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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
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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.



 

 

सार 

 

इस निबंध में प्रस्तुत अिुसंधाि कार्य बबजली माकेट्स में िेटवकय  और मूल्र् 
निधायरण प्रनतरूपकता के साथ जडु ेववभिन्ि जटटल मुद्दों पर चचाय करता है। इस 
संबंध में मौजदूा दृष्टटकोणों में महत्वपूणय संशोधि की आवश्र्कता है और इस 
प्रकार इस निबंध में काम मुख्र् रूप से इस आवश्र्कता को पूरा करिे के भलए 
िए कुशल तरीकों को ववकभसत करिे का लक्ष्र् है। बबजली के मार्कय ट में स्वतंत्र 
भसस्टम ऑपरेटर (आईएसओ) िेटवकय  और मूल्र् निधायरण प्रनतरूपकता के भलए 
ष्जम्मेदार है। जहा तक िेटवकय  प्रनतरूपकता का सम्बन्ध है, आईएसओ आर्थयक 
संचालि के मकसद से संचालि के वास्तववक टदि से पहले ही इि ष्जम्मेदाररर्ों 
को नििाता है। कई कारकों के कारण र्ह मार्कय ट पूरी तरह से र्कफार्ती िहीं हो 
सकता। इसभलए, संचालि के टदि के पूरा होिे के बाद, आईएसओ कुछ अनतररक्त 
कदम उठाता है जो राजस्व समाधाि के भलए होता है। इि कदमों में से कुछ 
बबजली के मार्कय ट में मूल्र् निधायरण प्रनतरूपकता के अतंर्यत वर्ीकृत र्कर्ा जा 
सकता है। 

प्रनतर्ोर्र्ता और लेिदेि के सम्बद्ध की शरुुआत के साथ, संकुलि के 
सन्दिय में िेटवकय  वविाजि एक आवश्र्कता बि र्र्ा है। र्ह निबंध एक थोक 
प्रनतस्पधाय माहौल में िेटवकय  वविाजि समस्र्ा को हल करिे के भलए एक पद्धनत 
प्रस्तुत करता है तार्क उर्चत बोली क्षेत्र का एक समूह बि जाए। इसकेभलए दो-
चरण की प्रर्िर्ा प्रस्तुत की र्ई है। पहले चरण में स्थानिक सीमांत कीमतों 
(एलएमपी) के निकटतम निणयर् मीटिक के रूप में िोड्स के अिुकूलि आधाररत 
क्लस्टरररं् शाभमल है। दसूरे चरण में बस प्रवासि प्रर्िर्ा के पहले चरण से 
क्लस्टर की ठीक ट्र्ूनिरं् शाभमल है। र्ह देखा र्र्ा है र्क प्रदशयि सूचकांक बस 
प्रवासि के कुछ मामलों में सुधार करता है। हालांर्क, दसूरे चरण में एक पूवय-
आवश्र्कता एक दहलीज इिपुट है जो एक िेटवकय  पर बिाई जा सकिे वाले 
क्षेत्र की संख्र्ा को पररिावित करता है। इस निबधं में, संकुलि-मुक्त बबड रं् क्षेत्र 



 

 

के र्ठि के भलए लीनिर्र बोटलिेक रे्म्स (एलबीजी) की अवधारणा को दसूरे 
चरण में पेश र्कर्ा र्र्ा है ष्जसमें िोड्स को सकुंभलत लाइिों में समाि र्ोर्दाि 
के आधार पर वविाष्जत र्कर्ा र्र्ा है। र्ह दसूरा चरण एक प्राइमल-ड्र्ूल 
लीनिर्र प्रोग्राभमरं् (पी ीएलपी) मॉ ल को हल करके इटटतम क्षेत्रीर् सरं्ोजि 
और महत्वपूणय िोड्स की पहचाि करता है। र्ह देखा र्र्ा है र्क इसी तरह की 
एलएमपी वाली बसें उसी क्षेत्र में हैं, जो उिकी किेष्क्टववटी के अधीि हैं। 

