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Abstract

In this paper, the formation and feasibility of negawatt (nW) peer-to-peer (P2P) energy trading in a grid-connected energy
network are studied. In particular, a framework is presented to introduce nW P2P trading concept in the local electricity market in
order to provide cost savings to each participating prosumer. To capture the decision-making strategy of various nW prosumers,
a coalition game model is proposed whereby prosumers can trade energy frequently in a collaborative way. The proposed nW
P2P trading framework satisfies the beneficial criterion of the coalition game. Also, it confirms the stability and prosumer-focused
feature of the structured coalition. To distribute the total coalition payoff between nW prosumers, Shapley value and Nucleolus
are used. Finally, simulation results are provided to examine the effectiveness of the developed nW P2P trading on an actual
distribution network. The simulation results emphasise that the proposed nW P2P trading can 1) enable prosumers to minimise
notable portion of their electricity costs compared to grid’s-facilitated demand response scheme 2) keep total power loss and voltage
profiles within permissible ranges, and 3) avoid network protection arrangements required for voltage regulation as opposed to

kilowatt P2P trading.
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NOMENCLATURE
Indices, Sets
t, At Index, length of each time slot,
T Index of each prosumer,
Ys Ya» Yb Indices of distribution network nodes,
R Set of real numbers,
2% Set of all possible coalitions,
Xp Set of all prosumers,
X, X, X Set of all nW P2P prosumers, sellers, buyers,
Y, € Set of all distribution network nodes, branches,
X;, X', X;, X}: Set of nodes of all prosumers, nW P2P prosumers, sellers, buyers
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Power deficiency of each nW P2P seller, buyer at ¢,
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Monetary reward provided by the nW P2P trading to each prosumer x at ¢,
Current flow on the branch (y, ),

Voltage magnitude, voltage angle of each node y,

Complex, active, reactive power of each node y,

Complex, active, reactive power on the branch (y, y,),

Active power loss due to flow of power from node y to y,,

Total power loss in the network at ¢

Vectors, Matrices, Coalitions

pS. pb. ph, pl, pY Column vector of Py, PY~", PI% Pl PV,

wil, wy, A", A™

Ps, PY, Pi Pr
W+, W, ptt
W, p, P/

c

(L), II(L)

x,t° ~ x,t
Column vector of w;, wy . APV, ¢,
Matrix containing column vectors p;, pg, p;, pL,
Matrix containing column vectors wj , Wo, p’;f,
Matrix containing vectors of wy, pg, E{t,

Any coalition formed by the nW P2P prosumers,

Decision variable set, total cost of coalition L,



v(L) Total benefit obtained by forming coalition L,

La, L, Disjoint coalitions,
h Payoff vector of the coalition,
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I. INTRODUCTION

The concept of negawatt (nW) management technique was first introduced in 1985 for efficient energy consumption [1].
The nW trading is defined as a trading mechanism, in which the electricity consumers can govern their energy consumption
behaviour to facilitate the energy balance in a grid-tied network during shortage of energy supply [2f]. Thus, nW trading can
contribute towards stable operation of the electricity network in terms of adjusting energy imbalance [3]]. Further, it can offer
incentive-compatible revenues to the participating consumers if formulated in an coordinated fashion [4]. Please note that
nW trading could be a part of flexible trading if it is formulated by imposing flexible rules so that the participants can reap
maximum possible economic gains. Suppose two electricity consumers have 5 kWh of energy demand each. Assume Consumer
B requires 2 kWh more energy However, the grid can only supply 10 kWh in total to both of them. Assume Consumer A,
Consumer B and the grid communicate to struck a trading deal. Consumer A is agreed to give up 2 kWh energy usage to help
the Consumer B satisfy its needs. In this case, Consumer A acts as a nW seller. On the other hand, Consumer B functions as a
nW buyer. Please note that demand response also deals with energy rescheduling activities. However, the rules and regulation
of this mechanism is mostly managed by the grid with very limited inputs from the prosumers [2[]. On the contrary, nW trading
permits prosumers to trade with the grid or other prosumers in a prosumers-centric way through peer-to-peer platforms [5].
Thus, both selling and buying nw prosumers are expected to receive more monetary gains compared to the demand response.
Nonetheless, due to the lack of advanced technologies, appropriate market mechanisms and policies, noticeable participation
of the consumers, and well-grounded physical performance analysis, nW energy trading has remained mostly ineffective.

Recently, some proposals have been presented in light of technological developments to design grid-assisted nW energy
trading [6] in supply-restricted circumstances in order to incentivise the participants in a convincing manner. In particular,
a forecasting-driven hierarchical market structure is proposed in [[7] with the purpose of avoiding energy imbalance through
demand reduction of the agile consumers. Aggregator-based bidding strategies for nW trading are proposed in [8], [9] to
minimise the supply-demand management cost. Energy management strategies via nW trading are also reported in [4]], [10] to
reward involving customers as there exists no direct monetary incentive mechanism at present to benefit the consumers opting
for rescheduling their energy usage behaviour. Although these initial works have clearly paved the way to re-introduce nW
trading in the 21% century, the direct intervention of the grid to set rules, regulations, and decisions has limited the inputs from
engaging participants [2]. Consequently, the financial incentive obtained by each participant for demand reduction is not very
attractive to motivate them to join in nW energy trading with the grid. For instance, it stays within 4 ¢/kWh in [4]], [10]. Also,
the energy buyers with larger demand do not benefit from this approach.

Few recent projects have also envisaged the prospects of nW energy trading in the future such as Yokohama Smart City

project in Japan [11] and Demand Response Trial project in Australia [12]]. However, the ultimate success of futuristic nW



trading projects will definitely lie in the prominent involvement of the end-users. Reluctance of energy consumers to adopt nW
energy trading could see the failure of trial projects in reality in the same way it happened for kilowatt (kW) trading projects,
Smart Trial [13]] and FiT [14] for example. Therefore, there is a need to formulate a consumer-centric nW trading framework,
whereby energy users (both who reduce their demand and require increased amount of demand) can maximise their energy
cost savings during supply-restricted scenarios by executing bilateral transactions.

As such, prosumer-centric nW trading (without the direct involvement of the grid) via blockchain-empowered peer-to-peer
(P2P) platform is discussed in [5]], [15]]. Please note that the nature of nW P2P trading characteristically differs from kW P2P
trading in the context that there exists no exchange of energy surplus between prosumers (consumers who produce local power),
rather prosumers adjust their demand in a P2P manner. Nevertheless, in [5], the nW P2P sellers (prosumers who can reduce
their demand) trade with the nW P2P buyers (prosumers who are interested to purchase energy at reduced prices) in contrast
with demand response strategy. Besides, nW P2P energy trading is also presented in [[15] to settle the energy requirements
between two prosumers by means of command-driven pricing procedure. Clearly, these studies have laid the foundation of
prosumer-focused nW trading but can be extended further to establish nW P2P trading as a socially accepted framework.

Given this context, firstly, it is required to articulate how the concept of nW P2P energy trading can be brought into the
distribution level to benefit household consumers. Secondly, an optimised nW P2P trading mechanism needs to develop to
capture in-house demand management, trading flexibility, and electricity cost reduction aspects of the prosumers. Such formal
framework can certainly permit prosumers to achieve their desired goals. On top of it, wide-scale participation of the prosumers
in nW trading can be ensured to help distribution grid maintain the energy balance. Lastly, a detailed physical layer analysis
of nW P2P trading is requisite. This is because any possible detrimental impact on the network could impede the successful
deployment of nW P2P trading. In physical process, nW P2P trading is fundamentally contrasting to the kW P2P trading as
there is no reverse power flow in the network caused by the excess excess energy export. However, frequent demand change
resulted from the nW P2P trading could vary power losses and voltage profiles adversely. Hence, a comprehensive investigation
is required to study the feasibility of a well-functioning nW P2P trading framework.

