5]. Meanwhile, a new energy trading
paradigm, known as peer-to-peer (P2P) energy trading, has emerged
recently [6].

P2P trading is an emerging economic model that allows commod-
ities such as energy to go from one prosumer to another rather than
from the grid to the consumer [4,7]. This trading platform allows a
prosumer to take advantage of other prosumers within its community
who produce or have more energy than they need by buying energy
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Nomenclature

A, B, S Different coalitions

b, Capacity of the battery of prosumer n

bn,c Available capacity of the battery of prosumer n at ¢
Dpp, D, Symbols for stability of coalition

E,pv(t)  Solar generation of prosumer n at ¢

E,nqis(t) Energy discharged from the battery of prosumer n at ¢
Encha(t) Energy charged to the battery of prosumer n at ¢

Epdem(t) Total energy demand of prosumer n at ¢
Ennou(t) Energy demand of prosumer n for household activities at ¢

E,.(t) Own solar and battery energy consumption by prosumer
att

Enqet(t) Energy deficiency of prosumer n at ¢

E,sur(t) Energy surplus of prosumer n at ¢

Echr. dis Recommended maximum charging and discharging rate of

the battery

Elranster () Limit imposed on maximum energy transfer over the
network

E.(t) Total energy charged by prosumers at state 2 at ¢

E4(t) Total energy discharged by prosumers at state 2 at ¢
€max (t) maX(Echr,diSa Etransfer (t))

e (1) Energy charged by prosumer n’s battery at ¢

end(t) Energy discharged by prosumer n’s battery at ¢
Jup(t) Cost to prosumer » at state 1 att

k Scaling factor

K Set of providers in coalition 2

K Total number of providers in coalition 2

Set of receivers in coalition 2

Total number of receivers in coalition 2
m Index of prosumer

Total number of prosumers

Set of all prosumers
@®) Mid-market selling price per unit of energy at ¢
Dy (1) Mid-market buying price per unit of energy at ¢
p. () Price per unit of energy charged by the battery at ¢
P (1) Price per unit of energy charged by the battery at ¢
D Degradation cost per kWh of the battery

B zzZ3 BN

Do () Threshold price of prosumer n to charge its battery at ¢

P,q(t)  Threshold price of prosumer n to discharge its battery at ¢

Py, (t)  P2P discharging price for prosumers in state 2 at ¢

D.5,(t)  P2P charging price for prosumers in state 2 at ¢

s, (1) State of charge of n’s battery at ¢

t Index of each time slot

Up,s(t) Utility of prosumer n at state 1 at ¢

Up.o(t) Utility of prosumer n at state 2 for charging its battery at

Unq(t)  Utility of prosumer n at state 2 for discharging its battery
att

U(n) Utility of n as a part of coalition

Vv Set of prosumers at state 2

w Set of prosumers at state 1

ay Satisfaction parameter of prosumer n

B Pricing parameter

r Symbol for coalition formation game

v Value of coalition

from them at a relatively cheaper rate and vice versa. Due to its po-
tential in revolutionizing the energy domain, several studies are con-
ducted that focus on the financial model of P2P trading and the impact
of network constraints on P2P. In developing the financial model, the
authors in [8] investigate the economic impact of the energy com-
plementary strategy to promote the sustainable development of urban
energy systems. An optimization model is developed in [9] for photo-
voltaic (PV)-battery systems in the P2P market with real-world con-
straints and market signals. A similar PV and battery-driven P2P energy
trading model is also proposed in [10] through an aggregated two-stage
battery control technology. Trading mechanisms that focus on em-
powering prosumers in the market are proposed in [11,12]. In the lit-
erature, integration of P2P trading in the energy market is also dis-
cussed via double-auction based [13], fairness based [14], consensus-
based [15], negotiation-based [16], generalized Nash equilibrium [17],
and orchestrator based [18] approaches respectively.

In terms of investigating the impact of the physical network on P2P
trading, [19,20] discuss how P2P trading can potentially jeopardize the
reliability of the power system by increasing bus voltages and propose
potential solutions to avoid such circumstances. A Jacobi-proximal al-
ternating direction method of multipliers (ADMM) is applied in [21] to
design the P2P grid voltage support function for smart PV inverters with
the purpose of regulating the voltages within a reasonable time. The
impact of the level of transmission losses on P2P trading behaviors of
retailers and consumers is discussed in [22] using a credit rating based
multi-leader multi-follower game. In [23], the authors use the in-
formation and communications technologies (ICT) concept of network
overlays and P2P networks to improve the resilience of the network
against utility blackouts. ICT for local smart grids is also utilized in [24]
to design a P2P model for distributed energy trading and grid control.
Further, a number of pilot projects such as Brooklyn Microgrid in the
USA [25], Valley Housing Project in Fremantle, Western Australia [26],
and the P2P-SmartTest Project in Europe [27] are under development
to demonstrate the benefit of P2P trading.

While the benefits of P2P trading are clear, the key concern that yet

to be addressed is that how to develop a P2P trading mechanism, which
is capable of ensuring a continuous and sustainable operation of the
energy trading between prosumers. Finding a favourable answer to this
question is particularly important due to following reasons: (1) P2P
trading emphasizes on transfer of energy among multiple prosumers
with minimum (if not at all) influence and control from a central
controller, e.g., the retailer. This establishes P2P as a trustless system
[26]. Therefore, encouraging prosumers to cooperate with one another
for trading energy could be challenging; (2) Energy trading involving
active prosumers participation is not a new phenomenon. However, a
sustainable and continual operation of such a scheme cannot be guar-
anteed unless prosumers extensively participate in the trading. There-
fore, it is utmost necessary that the developed energy trading schemes
are prosumer-centric, in which the main receipient of the benefits are the
prosumers as both the buyer and the sellers of energy [28]. Otherwise,
the P2P trading could potentially be discontinued like many other ex-
isting schemes, e.g., see [5,29].

Given this context, we propose a P2P energy trading scheme to
address these issues by exploiting social cooperation among different
prosumers. In particular, we use the framework of a cooperative game
[30] to capture the interaction between different prosumers. However,
unlike [30], where a canonical coalition game is modeled, we use the
framework of a coalition formation game to determine a stable network
structure, in which each prosumer can decide whether it wants to be in
state 1 or state 2 at a particular time slot for cooperating with other
similar prosumers to participate in the P2P trading. State 1 refers to the
state of a prosumer, in which it does not charge or discharge its battery
for participating in P2P trading. It only uses its surplus generation for
participating in the market. State 2 of a prosumer, on the other hand,
refers to the state, in which it is willing to charge or discharge its
battery for buying energy from or selling energy to the P2P market. The
use of the proposed coalition formation game can effectively help
prosumers to decide with whom to cooperate or not, which helps the
designed energy trading model to achieve a prosumer-centric solution.

To this end, the main contributions of the paper are:
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e We propose a P2P energy trading scheme between different prosu-
mers of an energy network by using a coalition formation game. The
objective is to exploit the social cooperation between the prosumers
to attain a prosumer-centric solution.

