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Abstract

Two sensitivity factorspamely the power transfer distribution factor (PTDF) and
the impedance based sensitivity factor (ZS), are proposed respectively in the thesis to
calculate the power flow contribution of each bus to the transmission network congestion.
Generation ralispatch and the corresponding security cost allocation are based on the
calculated power flow contribution. The proposed generatiatisgatch methodnd the
proposed security cost allocation method both with two sensitivity factors are validated
respectively on four test systems including a modified HEBus system, a modified
IEEE-30 bus system, a modified IEEEZ bus system and a modified IEEES8 bus
system. The experimental results are obtained including the generatmpaech MW
amount of each generator selecting different locations of slack bus, the resulted security
cost and the security cost allocation to each load. The comparisons rbdimee
sensitivitybased methods on both generatiordispatch and security cost allocation
show that the PTD#Based method and the X&sed method are both dependent on the
location of slack bus selection, which increase the risks of inaccuracy and xibynple
The ZSbased method involves more generators-dispatch stage than the PTbBsed
method, consequently results in higher security cost. Moreover, with intense level of
congestion, such security cost difference between the two methods becomes larg
Compared with the Z8ased method, the PTEdased method is more reliable on security
cost allocation since in large bus system, for example, théddd8ystem, the allocation
results by the Z®ased method appears unreasonable.
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Chapter 1

Introduction

1.1. Overview
Power industry is initially controlled
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from the utility and the electricity price
utiHaltdys all the information of piolwieze & ytsd
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activities of power system such as gener ;
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ergy industry appear such as coséermeduc
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[ B ]

I n the power syqitesm,arter aresmirs citerd |lby s
as ther mal constraint, voltage constraint
transmission network system, steady state
temperatur e ocefs t[r7gns mihsesi drhel ither mal const
i's exceeded, the transmission |ine will ©be
congestion. Congestion can cause cascade
energy hnhsanismactease electricity price and
threats to the system secur it ynthetaiitooabngest
vertically integrated structure, resolving the congestion can be donedispegching the
generation schedule because it is centrally controlled [9]. However, congestion
management in deregulated electricity market becomes more complex and frequent since
transmission network is based on an open access principle to all the marketgpdsticip
so power flows are determined by power tradéarket participants onlgonsider the
maximization oftheir economic interests rather th#re transmission network physical
limitations. Hence, congestion occurs when the transmission lines have noesuff
capacity to transfer the desired power in the open market [10]. The most direct way to
solve transmission congestion is to expand transmission network to provide enough power
transfer capacity. But planning and construction of a transmission $iteeddong time
and the investment of transmission network costs a lot. Consequently, congestion
management is regarded as a practical tool for efficiently utilizing the transmission

network without violating the transmission constraints.

The ai nesotfi ccoonnganagement is to avoid cor
A. Singla et al. [11] classifies d4mahekeodnge
based methods and mar ket based methods. Tl

accordi ngnetcthamarskmst so economic signals <can

i S not t hemaao&ksed fmernt hmdars . Mar ket based me t
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they can enhance | iquidity and transparenc
met hodss ucbhadn voieded i nto pricing badedgpaetho:
met hod-si deomdnagements and sensitivity fac
[ 13] and [14] give a detailed description

t ceomponents of the LMP. Zonal pricing met
conducts a comparison among the wuniform m
zonal pricing in the aspect of providing
damptehne price volatility, some financi al i
mar ket . References [ 17] and [ 18] have a di
(FTR), which is used to ensure efftleent
LM ased mar ket . Reference [ 19] i ntroduce
contracts for differencteesr ni Ctf iDQ , wanwh i @wdintirsa
the generator and the consumer tdo spatgé
me hod was wi deeitiocally integeated utility andhhe pool based market.
Combined with corresponding market mechanism, it can still solve congestion issues.
Reference [20] proposed a -despatch method combined with incremental and
decrementalbids submission mechanism to relieve the congestion. Apart from the
generatiorside congestion management methods, some methods attempt to solve the
problem at the demarglde. References [21] and [22] respectively try to curtail the
demandside load to réeve congestion. Besides, some congestion management methods

seek for the help of transmission network sensitivity factors to relieve congéstion.[ 2 3] ,

the power transfer distribution factors (P

manag@geimm since it can calculate the sensi
congestion. K. Singh et al . [ 24] present
management, namely bus i mpedance matri x ba

This thesis firati ghi pmpeapache smed hge nerm
transmission congestion in deregulated el e

and decremental bids submissi<dmnsfpat cthhenegq &
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can be demimendcosmpt atmiozna associ ated with the
(OPF) and the submitted bids from generato
capacity constraints and generati otwo capac
sensitivity factors, the power trsfer distribution factor (PTDF) and the bus impedance

based sensitivity factor (ZS), are introduced to respectively calculate the power flow
contribution of each node in the power system to the congested transmission line. The
similarity of these two senwity factors is that they are both trying to find out the
relationship between active power change quantity of a particular transmission line and

the active power change quantity at a particular bus. The difference between these two
sensitivity factorss that they are derived from different algorithms. The P-Hased

factor is calculated according to the admittance matrix while thdag®d factor is
calculated according to the impedance matrix. Before tests, the connection between each
sensitivity facor and the location of slack bus selection will be investigated. Then both
sensitivitybased redispatch methods will be tested in four modified IERE systems

ranging from 14bus up to 11&us. According to different locations of slack bus selection,

results will be the radispatched MW amount of each generator and the total security cost

due to redispatch. The result comparison between two sensHbzsed methods under

the same slack bus selection and the same level of overloading of the congested
transmission line will be obtained and discussed. Moreover, this thesis tries to balance the
re-dispatch action and the resulted security cost. Hence, two security cost allocation
methods respectively associated with the above two sensitivity factors mguldeee

electricity market will be proposed. The resulted security cost due to the congestion will

be allocated by the two methodsspectively, which are based on the calculated power

flow contribution by the PTDF factor and the ZS factor. Similarly, $keurity cost

allocation results by PTDBased method under different locations of slack bus selection

will be indicated. Then the allocation performance comparison between two methods will

be shown and discussed.
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1.2. Objectives of the Thesis

The objectives fothis thesis are shown as follows:

1 To review former and current deregulated electricity market experiences
across the world; discuss and compare the advantages and disadvantages

of each deregulated electricity market model.

1 To review typical transmission congestion management schemes in
deregulated electricity market and to discuss and compare the pros and

cons of each congestion management scheme.