To this end, this paper stresses the importance of nW P2P trading in an energy network in order to facilitate the electricity
usage of customers at cheaper rates. To achieve this objective, an optimised nW P2P trading mechanism is proposed using
coalition game-theoretic model, whereby all rational participating prosumers make nW trading decisions cooperatively to reduce
their electricity expenditures. The designed nW P2P coalition guarantees beneficial, stability and prosumer-centric properties.
Further, Shapley value and Nucleolus are utilised to confirm unbiased distribution of the coalition payoff between nW prosumers.
Finally, this paper conducts physical layer analysis of the developed nW P2P framework so that it can be deployed in practical
distribution networks without violating the technical constraints. Particularly, the effects of nW P2P trading on the network
losses and voltage profiles are compared with that of base network scenario. Also, a comparison is carried out between nW
and kW P2P tradings so as to highlight the physical layer propriety of the nW P2P trading.

The major contributions of this paper can be summarised as follows:

o A process is demonstrated to adopt nW P2P trading at the distribution level to reduce the electricity costs of the prosumers.

o An optimised nW P2P energy trading framework is proposed to study the decision-making behaviour of different prosumers



using canonical coalition game (CCG)-theoretic model.

« An analytical demonstration is presented to validate the beneficial feature and stability of the proposed nW P2P coalition.
Also, the prosumer-centric property and fair payoff allocation are confirmed.

o A feasibility study of the proposed framework is carried out on a real distribution network to inspect the physical

performance in detail.

The reminder of the paper is structured as follows. The system models of the proposed work are described briefly in Section
The next section presents the formation of the developed nW P2P trading mechanism by adopting the CCG framework.
A number of simulation results are provided in Section to validate the proposed model. Lastly, the concluding remark is

outlined in Section [V]

II. SYSTEM DESCRIPTIONS

The proposed system contains prosumers connected to a typical low-voltage (LV) distribution network. All prosumers are
assumed to have a smart meter known as trans-active meter (TAM) [16]. TAM is a separate smart meter from the conventional
energy meter that can 1) record the solar PV generation data, 2) record the internal demand, 3) determine the generation
surplus and demand deficiency, 4) record the state-of-charge (SoC) of the battery, and 5) record the traded quantity and price
[17]. Also, each prosumer is assumed to possess an account in a distributed communication platform, such as blockchain [18],
which is linked with the TAM to receive signal regarding excess generation or load deficiency. Once the signal is obtained,
a prosumer can start striking financial deals with other prosumers through blockchain platform in the virtual layer [19]]. The
energy surplus, deficiency, trading quantity and pricing data of a prosumer are essentially transferred from its TAM over
the protected communication platform and based on these data information selling and buying orders are created [20]. A
cooperative nW P2P market framework is then adopted to conduct nW trading between prosumers according to the selling and
buying orders. Lastly, financial transactions are accomplished upon the efficacious matching of selling and buying orders and
the contracted energy quantities are adjusted over the physical network [21]. A third party labelled as P2P market coordinator
(PMC) is assumed to be responsible to maintain the distribution network under the policy of coordinated P2P market [21].

Fig. [T] illustrates prosumers make decisions related to their nW energy transactions virtually in order to reduce their energy
costs without the intervention of the PMC. Now, the decisions are verified by the PMC through power flow analysis to
demonstrate the technical compatibility. In case of no network violation, the intended nW transactions are labelled as safe for
the network. Otherwise, a feedback is sent to the prosumers to rectify their preferred trading. The PMC can adopt centralised
protection methods, such as network constraints management [22]], coordinated voltage management [[17]], local voltage support

[23]], voltage-power control [24], and regulated trading framework [25] to settle safe nW P2P trading quantities.

A. Prosumers’ Model

Let = be index of each prosumer and &), be the set of all prosumers. It is assumed that each prosumer z € X, is equipped
with a rooftop solar photovoltaic (PV) system, a battery storage system and some typical flexible loads that include refrigerator,

washing machine, dishwasher and air conditioner [26]]. To meet the internal demand, prosumer x can use its PV generated
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Fig. 1: This figure illustrates the coordinated nW P2P system model.

and/or battery stored power. Contrarily, it can sell excess power to the grid by means of feed-in-tariff (FiT) scheme after
meeting own demand and charging the battery for future use.

Let Pﬁvt and P{ﬁt be the base and flexible power demand of prosumer € &), at any time ¢ € 7. The total power demand
P, ; of prosumer z is:

Poy=Pl,+ P, VoeX, vteT (D

Let solar PV power generation of prosumer x at time ¢ be Pfjj. Assume Pff’t” implies the battery power, which is positive
during charging and negative during discharging. Rﬁ’f’ttt is bounded by maximum charging capacity p, and minimum discharging
capacity —p, respectively. The charging and discharging operations of the battery are maintained by the SoC w, ¢, which is

determined by the maximum storage capacity w,. The technical characteristics of the battery can be formulated as [27]:

ba
L batt o —PYi x At
Wiy =wai1+ (X PR X AL, wyy =wai-1+ — | Ve € X, VteT (2a)
0<w), <w,, —W;<w,,<0, VeekX, VteT (2b)
0< P <p,, VoeX, “eT (2c)
—ps S —PX <0, VzeX, VeT (2d)

where At is the time length in hour and 7 represents the battery efficiency. Besides, w;“, ¢ and w, , are SoC after charging and
discharging the battery.

The net demand P} of each prosumer z € X, at time ¢ can be evaluated as follows:

P =P, — P+ P VzeX, VteT 3)

x,t

If Pz”tt < 0, the prosumer x has excess generation. It is self-sufficient in case of P_ﬁtt = 0. On the other hand, it has to
purchase power deficiency P;lft from the electricity grid if ngz > 0. That means, power deficiency refers to the positive value
of the net demand, i.c., P;lft = Py > 0.

Assume an electricity supply-restricted circumstance, in which each prosumer purchases electricity at time-of-use (ToU)



prices but it needs to pay higher prices when its demand exceeds a pre-defined threshold [28]]. Let each prosumer x be satisfied

by the grid at the ToU price A\{" as long as its power deficiency P;ift is not greater than the maximum usage limit Py, i.e.,

Pj{; < P77, at time ¢. In case of Pﬁf; > Py, prosumer x is required to purchase power from the electricity grid at a higher
price A{" compared to A\{", i.e., A{" > A¢". Now, the concept of nW P2P trading empowers each prosumer z to buy electricity
from other prosumers in X}, \ {«} if they decide to reduce their demand. Assume some prosumers are keen to participate in
nW P2P trading to minimise their electricity bills. Let X C &), be set of prosumers decided to engage in the nW P2P trading.
Also, let X, and X}, be the sets of nW P2P sellers and buyers respectively, where Xs U X, = X and X \ (X, U X)) = {¢}.

Each nW P2P seller x € X has a power deficiency of P < Py’ and reduces its demand by sz’ %. On the other hand, each

z,t — *tx

P2P buyer = € X}, possesses a power deficiency of Pﬁﬂ > Pp', and purchases extra power of P{Zt via nW trading. The power

reduction and increase limit are bounded by Pa{ % >0 and P{Zt < ij , respectively.

The modified power deficiency of each nW P2P seller and each nW P2P buyer can be expressed as:

pr=—ph _pl" veex, vieT, if PY <P, (4a)
P4 =Py + Pl VreX, VteT, if PY,> P (4b)

where Pfﬁ_“" and Pﬁf;_b amounts of power are purchased by each seller and each buyer respectively at nW P2P trading slot .

Each nW P2P seller x € X desires to maximise the difference between \{" and \¢" prices to earn greater revenue. On the
contrary, the gap between \/" and \¢" prices is wished to be minimised by each nW P2P buyer = € X}, in order to decrease
the expenditure substantially. Thus, this paper defines nW P2P trading price A"V as the middle value of A" — A\¢" to benefit

both sellers and buyers.
AT — T

AW =
t 9 )

VteT ®)

where nW P2P trading price A"V is defined in cents per kW hour (c/kWh).