® We develop an algorithm that helps a prosumer to select a state
based on which it can choose whether or not it is beneficial to put its
battery in the P2P market and subsequently form a suitable group
based on the coalition game. Within the selected state, the algorithm
also enables the prosumer to decide whether to charge or discharge
its battery to participate in the proposed P2P trading.

e We study the properties of the coalition formation game and show
that the formed coalition among prosumers for P2P trading is stable
and socially optimal that delivers prosumer-centric outcomes; and

e We validate the properties of the proposed scheme through nu-
merical simulation based on real consumers data.

While in a number of existing literature such as [31-33], prosumers
make their decision of energy trading price through a day ahead
scheduling, this study develops a P2P scheme that considers the situa-
tion at the current time slot to model the decision making process of the
prosumers. Such a model is particularly beneficial to apply in scenarios
where the history of PV generation patterns and electricity demand of
prosumers is not available, for example, communities where P2P
trading is deployed as a smart energy management scheme for the first
time. Note that example of such current time slot based energy man-
agement scheme can also be found in [34-37]. Further, we stress that
prosumer-centric solutions have also been discussed in [38,39]. How-
ever, the proposed study is different from them in terms of considered
system model, game formulation, and analysis.

The rest of the paper is organized as follows. We introduce the
system model for the proposed P2P trading in Section 2. We propose a
P2P energy trading model based on a coalition formation game in
Section 3. Properties of the studied P2P trading are studied in Section 4
followed by numerical simulation results in Section 5. Finally, we
conclude the paper in Section 6.

2. System model

We consider a P2P energy network consisting of a centralized power
system (CPS) and N houses, where N = |NI|. Each house n € N acts as a
prosumer, which is equipped with a solar panel and a battery of ca-
pacity b,. Prosumer n can use the energy from its solar panel, battery, or
from the grid and other entities to meet its demand. Alternatively, it can
transfer its surplus energy, if there is any, to the grid, to its own battery
or to other prosumers. To do so, each prosumer is also equipped with a
smart meter, which can (1) determine and record the generation of
energy from the rooftop solar panel, (2) determine and record the
consumed energy by the prosumer, (3) determine and record the state
of charge (SoC) of the battery, (4) manage the charging and discharging
of a battery, and (5) determine and record the energy that a prosumer n
sells to or buys from the CPS, the battery, or from another entity, when
necessary.

The considered P2P network is assumed to have two layers [25]: a
physical layer and a virtual layer. The physical layer is responsible for
the physical connection and transfer of energy between different energy
prosumers within a network through a distribution system (built and
managed by an independent system operator). On the other hand, all
prosumers can communicate, exchange information with one another,
and decide on their traded energy amount and transaction price over
the virtual layer, e.g., blockchain [26] and Elecbay [27]. The study
presented in this paper focuses on the application of energy trading in
the virtual layer of the P2P network.

We assume that at any time slot t of the day, the generation of solar
energy from prosumer n’s solar panel is E, p (t), the amount of energy
discharged from its battery is E, 4is(t), and the energy demand of pro-
sumer n is Ey gem (t) = Enhou(t) + Encha (t). Here, E, poy(t) is the energy
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that prosumer n needs for its household activities and E, cha(t) is the
energy to charge the battery. Since the energy from the solar is free and
from the battery is reasonably cheap,' in reality the owner of the house
prefers to use the solar and battery energy to meet the demand.
Therefore, the amount of solar and battery self consumption by each
house is

En,c(t) = min(En,pv (t) + En,dis(t)a En,dem(t))- (1)

Accordingly, based on the generation, demand, and consumption of
energy, each prosumer n may need to buy excess energy to meet its
energy deficiency E,q.f(t) or has surplus energy E, q.(t) to sell. Ac-
cordingly,

En,sur(t) = (En,pv (t) + En,dis(t)) - (En.hou(t) + En.cha (t)), (2)
and
En,def(t) = (En.hou(t) + En.cha (t)) - (En,pv (t) + En,dis([))~ (3)

A prosumer n can sell E, ¢, (¢) either to the CPS or to other prosumers in
set N\ {n} of the network and can buy E,, 4. (t) from either of them. Note
that in (2) and (3) the surplus and deficiency are calculated respectively
after a prosumer already charges it battery from its own generation and
discharges the battery for its household demand.

We further consider that the prosumers participating in the P2P
energy trading choose to be either of the two states at any given time
slot t.

(a) State 1 Prosumers in state 1 do not charge or discharge
their batteries for trading purposes and only sell their surplus
Epsu(t) to other prosumers in A\{n} or to the grid when
Epsur (1) = (Bphou (1) + Epcha (1)) — Eppy () > 0. In other words, a pro-
sumer in state 1, which we denote as an element of set ‘W, does not put
its battery in the energy trading market. Similarly, a state 1 prosumer
only buys energy, when necessary, to meet the deficient energy
Ep et (8) = (Bppy (t) + Epais(t)) — Epnou(t). Note that a prosumer
without any battery always remains in state 1.

(b) State 2 Prosumers is state 2 use their batteries for trading pur-
poses. That is, a prosumer in state 2, which we indicate via V is mo-
tivated, e.g., for more economical benefit, to discharge its battery for
selling energy to other prosumers. Similarly, it may also buy energy
from other peers to charge its battery for future needs.

Clearly, the benefit, as we will see in the next section, that a pro-
sumer may reap for being a state 1 or state 2 during P2P trading could
be different due to the additional benefit and cost of using a battery for
trading. In fact, such differences influence a prosumer to dynamically
choose its states at different time slots of P2P trading. To clarify this
further, let us consider the toy example shown in Table 1.

In the table, we focus on how the state of six prosumers can be
decided for two time slots. The P2P trading price for charging/dis-
charging battery and the battery degradation price are also assumed to
be similar for all of them. Now, due to different demand of energy and
subsequent state of charge (SoC) in the battery, the utilities (calculated
based on the discussion in the next section) for being in state 1 and state
2 are different for different prosumers. For example, at time slot 1, both
prosumer 1 and 2 are interested to charge their batteries (to be in state
2). However, the positive utility obtained from such charging enable
prosumer 1 to be in state 2, whereas prosumer 1 needs to be in state 1 to
avoid the lower utility (which is negative) for becoming a state 2 pro-
sumer. However, they change their respective states based on the new
preferences of charging and discharging in time slot 2. Similar utility
based choice is also shown form other prosumers. Note that when a
prosumer does not have a battery (prosumer 6) or it does not want to
charge or discharge despite having battery (prosumer 5 in time slot 1)
will remain in state 1.

Clearly, the utility that a prosumer obtain from its participation in

! However, there is an associated battery degradation cost [40].
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Table 1
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A toy example to demonstrate how prosumers may choose different states for P2P trading. The degradation price is taken from [40]
and P2P price is calculated following the mid-market rule [39] by assuming a grid price of 26 cents per kWh [41] and a FiT price of 10

cents per kWh [42].

Interested P2P
Time | Prosumer SoC am(t)ll‘ll(ieg* om Degradation price Ii;‘;lgiflogr State
slot id (kWh) price per kWh per
the battery KWh
(kWh)
1 0.6 1 4.2 18 16.8 (2]
2 3 2 4.2 18 -18.4 1
1 3 3 -2 4.2 18 67.6 2 Change of
4 2.4 -1.5 4.2 18 45.4 2 | states by
5 3 0 42 18 0 L[| Prosumer !
6 No storage 0 18 0 1 timeslot 1 to 2
1 1.6 3 4.2 15 -0.6 1 |
2 3 2 42 15 61.6 2] Prlusuw -
2 3 1 1 4.2 15 15.8 2 5 and 6 I'L‘l;l."li;
4 09 2 42 15 236 2 _ in the same
5 3 1.5 0 15 -10.0 1 state in both
6 No storage 0 15 0 1 fimeslots

the P2P trading influences its choice of different states. As such, we
discuss different utility functions that mimic the benefits to each pro-
sumer when they are in state 1 and state 2 in the following section.