1 To propose a generationdespatch method associated with the sensitivity
factor PTDF and thenarket bidding mechanism to relieve transmission
congestion under a minimum cost principle. To investigate the influence

of slack bus selection on the results of the PTaBed method.

1 To propose a generationdespatch method associated with the sengtti
factor ZS and the market bidding mechanism to solve the transmission
congestion problem under a minimum cost principle, and to differentiate
the influence of slack bus selectioGompare the rdispatch results
between the PTDBased method and the b&sed method.

1 To develop a security cost allocation method associated with the sensitivity
factor PTDF and to utilize it to calculate the power flow contribution of
each node to the congested transmission line. Then allocate the security
cost based on éhcalculated power flow contributiofio investigate the
impactof slack bus selection on the results of the PTiaBed method.
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1 To develop a security cost allocation method associated with the sensitivity
factor ZS. With the help of the ZS, to calculdte power flow contribution
of each node to the congested transmission line. Then allocate the security
cost based on the calculated power flow contribution. Compare the security
cost allocation results between the PTRdsed method and the Based

method.

1.3. Original Contribution of the Thesis

The major original contributions of the thesis are listed as follows:

1 A proposed generation-gispatch method associated with the sensitivity
factor PTDF and the market bidding mechanism is developed, which is
usedto relieve the transmission congestion in deregulated electricity
market. The proposed method is capable-ispatch generation schedule
for congestion management in four test systems. The effect of location of

slack bus selection on the proposed PIiaBed method is verified.

1 A proposed generation-tispatch method associated with the sensitivity
factor ZS and the market bidding mechanism is developed. The aim is to
relieve the transmission congestion in deregulated electricity market. The
method istested in four test systems and proved to be capable. The
dependencyf the location of the slack bus selection of thebéSed
method is confirmed. Comparisons with the PTiRd¥Sed method indicate
the generators involved in the Zf&sed method faie-dispatch are more
than the PTDMased method. Consequently, the resulted security cost in
the ZSbased method is more than the PHiad#sed method. Moreover,
with the intense congestion, the resulted security cost difference between

two methods becomesrtger.
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1 A proposed security cost allocation method associated with the sensitivity
factor PTDF is developed. The method is based on the calculated power
flow contribution of each bus to allocate the security cost as a result of
congestion. The proposed methis applied to four test systems and the
obtained results proved that the method is working. Nevertheless, the
dependency of location of slack bus selection increases the risks of
inaccuracy and complexity of security cost allocation.

1 A proposed secustcost allocation method using sensitivity factor ZS is
developed, which is based on the calculated power flow contribution of
each bus to allocate the security cost as a result of congestion. The method
is tested in four systems and the results proves itapable. Parallel
comparisons between the -Bb8sed method and the PTbBRsed method
indicate that the above two methods have different ideas to allocate the
same value of security cost. When implemented in large power system, the

ZS-based method has thek of providing unreasonable solutions.

1.4. Outline of the Thesis

Chapter 1 gives an introduction of the whole thesis. Firstly it provides a brief
explanation about electricity marka¢regulation, transmission congestion, transmission
congestion managemeamd the work included in this thesis. Furthermore, the objectives,

the major original contributions and the structure of the tlagsipresented.

Chapter 2 describes the traditional vertically integrated electricity utility and its
major drawbacks whiclcan be regarded as the motivation of electricity industry
restructuring. A description of the electricity industry deregulation is given including the

history of deregulation, the new structure and the expectations of the deregulation. A pool
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market modela bilateral market model and a hybrid market model are introduced as the
three typically deregulated electricity market models. The role of the independent system
operator is explained together with its characteristics and functions. Finally, global
expeiences of major deregulated electricity market are introduced one by one including
the old England and Wales Pool, the British Electricity Trading and Transmission

Arrangements, the Nord Pool, the PJM interconnection and the California crisis.

Chapter 3introduces and discusses different types of transmission congestion
management schemes in deregulated electricity market. Firstly three pricing schemes
including the uniform marginal price, the locational marginal price and the zonal price are
illustrated Then five transaction curtailments based on five different principles are
introduced. Furthermore, two financial instruments: the contract for difference and the
financial transmission right are describédnally, a case study is included to test the
peformances of the uniform marginal price and the locational marginal price in a
modified IEEE14 bus test system.

Chapter 4 proposes a method using sensitivity index PTDF -thspatch
generation when a transmission congestion occurs in deregulatédcigjemarket.
Firstly, the mechanism of the proposeddigpatch method is introduced. Secondly the
algorithm of the sensitivity factor PTDF is presented. Thirdly, the mathematic model of
the proposed method including an objective function and thred¢ramms, one of which
includes the sensitivity factor PTDF are described. Finally, case studies in this chapter
consist of four test systems including a modified IEEEbGidsystem, a modified IEEE
30-bussystem, a modified IEEE Sussystem and a modifielEEE 118bus system. The
proposed ralispatch method with the PTDF is tested in the above four test systems and

the test results are included.
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Chapter 5 proposes another generatiordispatch method using the bus
impedance matrix sensitivity factor.rgtly the methodology of the proposed method and
the algorithm of the sensitivity fact@sS are described. Then the mathematic model of the
proposed method is given, which is similar with chapter 4, but the only difference is it
uses the bus impedance matsensitivity factor as the sensitivity factor. Finally, the
proposed method is tested in the same four systems as chapter 4. Result comparisons
between the Z®ased method and the PTIbBsed method are included.

Chapter 6 proposes a security cost aliocamethod with the sensitivity factor
PTDF. Firstly someanventional security cost allocation scheraesreviewed. Then the
mathematic model of the proposed security cost allocation method using the PTDF factor
is given. Finally, in the case studiesder the same four test systems previously used in
chapter 4 and 5 respectively, experimental results are presented talishinaetions of
allocation results by selecting different locations of slack bus in the BEB&d method

andthe comparison betweehe pro rata method and the PT-D&sed method.

Chapter 7 proposes another security cost allocation method using the sensitivity
factor ZS. Firstly, the mechanism and the mathematic model of the proposed method are
described. Then again the same four $gstems used in chapter 4, 5 and 6 respectively
are used to recur the tests, which provide a briefly comparison among three security
allocation methods: the pro rata based method, the HE3&d method with the first
generator bus as the slack bus andZtBéased method using the same slack bus.