Assume the buyer has to pay A?" to the contracted seller as its nW trading benefit to consume power from the network
at price A{". Similar to other prosumers-instigated energy trading, for example, [29]-[31]], it is assumed that a prosumer is
permitted to act either as seller or buyer simultaneously in nW trading. As such, the electricity expense of prosumer z,Vz € X,

at time period t,Vt € T, is:

o = (P x At xim) = (P x at s x|+ [((PE70 = PL) < At x ) + (I < At x (7 + A1)
(6)
where the first term of (6) symbolises the electricity cost to each nW selling prosumer at time ¢. Whereas, the electricity
expense of each nW buying prosumer is represented by the second term of (6).
Nevertheless, if an individual prosumer x,Vx € X', wishes to trade the same amount of electricity solely with the grid, i.e.,

without engaging in the nW P2P trading, the equivalent electricity cost can be calculated as:

ﬂ;?t = [(Pff[s x At X Af’”) — (Pf: x At X )\{Tﬂ + [((Pff[b — Pf’t) x At X )\fr> + (Pft x At X )\fr)} 7



where )\{ " signifies the benefit offered by the grid to reduce the flexible demand at an electricity-constrained period.

The monetary reward to each prosumer x,Vz € X, provided by the nW P2P trading is:
G- mn = [Pl ar (0 = A+ [PL < At - 8+ ) )] ®)

Assume a toy example to demonstrate how both selling and buying prosumers can benefit via nW P2P trading. Suppose
Prosumer A and Prosumer B have power demand of Pj{ ; =4 kW and Pg{ , = 4 kW at a time period ¢ of an hour respectively,
where maximum usage limits of Prosumer A and Prosumer B are Py, = 4 kW and Pg", = 4 kW respectively. Prosumer B
(nW buyer) contacts Prosumer A (nW seller) to purchase 3 kW power by performing nW P2P trading, where extra purchased
power (more than the maximum usage limit) of Prosumer B is Pl’;ft = 3 kW and demand reduction of Prosumer A is Pj{;; =3
kW. The modified power deficiencies of Prosumer A and Prosumer B become Pz{ ;> =1kW and ng; " b—7kW respectively.
The electricity prices are: lower price A2 = 25 ¢/kWh [32], higher price A{" = 1.6 x A" [28]], nW price A" = (A]" — A7) /2
and demand reduction benefit /\{ " = 4 ¢/kWh [10]. According to (@), the electricity costs of Prosumer A and Prosumer B
yield: WZZ‘; = ¢2.5 and ﬂ%‘j‘{ = ¢197.5 respectively.

On the other hand, these costs of Prosumer A and Prosumer B are: 73, = ¢13 and 7', = ¢220 respectively if grid’s
set demand response strategy is employed. Thus, 74+ = ¢10.5 and 7p; = ¢22.5. Therefore, nW P2P trading can facilitate

Prosumer A and Prosumer B to cut down their electricity costs by ¢10.5 and ¢22.5 respectively.

B. Distribution Network Model

Consider a distribution network. Let the set of nodes of this LV network be denoted by ) = {1,2,---,Y}, where node
1 € Y implies the distribution sub-station. Also, let £ = {1,2,--- , E'} be the set of all branches connecting the nodes. A
branch between between node y € Y and node y, € Y is represented by (y,y,) € £. For each node y € ), the complex
power and voltage are defined as S, = P, + jQ, and V,, =| V, | e?? where P,,Qy € R indicate active and reactive power
demand of node y respectively.

Suppose some nodes of this network contain prosumers. Let X; be the set of prosumers’ nodes such that Xz; c Y\ {1}.
It is assumed that each prosumer’s node accommodates one prosumer. Hence, the total number of prosumers’ nodes | X" |
is equal to the total number of prosumers | &), |, i.e., | XI; |=| &, | [20]. Similarly, | X" |=| X |, where X" C XI; refers to
the set of nW prosumers’ nodes. A nW prosumer plays the role of a buyer and consumes the virtually decided power from its
connected network node y, Vy € Xb/ cX /, for a given time slot ¢ if P;ft > Pyort Whereas, a nW prosumer acts as a seller if
ijct < P, and reduces the contracted quantity from its respective node y, Vy € XS/ C X' Sets X, ; and X}; denote the sets of
nodes of nW P2P sellers and buyers respectively.

Now, the complex power flow on the branch (y,y,) € £ is symbolised as Sy ,, = Py, +7Qy.y.. Where Py, ,Q, .. € R
represent active and reactive power flow through the branch (y,y,) respectively. The voltage difference between node y and
node ¥, can be expressed as:

Vy=Vye =Zyy, Lyy,, Y(W.ya) €E &)

where Z, . = Ry y, + jQy.y.- Here, Ry ., X, ,. € R are resistance and reactance of the branch (y, y,) respectively.



The branch current flow I . is:

S *
Iyy, = (%,5) . V(y,y.) €E (10)

By substituting in (9) and taking the magnitude squared,

| Va |2:| Vy ‘2 + | Zyaya |2 | vaya |2 _(Zy7ya S;,ya + Z;:yasghya) (11)

The complex power balance at each node y,, Yy, € ), can be represented as:

Sy, = Z Syas — Z (Syva = Zyya | Iyya ‘2) + Yy*a | Vy. |2 (12)
Yo:(Ya,yb) EE v:(y,ya)EE

where admittance Yy, = G, + jB,,. Here, G, B,, € R are conductance and susceptance of node y, respectively.
Utilising (T2) and (I0) in terms of real variables, the distribution network branch flow model [33], Yy, € Y and V(y,y,) € &,

can be written as:

Pya = Z P aYp Z (Pyvya - Ryvya ‘ Iysya |2) + Gya ‘ ‘/ya |2 (133')
(Ya,yp)EE (y,9a)EE
an = Z anyyb - Z (vaya - Xyaya | vaya ‘2) + Bya ‘ Va ‘2 (13b)
(Ya,yp)EE (¥,ya)€EE
| Voo P=1Vy 12 =2(Ry . Pyy + Xy Quoya) + (RS + X5 ) Dy, (13¢)
P2 + QZ
I — _Y%Ya YsYa (13(1)
Y.y ‘ Vy |2
The active power loss due to flow of power from node y to y, is:
Vy — Vya ’
Ly, =|—7-—=| xR(Zyy.), Y9 €Y (14)
Zy.ya
The total power loss in the network at any time instant ¢ can be calculated as:
Li= Y Ly, WeT (15)

Y,Ya €Y

Assume a toy example to investigate the possible impact of nW P2P trading on power losses and node voltages at the
distribution level. Fig. [2] exhibits a typical 0.4 kV distribution feeder whose sub-station is signified by the node 1. The detail
descriptions of this network can be found in [20]]. Suppose the active power demand of nodes 2 — 6 are {1.9,4,3.5,2.8,4} kW
respectively at a given time ¢. Prosumers at nodes 3 and 6 are interested for nW P2P trading. In Base Scenario, there is no nW
P2P trading and all the nodes are satisfied by the distribution sub-station. Based on the power flow results using MATPOWER
[34], 0.2456 kW power loss is incurred in total to supply 16.2 kW power to the consumers’ nodes. All the branch losses and
node voltages are depicted in the first rows of Table || and Table [II| respectively.

In Scenario 1, it is assumed that Prosumer B at node 6 requires 7 kW power when P7", = Pg’, = 4 kW. Thus, Prosumer
B contracts Prosumer A located at node 3 to reduce 3 kW. Consequently, the active power demand at node 3 and node 6 are

modified to 1 kW and 7 kW respectively. Now, the total power loss in the network, as illustrated in the second row of Table
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Fig. 2: This figure describes a typical LV distribution feeder.