2.1. Utility of prosumer at state 1

For prosumer at state 1 the contribution of a prosumer’s battery to
the energy trading can be assumed to be 0 when considering the flow of
battery energy across different entities. Hence, from the perspective of
P2P trading, each prosumer n at state 1 can be considered as a prosumer
with the grid-tie solar system without battery [43]. Therefore, prosu-
mers of this type trade their solar energy either with one another pro-
sumer or with the grid without charging or discharging their batteries.
In this context, if the mid-market buying and selling prices per unit of
energy are p, (t) and p, (t) respectively (following [39]), the utility and
cost to a prosumer n can be defined as

Un,s (t) =D ([)En,sur ([)’ and]n,b([) =Dy ([)En,def ([) (4)

respectively for selling and buying their surplus and deficient energy.

2.2. Utility of a prosumer at state 2

We note that the utility that a prosumer obtains from charging its
battery can be defined as the sum of the relevant cost and the benefit of
charging. Benefit of charging can be captured by using a utility function
with decreasing marginal benefit [34,44,45]. Such a property refers to
the fact that the benefit to a prosumer for charging its battery even-
tually gets saturated with charging as the SoC s, (t) of the battery be-
comes close to its available capacity b, .(t) = b, — s,().

To this end, we consider the utility of a state 2 prosumer n for
charging its battery as:

Une ) = KBne(®ene(t) = Sanenc @] = B + B (O)enc 1) ©
In (5), the term (b, (t)e,(t) — %ot,,enyc(t)2 refers to the benefit of
charging, 0 < k < 1 is a scaling factor, and (p; + p.(t))e,(t) is the cost
of charging. Here, p, is the degradation cost per kWh of the battery
[46], p.(t) is the price per unit of charging energy e, (t) < Echrdis
(where, Egy qis is the rated charging/discharging rate of the battery),
and a, > 0 is the satisfaction parameter of prosumer n [44].

In the similar way, the utility of a state 2 prosumer n for discharging
its battery can be defined as

1
Una(t) = k[sp(t)ena(t) — Eanen,d(t)z] + (ps () — ppena(t), ®)
where p,(t) is the price per unit of discharged energy e, 4(t) < Echrdis-
However, unlike (5), (p;(t) — p;)e,q(t) in (6) refers to the revenue that
an n obtains from discharging its battery. Further,

en,c(t) < min(emax(t)’ bn,c(t)y En,sur(t))’ en,d(t) <

min (emax (t)’ Sps En,def (t))

)

to ensure that battery charges or discharges neither more than its rated
charging and discharging rate nor more than the network limit on the
energy transfer. In other words,

(8

where, Eianster (£) is network controller imposed maximum limit of en-
ergy transfer over the network at t such that the node voltage does not
violate the recommended limit for reliability and security of the net-
work. Note that the parameters in (7) and (8) for each prosumer needs
to be chosen carefully to ensure that prosumers can reap maximum
benefits from trading without violating any network limits. These could
be decided by a regulatory body for prosumers of particular commu-
nities that want to involve in P2P trading. Examples of such regulatory
decisions can also be found in other trading mechanisms. For example,
in Queensland, Australia, if any prosumer would like to participate in
FiT, it cannot install solar panels beyond 5 kW capacity according to the
regulation of the state. Such regulation has been imposed to enable
prosumers to participate in energy trading without compromising net-
work security. Please note that such a regulation should not affect a
prosumer’s decision of how much energy it would like to trade and how
much price it would like to charge per unit of energy. Rather, the
purpose of regulation is to offer practical values for constraints like (7)
and (8) that will be beneficial for both prosumers and networks.

The utility functions proposed in (5) and (6) possess the property of
decreasing marginal benefit, which is ideal for power users [47]. In
particular, in the decision making process of charging and discharging
of the battery, which has a fixed capacity, utility functions with de-
creasing marginal benefits are capable of modelling the decision
making process of prosumers by capturing their benefits, which in-
creases gradually to a certain point of state-of-charge and then de-
creasing again. Examples of such use of utility functions to model the
benefit of power users can also be found in [44,48,49].

Now, based on the utility following (4)-(6) that a prosumer achieves
for trading its energy, it forms socially cooperative groups with
neighboring prosumers to at different time slots in order to maximize its

€max = maX(Echr,dis’ Etransfer (t)),
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utility via P2P trading. In the next section, we propose a coalition
formation game to capture this decision making process.

3. Problem formulation for P2P trading

At any given time slot t, the decision of each prosumer n to choose to
be either in state 1 or in state 2 may potentially be affected by its
production of solar energy, energy demand, energy price, its urgency of
using energy for particular tasks, and how much utility it can achieve
for interacting with other neighboring prosumers. Note that the deci-
sion of being in a particular state is taken by each prosumer in-
dividually without any central control. To this end, what follows is a
study of the P2P trading price to identify under which condition a
prosumer may become interested to charge or discharge its battery to
participate in P2P trading with its neighbors.

3.1. Decision of a prosumer to charge and discharge the battery

3.1.1. Price condition for charging a battery
For any given price p,(t), the utility U, .(¢) to a prosumer for char-
2 .
ging its battery is (5), where ZBU"'(‘I(;; = —ka, < 0. Thus, the preferred
strategy e, .(t)* of a prosumer to ‘maximize its utility is

en,c ()" = argmaxU, . (1), 9

and therefore,

1 +

enc(t)* = | —(k (b, — sn (1)) — _L»t)],

() [ka,,(( ( p —p.(1) 10)

where [-J* = max(-,0). Clearly, when a prosumer wants to charge its

battery, e, (t)* > 0. Therefore, the maximum price p,.(t) that the
prosumer n will to pay to charge its battery is

Do () = k(by = 5,(1)) — - an

Now, based on (10) and (11), a prosumer’s behavior towards charging
its battery can be influenced by different variation of P2P price p,(t) as
follows.

® When p,(¢) = p, (1), e, (t)* = 0. Therefore, the prosumer n will not
charge its battery.

® When p,(¢) > p,.(t), enc(1)* < 0. Therefore, the prosumer n will not
charge its battery.

e When p.(t) <p, (1), Upc(t) >0 and e, (t)* > 0. Therefore, the
prosumer n will charge its battery.

3.1.2. Price condition for discharging a battery
Similarly, a prosumer n receives utility U, 4(t) by discharging e, 4(t)

from its battery. U, 4(t) attains its maximum value when Zg":g)) =
Therefore, ’
1 +
en.q(t)" = argmaxU, 4(t) = | — (ks (t) — p, + p; (¢ .
n.d () g . () [kan( 2 (8) — pp + py( ))] 12

Now, following the same procedure as for the charging price, we can
determine the minimum price that can motivate a prosumer to dis-
charge its battery is

Table 2

Applied Energy 261 (2020) 114436

Pna(t) = p; — ksn(0). (13)

To this end, based on (12) and (13), the discharge of a prosumer’s
battery is influenced by the following variation of P2P price:

® When p,; () = p, 4(£), en,a(t)* = 0. Therefore, the prosumer n will not
be interested to discharge its battery.