Chapter 8 gives a summary of the thesis and the possible future research directions.
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Chapter 2

Deregulated Electricity Market

2.1. Introduction

In modern life, electricityis a necess/. With the high speed development of
human civilization, electricitgapacityallocation has become a very essential topic for
power system researcBeverarequirementgame alondor power energy industry such
as reducing the cost, improviefficiency and mainiaing the longterm development [1].
As a result, imce 1980s, many countri@s the worldstarted to unbundle their vertically
integrated power utility into a competitive market environment because of the
development of energy indugtand demand of customels.is believal that with the
introduction of competition, liberalized electricity market will theoreticdig/able to
satisfy the above requirements thus electricity price could get close to the marginal cost
of generation, congmies will minimize their production cost and customers could get a
cheaper price for electricitj9]. The estruction in other industriesuch as railway,
telecommunication and wireless communication has obtained a series of successes which
also stimulats the progress of electricity industry deregulation. However, deregulation of
electricity markets not simple for example, electrity is unable to be stored easily so
supply and demand must bedsced all the time. As a consequernitereareissues in
the deregulation route both from technical side and economic side. The objective of energy
industry restructure is to create a competitive environment for electricity trading in order
to improve social welfar@5]. In fact, the motivationsor electricity reform are always
complex and political. In most cases, restructure progress will be more or less influenced
by party politics[26]. Introducing competition into electricity market represents that
government is willing to set up a sound and orderly gngygtem which could be utilized

to stabilize power system operation, reduce the cost of power generation, decrease the

11
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electricity price to customers, promote high technology and maintain thetdong

development of electric power system.

One of theealiest deregulated electricity markeh the worldwas set up by the
United Kingdom in 1990, callethei En gl and & [2WV#H has [senPegardedas
a remarkable template for the waoklidle electricity deregulatiorbecause it broke the
traditional \ertically integrated structure and introduced competition into the generation
side Ten years | awasmeplacgdbyhg NeéwsHectrigity driading
Arrangement (NETA)whichwas implemented in England and Wadesl was based on
bilateral princples to let generation side and demand side trade power by contracts [3]
Five years later, with thgoining of Scotland electricity, NETA became the British
Electricity Trading and Transmission Arrangements (BETT#) In Europe, there is
anothersuccebsul el ectricitRPombhbokehi chl tedsifblbsdec
electricity market [5]. It was the first multinational electricity markiet the world. In
North America Americans also learnt to set up their own competitive electricity market.
Different states adopted different approaches to manage their power system operation.
One of the most famous electricityarkets is the PIM interconnectiwhich is the largest
deregulated wholesale electricityarket in the world dominategower systemsn
Pennsylvania, New Jersey, Maryland and other states in the eastern part of United States
[6]. Unfortunately, all the deregulated electricity markets have to face challdrages.
example, California Marketnithe summer of 20048 series ofolling bladkouts were

caused by electricity market crigiz7].

In this chapter, history of deregulated electricity market will be introduced
including the contents such as traditional integrated electricity market in section 2.2 and
motivation of reform old power utility in section 2.3. Also, categories of current electricity
market models will be briefly explained in section 2.4 mainly at pool market, bilateral

market and hybrid market. The role of independent system operator wiktessed in

12
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section 2.5. An important part of this chapter is section 2.6 which includes the detailed
contents about the type of deregulated market each country adopted. Finally, section 2.7
will give the summary of this chapter.

2.2. Traditional Vertically Integrated Electricity Utility

Il n many countries, prior to deregul atio
were domomatlear ¢opg cent mad anuoyniolpiotl yy-onahni écdrs t vaat
by govdgr2nmieqqur e 2.1 shofwsv drhtei csalrluyctiumteegr
utility [9].

Generation

l

Transmission

|

Distribution

Supply

Customers

Figure 2.1 Vertically Integrated Util:@

These central companies hawdhodmpéhati oy
of power system im t@Gensumerss gima tye dhcahv eeg eogn
choice osfup.pbWb e traditional vertically [

infor matdi cmat power system operatidomspandh' t
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gener ath y no ptnii masl powematitchowupptigwand etde ina
keep power I bhaltdhrecever t i ctahlscley biferd teecgrrdatcad ymqg
Sshould be based on the overall cost of gen
i's uni for ml erde gti oen .yc denettirtoolmilp et cenpompanyt

alesons rplbbeveet wor k pl annt eagmsgeie rast il omgi nv

transmission distriBbutiiosn cn eatiowoerdkd t nieedi tenc $etrnds

utility i s not as good afs efrfiivaiten owniemprha
st®#aweed companies is willing to focus mo
mi ni mizati gn |{a2%Jlee Hawvest ment al ways | ead:

rather than cost reducafi olnaragae ibrevédetrmeretr \
onto cosbowmedsr s. Due to | amak keft heo mpetsi tai
possitthednsymeb# acwautl d qui t epadawkeirghl upmpil ye T
up, electricity indsstogturad| gndeedse duwl d
the efficiency and dectree amar gihrealel prcitae .ci t

2.3. Generally Understanding of Electricity Industry Deregulation

I n t he e, ar | pduksst8roys ct ur i nbhi b edrearbengdual taitoir
pri vataisz aat icoombi nat i oniarlr esinsetaigh |sdpe eameé ngn
the worl d. Many nationalized industries h
achi evements have been obtraicned S omdiutstwags

be restructured, deregul at ed and l i ber al
introduced. Chile was the first country 1in
which began in 1982 [30] UniThed ©6Shate®naa:t
countries were involved in the electricit

electricity markets.