[l increases to 0.2862 kW although the sub-station supplies the same amount of power, i.e., 16.2 kW, to the users’ end. This
is because 3 kW extra power travels to the far-end, i.e., node 6, of the network and incurs more losses through the feeder
branches. Moreover, the second row of Table |ll| reveals that the voltage at node 6 decreases from 0.9815 pu to 0.9792 pu due
to increase of power demand. Nevertheless, the variations in power losses and voltage profiles are not prominent.

Scenario 2 is the opposite of Scenario 1, which demonstrates the consequence of nW P2P trading on the network if Prosumers
A and B swap their physical locations. As is observed from the third rows of Table |I| and Table |II} Scenario 2 lessens the total
power loss to 0.2193 kW and enhances the voltage profile of node 6 to 0.9838 pu respectively owing to the fact of fewer
amount of power flow to fulfill 1 kW power demand of node 6. Similar to Scenario 1, insignificant change in power losses

and voltage profiles are also noticed in this scenario.

TABLE I: Power losses of the distribution feeder.

Scenario \ Ly (kW) \ Ly 3 (kW) \ L3 4 (kW) \ Ly (kW) \ Ls s (kW) \ L; (kW)
Base Scenario 0.1545 0.0477 0.0270 0.0127 0.0036 0.2456
Scenario 1 0.1553 0.0480 0.0452 0.0266 0.0112 0.2862
Scenario 2 0.154 0.0475 0.0135 0.004 0.0002 0.2193
TABLE II: Voltage profiles of the distribution feeder.

Scenario [ Vo pw [ Va(puw | Vi(uw | Vs(uw [ Vs (pw

Base Scenario 0.9902 0.9869 0.9843 0.9824 0.9815

Scenario 1 0.9902 0.9869 0.9835 0.9808 0.9792

Scenario 2 0.9902 0.9869 0.9851 0.9840 0.9838

III. COALITION GAME-BASED PROPOSED TRADING FRAMEWORK

A coalition game essentially studies the strategic behaviour of various rational participants in a cooperative manner [35]. In
order to design the proposed nW P2P trading framework under a canonical coalition game (CCG)-theoretic model, the energy
profiles of all nW selling and buying prosumers are considered and a grand coalition X = X, U A}, is formed. X =| X |
represents the total number of prosumers in the grand coalition. This section presents the fundamental properties and algorithm

of the proposed CCG-driven coalition. Also, it is explained how the developed CCG-based nW P2P trading constitutes itself

as a prosumer-centric framework.

A. Coalition Fundamentals

batt
x,t

Let ps, pb, pi, pl, wl, w;, pb, A", A™ € RT be the column vectors of ngt_s, Pwdft_b, ngt, ng;, Wiy Wy

AW N\ respectively, where column vectors are T-dimensional. Assume 1 denotes a column vector of ones and following

matrices are constructed:



PSERXXT = [p‘i7p§7apsx]a PbERXXT = [pli>pg7apl;(:|s PieRXXT = [pivp7é77pfx:|,

Pr e R*T .= [pt. ph, -+ ,p%], WTeRX*T .= [wf,w;,--~ ,w}], W~ e RXXT .= [wf,w§7~-~ ,w;(],
PV e R¥*T .= [p'it,pé”w- ,p%], W e R¥*T .= [511T7U21T7"' 7UX1T],

ﬁ € RXXT = [PllTaP21T7 e »PXlT], ﬁ € RXXT = [;{1T7;£1T7 T 7E1T]

Now, the above matrices are defined for any coalition £ C X as: P*(L), P*(L), P*(L), P"(L), W+(L), W= (L), P*(L),
W (L), p(£) and Pf(L). The scaling and summation properties of the coalition are provided in Appendix 1.

The decision variable set of coalition £ is defined as:
I'(L) == {P*(L),P"(L), P (L), P"(L)} (16)
According to (), the total electricity cost of coalition £ in each hour is expressed as:
(L) = e (T(L)) = [(A™)T (P*(£) 1+ P(£) 1)] + [(A")T (P'(£) 1- PT(£) 1)] (17)

Further, the operational constraints of coalition £ can be written in the matrix form as:

P7(L)>0(L), P'L) < PI(L) (18a)

0(L) <WTH(L)<W(L), -W(L)<W(L£)<0 (18b)
0(£) < P"(L) < p(L) (18¢c)

—p(L) < —P"(£) <0(L) (18d)

where 0(£) € RX*T := [0 1,(£),0 12(L),--- ,0 1x(L)]. The column vector of zeros is indicated by 0.

B. Coalition Value

The coalition value v refers to the numerical benefit that the involving prosumers receive as a cooperative group during the
process of nW P2P trading. Let v(£) : 2% — R, where v({¢}) = 0 and 2% stands for the set of all coalitions, be the value
function of any coalition £ C X. In the proposed CGG with transferable utility, v(£) is defined as the difference between
the summation of electricity costs for all prosumers who manage their energy individually » ..o ({«}) and the optimised

coalition cost o (£) during the execution nW P2P trading between prosumers.

V(L) =Y o({z}) -0 (L) (19)
zeL
where o ({z}) = ;% and o (£) is defined as:
o(£):= min T (rw) (20)

st f (r(ﬁ),ﬁ(c), W([Z),b(/:)) =1



where f(I'(£), PT(L£), W (L), p(L)) indicates an indicator function with respect to I'(£) and the feasible set of I'(L) is
denoted by F(L) := {r(£)| (L), PT(L),W(L),p(L)) = 1}-

Here, it is important to note that there is no guarantee that the nW P2P prosumers always form a stable grand coalition
in CCG unless it is lucrative for them at all times compared to establishing disjoint coalitions or acting non-cooperatively.
As such, the proposed nW P2P coalition should fulfill two basic properties of CCG, that include benefit of cooperation and

stability of coalition [35]], to validate itself as an effective framework.

C. Beneficial Property

The beneficial property of CCG demonstrates that no subgroup of nW prosumers can gain benefit by abandoning the
grand coalition. That means, the establishment of grand coalition, i.e., cooperation, is never disadvantageous for the nW P2P
prosumers. This is related to the mathematical property of superadditive of the value function of the coalition game.

Definition 1 (Superadditivity): The value function v of a coalition game satisfies the mathematical property of superadditive
if the sum of separate values of disjoint coalitions is not greater than the value of a union of all disjoint coalitions. Any two

disjoint coalitions L4 € 2% and £, € 2% cooperate together if the following inequality holds [36]:
v(LqUL,) >v(Ly)+v(Ly), VLaNL, ={¢} 2n

Theorem 1: The value function of the proposed CCG, defined in (T9), is superadditive. Thus, the P2P coalition formation
is beneficial for the nW prosumers.

Proof: Please see Appendix II.

D. Stability Property

The proposed nW P2P coalition payoff needs to be allocated between the participating prosumers in a stable manner such
that no disjoint group of prosumers or individual prosumer receives any further incentive by leaving the grand coalition. The
set of all feasible distributions of such payoff is defined as the core of the coalition [35].

Definition 2 (Core): Let h € RX be payoff vector, that satisfies the efficiency criterion and is feasible for the grand
coalition if the grand coalition value v/(X') is distributed completely to the X participants, i.e., > ., hs = v(X). Further, a
payoff vector h is rational individually if every participant = can receive a benefit more than or equal to operating alone, i.e.,
hy > v({z}),Vz € X. Thus, h can be labelled as an imputation and the core of the coalition is defined as [35]:

O:= {h: > he=v(X) and Y h, >v(L), EQX} (22)
reX zel

If O of the coalition game in non-empty, a feasible payoff allocation can be ascertained between all participating nW
prosumers and hence, the coalition stability can be confirmed. The Bondareva-Shapley theorem, reliant on the balanced property,

can be exploited to examine the non-emptiness of the core.