® When p,(t) > p, 4(t), ,,4(t)* > 0. Therefore, the prosumer n will
discharge its battery.

® When p,;(t) < p, 4(), en,a(t)* < 0. Therefore, the prosumer n will not
discharge its battery.

Thus, the overall decision of a prosumer to use its battery or not for
P2P trading is affected by the value of P2P charging and discharging
prices. A summary of the possible variations and the subsequent deci-
sions are summarized in Table 2. Clearly, a prosumer will choose to be
in state 1 for case 3, whereas for other cases the choice would be state 2.
Note that the decision of energy trading between the batteries of dif-
ferent prosumers is also influenced by respective capacities and SoC of
the batteries via (10) and (12).

3.2. Codalition formation framework

A coalition formation game I' can be formally defined by a pair
I' = (N, v), in which N is the set of all participating players (i.e.,
prosumers in this case) and the value of coalition v. v assigns a real
number to every coalition S ¢ N for participating in P2P trading.
Under the coalition formation game framework, participating prosu-
mers form coalitions with one another to improve their respective uti-
lities. In doing so, a prosumer may decide to leave a coalition to join a
new coalition if its utility is improved by joining the selected new
coalition. Indeed, a prosumer may also choose to take its own strategy
without being a part of any coalition if that is more beneficial. Now, in
order to study the decision making process of each prosumer to choose
a certain coalition for P2P trading purpose, we first define the term
Pareto order.

Definition 1. Consider two collections of coalition A and B of the
same set of prosumers N. For a prosumer n € N, uz(n) and ug(n)
denote the utility to prosumer n within coalition A and B respectively.
Now, coalition A is preferred by prosumer n,V n e N, over the
coalition B by Pareto order, indicated by A [> B, if ux(n) > ug(n),
with an equality for at least one player.

Thus, Pareto order bases the preference on the individual payoffs to
the prosumers rather than the coalition value v. Now, based on the
Pareto order, each prosumer n decides on the coalition it wants to form
in each time slot during a day with the purpose to maximize its utility.
To do so, we assume that each prosumer uses merge and split rules for
forming coalitions with one another.

3.2.1. Merge and split rules

Merge and split rules are two fundamental rules for forming or
breaking coalitions based on Pareto order [50]. They can be defined as
follows.

Definition 2. A collection of disjoint coalition {A;, A,, ..., A}, A; C S
can agree to merge into a single coalition 8 = U,_ A,, if the new

This table lists the strategies of a prosumer on its choice of charging and discharging its battery for the P2P trading purpose and its subsequent choice of state.

Case  Value of P2P charging price p.(t)  Value of P2P discharging price p;(t)

Strategy of prosumer n and Corresponding State

Pe(t) < P ()
() 2 p, (D)
pe(t) > Py (1)
Pe(t) < Py

Pi(t) < Pyg(t)
Pi(t) > ppg()
Pi(t) < Py g(t)
Pi(t) > ppq(t)

AW N =

Prosumer n will charge (state 2)
Prosumer n will discharge (state 2)
Prosumer n will neither charge not discharge (state 1)

Prosumer n will either charge or discharge based on it utility according to (5) and (6) (state 2)
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1
1
1
1
1
1
1
1
1
1
1
1

. ~.
In this coalition, prosumers do not In this coalition, prosumers charge
charge or discharge their storages for and discharge their storages for P2P

P2P trading.

Split from coalition 2 and merge

trading.

to coalition 1.

Fig. 1. This figure shows the social cooperation of prosumers of similar states (within a coalition) and their transfer between different coalitions as outlined in this

study.

coalition 8B is preferred over {#A;, Ay, ..., A}, i.e.,, B > {A;, A, ... A,
by the players according to the Pareto order described in Definition 1.

Definition 3. A coalition 8 = Ui,_;A,, A, C S can split into smaller
coalitions {A;, A, ..., A} if the resulting coalitions are preferred by the
players over B, i.e., {A;, A, ..., A;} [> B, as per the Pareto order in
Definition 1.

The reorganisation of prosumers in different coalitions following the
merge-and-split rule is usually conducted in multiple iterations. In each
iteration, all the participating prosumers engage to form new coalitions
to maximize their utilities. A graphical representation of how prosu-
mers choose different coalition based on merge and split rule in the
proposed system is shown in Fig. 1.

3.3. Coalition formation algorithm

Algorithm 1. Algorithm to form a stable coalition structure for P2P
trading.

1: for timeslott =1 to T do

2:  Set P2P discharge price p;(t) = M.

3:  Set P2P charge price p.(t) = (1 + B)p, (1).

4:  for Each prosumer n € N' do

5: Determine the solar generation Ejp,py(t).

6 Determine energy demand Ej dem(r) and battery SoC sy (t).

7 if Enpy(t) > Endem(t) then

8 Ep,cha(t) = min((by — sn(t)), emax, (En,pv(t) — En,dem (1))).

9 sn(t) = sp(t = 1) + 1Ep,cha(t).

10: En,sur (t) = En,pv(l) - (En,dem (l) + En,cha(l))-

11: else if Ey py(t) < Epdem(t) then

12: En,dis(l) = min((s, (t) — Sn,min)w €max, (En,dem(l) - En,pv(t)))-

13: sp(t) = sp(t—1) — UEn,dis(t)~

14: Ep,def (t) = En,dem () — (En,pv () + En,dis(£)).

15: end if

16: if By get (t) > 0 then

17: Prosumer n chooses to be type 1 of set W.

18: else

19: Determine p, (t) and p, 4(¢) following (11) and (13) respectively.
20: Each prosumer follow Table 2 to initially decide whether it wants to be in

‘W or V prosumer.

21: For type 2, providers and receivers become elements of set X and £ re-
spectively, i.e.,, V =K U L.

22: end if

23:  end for

24: Total available energy from K is Ef: 1 en,d(t).
25: Total demand from £ is an:l em,c(t).

26: if Zf=1 end(t) > an=l em,c(t) then
27: All prosumers in £ finally chooses type 2.

28: Calculate excess energy Eex(t) = Z,il ena(t) — Z,Ln=1 em,c(£).
291 Setena(t) = na(t) — min(ena(t), ") v n e .

30: if e, 4(t) > 0 then

31: Prosumer n decides to be X in type 2.

32: else

33: Prosumer n decides to be in W.

34: end if

35 else ifSX_ ena() < XL _, eme®)
36: All prosumers in K finally chooses type 2.
37: Calculate excess demand Eex ¢ (t) = 2221 em,c(t) — Zle en,d(t).

E,
38 Seteme(t) = ene() — min(eme(d). ") vme L.

39: if ey,c(t) > 0 then

40: Prosumer n decides to be £ C V.

41: else

42: Prosumer n decides to be in “W.

43: end if

44: else

45: All prosumers in £ and K belong to type 2.
46: end if

47. Each prosumer n that was in N/ in the previous time slot and decides to be in
V, splits from N/7V and merges to the prosumers in V.

48:  Each prosumer n that was in N/W in the previous time slot and decides to be
in ‘W, splits from N/W and merges to the prosumers in “W.