The purpose of electricity industry de
i ntegrated indudltedg Iishtoawl gde mer aitnibaim, tran:c
sections and i n ewichkissetgtuiren 2c @mpertoiwtsi ot nh e
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unbundl ed el ¢BtrAsi ayresndustrlyoth buyers a
can benefutti Ifirtoyn gthrisvsct ure renewal because
close to the marginal cost. Mor eover, wi tF
be created so that i nvest-tmemrmsdd voanmopmmenrte t

i ndustry.
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FigurZtrzZucture of Unburfdlled Power | ndus

It is not a wise idea to set up a total
it will require | arge amount of time and f
to break drhepdloy metrrunct ure and introduce c
After deregul ati on, t he fno/r mesr dmovniodpeodl yi ngt

s malgleemrer ati owhcotnpmammpet e wi tihh heea cnme aontthi emme
some new geheabéiarbe dhlmlvenstao chance to join
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monopolistic characteristic. Asdpepttarseebut i o

the distribution networ k poraya tdhies trroilbeu toifo r

cust Opmoewesr Wistahget.he naturally monopolistic

unabl e to be split up i nto severianceregi

competition <cannot economwoek| yut s hat gi ns,t i

monopol ynsewa@ddusi on to this, electricity me
transmi ssiiomesoagebithodo®pendent agency call
set up to control andr snugpmirygdisen t hyes toepne.r &
Transmi ssion Company also undertakes the |
system operator points out an effective

economic interests and transmission secur.i

2.4. Difference betweenPrevious and Existing Deregulated Electricity

Market Structures

It is well known thatthere is no effective way to stol@ge quantityelectricity
efficiently and cheaplymoreoverand hencasupply and demanaustbebalancedill the
time.As a consequence, competitive market for electricity should be distinguished from
any other deregulated utility marketsu®to the trend of deregulation, restructuring and
privatization, competitive electricity marketplaces are expetiiebe establised in the
way of breaking the linkage of former monopoly market structure not rebuilding a whole
new electricity market [32]The most significant issue of electricity marteformis how
to effectively arrangg@owertransactionat the meantime ensureetisecurity of system
operation In fact, there is nguchsimple solution that can solve divenseblens and
issues once and for dlecause different nations have discriminating political rules and
various market situations. However, each type of etggtrmarket deregulation should
always follow one principle that generation, transmission and distribution/supply will be
split up to let competition to be introduced into market environment so that electricity

sellers and buyers could be benefited fromgtructure reform. Even though the goal is

identical, routes for that by different nations appear not exactly the same. Those leading
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countries of electricity reform have already obtained their own successful achievement for
competitive marketplace estaimentn some degree. Each competitive structure has its
own feature and characteristic. Typically, there are three tempizimuned electricity
market structuregvhich are pool market, bilateral market and hybrid market very
necessary tainderstandgimilarity and distinctionbetweeneachderegulated eléxgcity
marketplace structure. Each of them has both strength and shortage and it will be a wise
way to use the strong points to offset the weaknesses.

2.4.1. Pool Market

The pool concept I's regar dbadas alsi stheoer ifcie
signifbcaptectricityl mgpkedfr en@er kgtbbhed,
i ndeptensdyesnt em operaperraticamrocvaiidnad e msoualipll yt he
anmdanages the whole pB8tAlsls toHe ppevmear atriaan
to upload their piahoedageder styisdre mo wtpeu ta
ontay ahead. At the measnhaulded sguhodirta tdiihdey rd
pri ctehped ol orpes mayotrTvehn systesmooperatest st h
el ectricityodhemdard dqu a&ntoift yenerati on upl oc¢
mini mgait nonpd @l operator sientes wghpincedr alt ii otn
compani egse nsehroautled et Bpeotweirc ittrya sosnmsoys skti eom. T he
l' i st maskédlel ow an irndreamsichhgapbededgheérir dpprc
unt il tdndl e mandcsagti sfe eder dther pwioll Ipopdt a
pr slcye soft warkea ssead cairl att h ®orno e c g eanredt a thivagss
aut yotiot expl ai n prhiec edseRieanidllisinyp fg etnheersaet or s w

uni form buying price and customers wil/| be

Techn, cmddly markets can be distinguishe

and voluntary pool . | n matnrdaadteosr ymupsoto Ib,e atlrl
the pool ; Singapor e, Australi a, and the f
mandatof 9] Wwihdé e, in voluntary pooimadel ect |
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out sidesydreemorolexampl equlitchebeNoc @n Pipgd rc ed
voluntary pool mar ket since it allows mark

the pool mar ket .

At the beginning, as thgioneerattemptof electricity utility reform, pool market
has achieved some effective suss®s since its similarly centralizedarket structure
allowing former regulated electricity industry adapt tat in a short time. Nevertheless,
pool structurestill has two main disadvantages. Firstly, if there are several dominate
generation companiaa the market, they probably attempt to increase their economic
profits through strategic biddings which are also considered as exercising a market power.
In general two approaches could be utilized to exercise market power: bidding high
directly and witlholding capacity during peak time. As a result, electricity pincthe
pool markewill probablynot decrease i the drop of generation cost so thastomers
are unableto benefit from industry deregulatigd0]. Secondly, pool structure market
only concentrates on theompetition in generation end whilemandsideis paid much
less attentiori3]. Due to such above issues, a new mddmnergy trading is expected to
be introduced to overcome the problems which bothers the market participants in pool

market.

2.4.2. Bilateral Market
In an idealbilateral marketplace, any power consumer can purchase electricity
from any electricity generation company who can also sell electricity to any customer.

Power trading could be done through bilateral contracts indilydbg buyer and seller

By now, in real life BETTA (British Electricity Trading and Transgsion
Arrangement) is a practicadxample of bilateral electricity markgB]. This time
independent systewperatoronly needs to concentrate on matching tla-tiene power

balance and maintaining system operation security. Electricity price is bilataltyby
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generatoland customer without the influence tbk system operator. @tract could be
signed in advance even for several yearasshortas everfor the last 24 hours before

real delivery action. One hour before marateclosue, all the required information and
datafrom both contractual sidetiouldbehanddin to thesystem operator such as power
transactionquantities, transfer time arslectricity offer/bid pricesand such group of
information is referred as the final physical notifications (FPMsye details of the FPNs

will be given in the following sectiorif all the powertrades are accepted the system
operator,market participarst who have contracts only need to follow the contractual
detailsto pay and chargeBut if any of the transactions caused transmission security
problem, the system operator has the power to reject the energy trade and ask the market
participants to adjugheir contractual position3.he key point in bilateral marketill be

the imbalance settlement solution which takes place after the gate cl&ygtem
operator will make use of the above balancing mechanism to secure the power system

operation [34].

In bilateral market, competition is directly introduced ithte demand side which
means demanside aistomers can obtain more available price information and have more
choices for their powesourcesupply.With the increasing of market liquidity, the &
of electricity have been reduced which thanks to the bilateral mechdtsmever, this
advanced market scheme also has drawbacks. In order to avpendiley in balancing
actions, some generatorsay intend to increase their power production and some
suppliers may try talecrease their demand quantity this way, difficulty of power
balancewill be increased and the whole cost for power system operation wiltkeased.