Definition 3 (Balanced Game): For a coalition £ C X, a map (L) € [0,1],VL € 2%, is a balanced collection of weights
if 3 pcox V(L)1(L) = 1,Va € X. 1,(L) represents the 2™ element of vector 1(£) € R¥. A coalition game is balanced,
i.e., has non-empty core, if the following inequality holds [37]:

> L) v(L) < v(X) (23)
Le2X
Theorem 2: The proposed CCG is balanced. Thus, the P2P coalition structure is stable for the nW prosumers.

Proof': Please see Appendix III.

E. Allocation of Payoff

Since the proposed CCG is balanced, the value function v of the proposed nW P2P coalition has a non-empty core. Thus,
each prosumer involved in the nW trading should attain its payoff in an unbiased fashion. In this sub-section, Shapley value
and Nucleolus are employed to distribute the coalition benefit fairly between the prosumers.

Definition 4 (Shapley Value): Shapley value remunerates each nW prosumer x € X pursuant to its marginal contribution

to coalition £ C X. The Shapley value ¢, (v) of the coalition game assigned to each nW prosumer z is given by [38]:

SRRLAIES |£|'| EED e 0 o)) - o) @9
£E(X)\{a} '

¢z (V) =
where | £ | and | X | indicate the number of nW prosumers in coalition £ and total number of nW prosumers in the
grand coalition X" respectively. Besides, the marginal contribution of every nW prosumer z in coalition £ is represented by
v(LU{z}) —v(L).
Once the total coalition value of the proposed nW P2P game is generated in (T9), the allocated Shapley value to each nW
prosumer can easily be computed in 24).
Definition 5 (Nucleolus): Let £(h) € R2"~2 be a vector and the excesses of all coalitions, excluding the grand coalition &
and empty coalition {¢}, are denoted by its entries. The entry arrangement follows the non-increasing sequence. The excess
i(L, h) quantifies the dissatisfaction level of the coalition £ with respect to the imputation h and is defined as (L, h) =

V(L) — > ,cr ha. The Nucleolus 1 (v) is termed as the lexicographically minimal imputation, stable for balanced game, to

reduce the dissatisfaction level of the participants such that [37]:
Ce(P(v)) < Lo(h), YheRX Vee2X -2 (25)

The Nucleolus of the proposed CGG-enabled nW P2P coalition is found out by solving a sequence of linear programming
(LP) problems in an iterative process described as follows:
« The objective function, formulated in (26a)), is solved in Iteration 1 to minimise the largest excess for all coalitions by

seeking through all possible imputations as expressed below:

LP; : ¢; = min+ (26a)

3T



s.t. Z hy =v(X), VzelX (26b)

reX

V(L) = he <i, VueL, VLE{X {¢}} (26¢)

€L
where the efficiency criterion of h is ensured by the constraint (26b), and ¢ is specified as the largest excess for all
possible coalitions by the constraint (26c).
Let ¢; be the optimal solution of LP;. Also, let Z; be the set of coalitions corresponding to the constraint that is
bidding or coalitions that are equal to all optimal solutions at ¢ = i;. The condition of Nucleolus to be in the core is
11 < 0, where i; symbolises the largest excess of the nucleolus.
o The following linear optimisation is solved in Iteration k, where k& > 2, to obtain the unique optimal solution, i.e.,

Nucleolus, in the core.

LPy ¢ i = mind, ¥k >2 (27a)
st Y hp=v(X), VoeX (27b)
x€EX
Y ha=v(L)—iy, VzeL VLETLy, VK €[1,k—1] (27¢)
zeL
V(L) =D he <i, VxeL VLE{X {¢} L}, VK €[Lk—1] (27d)
zeL

where constraint ascertains the efficiency criterion of h, constraint (27c) finalises coalitions’ excesses that have been
bidding in previous iterations, and constraint fixes ¢ as the largest excess for all spare coalitions in LPy.

Besides, Z, := {L|v(L) — > ,c, he = i)} indicates the set of coalitions whose corresponding excesses are bidding

according to (27d) in LP,.

E. Prosumer-centric Property

The success of the proposed CCG-empowered nW P2P trading framework definitely lies in the agile participation of the
prosumers. Given this context, this sub-section outlines how the designed nW P2P mechanism fulfills the requirements to
motivate prosumers to join in it and thus, can be entitled as prosumer-centric.

The motivation is closely connected with the psychological process that imitates real behaviour [[36]]. A number of motivational
psychological models can be studied to capture the affinity of prosumers towards a certain behaviour. In this sub-section,
rational-economic and positive reinforcement models are demonstrated in particular.

Definition 6 (Rational-economic Model): The rational-economic model prescribes that financially rational decisions influ-
ence people to adopt pro-environmental behaviour [39]. In other words, monetary benefit can be termed as a key motivator
for rational prosumers to get themselves engaged in the nW P2P trading.

Definition 7 (Positive Reinforcement Model): The positive reinforcement establishes that a reinforcing stimulus influences
a human response to a certain situation if same response guarantees positive outcomes during similar situations [40]. In other

words, repeatedly confirmed benefit can motivate prosumers to have positive attitudes towards nW P2P trading.



In accordance with the aforementioned definitions, prosumers are very likely to accept nW P2P trading mechanism if it is
structured complying with the rational-economic and positive reinforcement models. Thus, it is sufficient to demonstrate that
the proposed nW P2P trading scheme abides by both the models to authenticate its prosumer-centric property.

The proposed nW P2P trading model complies with the rational-economic property because of the following facts:

« The coalition value of the developed nW P2P trading framework in (I9) is defined with regard to the monetary benefit
that the coalition offers for the participating prosumers.

o In Theorem 1, it is proven that none of the participating prosumers would gain better incentive by quitting the grand
coalition. Hence, the constituted coalition is always beneficial for the prosumers.

o In Theorem 2, it is shown that the designed CCG is balanced , i.e., has non-empty core. Thus, the coalition stability is
justified.

« Finally, the fairness in coalition value distribution between involving prosumers is ensured adopting Shapley value and

Nucleolus.

Hence, all the engaging nW P2P prosumers in the proposed CCG framework are always content with the economic benefit
reaped through cooperation.

Further, the nW P2P prosumers benefit financially every time they join in the proposed CGG-driven nW P2P trading
mechanism as the stability and fairness of the formed coalition are always guaranteed. Clearly, this fulfills the criterion of the
positive reinforcement model.

Consequently, it is reasonable to state that the proposed nW P2P trading is a prosumer-centric model.

G. Trading Algorithm

The algorithm to establish CCG-enabled nW P2P coalition is given in Algorithm [1| It provides the solution of the proposed
nW P2P model when the buyer requires power greater than the maximum usage limit P?7, i.e., Pfft > P2V e X, C &,

x,t z,t
and the seller possesses some sort of flexible demand Pji L # O,Pgﬁ5 < P,V € X C X at a given time slot ¢. For any
P2P coalition £ C X, the optimal trading quantity of each prosumer in the coalition £ and ¢/kWh nW price of the coalition
are decided satisfying operational constraints (I8a)-(I8d). The total coalition benefit is evaluated in (I9), and then allocated
between the participating nW prosumers using Shapley value and Nucleolus. Afterwards, each seller’s demand Pf;i vV € X,
and each buyer’s demand P‘,fﬂfﬂ Va € X}, during nW P2P trading are recorded in {a)) and Db} respectively. Finally, a power
flow study is performed by the PMC with the recorded demand Pf’ffs,V:v € X, and P‘ff[b,Vx € &, to inspect the likely

impact on the distribution network at which the nW participants are located. If there is no adverse effect on power losses and

voltage profiles, the proposed CCG framework is approved by the PMC.