िो  एकत्रीकरण के भलए बबजली व्र्वस्था में एक और समस्र्ा 
िांसभमशि उपर्ोर् की कीमतों के आवंटि के भलए एक से अर्धक क्षेत्रो का 
निमायण करती है जो एक निधायररत दहलीज, किेष्क्टववटी और मूल्र् निधायरण तंत्र 
के प्रकार पर निियर करती है। इस निबंध में, एक िई अवधारणा प्रस्तुत की र्ई 
है जो िोड्स के निकटता से जडु ेहोिे, समाि उपर्ोर् मूल्र्ों का अिुिव करिे 
और कुछ लोकवप्रर् िांसभमशि मूल्र् निधायरण तंत्र के आधार पर क्षेत्रो में 
समूहीकरण करता है। साथ ही, एज बेटववण्णेस की अवधारणा का उपर्ोर् करिे 
वाले फंक्शि के रूप में एक र्णुवत्ता सूचकांक जो क्षेत्र के इटटतम िंबर पर 
निणयर् लेिे का प्रस्ताव है। र्ह देखा र्र्ा है र्क जो िोड्स अपिे मेर्ा-वाट 
क्वांटम के संबधं में समाि िांसभमशि उपर्ोर् की मूल्र्ांकि र्कर्ा र्र्ा है वे 
सारे बसेस एक ही क्षेत्र में ष्स्थत है अपिे किेष्क्टववटी के आधार पर। 

इस अतं में, इस निबंध में महत्वपूणय र्ोर्दाि में से एक िर्ा 
ऑप्टीमल पावर फ्लो (ओपीएफ) मॉ ल है।  ार्रेक्ट करंट ( ीसी)-ओपीएफ और 
अल्टेरिेटटरं् करंट (एसी)-ओपीएफ मॉ लों को बड ेपैमािे पर ओपीएफ सुलझािे 
के भलए इस्तेमाल र्कर्ा र्र्ा है। एक और ओपीएफ मॉ ल है जो इि मॉ लों के 
बीच ष्स्थत है ष्जसे लोस्स कम्पेंसेटे  (एलसी)- ीसी-ओपीएफ के रूप में जािा 
जाता है, जो  ीसी-ओपीएफ मॉ ल में िेटवकय  लॉसेस के प्रिाव को शाभमल करता 
है। र्ह निबधं एलसी- ीसी-ओपीएफ मॉ ल प्रस्तुत करता है जो क्वाड्रटटकालर् 
कन्स्िैिे  क्वाड्रटटक प्रोग्राभमरं् (कककप) पर आधाररत है। इसके अलावा, र्ह 
एलसी- ीसी-ओपीएफ मॉ ल अपिे करूि-कुहि-टकर (केकेटी) शतों का उपर्ोर् 
करके अपिे मार्कय ट-सेटलमेंट सरप्लस (एमएस) को िेटवकय  लॉसेस और संकुलि 



 

 

संबंर्धत घटकों में ववघटटत करिे के भलए एक दृष्टटकोण प्रस्तुत करता है। 
एमएस का अपघटि िेटवकय  लॉसेस और संकुलि के खखलाफ हेष्जरं् के भलए एक 
उर्चत तंत्र स्थावपत कर सकता है। जब एमएस के घटकों को एलएमपी के घटकों 
का उपर्ोर् करके पुि: प्रजनित र्कर्ा जाता है, तो र्ह एमएस से सम्बद्ध िहीं 
होता है। र्ह एमएस घटकों के साथ एक-एक कर एलएमपी घटकों की मैवपरं् को 
रोकता है, जो तुलिा में असिंव है। वतयमाि में एलएमपी व्र्ापार में एमएस के 
घटकों को निधायररत करिे के भलए र्ह शोध प्रबंध एक सटीक पद्धनत िी 
प्रस्ताववत करता है। र्ह मौजदूा अभ्र्ास में मौजदू असंर्नत के कारणों को 
उजार्र करता है ष्जसकी वजह से साटहत्र् में र्ह टदखार्ा र्र्ा है र्क एलएमपी 
के कई ऊजाय घटकों को प्राप्त करिे के भलए िेटवकय  को कई क्षेत्रों में वविाष्जत 
र्कर्ा जा सकता है। 