49: A stable coalition structure for P2P trading is achieved for time slot ¢.

50: end for

The formation of coalitions between different prosumers for P2P
trading is influenced by a prosumer’s decision to socially interact with
other prosumers for P2P energy trading. To take the decision, in time
slot t, a prosumer first meets its demand by energy from its solar panels
and storage. Second, it calculates its available surplus, deficiency, and
the SoC of the battery. Third, based on the price threshold of the pro-
sumer from (11) and (13) and the available energy prices for P2P
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trading, which is determined by a mid-market rate rule [39], a pro-
sumer decides whether it wants to charge or discharge its battery to
participate in P2P trading. In other words, each prosumer n decides
whether it wants to be in state 1 or 2 and utilize the properties of Pareto
order to choose the appropriate coalition.

Prosumers that are in state 1 form coalition 1 (Fig. 1) and conduct
P2P trading among themselves using the mechanism proposed in [39]
via a mid-market pricing scheme. As for prosumers in state 2, each
prosumer needs to decide either be a provider or a receiver of energy
and thus be in the set K or L respectively. Once the decision is taken by
prosumers, as shown in Fig. 2, each prosumer n who was in state 1 in
the previous time slot t — 1 and would like to be in state 2 at t, splits
itself from its previous coalition and merges with the players who de-
cide to be in state 2 and thus becomes a part of a new coalition. A
similar transition can also happen for state 2 players. Finally, P2P
trading between the receivers and providers within coalition 2 is con-
ducted using prices derived in (18) and (19). The detail of the proposed
Pareto order based step-by-step coalition formation algorithm is shown
in Algorithm 1.

As can be seen from Algorithm 1, the formation of a coalition is
dynamic in nature. That is, the coalition formation algorithm runs in
every time slot to reconfigure the members of each coalition that would
achieve the maximum benefit for the prosumers. The correlation be-
tween different time slots is captured through the state of charge of
storage devices that varies across different time slots according to its
charging and discharging pattern. Of course, it is also possible that the
same coalition structure may hold for multiple consecutive time slots if
Algorithm 1 identifies that structure is beneficial for the relevant time
slots.

Here, it is important to note that, in the proposed coalition forma-
tion structure, there is no coalition of prosumers who do not charge/
discharge batteries with who will discharge/charge. This is due to the
fact that, as the proposed scheme is designed, the charging and dis-
charging price needs to satisfy the conditions explained in Table 2,
where the threshold price p,.(¢) and p,,(¢) include the associated
charging and discharging degradation cost of batteries. The motivation
behind the choice of such prices is the fact that when a prosumer may
want its battery to be charged or discharged for trading in the peer-to-
peer market, the trading price should reflect the associated battery
degradation cost due to charging and discharging, and at the same time,

t =
n=1234
T v K
& o P Pl Pt Dpa(t+ D)
Pl 3 L s+ Dn=1234 |
: o U Pralt+ D =1,2,3,4 |
@ ol Pt 1), n=1,2,3,4 !
State 1 State 2

pc(t)l pd(t)
sp(t),n=1,2,3,4
Pna(t),n=1,2,34
Pnc(t)n=1,234
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have enough incentive to make the price beneficial for prosumers to put
their batteries into the market. Now, prosumers who participate in
peer-to-peer trading market without battery do not need to consider
such degradation cost and therefore the trading price does not include
the additional item to compensate for the cost of battery degradation
[39,51]. Given this context, as the proposed model is designed, these
prices will always fall within the case 3 of Table 2, which subsequently
removes the possibility of a trade between prosumers who do not
charge/discharge batteries with prosumers who will discharge/charge
at the same time.

Indeed, other pricing schemes may regulate the trading in a dif-
ferent way, where the pricing conditions may allow prosumers who do
not charge/discharge batteries with prosumers who will discharge/
charge at the same time. Meanwhile, the proposed scheme is still valid
in terms of proving the importance of social cooperation between
prosumers to achieve a prosumer-centric solution, while still participate
in peer-to-peer trading. Further, the proposed scheme also help prosu-
mers to decide when they should use batteries to participate in the
trading and when they should participate without putting their bat-
teries into the market.

3.4. Trading of energy

Once a set of stable coalitions are formed following Algorithm 1 in
each round of the game, all prosumers in each coalition begins to trade
their energy with one another. We have discussed how the prosumers in
a coalition of state 1 players do P2P trading in [39]. As for P2P energy
trading prosumers at state 2, the energy trading parameters can be
determined as follows.

The total energy supplied by K providers for the P2P trading is

K K

1
Ey(t) = nd () = ksya(t) — p, + py ().
() geu) ;k%fsa>m pa(0) a4

Without loss of generality, it can be considered that a, 4 = a4, V n € K.
Hence, (14) can be expressed in its simple form as

Tea5nd® 0 = pOK

E =
a(®) ay ket (15)

Similarly, total amount of energy received by the receivers of the

State 1

State 2

pct+1) 2ppt+1),n=14 ;
pat+1) <p,qat+1),n=14 !
Pe(t+1) 2 ppc(t+1),n=2 E
pa(t+1) >puqt+1)e,,>0n=2 :
pc(t+1) <pp(t+1),n=3 i
pa(t+1) 2 ppa(t+1),e5.>0n=3,

1
i
I
I
I
I
I
I
I
Il

1
\

Fig. 2. This figure shows an example of how four prosumers decide on their respective states based on the price and available energy when they move from one time

slot to the next.
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coalition can be expressed by

L L _
E.(t) = E eme(t)* = Zm=1 (b, () = Sm,c (1)) B (@, + pc(t))L,
" e ket ae)

assuming ay, . = a.. Vm € L.

Now, let us consider that the P2P charging price p,(¢) and dis-
charging price p,(t) per unit of energy are related to one another via
[52]

p.(®) =(Q + B)p,(®), a7

where 8 > 0. The relationship in (17) is motivated by the fact that a
prosumer needs to pay the government tax and a subscription fee,
captured via 3, for using the transmission line provide by the grid for
P2P purpose. Now, the flow of energy for charging and discharging
batteries via P2P establishes that the total energy charged by the re-
ceivers batteries should be equal to the total energy discharged by the
providers in V, i.e., Eq(t) = E.(t).

To this end, by equating (15) and (16) and replacing the value of
p,(t) with p,(t) from (17), the trading prices p,(¢) and p,(¢) for prosu-
mers at state 2 can be calculated as:

(K — agL) — k(ate n_, sna(t) = & X (une(t) = sme())
Pd,sz ([) = ’
acK + ag(1 + )L
(18)

b (Uch - adL) - k(ac Zle sn,d(t) — Qa4 anzl (bm,c([) - Sm,C(t)))
acK+ag(1+p)L :
1 +8)

Pes2 =

19
Thus, p,,(t) and p, ;,(¢) are the discharging and charging prices used
by prosumers at state 2 to trade their battery energy over the P2P
network.

Remark 1. Please note that in the manuscript we do not consider the
scenario, in which a prosumer at state 2 can sell its battery energy to the
CPS. This mainly due to the fact that such a trading model relies on a
pricing scheme set by the CPS that provides prosumers with very
limited benefits [4]. Consequently, as articulated in [53], battery at
residential premises is not economically viable. Nonetheless, if a CPS
can participate in the local market as a peer and give prosumers to
negotiate the price for per unit energy it would sell to the CPS, the
proposed model can easily be extended by including CPS as a peer. In
such cases, a prosumer can also sell its energy to the CPS through P2P
mechanism.