If so, imbalance settlement and penalty mechanisms will definitely be useidsbe
efficiency of bilateral market will no doubt dralown
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2.4.3. Hybrid Market

In the Hybrid marketparticipants process their electricity transaction inside the
pool marketand they can also arrange contracts with other market participants outside the
pool market Hybrid market can be regarded as the combination of pool market and
bilateral marketAt the moment, therare two typically successfuytrid markets among
the global power markgttheNordic market anthePJM (Pennsylvania, New Jersey, and

Maryland) market.

Take Nordic market as an example, it is a multinational electricity market consists
of electricity markets from Nordic and Baltic countri€ach of them has an independent
system operator named differently but do the same job. Maakgtipants can conduct
trades not only in the counter market, but also in the financial market of Nord pool. In the
financial market, participants sign contracts for electricity trading so as to reduce the price
in the future years. Nordic systeatso proides physicadelivery market in order to
effectively control and manage rdahe power balance. Indeedyultiple liberalized
electricity market help decreased the possibility of exercising market povwer
dominated participants. However, due to povimsmission network constraints,

exercising market power behauracannever be totally avoided.

As with the Nordic market, the PJM market also allows market participants make
transaction both inside and outside the ggpk market. In fact, there afeur markets
exist in PJM market system which are a capacity madeetenergy market, a FTR
(Financial Transmission Right) auction market and an ancillary service mdikeiver,
the energy market in PJM can be divided into two markets:-aklegd margt and a real
time energy balance market. Market participants can not only purchase and sell electricity
in the above market they can also feel free to make bilateral contacts with each other to

complete power trades.
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2.5. Independent System Operator

After liberalisation of electricity utility, the control of the operation of the
transmission system has been separated from the control of the operation of generation
plants. In order to open access for market participants to the monopoly transmission
system, a sind-alone independent system operator (ISO) has been created which has been
regarded as the Asoul of the power grido a
[35]. The US Federal Energy Regulatory Commission (FERC) has outlined a set of
characeristics and functions for the ISO which are described as follows [36]:

Characteristics:
1. Independence
2. Scope and Regional Configuration
3. Operational Authority

4. Shortterm Reliability

Functions
1. Tariff Administration and Design
2. Congestion Management
3. Parallel Path Flow
4. Ancillary Service
5. Total Transmission Capability and Available Transmission Capability
6. Market Monitoring
7. Planning and Expansion

8. Interregional Coordination
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The ISO is an independent system operatoo carry out generation schedule in
electricity market [37]. B definition, all the independent system operators should
undertake the task of controlling the whole operation of electricity system. However, not
all the system operators perform all thexabfunctions. They might peel off the operation
of energy markets from the whole operation of the system and let a third party or their
subsidiary to manage them [35]. The basic work of the system operator is toasture
manage the transmission netwdrkfact, ISOs in different electricity market models will
perform different functions. For instance, in pool market, ISO should be responsible for
energy trading, generation scheduling and prices setting. But in bilateral market, the ISO
has nothing to dwith energy market and the responsibility is narrowed to purely manage

reaktime system balance and provide ancillary service [9].

2.6. Global Experience of Deregulated Electricity Market

Since the concept of electricity market deregulatias beemput forwad around
the world for more or less thirty years, more and more nations on their own have gained
achievements on electricity industry restructure in various degrees. Some of those
countries even successfully established sets of complete market systedes ito make
full use of electricity market mechanism. In thosformedmarkets, rules and orders have
been clearly formulated and performed. Market participants only need to follow the
instruction and then to enjoy theenefits from competition mechams Electricity
industry would obtain a long term development and improvement under new utility
structures. Mverthelessparticularly severalderegulatedmarketsdid not smoothlygo
through the tough process refform During the process, they suffered a series of issues,
troublesand even failureg-ollowing pars of this chaptemwill introduce severaltypical
world experience of competitive electricity marketich are from UK, Nordic countries
and US.
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2.6.1. UK

2.6.1.1. The England & Wales Pool

Before privatizationelectricity industryin Englandand Walesvas domiated by
a vertically integrated nationalisedmpanycalled Central Electricity Generating Board
(CEGB) which was classic example of a cest-service regulategublic utility [38]. On
31tMarch 1990, electricity industry iEnglandand Wales started to be restructured with
new mechanism [39]The CEGBwith its 75 power stations and one national dradi
been split intathree generating companies: National Powéh 60% of conventional
generating capacity (40 power stations with 30 GW capacity), PowerGen with 40% of
conventional generating capacity (23 power stations with 20 GW) and Nuclear Electric
(12 nuclear stations with 2 GW); and one transmission compheyNational Grid
Company with the high voltage grid and together with 2 GW of purspmdge
generation [40]. Twelve former area distribution boards had been replat@adgional
electricity companies (RECs) whicheveregarded as local distribution $g8s[1]. An
electricity pool market had been established to arrange and manage electricity trades in
England and Wales with wholesale market mechanism. The establishment of electricity
pool in England & Wales has been treated as a remarkable innovateactrcity
privatization process. The electricity pool mechanism was utilized to break the vertical
linkage between generation and transmission and to introduce competition into electricity
industry which requires all the generators to sell their etgtgtin a wholesale market,

the pool. Figure 2.3 shows the structure of electricity industry at privatization [3].
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CP is actually an incentive which is wus
decl are that their capacity is available r
or not. LOLP is the probability tohrat tehleec
actual demand. LOLP is predicted in each

going to pay to avoid electricity power sh
shortage occur s, CP wi |l cl i mb mpcamaciwhye
exceeds, CP Neadlledtriorpg dpowner | osses and an

be regarded as t hel tcoisg olfaicmendy etsht eato hRRR R 1ii

mechani sm. The Uplift i s swtrivliiczeesd wtha ccho vae re
to power system security. Sever al aspects
transmission constraints, daenma nodt hfeorr escearsvti ¢

amount of the Uplift owilelaclhe tirmfdo mme dl alyy s
wi | | be repgpgatdenkcdoane s m. I n the pool mar k
in every 30 minutes depending on generatio
behaviour s. Hencet etmabdtecercilty pedge Bgain
volatility, power sellers and buyers sign
(CfD) outside the pool mar ket [47].