IV. SIMULATION RESULTS

Some numerical results are presented in this section to articulate the efficacy of the proposed nW P2P trading framework in
the distribution network. The considered scenarios and the purpose of those scenarios are depicted in Table |III| Particularly, it is

demonstrated that the developed nW P2P trading mechanism can 1) reduce the electricity cost to each participating prosumer
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Algorithm 1 Algorithm to form CCG-based nW P2P framework
1: for each trading slot ¢t € T do

2 if PY, > P Va € Xy, and P} #0,Vz € X, then

3 Conduct nW P2P trading by forming CCG such that X; U X, = X.

4 for any nW P2P coalition £ C X do

5: Decide optimal trading quantity of each prosumer in the coalition £ and

¢/kWh nW price of the coalition satisfying operational constraints (I8a)-(T3d).
6 Evaluate coalition benefit v(£) in (T9).
7: Distribute coalition benefit between the participating prosumers.
8 Record each seller’s demand Pg{;ﬁs, Vi € X, during nW trading in (@a).
9 Record each buyer’s demand Pfﬂfb,vb’c € X, during nW trading in (@D).

10: Perform power flow study with recorded Pg{;ﬁs,Vl‘ € X;, and Pf;b,Vx € X
11: Compare the physical performance with the Base scenario.

12: if No detrimental physical network is found by the PMC then

13: Approve the proposed CCG.

14: else

15: Modify the intended trading amounts in the nW P2P coalition L.
16: end if

17: end for

18: else

19: No nW P2P trading.

20: end if

21: end for

compared to the demand response strategy [10], 2) keep power losses and voltage profiles within acceptable margins, and 3)
perform better than kW P2P trading in terms of maintaining the regulation of network voltages.

TABLE III: Considered scenarios in the distribution network containing prosumers.

Scenario \ Purpose
Electricity cost reduction of To evaluate how much electricity cost is saved by each participating
the prosumers prosumer compared to the demand response strategy.
Physical impacts on the To investigate how nW P2P trading influences power losses and voltage
distribution network profiles in comparison with Case the demand response strategy, and to label
the safest type of P2P trading for the distribution networks.

Fig. [3] describes the single-line diagram of a 3 phase LV distribution network in Australia with 34 single-phase household
customers’ nodes (102 residential electricity consumers’ nodes in total for 3 phases). Node 1 represents the distribution sub-
station. Please see [41] for complete network descriptions. Nonetheless, the households located at nodes 5 — 14 of this network
(30 customers in total) have rooftop solar PV systems and thus, can act as prosumers [25]]. The solar PV systems have capacities
ranging from 3 kW, to 6.6 kW, [42]]. They are also assumed to have battery storage facilities ranging from 5 kWh to 10 kWh
[43] and flexible loads such as refrigerator, washing machine, dishwasher and air conditioner [26]. The total power demand
(with 5 minutes time step) and total locally generated solar PV (with 1 minute time step) for a typical day are displayed in
Fig. fia] and Fig. [b] respectively. All household data (recorded in January 2018) are taken from a Brisbane-based research
centre linked with The University of Queensland, Australia.

It is assumed that prosumers at nodes 5 — 10 are eager to take part in the proposed nW P2P trading framework, and the nW
P2P coalition is established every 30 minutes apart. The nW selling prosumers are assumed to have enough flexible loads and

the consent to sacrifice their comforts. The ToU prices are varied between 17 ¢/kWh and 35 ¢/kWh [32], whereas these prices



are 1.6 times more if electricity customers consume beyond the rated quantity [28]. The high and low FiT rates are set as 44
¢/kWh and 10 ¢/kWh respectively [14]]. Furthermore, the battery degradation cost and demand response benefit are considered
as 4.2 ¢/kWh and 4 ¢/kWh respectively.
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Fig. 3: This figure describes the single-line diagram of a 415V unbalanced LV network in Australia.
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Fig. 4: This figure displays the total demand and local solar PV supply in the network for a typical sunny day.



A. Electricity Cost Reduction

This sub-section explains the effect of proposed trading mechanism on each nW P2P prosumer’s electricity cost for a typical
day. The nW prosumers are ordered in the sequence they are located in the physical network as illustrated in the first two
columns of Table After executing of each successful cooperative nW trading, every prosumer is awarded with its benefit
using Shapley value and Nucleolus. Fig. [5] captures the benefit of each prosumer in Australian cents according to Shapley
value and Nucleolus (calculated through MatTuGames [45]]) at a given trading interval, in which 22 kW power is traded in
total between 18 prosumers via P2P coalition. In this case, Shapley value has been calculated within 317.7 ms, whereas it
has taken 1064.8 ms to calculate the Nucleolus. That means, around 3.3 times more computational time has been required to

calculate Nucleolus compared to the Shapley Value.
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Fig. 5: This figure captures the benefit of each participating nW prosumer based on Shapley value and Nucleolus
at a given trading interval.

The overall energy cost analysis of all nW prosumers over the course of 24 hours is demonstrated in Table Here, Case
I and Case II represent the demand response strategy and the proposed nW P2P trading framework respectively. Table
suggests that the percentage electricity expense minimisation to each nW P2P prosumer can fluctuate between nearly 9.4% and
23.4%. In particular, Prosumers 1,7,9, 14 and 17 are billed $5.1057, $5.7134, $4.8858, $7.9554 and $7.6211 respectively for
a given day in Case L. Strikingly, these figures decline to $4.0591, $4.6467, $3.8601, $6.8432 and $6.5702 respectively when
these prosumers decide to join in the proposed nW P2P trading (Case II). Consequently, Prosumers 1,7,9,14 and 17 can save
approximately $1.04, $1.07, $1.03, $1.11 and $1.05 or can get percentage savings of 20.49%, 18.67%, 20.99%, 13.98% and
13.79% respectively. All other prosumers also decrease their electricity bill quantities in line with their engagement in the nW

P2P coalition.

B. Physical Deployment Impacts

The repercussion of modifications in the power demand of the involving nW prosumers on the actual network, illustrated
in Fig. [3] is investigated in this sub-section. The physical impact of the proposed CCG model is discovered in two steps:
Step 1: Perform a power flow study, where nW P2P traded quantities are assumed to be zero, which is called Case I.

Step 2: Repeat the power flow study with the solution of the proposed CCG framework, which is termed as Case II.



TABLE IV: Electricity cost analysis of nW P2P prosumers for a typical sunny day.

nW Prosumer Physical Cost in Case I Cost in Case II Cost reduction % Cost
location (AUD) (AUD) (AUD) reduction
Prosumer 1 Node 5a 5.1057 4.0591 1.0466 20.4977%
Prosumer 2 Node 5b 6.4257 5.1905 1.2352 19.2225%
Prosumer 3 Node 5c¢ 9.5792 8.4653 1.1139 11.6283%
Prosumer 4 Node 6a 8.2771 7.2528 1.0243 12.3752%
Prosumer 5 Node 6b 8.1293 6.9557 1.1736 14.4371%
Prosumer 6 Node 6¢ 8.2322 7.0883 1.1439 13.8958%
Prosumer 7 Node 7a 5.7134 4.6467 1.0667 18.6700%
Prosumer 8 Node 7b 5.6558 4.5561 1.0997 19.4433%
Prosumer 9 Node 7¢ 4.8858 3.8601 1.0257 20.9935%
Prosumer 10 Node 8a 4.8396 3.7059 1.1336 23.4242%
Prosumer 11 Node 8b 9.8757 8.8556 1.0201 10.3292%
Prosumer 12 Node 8¢ 11.424 10.349 1.0745 09.4058%
Prosumer 13 Node 9a 7.1918 6.1062 1.0856 15.0948%
Prosumer 14 Node 9b 7.9554 6.8432 1.1122 13.9799%
Prosumer 15 Node 9¢ 8.6541 7.6298 1.0243 11.8360%
Prosumer 16 Node 10a 9.6350 8.5636 1.0714 11.1197%
Prosumer 17 Node 10b 7.6211 6.5702 1.0509 13.7897%
Prosumer 18 Node 10c 8.9033 7.8770 1.0263 11.5271%

Please note that same solar PV, load and battery profiles as well as network topology are considered to execute power flow
on OpenDSS-interfaced MATLAB [46] platform for both Case I and Case II. Thus, a comparison between the power flow
results can figure out the technical feasibility of the proposed nW P2P trading mechanism.