एसी-ओपीएफ माकेट ष्क्लर्रररं् फे्रमवकय  के िीतर, िेटवकय  लॉसेस, 

संकुलि और प्रनतर्िर्ाशील शष्क्त के कारण एमएस अपररहार्य है, इसभलए, इसके 
घटकों को निधायररत करिा एक चुिौती है। इसभलए, इस शोध में प्रत्रे्क घटकों के 
भलए ववश्लेिणात्मक अभिव्र्ष्क्तर्ां निकालिे के द्वारा एमएस को अपिे घटकों, 
र्ािी िेटवकय  लॉसेस, संकुलि और प्रनतर्िर्ाशील समथयि सेवाओ ं में ववघटटत 
करिे का समाधाि प्रस्ताववत करता है। सू ो-आईवी-ओपीएफ (पी-आईवी-
ओपीएफ) िामक एक ऑष्प्टमाइजेशि मॉ ल का सेट-उप र्कर्ा र्र्ा है ष्जसका 
सलूशि मौजदूा एसी-ओपीएफ सलूशि के आसपास हो तार्क अभिव्र्ष्क्तर्ां को 
प्राप्त र्कर्ा जा सके। करंट और वोल्टेज ओपीएफ (आईवी-ओपीएफ) में शाभमल 
कें द्रीर् ववचार र्ह है र्क करंट प्रवाह िेजिे वाली बस और प्राप्त करिे वाली बस 
पर बराबर और ववपरीत रहती है, एमएस के तत्वों को अिुकूलतमता की केकेटी 
शतों का उपर्ोर् करके प्राप्त र्कर्ा र्र्ा है। र्ह ध्र्ाि रखिा जरूरी है र्क 
उपर्ोर्र्ता द्वारा उपर्ोर् र्कए र्ए मािक एसी-ओपीएफ मॉ ल से प्राप्त 
समेर्कत ओपीएफ सलूशि प्रस्ताववत मॉ ल के भलए इिपुट है। प्रस्ताववत 
व्र्ुत्पष्त्त का लाि र्ह है र्क िो ल मूल्र् निधायरण की पररिािाएं बदलती िहीं 



 

 

हैं। इस प्रकार, प्रस्ताववत मॉ ल आईएसओ द्वारा आसािी से बबजली मार्कय ट में 
शाभमल र्कर्ा जा सकता है। 

एलसी- ीसी-ओपीएफ माकेट्स में, संदिय बस, एलएमपी घटकों के 
अपघटि में महत्वपूणय मूल्र्ांकि और ववत्तीर् साधिों के निपटाि के भलए 
महत्वपूणय िूभमका नििाता है। इसभलए, इस शोध में मौजदूा अभ्र्ास में इस्तेमाल 
होिे वाले एलसी- ीसी-ओपीएफ मॉ ल में एलएमपी के संदिय बस स्वतंत्र घटकों 
की र्णिा के भलए एक सरल र्ैर-सीमांत ववर्ध का प्रस्ताव र्कर्ा र्र्ा है। संदिय 
बस स्वतंत्रता बबजली मार्कय ट में ववभिन्ि ववत्तीर् उपकरणों की स्थापिा में 
उपर्ोर्ी हो सकता है। 

एसी फॉमूयलेशि में, प्रनतर्िर्ाशील शष्क्त एक महत्वपूणय िूभमका 
नििाती है और शोधकतायओ ं िे इसे स्टैण्  य मार्कय ट ड जाइि (एसएम ी) में 
शाभमल करिे में चुिौनतर्ों का सामिा र्कर्ा है। इस निबंध में, एसी मॉ ल के 
एलएमपी का एक सही अपघटि तैर्ार करिे का प्रस्ताव र्कर्ा र्र्ा है तार्क 
पूणय मूल्र् निधायरण एसएम ी प्रदाि र्कर्ा जा सके। प्रस्ताववत कार्य एसी-
ओपीएफ एसएम ी में एमएस के अपघटि की अवधारणा का उपर्ोर् करता है 
और सर्कय ट और ग्राफ भसद्धांत की अवधारणा का उपर्ोर् करते हुए एलएमपी को 
वास्तववक शष्क्त, िेटवकय  लॉसेस, संकलि और प्रनतर्िर्ाशील समथयि सेवाओ ंके 
घटकों को प्राप्त करिे के भलए ववस्ताररत करता है। प्रस्ताववत ढांचा अब तक 
एलएमपी घटकों की रोचक ववशेिताओ ंका खुलासा करता है जो अब तक र्ुप्त 
थे। 

प्रस्ताववत तरीकों को कई परीक्षण प्रणाभलर्ों पर बड ेपैमािे पर परीक्षण 
र्कर्ा र्र्ा है और ववभिन्ि केस स्ट ीज के पररणामों पर ववस्ततृ चचायएं प्रस्तुत 
की र्ई हैं। इि परीक्षण प्रणाभलर्ों के पररणाम प्रस्ताववत दृष्टटकोणों की 
प्रिावशीलता और प्रिावकाररता को समझाते हैं और समस्र्ा की प्रकृनत में 
अतंदृयष्टट प्रदाि करते हैं। 
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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

α, β, η, ε, δ Weights of metrics in aggregate fitness function.