4. Properties of the coalition formation

Given the proposed coalition formation algorithm and resultant
coalition structure, we now study the properties of the proposed
scheme.

4.1. Stability and optimality

In this section, we investigate the stability and optimality of the
proposed coalition formation. To this end, first we define the stability
and optimality from [54,52] as follows.

Definition 4. A group of coalitions is said to be stable, if no prosumer
has an interest to perform a merge-and-split operation in order to form
another new coalition for better payoff in a selected time slot. This is
known as Dy, stable.

Definition 5. A partition refers to the Pareto optimal network structure
if it exhibits the property of D, stability with the following
characteristics:

(1) The partition is Dy, stable.
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(2) The resultant partition is the unique outcome of any round of
merge-and-split operation.

(3) The partition maximizes the social welfare (sum utilities of the
participating prosumers).

Second, we note that in every time slot, as the I' is designed, a
prosumer n always decides whether it wants to charge or discharge its
battery for P2P trading by following scenarios listed in Table 2. This
could lead to one of the following two outcomes: (1) Prosumer n may
decides either to be in state 2 and puts its battery into the market for
P2P trading, or (2) Prosumer n decides to be in state 1 and participates
in P2P trading without putting its battery into the market. Thus, for
case 1, prosumer n belongs to the coalition of prosumers that are in
state 2. As for case 2, a prosumer may decide either to form a coalition
with other state 1 prosumers or it may participate in the energy market
non-cooperatively (trade with the CPS alone). Nonetheless, it is shown
in [55] that for the considered utilities in (4), it is always beneficial for
prosumers at state 1 to form a stable group with one another, rather
than participate non-cooperatively. Therefore, it is reasonable to state
the following Proposition 1.

Proposition 1. In the proposed T, at any time slot t, a prosumer n € N
always forms a coalition with prosumers that are either in state 1 or state 2
following the Pareto order defined in Definition 1, and never trades non-
cooperatively.

Theorem 1. At any given time slot t, the network structure or partitions
resulting from the proposed T is stable and Pareto optimal.

Proof. According to Algorithm 1, we note that, at any time slot ¢,
prosumers in £ and K charge and discharge their batteries for P2P
trading respectively, where

L ={n: e, (t) > Oandp.(t) < p, (), ps(£) = p, 4 ()} (20)
and
K = {n: e, 4(t) > Oandp, (t) > DPe ®), p (1) > Poa )} 21

When p.(¢) <p,.(t) and p,(t) > p, 4(1), the decision of a prosumer
n € N to be in £ or K is determined by the maximum utillity that it
achieves from charging and discharging. That is

{L U e (Dlez 020 > Una(Oler ,020
ne '

K ifUn,d(t)le:’d(I)>0 > Un,c(t)le,tc([)zm (22)

The rest of the prosumers N\ (£ U K) remain in state 1 and belong to
W . According to (20)-(22), indeed, the choice of K, £ (coalition of
state 2) and ‘W (coalition of state 1) by a prosumer n is determined
based on the achieved maximum utility by the prosumers (that is,
Pareto order in Definition 1), and hence n cannot be better paid off by
choosing an alternative coalition. Consequently, it will have no
incentive to split from its current coalition and merge to a new
coalition for a better payoff. Therefore, following Definition 4, the
resultant network structure is Dy, stable.

Further, as I' is designed, at any given time slot t, the Dy, stable
network structure always consists of two coalitions with set of players
W and V, and satisfies 'W U V| = N. This unique set of coalitions
maximizes the individual benefit to each prosumers, and consequently
their sum benefits is also maximized. Hence, the proposed coalition is
D. stable.

Now, since the coalition structure is D, stable, according to
Definition 4, the formation of coalition is also Pareto optimal. Thus,
Theorem 1 is proven. ]

4.2. Prosumer-centric property

To investigate whether the proposed P2P energy trading scheme
satisfies the prosumer-centric property, we exploit a number of models
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from motivational psychology.

Definition 6. A P2P energy trading scheme is defined to be prosumer-
centric if

o The coalition structure formed in T is stable.

o The utility received by each prosumer from I satisfies the rational
economic, elaboration likelihood and positive reinforcement models
of motivational psychology [56].

Clearly, from Theorem 1, the proposed coalition formation game
possesses stability. Hence, to be prosumer-centric, the proposed P2P
energy trading need to satisfy the models from motivational psy-
chology.

Essentially, motivation psychology is a branch of behavioral science
that studies the impact of human psychological process to initiate real
behavior [57,58]. Motivational psychology consists of a number of
behavioral models that can be used to understand whether a developed
technology can motivate users to accept it. One such application of
motivational psychology models in determining the feasibility of at-
tracting users to efficiently use their heating, ventilation, and air con-
ditioning (HVAC) units can be found in [59].

While different motivational psychology models can be used to
validate the impacts of different technologies for attracting users to
participate, in this section, we will focus on three particular models,
which are relevant to our study, to demonstrate the prosumer-centric
property of the proposed trading scheme. To this end, we first introduce
the rational economic, the elaboration likelihood and the positive re-
inforcement models. Then, we study whether the proposed P2P trading
scheme satisfy the properties of the motivational psychology models, so
as to exhibit the prosumer-centric property.

4.2.1. Rational economic model

According to [60], a prosumer’s participation in energy trading is
predominantly based on his economically rational decision. That is,
monetary benefit is a key motivator for people to be responsible and
logical about participating in energy trading in a P2P network.

4.2.2. Elaboration likelihood model

According to this model, there could be two ways to communicate
and motivate people to participate in energy trading: the central path
and the peripheral path [61]. The central path is suitable when an

1,2,3,4, 1,2,3,4 1,2,3,4,
56,78, —» 5678 —» 586,78,
9,10 9,10 9,10
@ 8.00 8.15 8.30
All prosumers form one coalition of type 1
(grand coalition)
2,5,86, 2,3,5,6,
7,10 7,10
2,5,6,7,10} .
1,2,3,4,
56,7,8 —> 1'3'94' & 14809
9,10

12.00 12.15 12.30

@ Prosumers choose to form either type 1 or type
2 coalition in both demonstrated time slots.
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individual cares about the issue and can easily access the necessary
information. However, he may potentially deviate from his supported
position if the subject conveys unfavorable thoughts due to the ambi-
guity of the message. In such a case, the peripheral path is more ap-
propriate. Essentially, the peripheral path tries to associate the ad-
vocated position with things the receiver already thinks positively
towards, such as monetary and environmental benefit, using an expert
appeal.

4.2.3. Positive reinforcement model

A positive reinforcement refers to the case when a human response
to a circumstance is followed by a reinforcing stimulus that increases
the potential of having the same response from the human when a si-
milar situation arises [62]. For example, by always receiving a better
utility by cooperating with other peers within a P2P energy network is
likely to encourage the users cooperate with its peers for energy trading
again in the future.

Theorem 2. The proposed social cooperation based P2P energy trading
scheme is prosumer-centric.

