Chapter 4

A Non-Cooperative Game Analysis of
Peer-to-Peer Energy Transactions

Involving Multi-Communities

4.1 Introduction

The previous chapter dealt with P2P energy sharing among a group of buildings in close
proximity involved in a cooperative game. This chapter proposes a novel framework for economic
benefit through P2P trading among buildings at different geographical locations using a non-
cooperative game. The proposed framework has been realised as P2P energy sharing between
nearby buildings and between buildings located geographically far away to account for energy
losses. A charge is also added for long-distance energy sharing. The proposed decentralized P2P
energy-sharing framework uses the concept of virtual communities (VCs) to tackle the scalability
issue. The number of transactions is reduced by grouping the buildings into VCs based on their
geographical locations. A non-cooperative game is formulated and solved in a decentralised
manner for the following (7) energy management of individual buildings, (i7) building-to-
building (B2B) energy exchange, (¢ii) building-to-community (B2C) energy exchange, (iv)
energy management of the respective VC, and (v) community-to-community (C2C) energy
exchange. Load shifting is used to incorporate demand-side management. The proposed two-
level P2P framework considers a realistic model of buildings that can endogenously decide
their role (buyer or seller or both) to maximise their profits. Cloud computing-based algorithm

is proposed for determining the energy profile and prices for each internal transaction (B2B,
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B2C, and C2C) separately. Cloud computing is used to avoid privacy/security issues normally
arising in any data-centric framework. A shareable battery energy storage system (BESS) is
also assumed to be present in each VC. The contribution of this chapter can be summarised as

follows.

* Cloud computing-based decentralised P2P energy sharing framework is developed to
reduce the energy cost of all buildings. The power exchanges and prices corresponding to
the P2P transactions are determined in a decentralised way using the proposed algorithm

based on a non-cooperative game.

* The proposed framework uses the concept of virtual communities connected through
a computing cloud for P2P energy trading between nearby and geographically distant
buildings. The network loss is incorporated in th prices by adding penalty charges based

on inter-community distances.

* The proposed framework does not require the surplus or the deficit energy status of
each participant in advance for P2P energy sharing. The roles of prosumers are decided

endogenously.

* The data privacy of each prosumer is preserved by cloud computing-based decentralised

framework without any need of prior information about their energy status.

4.2 Problem Formulation

4.2.1 System Model

As shown in Figure 4.1, several buildings are clustered based on geographical distances to
form virtual communities (VCs). Each VC has a BESS shared with the buildings of that VC.
Each VC comprising of a group of buildings and BESS is connected through a computing
cloud. A VC in itself is a non-profit based entity; however, in relation to each other, each
VC is competing with others for profit. The concept of VCs helps in taking advantage of P2P
energy sharing among buildings with a less computational and communication burden. Also,
a shareable BESS is easy to manage with a VC cloud. Each building in a VC consists of
RESs, i.e. solar power generations (SPG) and wind power generations (WPG), flexible load,

a local energy management system, and advanced metering infrastructure. The buildings are
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connected to the utility through the local distribution network. In addition, in each VC there

is a cloud platform enabling secure information and computing for B2B and B2C energy and

price sharing. Similarly, a secure platform is used for C2C energy and price sharing. The

communication infrastructure is assumed to be robust in this model.
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4.2.2 Cost Model of Buildings

The cost function for i, building of n,, VC i.e.,

the utility (CY, ), the cost of discomfort experienced by the consumer in shifting load (iji),
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Figure 4.1: PEER-TO-PEER ENERGY SHARING FRAMEWORK
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4.2.2.1 Exchange with the Utility

Each i, building of ny, VC can trade with the utility. The respective cost function corresponding

to utility usage at ¢4, hour is given by

Colip = (" + )P, — APy (4.2)
4.2.2.2 Load Shifting
The consumer’s discomfort due to load shifting [66] can be expressed as,
Cf"ji = AgiS(Pffi,t - Ln,i,t)27 (4.3)

which is added as an additional cost (penalty) to the cost function. The quantum of load shift is

constrained as follows.

L < PF, < LMy and (4.4)
T T

D PE =Y L (4.5)
t=1 t=1

Here, ¢° = 1 for no load-curtailment and ¢° < 1 for load curtailment.

4.2.2.3 B2B and B2C Energy Exchange

The cost of B2B energy exchange within ny, VC, is given by

Np
b2 b2b b2b
Cn,Lt = Z Pn,i,j,tpn,i,j,t- (4.6)
j=1

i
The cost of B2C energy exchange is given by,

b2 b2e pb2
Cn,zft = pn,ic,tpn,i?t' (47)
Here, P?%’., > 0 when i"" building is importing from ;% building, while P}%;, < 0 when

exporting to j** building. Similarly, Pﬁ%‘} > 0 when i*" building is importing from its own VC

and Pffft < 0 when it is exporting to own VC. Constraints related to B2B and B2C sharing are

as follows.
PP+ P =0, (4.8)
Priige = Progit: (4.9)
AP <Pl <A™, and (4.10)
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AP < phPe < AIm (4.11)

n,i,t

Here, (4.8) and (4.9) are constraints for B2B transactions. While (4.10) and (4.11) are used to
encourage more B2B and B2C transactions than transactions with utility. The load balance is

given as follows.

Ny,
S b E : b2b b2c ls
PTL,’L’J - anivt - Pn7i7j7t - Pn7i7t - Rn’i’t - Pn7i7t7 (4.12)
Jj=1
J#i
N,
min s b b2b b2c max
Pn,i < Pn,i,t - Pn,z',t - § Pn,i,j,t - Pn,i,t < Pn,i : (413)
=1
J#i

Here, (4.13) ensures the power exchange limits of the buildings in view of distribution line limits.
Let v ::{Pb >0, P* >0, (4.4), (4.5), (4.8) to (4.13)}. ~, is a set of constraints for buildings
which is to be used in later sections. This framework doesn’t need any separate constraints to

prevent simultaneous buying and selling to the grid, as explained in Appendix III.