γzκ
The zonal probability for a zone formation ∀zκ ∈ N .

λ, µ, ν Lagrange multipliers.

σ Scaling factor.

y, y Lower and upper bounds.

DF e
v Distribution factor of each v on e.

E Number of edges.

e Edge.

ft Cost function of each t.

gv Nodal power balance equations of v.

he Flow constraints of e.

I Number of zones from which zκ imports power.

K Number of nodes connected to elastic entities.



xxxiv Nomenclature

k Zonal network, k ∈ {1, . . . , K}.

Qzκ
Elastic entity identifier, (1, if any t∃zκ and 0, otherwise).

T Number of elastic entities.

t Elastic entity.

V Number of nodes.

v, p, q, r Node.

xv The contribution of each node in zκ, ∀v ∈ zκ.

yt Control parameter vector that corresponds to the injections by t (posi-

tive for suppliers and negative for consumers).

zκ Nodal combination, κ ∈ {1, . . . , k} which is a vector of {0, 1}V with vth

element of κth zone is equal to one, if v ∈ zκ and zero, otherwise.

Symbols used in Chapter 3

γij
e The generation shift factors on line e.

xσij The lower triangular matrix of σij .

ωi Nodal transmission usage price at net withdrawal node i.

σij The edge weight of an edge connected between net withdrawal node i

and j.

ds The sum of the degrees of the nodes in zone s.

E The number of edges.

Fe The power flow of line e.

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



Nomenclature xxxv

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

portionality principle.

ls The number of edges between nodes within zone s.

M A large value.

N The number of zones.

Pi The original nodal withdrawal at net withdrawal node i.

PDj
Real power withdrawal at jth net withdrawal node exists in set of net

withdrawal nodes (D).

PGi
Real power injection at ith net injection node exists in set of net injection

nodes (G).

Partie The proportion of transmission usage charges ωi at net withdrawal node

i.

PD Total real power demand of the system.

QE A quality index in terms of edges.

QN A quality index in terms of nodes.

Ts Weighted average price of each zone s.

V The number of net withdrawal nodes.

Symbols used in Chapter 4

[•] Lagrange multipliers corresponding to each equation.

δi Voltage angle at bus i.

λi LMP at bus i.



xxxvi Nomenclature

λe
i Energy component of LMP at bus i.

λcong
i Congestion component of LMP at bus i.

λloss
i Loss component of LMP at bus i.

ω An offset for transmission losses.

(•) and (•) Lower and upper bounds of variable (•).

Di Real power demand at bus i.

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

f The cost function.

Gi Real power generator at bus i.

L A vector of loss.

LF A vector of loss factor.

Pij Real power flow in line ij.

P l
ij Real power loss in line ij.

P t
ij Virtual variable corresponding to the modulus of Pij .

T Power transfer distribution factor.

xij Reactance of line ij.

Symbols used in Chapter 5

(•)−,(•)+ Dual variable corresponding to lower and upper limit of the variable (•).

(•)∗ Complex conjugate of (•).

(•)R,(•)I Lagrange multiplier corresponding to real and imaginary part of (•).



Nomenclature xxxvii

$ℑ(loss) Surplus corresponds to reactive power loss.

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

$cong Surplus corresponds to congestion.

$gen Generator payment.

$lc Surplus corresponds to reactive support from line charging.

$load Load payment.

$loss Surplus corresponds to network losses.

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

$sh Surplus corresponds to reactive support from shunts.

δi Dual variable corresponding to voltage limit at ith bus.

γi Dual variable corresponding to nodal power balance equations at ith

bus.

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

 Imaginary number.

λi Dual variable corresponding to nodal current balance equations at ith

bus.

µi Dual variable corresponding to power injection by generator at ith bus.

νij Dual variable corresponding to power flow in line connected between ith

and jth bus.

ωij Dual variable corresponding to current flow in line connected between

ith and jth bus.



xxxviii Nomenclature

φi Dual variable corresponding to current injection by shunt at ith bus.

πij Dual variable corresponding to effective power flow limit in line con-

nected between ith and jth bus.

ℜ(•),ℑ(•) Real and imaginary component of the variable (•).

ℜ(G)M Set of marginal generators.

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

tween ith and jth bus.

(•),(•) Lower and upper limit of the variable (•).