Overall, the England & Wales Pool was successful during the period fromd 990
2001. Since the pool structure was much similar with the former vertically integrated
utility, new operation mechanisms and principles were able to easily adapt to the pool
system. Operation of power system during this period was almost secure aerd stabl
Nevertheless, the original intention of ideal deregulation was not realized. The aim of

introducing competition into electricity industry was to suppress electricity price for
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customerdut the real electricity price in pool market did not drop follaymith the
reduction of generation cost. The electri
market and customers did not benefit from the liberalization of electricity industry. The
electricity price in the pool was unable to truly reflect the geimr marginal cost. The
reason was noticetthat in the pool market several dominant generation companies can
easily exercise the market power by strategic biddihgeh will affect the efficiency of

the pool market. When the forecasted electricity pa@oing down, dominant generation
companies will use strategic bidding to raise the electricity pnidbe pool. Another
drawback of the pool market is that demand side was lack of competition. In other words,
the pool market is the market with inadeguagpresentation of the demand side [40].
Electricity suppliers were all paid at the same pool price rather than on negotiated prices,
which inhibited supply side price pressure. Moreover, a centrally forecast estimate of
demand limited involvement fromhé demand side within the pool market. The
complexity, opacity and the lack of competition in price setting inhibited the development
of derivatives markets and reduced liquidity in the contracts markets. This leads to high
margins on the financial conttacstruck between generators and suppliers, therefore
further raising prices to customers above those that would have prevailed with more
competitive arrangements [48]. Electricity customers can only choose the regionally local
power supplier for electrity supply and the above phenomenon is unable to satisfy the

intention of restructure of electricity market.

2.6.1.2. British Electricity Trading and Transmission Arrangements (BETTA)

The England & Wales Pool had almost successfully operated for around 10 years
but its performance was unable to catch up with the steps for further requirement of
liberalization of electricity industry. Then the aim is to establish a power industry with
whole new mechanisms which would realize the electricity free trading as fassaleo
like any other commodities [48]. Thus on™2March 2001, in England and Wales, the
New Electricity Trading Arrangements (NETA) were introduced to replace the pool
market with the concept that market participants have rights to transact eleciveal p
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by bilateral trading [49]. Ons1April 2005, with the joining of Scottish power system
network, the New Electricity Trading Arrangements (NETA) has been extended and
reformed aghe British Electricity Trading and Transmission Arrangements (BETTA)
[50]. The structure and operational principles of new system BETTA have only small
difference when compared to NETA. The BETTA can be regarded as the extension of the
NETA [51]. The only difference is the BETTA covers the whole BriigHe electricity
indudry which means all the market participants including companies from Scotland can
join in this deregulated market. The vertical structure was similar with the former pool
structure. However, as the independent system operator, the function of the Natidnal

Company (NGC) has been changed. Figure 2.4 will show the industry structure of BETTA
[3]:

Generation A
/’;' \\~‘\
Trading through bilateral A
contracts in forwards, futures Transmission Balanci
and short-term markets System alancing
\ mechanism and
\ Operator
\ Imbalance
Y\ l Settlement
\\\\ Iﬂ
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Figure .4 the I nBEIJAry Structure
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transmission system. As the syst-éemamper at
bal ance all tmteaitn nieihreendeetdau r mdaiy of net wo |
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a regul ated mardientg alghreeseemeanrtes bbet ween a b
and takendael specyfied futuieidygtataaqpanmti
[ 3] . Tthermhpower exchange is within 24 hot
of fers amarilkcatpapt s ani noep@eolretwsnti ¢ yn ttroa c t d e
convenient way [48]. To help the system o0p

mar ket participants are required to notify

hou period, for power seller is the planne
met ered demand, by 11 a. m. one day ahead.
notificati BesohéePhYa)e[ B8] oses, usudlvley yone

which was 3.5 hour,mapkeborpaotilithaEmtesa2d® 21
physical notifications QOEPNsig thet pbersypst &
closure and real ti me, SO willthenbahean Bs
bet ween supply and deomawlégdusao athla eteidbyp paemss
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demand. Of fers and bids aeachemaekéetedpanpt:i

all owed to submit maxi mum of ten pairs [55
settl ement wil/ be done by the SO mandato
been accepted wil!| be panhd | et o$hyesst evh 0Seel |b
accepted will be charged at System Buy Pri

prices which are calculated by the SO bas
original contracts owitiorbeddaocmgserieadt [pldr t
that NGC provides is consisted of two types of balancing actions: energy imbalance
actions and system imbalance actions [53]. The transmission constraint management is
attached to the system imbalance actions. T@er&overs all the cost of balancing

service through a Balancing Service Use of System (BSUo0S) charge to all the market
participants [53]. BSU0S charge is calculated in eachlin@lir period which divides a

whole day into 48 equal intervals. The calculatmf transmission congestion cost is
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included inside the BSU0S charge calculation [56].

Unl i ke the former pool Sstructure with
generators in thki BEaAtTAhi acabit @i hg el fhe
Moreover-sidemandthe BETTA is involved int
suppliers can compete with each other. Sor
i n the market. Since more price informat.i
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2.6.2. Nordic Countries
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In total, Nord Pool structure is quitesuccessful deregulated electricity market

model among the whole global electricity markets. There are four main reasons for Nord

Pool success. Firstly, market design is completed and mature. Secondly, significant

quantity of hydropower resource enablapport of the nogreatdemand in Nordic area.

Thirdly, the multiple integrated power system effectively dilutes the market power.

Finally, Nord Pool obtained strong support from political side. Even though having above

advantages, Nord Pool still has seldghreats which will affect the normal operation of

Nord Pool market. One is power system faults and constraints cannot be completely

avoided so that power system operation cannot be fully secured. Then the behavior of

exercising market power cannot leped so long as competition mechanism develops.

The last threat is that hydropower is highly dependent on climatic condition which will

easily have influence on electric power supply.
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t he-trieaneel LMPs. Balse alee smd rhlee-tdiagyen db d lIh&n aierad |
PJM al so provides fimhiamanmnaiali nBrt a(uBsireRst)si N
for enleerrgsy asned buyers to hedge the prices

Overall, the PIM market shows that it is quite a complete and mature competitive
power market system after development of so many years. In the PJM, all the market
participants have obtained an oppaity with lock in dayahead prices for financial
schedule and power trading. Of course under the functioning market principles, market
liquidity and reliability have been dramatically promoted up to a whole new level.
Effectively motivation has been trapsfed to market participants so that they are willing
to take part in the dagthead schedule submission. The PJM also provides incentives to
help dispatch the redéiime resources. In the PJM market, strengthened financial
instrument such as the financiedismission right (FTR) is very effective for prices risk
hedging. The longerm investment and development of power system can be ensured by

the good market environment [73].