4.2.3 Cost Model of Virtual Community

The VC charges/discharges the common BESS and participates in C2C transactions. The cost

function for the ny, VC is given by,

e = Z(Cﬁgt +C). (4.14)

4.2.3.1 Battery Energy Storage System (BESS)

In this work, the utilization cost of BESS is considered, while ignoring the installation cost of

the BESS. Thus, the cost of the BESS is given by,
Coit = AP 4 P, (4.15)
subject to the following constraints,
Pyltmin < P < Petmar, (4.16)

P;Liisnm:n S P:Ll’zts S Pgismam7 (417)
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Constraints (4.16) and (4.17) impose maximum and minimum limits on the charging and dis-

charging power of the BESS. The state of charge (SOC) update equation is as follows.

SOCp; = (1 =1**)SOC 1 + ni* Py — — P, and (4.18)
) /’7 ’LSn )
the SOC level is constrained by the following equation.
sSoc™m < SOC, ; < SOC™™. (4.19)

4.2.3.2 C2C Energy Exchange

The C2C energy exchange cost includes the cost of inter-VC energy exchanges and penalties
associated with inter-VC distances. The penalty only applies to VCs exporting energy to other

VCs. Thus, the cost function can be expressed as follows.

Ne© Ne©
c2c __ § c2c c2c E c2c pc2c?UT
Cn,t - pn,m,tpn,m,t + Kddn,mpn,m,t . (420)
m=1 m=1

Here, the auxiliary variable, P*")" is used to penalise only power export i.e. when P¢*¢"" >

n,m,t ° n,m,t
c2c c2¢c
_Pn,m,t and Pn,m,t

aux

> 0. The cost function Cfftc is subjected to the following constraints.

PP 4+ P =0, (4.21)
P = Do b (4.22)
A < p;%,ﬁm < Aim, and 4.23)
Ne N?
Pl — P4y P =" P (4.24)
m=1 =1
m#n

Here, (4.21)-(4.23) are C2C power exchange and price related constraints. In (4.24), network
losses and other losses are neglected. If Pg%f%t > ( then n'" VC is importing from m* VC and
if P&, < 0 then n'™ VC is exporting to m'"* VC.

A VC is considered a non-profit entity for its buildings, payments received or made by a
VC will be distributed among the buildings within the VC as follows.

T T NE

S (CPr )y =30 ple, P (4.25)

t=1 t=1 i=1
Let 7. :={(4.16) to (4.19), (4.21) to (4.25) }. . is a set of constraints for VC, which is to be used
in later sections. This framework doesn’t need any separate constraints to prevent simultaneous

charging and discharging, as explained in Appendix III.
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4.3 Methodology

The methodology described in this section consists of day-ahead hourly scheduling of energy

and the method for distributing the corresponding payments among the participants.

4.3.1 Scheduling Energy Profiles

The energy profiles of the participants are scheduled with the help of a non-cooperative game

which is solved in a decentralized manner through ADMM.

4.3.1.1 Non-cooperative Game

A non-cooperative game is used to schedule the energies of various buildings and VCs. Let ¢
denote this non-cooperative game whose ultimate goal is to minimize the cost function (Cr) of
all the buildings. However, due to the presence of B2C coupled variables, this game is played

in two levels, as given in Table 4.1.

Table 4.1: DESCRIPTION OF THE NON-COOPERATIVE GAME

Levels | Players Strategies Objectives

b . b S ls b2b b2c
xn,i,t T {P P, P, P, Pn,i,t}

n,,t) F net) T nyg,t) T ne,gt

b2c b2b b
i toPni gt Ch.i

1 Buildings and p? ; ,:={p
such that both are within the feasible set -y,
x%t - {Pch Pdis PCQC ,t}

nt)* nitor - nm

2 VCs and pf, , := {p$% ce

n,m,t n

such that both are within the feasible set .

For the game 1, let z; be the generalised Nash equilibrium (GNE) of player ‘p’ where
zp is the strategy of the player ‘p’ such that: z,e(z? ;.00 ; .25 .05 ). This is only possible if
C’F(z;, zfp) < Cp(2p, 2*,) where z_, is the strategy of other players except the player ‘p’. To
find the GNE, a regularised Nikaido-Isoda-function (also known as NI-function) is used [80].
The NI function is denoted by ¢(z, ¢), where q has the same dimensions as z. The NI function is
a fundamental tool for solving generalized Nash equilibrium problems (GNEPs) in game theory.

It quantifies the improvement a player could achieve by unilaterally changing its strategy while
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keeping other players’ strategies fixed. Thus, the regularised NI function is given by,

players

)
(b(za Q) = Z [CF(Zpa pr) - CF(Qpa pr)] - 5”2 - q,‘g (4-26)

p

The above function denotes the total gains of player p if it switches from its current strategy z,
to g, regardless of other players’ strategies. Here ¢ is a known parameter. Let 7 be the gain

maximizer function such that,

7(2,q) = arg Mat e, 1) 0(2, q)- (4.27)