ϕi Dual variable corresponding to current injection by line charging at ith

bus.

ai, bi and ci Quadratic, linear and constant cost coefficients of generator at ith bus.

aij Transformer tap ratio as the proportion of turns of ith to jth bus.

blci
Net line charging admittance connected at ith bus.

CIV Cost function in IV-OPF model

CP IV Cost function in P-IV-OPF model.

ei, fi Real and imaginary component of voltage at ith bus.

Gi Power injected by the generator at ith bus.

gij ,bij Conductance and susceptance of line connected between ith and jth bus.

gshi
,bshi

Real and imaginary component of shunt at ith bus.

Igi
Current injected by generator at ith bus.

Iij Current flowing in line connected between ith and jth bus.
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Ili Current injected by load at ith bus.

Ilci
Line charging current at ith bus.

Ishi
Shunt current at ith bus.

Li Power drawn by the load at ith bus.

RBL Set of limiting line flows from receiving end buses.

Sij Power flow in line connected between ith and jth bus.

Slci
Power injected by line charging at ith bus.

Sshi
Power injected by shunt at ith bus.

SBL Set of limiting line flows from sending end buses.

V LL Set of buses with binding lower limit voltages.

V UL Set of buses with binding upper limit voltages.

Symbols used in Chapter 6

Λi LMP at bus i.

ΛC
i Congestion component of LMP at bus i.

ΛE
i Energy component of LMP at bus i.

ΛL
i Loss component of LMP at bus i.

ω 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 (Gi) at ith bus.
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i and l bus and line index.

L The vector of loss.

LF The vector of loss factor.

SF Shift factor or power transfer distribution factor.

Symbols used in Chapter 7

γR
i and γI

i Dual variable corresponding to real and reactive power balance equation

at ith bus.

γk
ℑ(loss) Reactive power loss component of LMP for kth load.

γk
ℜ(loss) Real power loss component of LMP for kth load.

γk
cong Congestion component of LMP for kth load.

γk
lc Line charging component of LMP for kth load.

γk
loss Loss component of LMP for kth load.

γk
P g Real power component of LMP for kth load.

γk
Qg Reactive power generation component of LMP for kth load.

γk
Ql Reactive power load component of LMP for kth load.

γk
sh Shunt component of LMP for kth load.

ωR
ij and ωI

ij Marginal price corresponding to real and reactive loss component in line

connected between ith and jth bus.

πR
ij and πI

ij Marginal price corresponding to real and reactive congestion component

in line connected between ith and jth bus.

ℜ(•),ℑ(•) Real and imaginary component of the variable (•).
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ei, fi Real and imaginary component of voltage at ith bus.

Gi Power injected by the generator at ith bus.

i and j Index represent the ith and jth bus.

Igi
Current injected by generator at ith bus.

Iij Current flowing in line connected between ith and jth bus.

Ili Current injected by load at ith bus.

Ilci
Line charging current at ith bus.

Ishi
Shunt current at ith bus.

ij Index represent the line connected between ith and jth bus.

k Index represent the load at kth bus.

Li Power drawn by the load at ith bus.

N The number of buses in the power system.

Sij Power flow in line connected between ith and jth bus.

Acronyms / Abbreviations

AC-OPF Alternating Current Optimal Power Flow

ARR Auction Revenue Right

CS Congestion Surplus

DC-OPF Direct Current Optimal Power Flow

DE Differential Evolution

EBE Equivalent Bilateral Exchange
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ES Energy Surplus

FGR Flowgate Right

FTR Financial Transmission Right

HM Hybrid Method

IV-OPF Current and Voltage based Optimal Power Flow

KKT Karush-Kuhn-Tucker

LBG Linear Bottleneck Games

LC-DC-OPF Loss Compensated Direct Current Optimal Power Flow

LMP Locational Marginal Prices

LS Loss Surplus

MPM Marginal Participation Method

MS Market-Settlement Surplus

MW Mega-Watts

OPF Optimal Power Flow

P-IV-OPF Pseudo-Current and Voltage based Optimal Power Flow

PDLP Primal-Dual Linear Programming

PF Power Flow

PM Proposed Method

PTDF Power Transfer Distribution Factor

QCQP Quadratically Constrained Quadratic Programming
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SA Silhouette Analysis