2.6.3.2. California Crisis
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The further facts proved that t hesdd fgtatpger

mar ket participants gaming behaviours whi .

electricity from California and then rei mg
power supply wil!l result in high whol esal
force power wutilities to sell ofifl emsstquoft
selling their product s. Il n short, it was
whol esale price rises that | ead supply to
took over, wholesale prices droppemdamddcec
and new generation plants got in [77]. By
crisis had been finally proved was over.

The lessons from California Crisis can be obtained as follows. Firstly, connection
and communication betwa power producers and power suppliers must be ensured.
Longterm bilaterally contractual system is significantly necessary in the deregulated
electricity market. Any change from wholesale level should have the channel to pass to
the retail level. Secondlgtrong support and appropriate intervention from governmental
side are also regarded as the contributed factor which will make sure the secure and stable

operation of electricity market operation.

2.7. Summary

This chapter introduced the contents about thedulated electricity market. The
traditional vertically integrated electricity utility has been presented firstly and coming
with the drawbacks which are also the motivation of electricity industry restructure. Then
generally understanding of electricitydustry deregulation has been described with the
history of worldwide electricity deregulation actions, the planned new structure of
electricity industry and future expectation of electricity utility deregulation. Three types
of deregulated electricity anket structure models have been introduced: a pool market
model, a bilateral market model and a hybrid market model which can be referred as the

combination of the former two models. Independent system operator as the key role of
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electricity market deredation has been recommended with its unique characteristics and
important functions. Global experience of deregulated electricity market is the main
content of this chapter. The description of the UK deregulated electricity market is the
priority among prorities. The old England and Wales Pool as the one of the pioneers
achieved a significant step in histaryelectricity market reform. The British Electricity
Trading and Transmission Arrangements as the replacer of pool markductmaeclose

to the aiginal intention of competition introduction. Then Nord Pool as the largest
multinational electricity market has been discussed with its special features. The US also
has two interesting electricity market models but one is quite successful and anether on
gave us some experimental results. PJM interconnection is definitely a good deregulated
electricity market but California crisis reminded that electricity industry reform is a tough

and complicated project.
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Chapter 3

Transmission Congestion Management in Deregulated

Electricity Market

3.1. Introduction

In the modern power systentransmission congestion becomes a major issue
which could cause power system crisis such as cascade outages, increase in losses,
electricity pricerises andhreats to power system security [78]. Transmission congestion
is referred tahe situation that operating constraints of transmission line are violated so
the line transfer capacity is exceeded. Consequently, power flow going through the
transmission line igestricted byits capability [79]. Transportation of electricity is
constained by several physical laws including thermal constraints which is also called
overloading, voltage constraints and stability constraints [1, 35]. Congestion is also caused
by unexpected events such as generation outages, load demand increase asysfmwer
equipment failure or damage [79]. In the competite@vironment of deregulated
electricity market, congestion occurs generally during the unconstrained dispatch stage
when the system operator is raftle toaccommodate all the desired transactibased
on the least cost principle without violating transmission system constraint®\f zBis
step, the system operator must take actiomseeent actuatongestion happening in the
real power deliveryln the old traditional vertically integratedristture, congestion
management is simple because system operator only needdispatch the generation
schedule [9]. However, with the deregulation becoming mature, congestion management
became more and more complex and frequent, since transmissiarrknetvon open
access with nodiscrimination to all the market participants. Therefore, power flows are
determined by power trading rather than controlled by an integrated utility. In fact, the

direct way to resolve transmission congestion is to constewttransmission lines to
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provide adequate power transfer capaditgwever, new line construction takes a long
time and the investment of transmission network cost are huge. Additionally, there are
some technical methods for congestion relieving sut¢raasformer taps, phase shifting
transformers and flexible AC transmission system devices (FACTSs) [11]. But the above
approaches have limited ability on transmission congestion relief. By contrast, market
based methods for congestion management havetdrifiture because the current
congestion is mainly caused by electricity market deregulation. Mbdsstd methods

aim to resolve congestion by using the existing transmission network in an economic way
which improve the efficiency of the whole power gystutilization. It is a better way to

go against the congestion problem with market mechanism.

In this chapter, the key content is the congestion management schemes in market
environment. Each of them will be illustrated in detaéction 3.2 includeseveral major
marketbased congestion management schemes which are utilized in various electricity
market types. Section 3.2.1 explains the pricing schemes for congestion management. In
pool and hybrid market, uniform marginal price in section 3.2.1.htilmtal marginal
price in section 3.2.1.2 and zonal price in section 3.2.1.3 are introduced in details. In
bilateral market, transaction curtailments in section 3.2.2 are utilized to relieve
transmission congestion. Section 3.2.3 illustrates two finaimgaluments: contract for
difference (CfD) and financial transmission right (FTR) which have been created and
developed to hedge the impact of transmission congestion and to stabilize electricity price
level. Section 3.3 is a case study of a modified [BBBbus system which is used for a
comparisonbetween uniform marginal price and locational marginal price. Finally,

section 3.4 is the summary.

3.2. Market-basedTransmission Congestion Managemen®chemes
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[9]:

Table 3.1 Congestion Management Schemes in Different Market Structures

Congestion management schemes in deregulated electricity market

Pricing Schemes:
Uniform Marginal Price
Locational Marginal Price
Zonal Price

Contract for difference (CfD)

Transaction curtailments

Financial transmission right (FTR)
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3.2.1.Pricing Schemes

3.2.1.1. Uniform Marginal Price

As its namamplies, the uniform marginal price indicates that electricity trading
prices in the market will be identical for all the market participants without considering
the location of power source or power sink. The pricing scheme was implemented in the
former England & Wales Pool market. The pool system operator adopted thigy prici
scheme and i-di spaechefli ast ireompensate | at
when transmission congestion happens. There are two steps the system operator needs to
act: firstly unconstrained dispatch and then secondly seaotigtrainede-dispatch if
the congestion has been triggered. In the market dispatch stage, the system operator will
collect all the bids from generation companies and rank the bids from cheapest to higher
prices until customer demand can be met. The highest prtbe ipid list will be set as
the market clearing price which is also called the system marginal price (SMP) and the
generator who bids the most expensive price will become the marginal generator [80].
When transmission congestion is found after the filgbatch, the system operator will
launch the second stage: secudonstrained relispatch. The system operator will re
schedule the generator list to remove ibeasibility of congestion, and at the same time

keep the securitgost atthe minimum.

