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Abstract

The research work presented in this dissertation discusses various complex issues as-
sociated with network and pricing modularity in electricity markets. The existing
approaches in this respect need significant revision and, thus the work in this disser-
tation primarily aims at developing new efficient approaches to serve this need. The
independent system operator (ISO) is responsible for the network and pricing mod-
ularity in electricity markets. So long as network modularity is concerned, the ISO
carries out the same well before the day of operation with the motive of economical
operation. This market could not be perfectly economical because of many factors.
Therefore, after the completion of the day of operation, the ISO takes some additional
steps amounting to revenue reconcilement. Some of these steps can be categorized
under pricing modularity present in electricity markets.

With the introduction of competition and associated modes of transaction, net-
work segmentation with reference to congestion became a necessity. This dissertation
presents a methodology to solve network segmentation problem in a wholesale compe-
tition environment so that a set of appropriate bid area is formed. A two-step process
is presented. The first step involves optimization based clustering of nodes with the
closeness of locational marginal prices (LMP) as a decision metric. The second step in-
volves fine tuning of clusters from the first step by bus migration process. It is observed
that the performance index improves under certain cases of bus migration. However, a
pre-requisite in the second step is a threshold input which defines the number of zones
that can be formed on a network. In this dissertation, the concept of linear bottle-
neck games (LBG) is introduced in the second step for the formation of congestion-free
bidding zones that includes nodes with the similar contribution to the congested lines.

This second step identifies the optimal zonal combination and crucial nodes by solving



xii

a primal-dual linear programming (PDLP) model. It is observed that the buses with
similar LMPs lie in the same zone, subject to their connectivity.

Another problem in power system for node aggregation is to form multiple zones
for the allocation of transmission usage prices which depends on a set threshold, con-
nectivity and type of pricing mechanism. In this dissertation, a novel concept to club
the nodes into zones that are closely connected and experience similar usage prices, for
few of the popular transmission pricing mechanisms is proposed. Also, a quality index
as a function of edge weights, which uses a concept of edge betweenness, is proposed
to decide on the optimal number of zones. It is observed that the buses with similar
transmission usage prices with respect to their mega-watt (MW) quantum lie in the
same zone.

To this end, one of the important contributions in this dissertation is the new
optimal power flow (OPF) model. The direct current (DC)-OPF and alternating cur-
rent (AC)-OPF models have been extensively used for solving OPFs. There is an-
other OPF model that lies in between these models, i.e., known as loss compensated
(LC)-DC-OPF, which incorporates the effects of network losses in DC-OPF model.
This dissertation presents the LC-DC-OPF model which is based on quadratically con-
strained quadratic programming (QCQP). Also, it presents an approach to decompose
the market-settlement surplus (MS) into network losses and congestion related com-
ponents in LC-DC-OPF model using its Karush-Kuhn-Tucker (KKT) conditions. The
decomposition of MS may further establish a proper mechanism for hedging against
network losses and congestion. When the components of MS are reproduced using
the components of LMP, it does not sum up to MS. That precludes mapping of the
LMP components one-on-one with those of MS components, making the comparison
implausible. This dissertation also proposes an exact method to determine the compo-
nents of MS exist in the present LMP market. It highlights the reason for the anomaly
that exists in the current practice because of which, in literature, it is shown that the
network is split into multiple regions to get multiple energy components of LMP.

Within an AC-OPF market clearing framework, MS is inevitable due to network
losses, congestion and reactive power, therefore, its decomposition into its constituents

is a challenge. Therefore, this dissertation proposes a solution for decomposing MS
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into its constituents, i.e., network losses, congestion and reactive support services, by
deriving analytical expressions for each of the components. An optimization problem,
named as pseudo-IV-OPF (P-IV-OPF), is set-up around the existing AC-OPF solution
to derive expressions. The central idea involved in current and voltage OPF (IV-OPF)
that the current flow at sending end is exactly equal and opposite to that at receiving
end, is exploited to derive the elements of MS by using KKT conditions of optimality.
It is important to note that a converged OPF solution, obtained from the standard
AC-OPF model used by the utility, is input to the proposed model. The advantage of
the proposed derivation is that the nodal pricing definitions do not change. Thus, the
proposed model can be incorporated in the electricity markets by the ISO with ease.

In the LC-DC-OPF markets, the reference bus plays a crucial role in the decompo-
sition of LMP components for the correct valuation and settlement of financial instru-
ments in these markets. Therefore, this dissertation proposes a simple non-marginal
method for calculating reference bus independent components of LMP in the LC-DC-
OPF models used in current practice. The reference bus independency could be useful
in establishing different financial instruments in the electricity market.