This maximizes the deviation potential of each participant in the game by checking whether a
better strategy (q) exists compared to the current one (z). At equilibrium, the function value
approaches zero, meaning that no participant can improve its objective function unilaterally,
indicating that the Generalized Nash Equilibrium (GNE) is reached. Thus, Equation (4.27) is
crucial for reformulating and solving the GNEP, ensuring the stability and convergence of the

non-cooperative game. Substituting ¢ from equation (4.26) in (4.27) ,

players

)
7(z,q) = arg max Z (Cr(2p, 2—p) — Cr(qp, 2—p)] — §Hz —q||5. (4.28)
a€(mwre) T,

The first term in equation (4.28) represents the current strategy which can be ignored. Therefore,

players

: )
7(z,q) = arg min Z Cr(qp, 2—p)] + §Hz —ql|5. (4.29)

a€(wre) T,

The cost function is sz So, using (4.1), we can write,

T N¢ N?
. n s . 5
7(z,q) = arg min Z Z Z[C,?,z-,t + O+ OO+ O ] + 5Hz —q|2. (4.30)

a€(:Ye) =1 n=1 i—1

According to (4.8) and (4.9), there will be no effect on the total cost of the B2B (C*?,) in the

n,t,t

above equation. Thus,

Ny

T Ne N},
. ) )
o) =orgmin Y 5 | SU(CH +C) + O gl —al @3
i=1

q€(Vbyve) t=1 n=1 i=1

b
According to (4.25), Zf\;”l CP*¢_ in the above equation can be substituted to obtain,

n,e,

N,

T N¢
: S a czcC 5
7(2,q) = argminy 3 [Z(Gfii,t Ol + (O + O >} +5llz—dlf @32

a€(:¥e) t=1 n—1 L i—1

60



Here, C’ff will consist only of the penalty charged based on the distance between the VCs.
There will be no effect on the actual cost of importing/exporting power because of (4.21) and

(4.22). Thus,
N},

T N¢
. s a c Cdistu,nce 5
7(z,q) = arg mlnz Z |:Z(Cr(zjzt + sz,i,t) + Cﬁtt + Cn?t + §||Z —qlf3. (4.33)

a€(Ww:Ye) t—1 n—1 L =1
It is observed from (4.33), that there is no reasonable solution for pfm-i and pf, , using above
method. Therefore, the solutions will be found separately in section 4.3.2, while only the energy
profiles are found as follows.

N,

T N¢
7(z,q) = argmin » > [Z(qﬁ{u +Cl )+ OBy

q€(Ve:ve) =1 n—1 L =1

o] 4 Gl = P+ Gl - . @3
To find the GNE of the game, 7(z,q) is solved iteratively to get the best response z, such
that ¢(z*,¢q) = 0. As explained earlier, due to the presence of B2C variables, this game is
completed in two levels, as shown in the flowchart given in Figure 4.2. Level 1 deals with the
building problems, and level 2 deals with the problems of VCs. After completing both levels,
the convergence due to the presence of coupled variables is checked. Once all the variables
corresponding to the current strategy reach their optimum value, the convergence of strategies
is checked with respect to strategies of previous iteration. If it converges, results are obtained,

or it will start the iteration again. The decentralization is used handle the coupled variables, as

discussed below.

4.3.1.2 Decentralization

In the proposed framework, finding the GNE of the non-cooperative game, described in section
4.3.1.1, involves building level and VC level problems with their coupling constraints. The
building level and VC level are coupled along with that B2C variables. Algorithm 2 uses the
Alternating Direction Method of Multipliers (ADMM) in a nested manner to solve the problem
described in (4.34). Based on nested ADMM, Algorithm 2 is proposed for a decentralised

b2b b2c c2c

solution by decoupling the coupled constraints using the auxiliary variables (o 0.°¢,,0

n,,7,t° n,,t°Y n,m,t
as follows.
b2b _ pb2b
Tt = P (4.35)
b2b b2
Opiit T Onjiz =0, (4.36)
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b2(: Pb2c (437)

nzt n,i,t’

Ne¢
Pl — P4 NP = Z e, (4.38)
by
o, = P2, and (4.39)
o Fone , =0. (4.40)

Thus, constraints (4.8), (4.24), and (4.21) are replaced by constraints (4.35, 4.36), (4.37, 4.38),

and (4.39, 4.40), respectively. The augmented Lagrangian becomes:

T N¢ - N 5 b2 5
s 1 b2b n,i’ '7t 2 T b2c c
%U W ZZ [Z ,t+c7lzzt+z nljz,j,t_az?zj,t+5—1j)2+5(qn?z',t _Ufz?i,t+
t=1 n=1 =
J#l
b2c c2c
wn 7 istance 5 c2c wn m 5
) O O 4 D i Ot =) | 51127 = Sl =
09 2 03 2 2
4.41)
Equation (4.41) is split into four parts as follows.
* For building ¢ of VC n,
w b2 b2 - Is 51 ocbb2b b2b wz?zb,j,t 2
Fl(q Z n,i,t ant+z gt — n,z,jt+5—1) +
t=1
J#l
Oy b . W S .
(gl — o+ ==+ S 112 = 75 (442)
2 0o 2
* For B2B auxiliary variable update of VC n,
L ) b2b wb%
x b2b Z Z Z 1 xb b2b + n,i,j,t )2 (4 43)
n gt n ,0,7,t . .
t=1 i=1 j=1 51
JFi
e For VC n,
T Nb 5 bQC
b2c TL i
Fy(q™,q", 0", 0) = > [ [ 22 (g2, — ok, + 5 —h)2) 4
t=1 i=1
N¢ c2c
a c Cdistance 53 :UCC2C c2c wn,m, 5 zc zc
C’ftt + Cn?t + Z E(Qn,m,t - O-n?m,t + 53 t>2] + §||Z —dq ||§ (444)
m=1
m#n
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* For C2C auxiliary variable update,