Proof. To prove the theorem, we note the following:

e A prosumer n decides to either charge or discharge its batteries
based on the utility functions (5) and (6). The utilities to n are
dominantly influenced by the buying price p, ;, and selling price p,
as demonstrated in Table 2. In this context, clearly, economic ben-
efit plays key role for a prosumers to choose a stable coalition to
perform P2P trading according to Algorithm 1. Thus, the proposed
scheme satisfies the rational-economic model.

e At any time slot t, the proposed P2P energy trading is Pareto op-
timal. Therefore, every time a prosumer n wants to trade energy,
participating in P2P energy trading by forming coalitions with other
prosumers in the network is always beneficial to n, rather than
acting noncoopeatively. This subsequently proves that the proposed
scheme satisfies positive reinforcement model.

e The improved net benefit of P2P trading could be an effective way to
demonstrate the prosumers of the advantage of participation. Thus,
the proposed scheme can easily use this peripheral path to help
prosumers understand and convince them to participate in P2P
trading.

2,3,5,6, 2,3,4,5, > 23,45
7,9,10 6,7,10 6,7,10
{9}
{4}
1,48 —» 1,89 —> 1,89

@ 02.45 03.00 03.15
Prosumers choose to form either type 1 or type

2 coalition in one time slot whereas in the next
time slot they remain in their previous
coalition.

This figure shows how prosumers choose to
either type 1 or type 2 coalition at different time
slots of the day. The pattern is similar for other
time slots as well, which makes the coalition
structure stable (Theorem 1).

Type 1 Type 2

Fig. 3. This figure demonstrates three different time snaps of a day, in which prosumers within the considered system model decide on various coalition to participate

in P2P trading.
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Fig. 4. Demonstration of net benefits to prosumers for participating in P2P trading via proposed social cooperation framework.

Thus, the proposed social cooperation based P2P trading satisfies all
three considered motivational psychology models and thus exhibits the
properties of a prosumer-centric scheme. []

Indeed, charging and discharging of battery cause battery de-
gradation, as discussed in [63]. It may discourage some prosumers to
use the battery extensively and unwilling to share any battery capacity.
Therefore, such prosumers are belong to state 1 in the proposed for-
mulation. Nonetheless, despite battery degradation, battery sharing is a
popular phenomenon within the prosumers and they are willing to
share their batteries with neighbours as discussed in [10,37]. Further,
as identified by a number of renewable energy service providers, pro-
sumers, at current time, do not emphasize on battery degradation, ra-
ther they are more keen to become environmental friendly, reduce their
current energy cost, and become grid independent during natural dis-
aster using battery integrated solar system, which has increased the
uptake of residential battery storage significantly since 2017 [64].
Thus, proposed model is valid and important for the decision making
process of this set of users.

5. Case study

In this section, we show some results from numerical case studies to
demonstrate the properties of the proposed trading scheme. In parti-
cular, we demonstrate (1) how each prosumer may choose to form
different coalition that leads to a stable coalition framework, (2) how
the proposed coalition formation algorithm brings benefit to the pro-
sumers for participating in P2P trading compared non-participating
prosumers, and (3) satisfy the prosumer-centric property. For the nu-
merical case study, we use the real-data of solar generation and
household energy consumption data available from Redback
Technologies. Redback is a Queensland based startup in Australia that
provides smart energy solutions to prosumers in Queensland, Victoria,
and New South Wales. We use 15 min sample data to validate the
proposed framework and the data used for this case study was collected
in February 2018. The values of retailer’s time-of-use electricity selling
price is also collected from Redback and the FiT price is assumed to be
10 cents/kWh according to the FiT price used in Brisbane, Australia.

5.1. Stability of coalition

In Fig. 3, we show the choice of different coalitions by prosumers at
three different group of time slots of a selected day. Although we choose
a selected group of time slots due to the lack of space in the paper to
accommodate the demonstration for all 96 time slots, similar pattern of
coalition formation is observed for the rest of the time slots as well.
Now, based on this figure,

e In Fig. 3 (a), all prosumers choose not to charge or discharge their

10

batteries for P2P trading and thus form a grand coalition

of state 1 prosumers in all considered time slots. That is

W =11, 2, ..,10}, V = {¢}, and therefore ['W U VI = IN| = 10.

In Fig. 3 (b), prosumers form a new set of coalitions in every time

slot. However, in all three time slots 'W U V| = 10.

o Finally, a similar pattern in forming coalition, i.e., 'W U VI = 10, is
also observed in Fig. 3 (c), in which the prosumers form a new
coalition during the transition for first time slot to the second
whereas they remain in the same coalition in the next time slot.

Thus, in every time slot, the outcome of the game provides a unique
outcome, which always contains two coalitions, and once a prosumer
chooses a coalition following Algorithm 1, it remains in that coalition
until the next time slot of energy trading without any motivation to
deviate due to Pareto order (see Definition 1). As such, regardless of
whether a new coalition is created in a time slot or not, as the scheme is
designed, the coalition structure satisfies Theorem 1 and therefore ex-
hibits the property of a stable coalition structure in each time slot. For
more details on the stability of coalition formation games, please see
[65].

5.2. Benefits to prosumers

In Fig. 4, we show how the proposed social cooperation framework
can improve the net benefits® attained by the prosumers. In particular,
we show the difference between the net benefits to prosumers with and
without social cooperation. By “without social cooperation”, we refer to
the FiT scheme, in which a prosumer uses its battery either for storing
the excess solar energy from its rooftop solar or for spending the stored
energy for household purpose and use only the surplus to trade with the
CPS. Now, according to Fig. 4, first we note that the improvement in net
benefits to prosumers for participating in P2P trading vary across both
different time slots and across different prosumers. For example, while
the improvement in net benefit for prosumer one is as large as 15260 at
time slot 40, it reduces to as low as 825 at time slot 82. In the morning,
the improvement in net benefit is zero. The pattern, which is mainly
due to the different generation and energy demand pattern of the
prosumer at different time slot of the day, is also similarly random for
other prosumers as well. The improvement of net benefits for different
prosumers are also different for the same reason. Nonetheless, the P2P
trading via proposed social cooperation framework is never detrimental
to any prosumer at any given time slot of the day. As evident from
Fig. 4, in most of the time slots of the selected day P2P trading de-
monstrates improvements in net benefits to all the prosumers while the
net benefit is at least as good as the FiT scheme to prosumers in rest of
the time slots.

2 Net benefit is the difference between utility and cost of trading energy.
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Fig. 5. Demonstration of opportunistic use of battery by different prosumers while participating in P2P trading.

Further, it is also important to note that, as the cooperative fra-
mework is designed, the prosumers do not require to always use their
batteries for participating in P2P trading. Rather, they can opportu-
nistically choose to trade their battery energy when they find it bene-
ficial for them by following (5) and (6) and still manage to reap a better
(or at least equal) utility compared to the case without cooperation. For
instance, as shown in Fig. 5, although a number prosumers are inter-
ested to trade their battery energy with other peers of the network (at
time slots 25 to 45, for example), there is no trade of battery energy
from any prosumers during time slots from 50 to 60. The benefit for P2P
trading is, however, still obvious for time slots 50 to 60 as noted in
Fig. 4. Such opportunistic use of battery helps prosumers to intelligently
use their batteries for P2P trading without significantly compromising
the lifetime of the batteries. Further, the proposed scheme may help
prosumers to estimate how much they may need to invest on their
batteries based on their frequency of battery usage for trading purposes
(e.g., a prosumer do not need to buy a large battery if the result shows
that it would be under used).