In AC formulations, reactive power plays a crucial role and researchers have faced
challenges in incorporating it into the standard market design (SMD). In this disser-
tation, an exact decomposition of LMP is proposed in AC formulation to provide a
complete pricing SMD. The proposed work uses the concept of decomposition of MS
in the AC-OPF SMD and extends it to derive the components of LMP, i.e., real power,
network losses, congestion and reactive support services, using the concept of circuit
and graph theory. The proposed framework unveil interesting features of the LMP
components that were undercover until now.

The proposed methodologies have been extensively tested on multiple test systems
and the detailed discussions on results from various case studies have been presented.
The results of these test systems illustrate the effectiveness and the efficacy of the

proposed approaches and provide insights into the nature of the problem.
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Nomenclature

The chapter wise symbols are given in this nomenclature. Some symbols are defined

as and when required. Also, some symbols are defined as per standard convention.
Symbols used in Chapter 2

o, B,n,e,0 Weights of metrics in aggregate fitness function.

Yoo The zonal probability for a zone formation Vz, € .
A, v Lagrange multipliers.
o Scaling factor.

Y, U Lower and upper bounds.

DFy Distribution factor of each v on e.

E Number of edges.

e Edge.

I Cost function of each t.

I Nodal power balance equations of v.

he Flow constraints of e.

1 Number of zones from which z, imports power.

K Number of nodes connected to elastic entities.



XXX1V Nomenclature

k Zonal network, k € {1,..., K}.

Q.. Elastic entity identifier, (1, if any ¢3z, and 0, otherwise).

T Number of elastic entities.

t Elastic entity.

V Number of nodes.

v, P, q,T Node.

Ty The contribution of each node in z., Vv € z,.

Yy Control parameter vector that corresponds to the injections by ¢ (posi-
tive for suppliers and negative for consumers).

Zi Nodal combination, x € {1,...,k} which is a vector of {0,1}" with v

element of k™ zone is equal to one, if v € 2, and zero, otherwise.

Symbols used in Chapter 3

ij
e

LG

Fi

The generation shift factors on line e.
The lower triangular matrix of o;;.
Nodal transmission usage price at net withdrawal node 1.

The edge weight of an edge connected between net withdrawal node @

and j.

The sum of the degrees of the nodes in zone s.
The number of edges.

The power flow of line e.

The power flow in line e when nodal injection of net withdrawal node 1.



Nomenclature

XXXV

Part;,

PD

Share between net injection (i) and withdrawal (j) nodes found by pro-

portionality principle.

The number of edges between nodes within zone s.

A large value.

The number of zones.

The original nodal withdrawal at net withdrawal node .

Real power withdrawal at j** net withdrawal node exists in set of net

withdrawal nodes (D).

Real power injection at i*" net injection node exists in set of net injection

nodes (G).

The proportion of transmission usage charges w; at net withdrawal node

i

Total real power demand of the system.
A quality index in terms of edges.

A quality index in terms of nodes.
Weighted average price of each zone s.

The number of net withdrawal nodes.

Symbols used in Chapter 4

Lagrange multipliers corresponding to each equation.

Voltage angle at bus 1.

LMP at bus 4.



XXXVi Nomenclature
A Energy component of LMP at bus 1.

A Congestion component of LMP at bus i.

Aless Loss component of LMP at bus i.

w An offset for transmission losses.

(e) and (o)  Lower and upper bounds of variable (o).

D, Real power demand at bus i.

DF A vector of loss distribution factor representing the distribution of losses.

xij

The cost function.

Real power generator at bus .

A vector of loss.

A vector of loss factor.

Real power flow in line 7.

Real power loss in line 7.

Virtual variable corresponding to the modulus of P;;.
Power transfer distribution factor.

Reactance of line ;.

Symbols used in Chapter 5

Dual variable corresponding to lower and upper limit of the variable (e).
Complex conjugate of (e).

Lagrange multiplier corresponding to real and imaginary part of (e).



Nomenclature XXXVii

$g(1085) Surplus corresponds to reactive power loss.

$R(10ss) Surplus corresponds to real power loss.

$eong Surplus corresponds to congestion.

$gen Generator payment.

$ic Surplus corresponds to reactive support from line charging.

$t0ad Load payment.

$10ss Surplus corresponds to network losses.

$o Surplus corresponds to reactive support from generators and loads.

$sn Surplus corresponds to reactive support from shunts.

0; Dual variable corresponding to voltage limit at it bus.

i Dual variable corresponding to nodal power balance equations at "
bus.

J(G)NREG Set of non-regulating generators and non-generator buses.

¥ Imaginary number.

A Dual variable corresponding to nodal current balance equations at i
bus.

[ Dual variable corresponding to power injection by generator at it bus.

Vij Dual variable corresponding to power flow in line connected between "
and j™ bus.