T N¢ N¢ c2c

rc _c2c d rcc2¢ c2c Wnom
Falg™,0%) = 3> Y 15 e = o + =5 (4.45)
t=1 n=1 m=1

The entire process is explained in Algorithm 2. Level 1 comprises of building level and
intra VC level game, and Level 2 comprises of VC level and inter VC level game. First, the
base strategies are initialized, followed by the minimization of objective functions and updating
of the decoupling variables in steps. At the beginning of the iteration, buildings optimise their
strategy (step 14), and then their B2B decoupling variables are updated (step 16). After this,
each VC will optimise its strategy and update the B2C decoupling variables (step 20). At the
end of the iteration, C2C decoupling variables are updated (step 25). The penalty parameters
are updated with the help of their respective primal residuals (A”) and dual residuals (A\”). In
the end, the base strategies are updated using the relaxation method in step 37. The process is
repeated until the tolerance is achieved, as shown in step 39. The results of this program will be
abrs o= (PY, Pex  Plex, PP pPrace) and oty := (P, Py, Ps2e,), which will be used

for distribution of payments as described in the next section.

Algorithm 2: Algorithm for P2P energy sharing using a non-cooperative game and ADMM,

where buildings in virtual communities optimize their energy trading strategies independently.

—_—

Initialize p, tolly, tolls, d=1
2 For each VC,

3 For each building,

4 Initialize 2*°(1) := (P°(1), P*(1), P(1), P*2*(1), P"*¢(1))
5 End for.

6 Initialize 2°¢(1) := (P"(1), P%s(1), P<%¢(1))

7  End for.

8  Repeat

9 Intialise k=1, 0(1) = 0,and w(1) =0

10 Set 6(1), p, v

11 Repeat

12 For each VC,
———-Building level

13 For each building,
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14

15

16

17
18
19

20

21
22
23
24

25

26
27
28

29
30
31
32
33
34

35

36
37
38

min Fy(q*°, 0®®(k), o%2¢(k))

a"EN

End for.
-Intra-VC level

Update 02" min Fy(q™(k +1),0%)
b2 {(4.35),(4.36)}

(k+1) = wi(k) + 61 (k) (g™ (k +1) = o (k + 1))
= [lg™"™ (k +1) = o"(k + 1|
= |[o**(k + 1) — o™ (k)|
——VC level
min Fy(q™(k + 1), g%, 0%, 0°2(k))

ob2¢e{(4.37),(4.38)}
qzce,yc

wa(k 4+ 1) = wy(k) + 82 (k) (¢ (k + 1) — o?°(k + 1))
A= [lg™ (k + 1) — 0" (k + 1)
AP = [lo%(k + 1) — o®(k)]|

End for.

-Inter-VC level

U dat c2c F he k, 1 c2c
PAAte 07 e (TR sy 1O R 1), 07

wy(k + 1) = ws(k) + 05(k)(¢"™ (k + 1) — 0%(k + 1))
AP = |¢" (k4 1) — 0%(k + 1)
AY = [[o(k + 1) — o(k)||

-Penalty-parameter update
Do for (A7, AP 51),( A AP 55), and (AL, AP 63)
If AP < 7AP, then §(k + 1) = 2%
elseif \” > 27 then §(k + 1) = vd(k)
else 0(k+ 1) = (k)
End do.
k=k+1
Until [[{ ]l (k) — 1 (k — DI] + llwn(k) — wa(k — 1]
Hfws (k) — ws(k = 1)[|}] < toll,
Updating the strategies:
2(d+1) = Zr2(d) + 2a(k)
d=d+1
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39 Until ||2(d) — q(k)|| < toll,

4.3.2 Distribution of Payments

The C2C price refers to the P2P energy exchange price between different virtual communities,
whereas B2B prices correspond to P2P energy trading at the building level. The key differences

are as follows.

* C2C Price (Community-to-Community Price): This is the price determined for energy
trading between different virtual communities. It is calculated first to establish the cost of

energy exchange at the community level.

* B2B Price (Building-to-Building Price): This is the energy trading price between indi-
vidual buildings within the same community. It governs the direct exchange of energy

between prosumer buildings.

* P2P Price (Peer-to-Peer Price): This is a general term encompassing all decentralized

energy trading interactions, including B2B, B2C, and C2C.

The pricing structure follows a hierarchical approach. C2C Price is calculated first to determine
the cost of energy exchange between virtual communities. The total cost of each community is
then divided among its buildings using the B2C price (Building-to-Community Price). The B2B
price is incorporated along with other cost factors to determine the total cost of each building.
This pricing mechanism ensures fair and efficient cost distribution across different levels of
energy exchange.

For the calculation of price corresponding to B2B and B2C energy exchange, pfm’t =

b2c  b2b 2c

(Poit> Prai ji)» and calculation of price corresponding C2C energy exchange, py, , := (p;75, ;). in

this work, Algorithm 2 is modified as described in the section below.

4.3.2.1 C2C Price

First of all, the price for each inter-VC energy sharing is computed using only the level 2 game.
The computed price is distributed among the buildings within the VC as described in section

4.3.2.2. The game ¢ is redefined as follows.

(1) Players: All VCs will be players in the game.

66



(ii) Strategies: The strategies will include only pf, ; := ( pf?ﬁl ) such that they are within the

feasible set ..