5.3. Prosumer-centric property

To show that the proposed P2P trading scheme is prosumer-centric,
we show the net benefits of ten prosumers that they achieve by co-
operating with one another in P2P trading compared to the case
without cooperation in Table 3. In the table, we have demonstrated the
result for a selected month for the visual clarity of the demonstrated
numbers. However, a similar result holds for any other of the year.
Now, according to Table 3, the benefit to each prosumer for cooperating
with one another is more beneficial most of the time and never detri-
mental compared to participating in the FiT scheme. This characteristic
complies with the rational economic and elaboration likelihood prop-
erties of the motivational psychology model. Indeed, outcomes of
trading can be affected by both weather of the considered day and the
type of the prosumer. For example, for prosumer 2, 3, 5, and 9, social
cooperation brings higher average benefits compared to other prosu-
mers within the system. On the other hand, the average benefit to
prosumer 7 and 8 relatively lower. Similar impacts on the outcome are
also observed for different days due to weather conditions. Days, when
sunshine hours are relatively longer P2P trading, are proven to be more
beneficial. Examples such days in this experiment include days 2, 5, 8,
11, 14, 17, 23, 26, and 29. However, if sunshine hours are limited such
as in days 4, 10, 16, and 21, the benefits are lower. Note that for a
completely cloudy day, the benefit of P2P is as same as the FiT scheme.
This is due to the fact that prosumers do not have any surplus to sell
these days. Rather, they use their energy from storage (no solar gen-
eration) to meet their own demand only. Nonetheless, the attained net
benefit per prosumer shows a consistent performance improvement on
sunny days and similar performance on cloudy days when compared to
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the FiT scheme. Thus, as per definition, it satisfies the positive re-
inforcement property. Hence, the proposed scheme exhibits prosumer-
centric property.

5.4. Computational complexity

Now, we discuss the computational complexity of the proposed
scheme. The main computation complexity of the proposed scheme,
however, stems from the iterative decision-making process of each
prosumer on under which coalition it would like to participate in P2P
trading. However, as the proposed scheme is designed, the decision
made by each prosumer is determined by a set of simple rules in Table 2
based on the information already available to the prosumer and
through very simple calculations in (18) and (19). As a result, the
computation burden is negligible.

As for the decision of trading parameters, the computation com-
plexity is greatly reduced by the split of overall trading into two dif-
ferent coalitions. In coalition 1, which consists of prosumers at state 1,
the computational complexity is very minimal as each prosumers utility
and cost are decided by multiplications of already given parameters.
For coalition 2, on the other hand, prices are defined by two closed-
form expressions with given parameters for each time slot. Thus, here is
the computational burden is also negligible.

Of course, for a very large number of prosumers, the computation
complexity may increase. However, due to the above-mentioned rea-
sons, which would be true across any network, the computational
complexity would feasible for adopting the proposed scheme.

6. Conclusion

In this paper, we have studied a peer-to-peer energy trading scheme
by exploiting the social cooperation between different prosumers of the
network. For this purpose, we have proposed a coalition formation
game that can help each participating prosumer to opportunistically
decide whether it should put its battery in the peer-to-peer market for
energy trading. It has been shown that the coalition structure that stems
from prosumers’ social cooperation at each time slot is stable and the
resultant peer-to-peer trading scheme is prosumer-centric. Further, we
have conducted a number of case studies for the proposed scheme based
on Australia based household energy usage and solar generation data
and provided some numerical results to show that the proposed scheme
can enable prosumers without any storage to participate and still ben-
efit from peer-to-peer trading. Further, it has been demonstrated that
the proposed trading scheme has the potential to help prosumers to
intelligently use their batteries for peer-to-peer trading while con-
sidering the degradation cost of their battery. Here it is important to
note the economic benefit could be different and more for the feed-in-
tariff scheme if the feed-in-tariff rate is large enough. For example,
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Table 3
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This table illustrates how the proposed P2P energy trading scheme exhibits the prosumer-centric property.

Day Different prosumers in the network LT
1 2 3 4 5 6 7 8 9 10

1 0 0 0 0 0 0 0 0 0 0 0

2 726 1981 1976 1242 2360 1085 906 983 2170 1701 1513

3 43 187 95 178 172 89 113 135 204 198 141

4 3 86 67 2 124 2 0 0 100 2 39

5 731 1386 2690 920 1462 1005 546 819 1494 919 1197

6 158 161 105 70 144 113 118 111 176 325 148

7 1 112 0 0 64 0 77 82 132 0 47

8 1720 3155 5169 1624 2894 2393 807 1603 3258 1888 2451

9 216 271 252 135 258 61 85 30 270 167 175

10 24 215 109 14 99 96 99 6 249 15 93

11 2164 1317 4752 1592 2856 1821 670 1451 1423 1549 1960

12 211 175 178 78 107 60 53 48 164 104 118

13 0 0 0 0 0 0 0 0 0 0 0

14 1294 1463 3050 960 1786 1197 442 970 1618 1092 1387

15 48 734 333 18 307 60 211 6 776 22 251

16 12 65 126 3.8 2 1 1 2 74 5 29

17 1325 1375 1927 764 1322 726 770 600 1538 847 1120

18 169 18 59 18 63 10 8 12 19 17 39

19 9 279 189 9 196 3 83 4 323 10 110

20 1174 1216 1404 814 1058 693 634 527 1296 1031 984

21 218 105 52 14 64 35 31 17 124 18 68

22 19 207 103 55 149 188 107 195 233 67 132

23 2200 2850 3941 2841 3920 1747 1299 1412 3195 3822 2722

24 790 132 84 36 89 106 99 85 147 18 159

25 0 47 0 0 0 0 0 0 51 0 10

26 1712 3340 8645 3290 3847 2719 1176 2056 3562 3662 3401

27 508 365 252 122 727 66 49 30 405 145 267

28 0 0 0 0 0 0 0 0 0 0 0

29 1226 1999 1158 1591 1465 930 767 725 2267 1527 1365

30 509 1201 1348 1497 1392 540 505 352 1306 1860 1051

Average 574 815 1269 596 898 525 322 409 886 700
when feed-in-tariff was first offered to the prosumers in Queensland, approaches. IEEE Signal Process Mag 2018;35(4):2-24.

Australia, the rate was 44 cents per kWh. Nevertheless, such a high rate [5] Str'ate%;’ic Futures. Energy Industry Policy, "Queensland solar b(?nus scher.ne policy
is not being offered anymore and the rate has been reduced significantly gﬁ::r’lsllj:fr;(ﬁ?t of Energy and Water Supply. QLD, Australia, Report: State of
as articulated in numerous existing studies. [6] Jogunola O, Ikpehai A, Anoh K, Adebisi B, Hammoudeh M, Son S-Y, et al. State-of-

A potential extension of the proposed research is to investigate the the-art and prospects for peer-to-peer transaction-based energy system. MDPI
. . Energies 2017;10(12):2106:1-2106:28.

Impact of such peer-to-peer tradlng on bus VOltageS as well as on the [7] Morstyn T, Farrell N, Darby SJ, McCulloch MD. Using peer-to-peer energy-trading
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