1) Power Losses Assessment: This part discusses how nW P2P trading can alter the power losses in the network. Table
describes the hourly power losses created in the network due to the proposed nW P2P trading (Case II) in comparison with
the Case I, where there exists no nW trading between the prosumers. For instance, 7.0343 kW power loss is caused in Case
IT at 8 pm, which is 1.2668 kW fewer than Case I. This is because buyers situated close to the distribution sub-station request
sellers to decrease 14 kW of demand in total. As such, less amount of supplied power travels through the network branches to
reach the far-off nodes, resulting in reduced power loss. Following the same principle, On the other hand, the designed trading
mechanism enhances 1.0247 kW power loss in the network at 8 am as distant prosumers act as nW buyers during this time
slot. In fact, there is no power loss difference between Case I and Case II if no nW P2P transaction is performed, e.g., at 1
am. Importantly, the designed nW P2P trading does not change the overall power loss substantially. In particular, around 0.69
kW daily power loss is varied in total, which is only 0.9% and ¢35.97 in financial value.

However, the power loss can differ marginally on day-to-day basis in accordance with the physical location of the nW
traders. If significant variation is found at the transmission/micrgrid level, the network constraints should be considered in the
nW P2P model to minimise the network losses similar to [47].

2) Voltage Profiles’ Assessment: The effect of the proposed nW P2P trading on the network voltage is discovered in this
part. The upper and lower voltage limits of the test network, shown in Fig. [3| are set to 1.05 pu and 0.9 pu respectively [48]].
Fig. [6] exhibits three-phase voltages at a comparatively high nW P2P trading period, in which 25 kW power is reduced in total
by the sellers. Although the voltage profiles of Phase a and Phase ¢ mostly remain unvaried, some node voltages of Phase b

are improved slightly compared to Case I due to the fact of considerable demand reduction in those nodes.
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TABLE V: Power losses assessment in the network.

Hour \ Case I (kW) \ Case II (kW) \ Variation (kW)

1 am 0.8151 0.8151 0

2 am 0.4662 0.4662 0

3 am 0.729 0.729 0

4 am 0.4603 0.4603 0

5 am 1.3353 1.3353 0

6 am 2.3546 2.4443 +0.0897

7 am 4.4647 4.3207 -0.1440

8 am 4.1175 5.1422 +1.0247

9 am 1.9639 2.0489 +0.0085

10 am 0.8681 0.8681 0

11 am 0.7572 0.7572 0

12 pm 1.0981 1.0981 0

1 pm 1.0598 1.0598 0

2 pm 0.7177 0.7177 0

3 pm 1.2630 1.3792 +0.1167

4 pm 1.2478 1.2009 -0.0469

5 pm 6.8487 6.7934 -0.0553

6 pm 8.9034 9.3560 +0.4526

7 pm 12.1834 10.7857 -1.3977

8 pm 8.3011 7.0343 -1.2668

9 pm 8.8768 9.9094 +0.2172

10 pm 4.1907 4.2985 +0.1078

11 pm 1.5362 1.5143 -0.0119

12 am 1.2401 1.3837 +0.1436
24 hours 75.7887 75.1029 -0.6858

The consequence of low nW P2P trading, i.e., total 5 kW power is reduced at the sellers’ nodes, on the three-phase voltages
is depicted in Fig. [/l In this case, minimal fluctuation in voltage profiles is found at all three phases. Hence, the designed nW

P2P trading framework does not impact the network voltages unfavourably.
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Fig. 6: This figure exhibits the voltage profiles at a comparatively high nW P2P trading period.

3) Comparison with kW P2P Trading: The physical performance of the proposed nW P2P trading is compared with the
kW P2P trading in this sub-section with the intention of analysing the influence on the node voltages. Assume a buyer

(located at Phase ¢ of node 27) requires 5 kW power and strikes a trading deal with a selling prosumer connected at node 10
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Fig. 7: This figure depicts the voltage profiles at a low nW P2P trading period.

of the same phase at a given time slot ¢. In kW P2P trading scenario, the seller at node 10c injects its 5 kW power surplus
into the network, where its power configuration are: P1boc,t =1kW, Plfom =2 kW, Pfgc,t =5 kW, and P{’gﬁtt = —3 kW.

To carry out nW P2P trading, in contrast, the seller at node 10c reduces its 5 kW demand. In this scenario, the power
configuration of the seller are: P1OC . = 1 kW, PlfOc + =2 kW, P, =0 kW, and P{’gft = 3 kW. Please note that the power
demand and local supply of all other nodes along with the network topology are considered identical for both types of P2P

trading scenarios.
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Fig. 8: This figure illustrates the voltage profiles of Phase ¢ during kW and nW P2P trading.

Fig. [§] illustrates the node voltages of Phase ¢ during kW and nW P2P tradings. As is seen that voltage rise issue is caused
by the kW P2P trading at nodes 9,10 and 11 because of unregulated reverse power flow in the network. A regulated kW P2P
trading mechanism can be formulated to eradicate the over-voltage problem. As opposed to kW P2P trading, no high voltage
complexity is noticed in case of nW P2P trading as there is no local export at the contracted seller’s node. Thus, the nW P2P
trading is safe for the considered LV network.

Based on the simulation results, it is stated that nW P2P trading do not violate network constraints like kW P2P trading.

As such, network protection schemes have not been implemented in this paper to modify nW P2P traded power.
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The proposed trading model is built in OpenDSS-interfaced MATLAB platform on a personal computer with a processor of
3.6 GHz Intel (R) Core (TM) i7—7700 and a memory of 16 GB. Fig.[9]indicates that the number of iterations and computational
time required to converge the designed nW P2P framework rely on the number of participating prosumers. For instance, 3, 9
and 18 prosumers’ participation at each nW P2P trading instant need 1, 3 and 5 iterations, which take approximately 0.89 s,
2.68 s and 5.36 s to converge. In total, the whole day simulation (summation of all trading slots) of the developed nW P2P

trading model takes around 2.51 minutes to provide the results.
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Fig. 9: This figure describes the iterations and computational time required to converge the proposed nW P2P model.

V. CONCLUSION

This paper emphasises on developing a new nW P2P trading model to cut down prosumers’ energy expenses without
jeopardising the physical constraints of the distribution network. To do so, a coalition game-theoretic framework has been
proposed, whereby all the interested prosumers have executed nW P2P trading collaboratively. The relevant properties of the
nW P2P coalition have been validated to articulate that it is beneficial, stable and user-centric for the participating prosumers.
Moreover, the total benefit of the proposed coalition has been allocated fairly between nW prosumers. Finally, simulation
results have been presented to demonstrate the applicability of the designed nW P2P mechanism in real distribution networks.
It has been observed that the cooperative framework can permit each prosumer to reduce its daily electricity cost by around
$1 through proposed nW trading. Certainly, this can motivate them to engage in the new nW P2P business model. In addition,
the impact of the developed model on the physical network in terms of power losses and voltage profiles has been found to be
insignificant. As such, no technical limit violations have been noticed in the network. Therefore, the proposed nW P2P trading
mechanism is suitable for practical deployment without including power flow constraints as direct constraint in the algorithm.