(iii) Cost function (C'r): Here, every VC will try to reduce its cost as mentioned in (4.14). All

c2c
n,m,t*

the other parameters are either given or calculated from this equation, except for p

Therefore, the cost function for n*"* VC becomes:

T Ne¢
=N i P (4.46)
t=1 m=1

m#n
The price, p¢’5, ;» should be such that
Cri+Cr < (G +Cr). (4.47)
assuming
no c2c

Therefore, the profit would be greater if C2C transactions were to take place. In this Case,
equation (4.29) gets modified as follows.

players

. )
7(z,q) = arg min Z [Crp(ap, 2—p)] + §||z —q||5. (4.48)
ge{(4.22),(4.23),(447)}

Substituting from equation (4.46) for C'r,,, we obtain,

T N¢ N¢

)
c2c
7(z,q) = arg min E E E qnm o —||zf¢ — ¢"*
)= q€{(4.22) (423 NCWVo) Srmwiimnriot ! t 2‘
m#n

2. (4.49)

c2c : : 13 : c2c
Here, 2, € (p}.;,+) and g have the same dimensions as that of z. An auxiliary variable ;-5 ; is

used to deal with the coupled constraint (4.22), such that,

Oromit = Pmar and (4.50)
o = (4.51)
The modified augmented Lagrangian becomes:
T N¢ N¢ c2c

C C 53 c2c wn,m,t 5
Q7a w ZZ Z qnmt n2mt 9 <Qnmt O-n?m,t_'_é—g)?]—i_i”’zpc_qpc 3 (452)

t=1 n=1 m=1
m#n

To solve for £*(q, o,w), the Algorithm 2 is modified in the following way.
(1) Remove steps (3-5, 13-19, and 21-23).
(ii) In step 6, initialize z°<(1).
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(i11) In step 20, for VC n, do

' F3(q7, 0% (k)). 4.53
et my 200 ) (4.53)
Here,
T N°© c2c
c2c 0 c2¢ c2c Wi,m, 4 . .
Fy= 30 3 i P 5 (i = ot + 52+ 51122 = a3
t=1 777;7:&7’11
(iv) In step 25, update o“* by

min  Fy(¢" (k + 1), 0°%). (4.54)

oe2ec{(4.50),(4.51)}

Here
’ T N¢ N¢ c2c

Fy=) ), Z 63 (s — 02+ w’g—;”’t)Q]- (4.55)

t=1 n=1 m=1
m#n

By applying the above modification in Algorithm 2, we get a modified algorithm presented as
Algorithm 3. Using Algorithm 3, we will get p¢% . for each VC. The same will be distributed

n,m,t

among the buildings within the VC.

Algorithm 3: Algorithm for determining the C2C prices involved in P2P energy sharing among
the virtual communities (C2C energy trading) using ADMM

1 Initialize p, tolly, tolly, d=1
For each VC,
Initialize z#<(1) := p“*¢(1)
End for.

2

3

4

5  Repeat
6 Intialise k=1, 0(1) = 0, and w(1) =0
7

8

9

Set (1), p, v
Repeat
For each VC,
——-VC level
10 min F3(qPe, 0°%(k))

qree{(4.22),(4.23),(4.47)}
11 End for.

-Inter-VC level
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c2c

12 Update 06206{(2.1528}’(4.51)}F4(q’% (k4 1), 0°%)

13 w3k + 1) = ws(k) + 65(k) ("™ (k + 1) — 02(k 4 1))

14 AL = 1@ (1) — 0k + 1))

15 AP =[lo(k+1) — 0(h)|
-Penalty-parameter update -

16 Do for (AP, AP, 6,),(AE, AP 6,), and (\E, AP 45)

17 If AP < 7AP, then §(k + 1) = 2%

18 elseif A\ > 27 then §(k + 1) = vd(k)

19 else §(k + 1) = d(k)

20 End do.

21 k=k+1

Until [[{]|wy (k) — wi (k — 1) + ||wa (k) — wa(k — 1)]
+|ws (k) — wa(k — 1)|[}]] < tolly

22

23 Updating the strategies:

24 2(d+1) = Z72(d) + (k)
25 d=d+1

26 Until ||z(d) — q(k)|| < tolly

4.3.2.2 B2C and B2B Price

All the energy profiles and prices for C2C transactions were calculated in the previous sections
4.3.1 and 4.3.2.1, which will be used to compute B2C and B2B prices. In this Case, only
the level 1 game is played. For this Case, Algorithm 2 has been modified and is presented as

Algorithm 4. The game 1) is redefined in this context as follows.

(i) Players: All buildings are players in the game.

(ii) Strategies: The strategies will include only p° ., := (p2¢, pP? ) such that they are
g g y n,i,t n,i,t) Fn,i,j,t y

within the feasible set ;.

(iii) Costfunction (C'r): Every building will try to minimise cost. Other parameters are already

b2c
n,i,t

b2b

calculated except p;7, and p,; ;. Thus for it" building of n'™ VC, the cost function can
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be written as,

T N,
b2e b2 b2b  pb2b

Crni = Y 5P+ Y ot st (4.56)

t=1 j=1

J#

The costs, p}’¢, and p?? ; , should be such that,
b b
o<t 4.57)
assuming

no b2c and no b2b

Therefore, B2C and B2B transactions increase profits. Let relevant constraint sets be defined
as follows, v/ :=[(4.10), (4.11), (4.57)] and % :=[(4.9), (4.25)]. In this Case also (4.29) is

modified as follows,

players

4]
7(z,q) = argmin Z [Crp(ap, 2—p)] + EHZ —ql3. (4.58)

a€{rt st T,

Substituting C'r,, from equation (4.56), we get

T Nc¢ Nt

Nb
: E § § b2c b2C § b2b
T(Z, q) = argmin n,z,t n,z,t + qn,i,j,t

a€{7 5} =1 n=1 i=1 j=1
j?'fi

b2b | | 5 b2c b2c

B+ 5 2112 — ™2 + 51127 2. (4.59)

b2c

b . . ey .
Here, 2 € (p?mt, pf” ;+) and g have the same dimensions as that of 2. Auxiliary variables o,

and o}, , are used to handle the coupled constraint 74 such that,
b2b b2b
Onijt = Prjt: (4.60)
b2b b2b
Onigit = Onljits (4.61)
b2 b2
Tnit = Poggr  and (4.62)
Ny
Bat 2 b2e pb2
(Cn,? + C7cz,tc> = O-n,ic,tpn,i?t' vn (463)
i=1