Wij Dual variable corresponding to current flow in line connected between

it" and 7% bus.



xxxVviii Nomenclature

Oi Dual variable corresponding to current injection by shunt at i** bus.

Tij Dual variable corresponding to effective power flow limit in line con-
nected between i** and ;™ bus.

F(e),3(e) Real and imaginary component of the variable (o).

R(G)M Set of marginal generators.

0 Dual variable corresponding to power flow limit in line connected be-

gijabij

9sh,; 7bsh¢

tween " and ;™ bus.
Lower and upper limit of the variable (e).

Dual variable corresponding to current injection by line charging at ‘"

bus.

Quadratic, linear and constant cost coefficients of generator at it bus.
Transformer tap ratio as the proportion of turns of i to j** bus.

Net line charging admittance connected at i*" bus.

Cost function in IV-OPF model

Cost function in P-IV-OPF model.

Real and imaginary component of voltage at i'* bus.

Power injected by the generator at i*" bus.

Conductance and susceptance of line connected between i** and j* bus.
Real and imaginary component of shunt at i** bus.

Current injected by generator at it bus.

Current flowing in line connected between " and j** bus.
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I, Current injected by load at i bus.

I, Line charging current at it bus.

Len, Shunt current at " bus.

L; Power drawn by the load at i*" bus.

RBL Set of limiting line flows from receiving end buses.
Sij Power flow in line connected between i'* and j** bus.
Ste; Power injected by line charging at i*" bus.

Ssh, Power injected by shunt at " bus.

SBL Set of limiting line flows from sending end buses.
VLL Set of buses with binding lower limit voltages.
VUL Set of buses with binding upper limit voltages.

Symbols used in Chapter 6

A, LMP at bus 1.

A¢ Congestion component of LMP at bus i.

AP Energy component of LMP at bus 1.

AF Loss component of LMP at bus 1.

w A scalar quantity that represent an offset for transmission losses.

D The vector of demand.

DF A vector of loss distribution factor representing the distribution of losses

in proportion to load at every bus.

fi Cost function for each generator (G;) at i*" bus.
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Nomenclature

7 and [

LF

SF

bus and line index.

The vector of loss.

The vector of loss factor.

Shift factor or power transfer distribution factor.

Symbols used in Chapter 7

A and 5!

7@(1058)
7§e(loss)
Veong
o
Vioss
TPy
Yoy
751

k
Vsh

R I
w;; and wj;

R I
w5 and

Dual variable corresponding to real and reactive power balance equation

at i bus.

Reactive power loss component of LMP for k™ load.

Real power loss component of LMP for k* load.
Congestion component of LMP for k" load.

Line charging component of LMP for k* load.

Loss component of LMP for k" load.

Real power component of LMP for &k load.

Reactive power generation component of LMP for £ load.
Reactive power load component of LMP for & load.
Shunt component of LMP for £ load.

Marginal price corresponding to real and reactive loss component in line

connected between ¥ and j** bus.

Marginal price corresponding to real and reactive congestion component

in line connected between i and j* bus.

Real and imaginary component of the variable (e).



Nomenclature

xli

ei7fz'

Real and imaginary component of voltage at i** bus.
Power injected by the generator at i bus.

Index represent the i** and j** bus.

Current injected by generator at it bus.

Current flowing in line connected between i** and j** bus.
Current injected by load at " bus.

Line charging current at i’ bus.

Shunt current at i** bus.

Index represent the line connected between i** and j™* bus.
Index represent the load at k™ bus.

Power drawn by the load at i*" bus.

The number of buses in the power system.

Power flow in line connected between i* and 7% bus.

Acronyms / Abbreviations

AC-OPF

ARR

CS

DC-OPF

DE

EBE

Alternating Current Optimal Power Flow

Auction Revenue Right

Congestion Surplus

Direct Current Optimal Power Flow

Differential Evolution

Equivalent Bilateral Exchange
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Nomenclature

ES

FGR

FTR

HM

IV-OPF

KKT

LBG

LC-DC-OPF

LMP

LS

MPM

MS

MW

OPF

P-IV-OPF

PDLP

PF

PM

PTDF

QCQP

Energy Surplus

Flowgate Right

Financial Transmission Right

Hybrid Method

Current and Voltage based Optimal Power Flow

Karush-Kuhn-Tucker

Linear Bottleneck Games

Loss Compensated Direct Current Optimal Power Flow

Locational Marginal Prices

Loss Surplus

Marginal Participation Method

Market-Settlement Surplus

Mega-Watts

Optimal Power Flow

Pseudo-Current and Voltage based Optimal Power Flow

Primal-Dual Linear Programming

Power Flow

Proposed Method

Power Transfer Distribution Factor

Quadratically Constrained Quadratic Programming
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