Future research can be carried out to investigate how the large-sized prosumers’ participation in nW P2P trading impacts
the network losses at the transmission/micrgrid level. Besides, nW P2P price function can be determined through optimisation
to minimise the overall costs further for the whole coalition. Lastly, the roles and benefits of various stakeholders can be

integrated in the nW P2P trading framework to demonstrate its suitability in the real energy market.
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APPENDIX I (COALITION PRELIMINARIES)

Let £ € 2%, VL C X be any subset of the grand coalition X', where 2* implies the set of all possible coalitions. The size of
the grand coalition X and operational times’ set 7 are denoted by X =| X' | and T'=| T | respectively. A matrix A € R¥*T

is defined as:

AGRXXT [a17a27 ’aX] (I l)
where a, € RT, Vo € {1,2,---, X}, indicates a column vector.
For any coalition £4 and scalar constant g, > 0,Vk € 2%, where the set 2% := {1,2,-.- 2%}, the coalition scaling is

expressed as [37]:

A(qrLa) = [ararl1(La), arazl2(La), -, qraxlx(La)] = qr [@111(La), azl2(La), - axlx(La)] = arA(La) 1 2)
where 1,(L4) symbolises the ™ element of vector 1(£) € R¥ defined in (I_3).

1, ifzeLly
1.(Lq) = 1 3)
0, otherwise

The coalition summation is computed as:

Z qgla) = Z gra1li(La), Z grazla(Ly), Z grax1lx(Ly)

ke2X ke2X ke2X ke2X (I 4)
= Z gr [@111(Laq), a2l2(Lyq), - ,ax1lx(Lq)] Z aA(Lyg)
ke2X ke2X

Assume two disjoint coalitions £4 € 2% and £, € 2 and scalars ¢ = ¢, = 1 such that:

1m(£d) + 1m(£z) = 1m(£d U Ez), Ve e X (I. 5a)
A(Ly+ L) = A(Lg) + A(L,) = a1 (11(La) + 11(L2)) a2 (12(La) + 12(L2)) , - ax (1x(La) + 1x(L2))] L 5b)
= [alll(ﬁd U [,Z), a211(£d U ﬁz)7 cee axlx(ﬁd U ‘Cz)] = A(ﬁd U ﬁz)
where L4 N L, = {¢},Vk, z € 2X.
APPENDIX II (PROOF OF THEOREM 1)
Proof. For any scalar ¢ > 0, the total electricity cost of coalition £ can be expressed as:
e (q T(2)) = [(A™) T (P*(£) 1+ P'(£) 1)] + [A") g (P(£) 1 - PT(£) 1)]

= q[(A™)T (P*(£) 1+ P*(£) 1)] +¢ [(A")T (P'(£) 1 - P"(£) 1)] (IL 1)

=q([A")T (P*(£) 1+ P'(£) 1)] + [(A")T (P'(£) 1- P(£) 1)]) =g T (T(£))
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The convex cost function of two disjoint coalitions L4 € 2% and £, € 2% can be written as:

I, (F(ﬁd)) + 1., (H@))

2
[(A™) T ([P*(£4) 14+P7(£2) 1+([P"(La) 14+P"(£:) 1) |[+[A") ([P (£La) 14+P"(£:) 1=[P"(La) 14+P"(£L.) 1])]
2

(™) T ([P*(La) 14+P°(L.) 1+[P*(L4) 14+P(L.) 1])] n (AT ([P (La) 14P'(£2) 1]—[P"(La) 1+P"(£.) 1])]

2 2
[(A™)T (P (La+L)+P*(La+L2))] | [A)T(PH(La+L)—P"(Lat+L:))] I'(La+ L)
) + D) - Hﬁd-&-ﬁz f

> (L 2)

Now, the sum of optimum cost function of two disjoint coalitions £; and L is:

o(Lq)+0o (L) =1, (F(id)> + 1, (F(Ez)) >2 <H1;d+z:z (W)) =1, 4. (I‘(Ed + iz)) (IL. 3)

where I'(L) is considered as the optimal solution of ([20) such that:
o (£) =T (T(£)) (IL. 4a)
I, (1“(2)) <T(T(L)), VT(L)eF(L) (IL 4b)

The indicator function and corresponding feasible set of coalition L4 + L, are:
FO(La+ L), PF(Ly+ L), W (Lg+ L), p(La+ L)) and F(Ly + L) respectively.
Given that f (r(id),ﬁ(z:d),W(cd),p(.cd)) —land f (r(.c;),ﬁ(zz),W(z:z),p(,cz)) = 1L D(L4+L,) € F(LatLs).

From (II. 4a)) and (II. 4al),

Megie. (P(Ex+£2)) 2 ez, (DL +£2)) = 0 (Lat L) (IL. 5)
By combining and (IL3),
o(La)+0(L:)Z0(La+ L) = —0(Lat+L:) 2~ (0(La)+0(L2)) (1. 6)
By adding erﬁd o({z}) + ZmeLZ o ({z}) in and using (19),

Yoolaeh+ Y oz —o(Lat L)z Y o{ah)+ Y o({z}) —(0(La) +0 (L))

r€ELy zeL, z€Ly zeLl,
= > o({z})-o(LaUL:)> ( Y o({zh) -0 (@)) + < Y o({zh) -0 (.cz)> (L 7)
z€(LgUL,) z€Lyg zEL,

= v(LqUL,) >v(Ly) +v(L,)

(IL. 7) suggests that v reduces with increase of disjoint coalitions. Therefore, the value function of the proposed CCG is

superadditive such that no nW prosumer can benefit better by deviating from the P2P coalition. O



APPENDIX III (PROOF OF THEOREM 2)

Proof. If any scalar ¢ = 0, (20) can be rewritten using ([_2) as:

o L) =0 (0L)=  min Toe(N(0L£)=0=00(0)=q0(L)

If ¢ > 0, based on (20) and (II._4a),
o(q £) =T, £ (T(q L))

7 (P(a £),PT(q £),W g £).7(g £)) =1

Since the constraints defined in (T8a)-(T8d) are linear, whenever f(T'(L), Pf(L), W (L), p(L)) = 1,
e £)’Pf(6 L),W(; £),p(; L)) =1. Thus, ;T'(q L) belongs to F(L).

q

Applying (IT_T) in ([T_4a) and (IT_4b),
o (£) =11 (D(£)) <1 (; T(q r:)) _ é 1 (T(q £)) = é o(q L)
Hence, o(q L) > q o(L),¥q > 0.
For scalar > 0,
o) = (300) 210 L)

Now,

The grand coalition value equals to:

v(X) = o({z}) —o(X)

reX

For any balanced collection of weights (L),

S o) ) = 3 () (z () - o ( ) Y ) o ah) - 3 (L) o 0)

L£e2% Le2x zeL el Le2X Le2x
=> > A o({z}) = D L) o (L) =D o({zh)— Y (L) (L)
TEX LE2¥ Le2xX TEX L£e2x

where » . ox V(£)1,(L) = 1.
Combining ([II.6) and ([IL. 7), the condition of the proposed CCG to be balanced is:

Y L) o (L) =0 (X)

Le2X

(111
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1y

(I11. 2a)

(I1L. 2b)

(111

(111

(IIL

(11

(111

(IIL

3)

4)

5)

6)

7)

8)
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Considering the non-negativity of v(L£) € [0,1] and utilising ([IL._5) and (20):

S oo ) za S oL

> L) o (L)

Le2x Le2x Le2x (IIL. 9)
TS w0DER £ w00 Hﬁezzx”(cm I Z V()L
re2X re2X Le2x
> rezx V(L)L can be expressed as:
doAoL=3 L) U {ap= 3 20D {ah= D (L) Y L(L){x}
Le2x Le2X Le2X zeL Le2X z€X (IL. 10)
=D > OL@O{at =) {u}= U {a} =2
TEX LE2¥ reX
Now, can be rewritten as:
> i Hy (X)) =0 (X III. 11
> (L) o (£)>  min  Tx(T(X)) =0 (¥) (. 11)

Le2¥
Thus, the condition of ([II_8) is satisfied. Therefore, the proposed CCG is balanced, resulting in stable nW prosumers’

coalition.
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