Thus, the modified augmented Lagrangian becomes

T Ne¢ N}
b2c b2c b2b b2b
q’ 0- w Z Z Z q?’L,Z,t n,%,t + Z qn,l,] t TL,’L,jt
t=1 n=1 =1
J?él
b2b
51 o2 Wy i 0 b2
§ : b2b n,6,5,6 \2 2, poee b2c
+ qn gt n,l,jt + 5—> + 5(qn,i,t — Onit
1
J#
b2c
Wy 0 )
n,5,t\2 pb2b b2 pb2e  pb2e
5 )1+ 5l 15+ 5112 I3 (4.64)

To get Algorithm 4 for this Case following changes are made in Algorithm 2.
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(1) Remove steps related to the VC’s optimisation, i.e. remove steps (6 and 25-28)
(ii) In Step 4, initialize 2"
(iii) In step 14, for building 7 of VC n do

min F (¢, " (k), 0" (k)). (4.65)

qp E'Yl

Here,

d 5
_ Z b2c pb2e Z b2 pb2b Z 1 pb2®
Fl_ qnzt nzt+ qnzgt nz]t+ qnzgt
t=1
j#i J#l
b2b b2c
wmi,j,t)Q + 2 02 (q pb2e gh2e + wnﬂﬁt)Q]
51 9 n,%,t n,i,t 52

b2b 5 b2c b2c | |

15+ 1127

b2b
~ Opigt T

5 b2b
+ §||Zp 2-

(iv) In step 16, for each VC n, update o°2 by

b2b

min_ Fy(q” (k+1),0"). (4.66)

a.b2b€{,y/)}

Here,
T N, N; b2b

(51 b2b w
P b2b TL,Z,j,t 2
F2 § § § Qn gt n,i,j,t + 51 ) :

t=1 i=1 j=1
J#i

(v) In step 20, for each VC n, do

b2c

min_ F3(¢” (k+1),0"%). (4.67)

O’bQCe{’yp}

where,
T Nb b20

(S b2c n,i
Fo= 303 (5l — o+ 7 (4.68)

t=1 =1

Algorithm 4: Algorithm for determining the B2B and B2C prices involved in P2P energy sharing
among the virtual communities and buildings (B2C and B2B energy trading) using ADMM

1 Initialize p, tolly, tolls, d=1
2 For each VC,
3 For each building,
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O o0 9 O Wn B~

11

12
13

14

15

16
17
18

19

20
21
22
23

24
25
26
27
28
29

Initialize 2" (1) := (p22,(1), pb20 (1))
End for.
End for.
Repeat
Intialise k=1, 0(1) = 0,and w(1) =0
Set 6(1), p, v
Repeat
For each VC,

-Building level
For each building,
min Fi(¢”, 0" (k), 0" (k)

g’ et
End for.
-Intra-VC level -

ate min Fy Pk + , O
Upd n F(q” (k+1),0")

oP2e (35}

wi(k+1) = wi (k) + 01 (k) (¢ (k + 1) — 6" (k + 1))

AP = [l (k + 1) — o2k + )|

AP = [lo"(k + 1) — o* (k)|

—VCleve
min_ Fy(¢"" (k + 1), 0%%)

O'bQCG{’YS}

ok + 1) = wa(k) + 62(k) (¢ (k +1) — 0" (k + 1))

A = 1 k4 1) = ok + 1)
Ay = ||o?(k + 1) — o™ (k)]
End for.

-Penalty-parameter update

Do for AP, AP 51),(\E AP 85), and (AL, AP 53)
If AP < 7AP, then §(k + 1) = 2
elseif A" > 27 then §(k + 1) = vd(k)
else 6(k + 1) = d(k)

End do.

k=k+1
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Until [[{]|wy (k) — wi (k — 1) 4 ||wa (k) — wa(k — 1)]
+|ws (k) — wa(k — 1)[[}]] < tolly

30

31 Updating the strategies:

32 2(d+1) = 2(d) + Eya(k)
33 d=d+1

34 Until ||2(d) — q(k)|| < tolly

Thus, all the energy schedules and the respective prices for various energy-sharing sched-
ules are computed. All the discussed steps of P2P energy sharing and the corresponding price
determination are summarised in the flowchart as depicted in Figure 4.3. The P2P energy
exchange framework inherently includes B2B, B2C, and C2C transactions. In Figure 4.3, the
scheduling of P2P energy occurs first, encompassing all three types of exchanges—B2B, B2C,
and C2C. Based on this scheduled energy exchange, the corresponding prices are determined.
Since C2C energy exchange occurs between different communities, the first step is to determine
the C2C price based on the exchanged C2C power. Once the C2C price is established, the
B2B and B2C energy exchange prices are computed based on scheduled power transactions and
the C2C price. Regarding optimization levels, Level 1 represents building-level optimization,
where each building optimizes its energy transactions, while Level 2 represents community-level
optimization, where communities manage their internal and external energy exchanges.

Figure 4.4 illustrates the working of the P2P energy trading which includes B2B, B2C, and
C2C energy trading.