SMD Standard Market Design

WRGI Western Regional Grid of India


	DEEP_KIRAN_2012EEZ8372.pdf
	Certificate
	Acknowledgement
	Abstract
	Contents
	List of Figures
	List of Tables
	Nomenclature
	1 Introduction
	1.1 Introduction
	1.2 Literature Review
	1.2.1 Formation of Bidding Zones
	1.2.2 Node Aggregation for Transmission Usage Prices
	1.2.3 Decomposition of MS Using LC-DC-OPF Model
	1.2.4 Decomposition of MS Using P-IV-OPF Model
	1.2.5 LMP Decomposition in LC-DC-OPF Model
	1.2.6 LMP Decomposition in AC Market Design

	1.3 Motivation and Objective of the present work
	1.3.1 Motivation for the present work
	1.3.2 Research Objectives

	1.4 Outline of the Dissertation

	2 Formation of Bidding Zones
	2.1 Introduction
	2.2 Bidding Zone Creation
	2.2.1 Formation of Nodal Combinations using Diakoptics

	2.3 First Approach
	2.3.1 First approach for two-step network segmentation
	2.3.2 Results of First Approach
	2.3.3 Discussions

	2.4 Second Approach
	2.4.1 Second approach for two-step network segmentation
	2.4.2 Optimal Number of Zones Identification
	2.4.3 Results of Second Approach
	2.4.4 Comparison With Other Methods

	2.5 Conclusion

	3 Formation of Transmission Usage Price Zones
	3.1 Introduction
	3.2 Zone Formation Using Divisive Approach of Hierarchical Clustering
	3.2.1 Modified Quality Index
	3.2.2 Algorithm

	3.3 Transmission Pricing Schemes
	3.3.1 Marginal participation method (MPM)
	3.3.2 Hybrid Method
	3.3.3 Equivalent bilateral exchange method

	3.4 Advantages and Disadvantages of the Proposed Algorithm
	3.5 Results
	3.5.1 IEEE 39 bus system
	3.5.2 IEEE 118 bus system

	3.6 Conclusion

	4 A New LC-DC-OPF Model for MS Decomposition
	4.1 Introduction
	4.2 QCQP based Loss Compensated DC-OPF Model
	4.3 Results of MS Decomposition Using Proposed LC-DC-OPF Model
	4.4 Discussions
	4.5 Anomaly in Decomposition of MS in Current Practice
	4.5.1 PTDF based LC-DC-OPF model litvinov,zhu1
	4.5.2 Conversion of PTDF to power-angle based LC-DC-OPF model
	4.5.3 Decomposition of MS

	4.6 Results of MS Decomposition in LC-DC-OPF Model Used in Current Practice
	4.7 Conclusion

	5 Pseudo-IV-OPF Model for Decomposition of MS in AC Framework
	5.1 Introduction
	5.2 Formulation of Current-Voltage based OPF
	5.2.1 Representation of various current injections and flows
	5.2.2 General IV-OPF Formulation
	5.2.3 Modification of IV-OPF Model to form P-IV-OPF model

	5.3 Decomposition of Market-Settlement Surplus
	5.3.1 Derivation for MS components
	5.3.2 Comparison between AC-OPF, IV-OPF and P-IV-OPF models

	5.4 An Illustrative Example
	5.4.1 Case A
	5.4.2 Case Acong
	5.4.3 Case B
	5.4.4 Case Bcong

	5.5 Results
	5.6 Conclusion

	6 LC-DC-OPF Model for LMP Decomposition
	6.1 Introduction
	6.2 Loss Compensated DC-OPF Model
	6.3 Proposed Method for a Reference Independent and Non-Marginal choice of Energy Component of LMP
	6.4 Numerical Results
	6.4.1 5-Bus System
	6.4.2 IEEE 14-Bus System
	6.4.3 IEEE 30-Bus System

	6.5 Conclusion

	7 LMP Decomposition Using Pseudo-IV-OPF model
	7.1 Introduction
	7.2 Marginal Prices for Network Losses, Congestion, Real and Reactive Power
	7.3 Graph and Circuit Theory
	7.3.1 Graph Formation
	7.3.2 Incidence Matrix Formation
	7.3.3 Primitive Network
	7.3.4 Formation of  Matrix
	7.3.5 Solution for Element Currents With Single Load Current
	7.3.6 Algorithm

	7.4 An Illustrative Example
	7.5 Results
	7.5.1 PJM 5 bus system
	7.5.2 IEEE 30 bus system

	7.6 Conclusion

	8 Conclusions
	8.1 Contributions
	8.2 Scope of future work

	References
	A System Data
	A.1 Western Regional Grid of India

	List of Publications
	Bio-Data