4.4 Simulation Results

In this work, nine buildings having different load profiles (Figure 4.6(a)) and renewable gener-
ations (Figure 4.6(b)) are considered. The buildings are clustered into three VCs (C1, C2, and
C3), each comprising three buildings. In Figure 4.6(b), the SPV and WPG data are given for
the rated capacity of 125kW and 100kW, respectively. The installed capacity of SPV, WPG and
BESS present in the system is specified in Table 4.5. The SOC level is to be maintained in
[20%,90%]. The charging and discharging power is limited to SOkW/h for all the BESSs. A
time-varying energy price (Figure 4.11) is considered for energy exchange (import and export)
with the utility. Since load curtailment is not done, the fraction of load supplied (¢*°) is 1.

The load can be shifted up to £10%. Table 4.6 mentions the values of other parameters used.
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Figure 4.4: ILLusTRATION FOR P2P ENERGY TRADING

The code is implemented on a laptop with a Core ¢3 1.20 GHz processor with 4 GB RAM.
GAMS/CONOPTH4 solver is used for optimization.
The respective electrical network analogy of the information in Table 4.5 regarding Cl1,
C2, C3: B1, B2, B3 with SPV, WPG, BESS in terms of B2B, P2P, C2C is given in Figure 4.5.
Each building in the B2B energy trading framework can be considered as a node in the

equivalent circuit. This is because

* Each building has its own load, renewable energy generation (SPV and WPG), and
potentially a battery energy storage system (BESS), making it a distinct entity in terms of

power flow.

* The interaction between buildings (energy exchange) can be represented as power flows

between nodes in an electrical network.

The buildings are further aggregated into communities, as shown in the figure, resulting
in building-to-community(B2C) interactions. The community battery energy storage system
(CBESS) acts as an additional node that interacts with all buildings through the community.
The buildings interact with buildings of other communities though C2C interactions. Thus, with
the help of P2P energy trading at various stages (B2B, B2C, C2C), the cost of all the participants
and grid dependency decreases. This equivalent circuit representation effectively models the

P2P energy trading framework, with each building considered as a node. This abstraction
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Table 4.5: INSTALLED CAPACITY OF SOLAR POWER GENERATION (SPG), WIND POWER GENERA-

TION (WPG) AND BATTERY ENERGY STORAGE SysTEM (BESS)

C1 C2 C3
Bl1 | B2 | B3 | Bl1 | B2 | B3 | Bl | B2 | B3
SPV (kW) | 125 | 125 | 125 | 100 | 125 | 125 | 100 | 100 | 100
WPG (EW) | 100 | 100 | 100 | 50 | 100 | 100 | 50 | 50 | 50
BESS (kW) 200 200 200

highlights the interactions among communities, buildings and their shared resources (CBESS),
enabling detailed analysis of power flows and cost optimization.

To demonstrate the effectiveness of the proposed P2P framework, four different cases are
considered:
Case I (Base case): In this case, all the buildings manage their energy to meet their load demand.
Buildings can exchange energy with the utility only. In this case, BESSs are not used.
Case II: In this case, only B2B and B2C transactions are considered. In this case, a shared
BESS is used.
Case I1I: In an extension to the second case, C2C transactions are also considered.
Case IV: This case is similar to Case I1l. In addition, penalty charges based on the distance

between VCs are also considered in C2C transactions.
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Figure 4.6: (A) LOAD PROFILE OF BUILDINGS IN ALL COMMUNITIES, (B) RES POWER GENERATION

Table 4.7 shows the summary of results for all the cases.

In Case I, the cost function of each building is the highest, and the energy exchange with
utility is also the highest among all cases.

In Case 11, the cost function of each building is reduced compared to the base case due
to B2B transactions and BESS. As shown in Figure 4.6(a), all buildings in a VC have different
load profiles. Due to this, buildings have different surplus/deficit power in a given time interval.
Therefore, intra-VC B2B transactions can occur at a price lying between the utility buying and
selling price. Also, BESS is used in B2C transactions. In Case II, the energy cost decreases
from 300.18%, 126.17$, and 415.76$ to 268.40%, 56.38%, and 385.86% for C1, C2, and C3,
respectively.

In Case 111, the cost function of each building is further reduced due to the C2C transaction
introduced in this case. In fact, the cost function is the lowest in Case III among all the cases.
In Case I1I, buildings have more opportunities to exchange energy with buildings of other VCs
through C2C transactions.

In case 1V, the cost function has increased compared to Case III because of the penalty

charges (due to distances). But, still, the cost function is less compared to Case I and Case I1I.
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Table 4.6: VALUES OF OTHER PARAMETERS

Parameters Values
nh 96%
nis 106%
nloss 0.5%
AVTI 0.06$/kW
“F 0.05%/kW

Adis 0.03%/k1V2
) 0.02
tolly 0.01
tolls 0.001
T 0.02
v 2
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Table 4.7 shows that the total power imported from the utility reduces in case II and case 111
compared to case I. The same holds for the total power exported to the utility. Around 12" — 15"
hours, the power exported by the buildings to the utility in case I (Figure 4.7(a)) is used for B2B
(Figure 4.8) and B2C (Figure 4.9) trading in case Il and case III. Figure 4.10(a) shows that in
case Il and case 111, the VC’s BESS is getting charged during the time interval 12! — 15" hours,
whereas in case I, the buildings are exporting to the utility as observed in Figure 4.7(a). In Case
II and Case III, when the utility electricity price is high during 18" — 21" hours, energy stored
in BESS is used for meeting the load demand. Due to the availability of C2C trading in Case I,
the power exchange in B2C transactions has invariably increased compared to Case II Figure

4.9).

In Figure 4.8(a), for community C1, the power exchanged in B2B transactions is almost
the same as in Case II and Case III except for 11" — 13" hours. However, for community
C3, during this time interval, the variation in B2B transactions of Case II and Case 11l is quite
significant (Figure 4.8(c)). In table 4.7, for each case, it is seen that the total power imported
through B2B transactions is equal to the total power exported through B2B transactions. This
validates equation (4.8). The power imported or exported during B2C transactions in Case I
is much less than that in Case III or Case 1V (Table 4.7). This is because, in Case II, the B2C
transactions involve only BESS, whereas in Case Il and Case 1V, C2C is also involved in B2C
transactions along with BESS. Furthermore, it can be observed that the overall B2C power is

slightly less in Case IV compared to Case 11l due to penalty terms involved in the formulation.

Table 4.8 shows the total power imported and exported separately in C2C trading in Case 111
and Case IV. Due to the penalty imposed (based on distance) in Case IV, the imported/exported
power decreases compared to Case III. In Figure 4.10(b), the net power exchanged in C2C
transactions is depicted for Case IIl and Case IV. For Case III, the generation-load balance
equation (4.24) can easily be verified from Figure 4.10(a), 4.9(b) and 4.10(b). During 12" — 14"
hours, for C2, the power imported from C2C transactions (Figure 4.10(b)), and the power
imported from all the buildings inside C2 through B2C transactions (Figure 4.9(b)) are used
for charging the VC’s BESS as shown in Figure 4.10(a). The community C3 after 18" hour
is importing from the other two VCs (Figure 4.10(b)) and is discharging its BESS (Figure
4.10(a)), and then this power is then transferred to buildings of C3 through B2C transactions
(Figure 4.9(c)). Therefore, B2B, B2C and C2C energy sharing provides an opportunity to take

advantage of the demand diversity of all buildings in all the VCs and to utilize RESs, thereby
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Figure 4.8: B2B PowEr ExcHANGE FOR CASE Il AND Cask Il (o) CommuNITY 1, (B) COMMUNITY
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utilizing BESSs more effectively.

Table 4.8: COMMUNITY-TO-COMMUNITY POWER EXCHANGE

C1 C2 C3
CaselIl | 3162523 | 176.2641 | 482.0041
P (kW)
CaselV | 221.878 | 105.9789 | 267.3148
CaselIT | 197.3159 | 607.631 | 169.5414
P (RW)

CaselV | 71.04568 | 436.5601 | 87.52149

The energy exchange among the buildings and the VCs depends on the energy exchange
prices. In Case I, the buildings can exchange energy only at utility prices. However, as shown
in Figure 4.11, in C'ase I] and Case 111, the energy exchange is possible at a price between the
settled price of VCs and the utility price, due to which there is a reduction in energy exchange
with the grid resulting in lower energy costs for buildings. The reduction in costs is as shown
in Table 4.7. Further, the energy exchange profile and BESS charging profiles for Case I are
also different from C'ase 111 this is due to a higher number of transactional entities (inclusion
of C2C) for energy sharing, as shown in Figure 4.10 and Figure 4.9.

The prices for all the internal transactions are shown in Figure 4.11 and Figure 4.12. As
expected, the prices are between the import and export utility prices, which encourages the
buildings to participate in the P2P sharing framework. In Figure 4.11(a) and Figure 4.11(b),
at 5" hour and 8 hour, respectively, a jump is observed in prices. But the respective power
component is zero, as shown in 4.8(a) and Figure 4.10(b), respectively. This means that variation
has no significance. Thus, the prices for B2B (Figure 4.11(a)) and C2C (Figure 4.11(b)) are
almost identical for all the buildings. However, a vast variation is observed in B2C prices (Figure
4.12). This is because the VC’s cost is distributed among the constituent buildings according to
equation (4.25). The B2C prices depend on the contribution of buildings in B2C transactions.

The proposed framework focuses on the aggregation of buildings into virtual communities.
Table 4.9 compares the total cost of buildings in the P2P energy trading framework with and
without virtual communities. While the variation in individual building costs is minimal,
the difference in total execution time is significant, as shown in the table. The proposed
framework reduced execution time by 48 minutes compared to the existing literature. Thus, it
can be concluded that aggregating buildings into virtual communities reduces computational

complexity and execution time for P2P energy trading.
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Table 4.9: ComparisoN TABLE

Proposed Framework Other Framework
B1 86.6766 B1 88.1155
C1 B2 78.6481 B2 76.0011
B3 86.2124 B3 85.0169
B1 72.3017 B4 91.9939
C2 B2 -7.5833 B5 6.6372
B3 -35.0367 B6 -19.7233
Bl 36.1164 B7 39.1162
C3 B2 178.4923 B8 166.8947
B3 119.3154 B9 111.5659
Sum 615.1428 Sum 645.6179
Total Total
Execution | 1:31:18.826 | Execution | 2:19:02.387
Time Time

4.5 Summary

A novel decentralized P2P energy management scheme has been proposed for virtual com-
munities comprising several buildings equipped with RESs and shiftable loads. The proposed
framework includes B2B, B2C, and C2C energy trading, optimal BESS scheduling, and demand-
side management. A non-cooperative game theoretic approach is used in a decentralized manner,
making the players a seller/buyer/both endogenously. Numerical results elucidate the proposed
framework’s effectiveness in minimizing the cost function for each building. The grouping of
buildings into virtual communities reduces the number of transactions and enhances the system’s
scalability.

So far, the exchange among VCs has been explored for a non-cooperative game among
buildings that are close to each other and that are at a certain distance away. As discussed
earlier, in the non-cooperative game, the participants act independently, aiming at maximizing

their benefits. However, they can work together by forming a coalition aiming to increase the
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benefit of all, which will be explored in the next chapter. Also, as the proposed framework lacks
consideration of distribution network parameters such as voltage and line flow, a practical model

has been developed in further chapters that consider all such network parameters.
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