Thealgorithm ofthefirst stage market dispatch will be showed as follows:

GQ¢ 6 0 (3.1)

Subject to:

44



Chapter 3 Transmission Congestion Management in Derequlated Electricity Market

0 0 (32
m o 0 (3.3)
Where

6 0 Th-eabed generatiobn cost of gene
0 The active poweli generated by g
0 The demand prediction of | oad
0 . The total number of generators
0 : The tot al number of | oads
0 : The nmpenemuart i oh gapacatpr

Equation (3.1 expresses the objective function of the first stage dispatch which is
subject to twoconstraints equatiorf3.2) which states the power balance between
generation and demand and equation (3.3) which stladegeneration output of each
generator should not be beyond the maximum generation capacity. At this stage, the
system operator does not take transmission constraints and losses into consideration but
only focuses on generation cost minimization. If tist fdispatch does not trigger the

transmission constraints, the initial generation schedule will be implemented.

Once the market dispatch violates the transmission constraints, an inequality
constraint will be added to the dispatch algorithm by theesysiperator tdbecomea

securityconstrained dispatch. The additional constraint is expressed as follow:

0 0 (34)
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Where

C

The power flow kn the transmission

0 : The maxi mum power flow transmissio

Equation(3.4) is the constraint which requires all the transmission lines in-the re
dispatch stage should be operated within their power transmission capacities. A new
scheduldor re-dispatch generation will be decided by the new algorithm and the generator
list is updated because some generators will be required to reduce power generation or
evenremoved from the initial list due to transmission line constraints. The generators
which were oubf-merit generators but now are on the new generation list on the second
stage are called Aconstr ai nentkritgenedatorgbub er at c
now are ordered to generate lower output than their initial plans on the nedukrare
called fAconstrained offo generators [81].
companies who patrticipated in the power delivery are paid by the Pool Purchase Price
(PPP) which is mentioned in the section 2.6.1.1 and also compensaiactdyistment
payment for the difference between their bid prices and the PPP. The adjustment payments

for different type of generators are expresaedollows[9]:

Adjustment for constrained off generators:

0'QQoi 04Qt 0
¢ WEE T OMEES QNE £ 1 01 @GR W (35)
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Wher e
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Adjustment for constrained on generators:
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system operator during the uncon

The uniform marginal price scheme is regarded as a simple approach for
congestion management because there is only one price set in the wholegkablso
the system operator can easily calculate and allocate the cost of congestion. However,
there are several shortages indicating that such a pricing scheme needs to be improved or
even replaced. The process of dispatch ardisgatch are not transpat since all the
economic and physical information is collected by the system operator so that market
participants have to only obey the generation schedule in which the trading price
information notified to market participants but it cannot reflectcibrggestion cost. The
congestion cost is allocated based on an equal sharing principle which is unable to provide

locational distinction between participants.
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3.2.1.2. Locational Marginal Price

In 1982, MIT Professor Fred Schweppe proposed an hourly spot precesigy
marketplace which is regarded as the origin of the locational marginal price (LMP) or
nodal price [82, 83]. The definition of the locational marginal priceéhesminimal
marginalcost of supplying the next increment of 1 megawatt powrer at a gecific bus
[13]. If there is no transmission congestion and transmission losses in the system, the
locational marginal price of each node will be the same which is also set as the system
marginal price based on the collected bids from market particigamigever, in reality,
transmission congestion and losses will exist during the system operation. Once
congestionor power lossefiappes, locational marginaprice betweendifferent nodes
will becomedistinctdue todifferent costs of power supply in eacbde At the moment
of settlement, gnerator willbe paidbased on theMP at its nodeand customer will pay
for the LMP aiits node Both actions are implemented by the independent system operator
who has already run an optimal power flow to calculaté M of each nodd_ocational
marginal price is utilized as the primary pricing scheme in the electricity markets of
Argentina, Chile, Ireland, New Zealand, Russia, Singapore and several states in the US
for electricity price calculation and transmissia@ngestion management because of its
capability of providing accurate economic signals by which market operation becomes

more efficient and longerm power system investment becomes more attractive [84].

LMP is calculated based on the optimal power fl&#F) which is the integration
of the power flow calculatiomvith the minimization of an economic objective function
subject to the equality and inequality constraintsystem network operation [85]. Before
thecalculation of LMP, the system operator will make use of OPF to calculate megawatt
dispatch of each generator. There are two types of OPF model including the DC optimal
power flow (DCOPF) calculation and the AC optimal power flow (ACOPF) calculation.
The ACOPF is built upon an AC power flow which considers both active and reactive
power flow at the same time. The ACOPF is known for the accurate simulation results
which can be directly used as the benchmark to represent the real power flow. However,
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becausef nontlinear characteristics, ACOPF calculation is always complex to simulate
large scale power system, requiring large execution time and the high probability of non
convergence [86]. Compared to ACOPF, DCOPF is simpler and more convenient
approach sincet is linear and only considers active power flow neglecting voltage,
reactive power and transmission loss [87]. DCOPF is often used for the system operator
to dispatch generator and calculate LMP because of its simplicity, robustness and higher
speed otonvergence [86]. The algorithm of DCOPF is illustrated as follows:

In order to adapt to conventional highltage transmission system, in DCOPF

modeling some assumptions should be formed as follows [88]:

1. Vol tage angl el dilidtewemeieghbori ng nodes i

i Q¢ 1 andéi p

2. The voltage profile is flat and the wval:u

voltage amplitude is equal for al/l nodes
3. Transmission |ine resiBFaonae bses oegs$ideb
model i ng

The DCOPF has the objective function which is to minimize the generation cost
with several constraints such as power flow balance, generation limits and line flow limits.
Assume there is a power system with N noded L lines, the objective function and

constraints are shown as follow [89]:

a Q8 6 v (3.7

49



Chapter 3 Transmission Congestion Management in Derequlated Electricity Market

Wher e
v 5 pu 5 v 5 14
OV EO 0 00 o] (38)
Subject to:
0 0 0 T (39)
0 0 0 (3.10)
s 0 (3.11)
Wher e
0 The real power generated at node
o T hleoendbst ¢ odf fgiecnieamtt or
o THewear cosest geméfatoent
0 Thueadr at i ¢ c ogsetn ecroaetfofri ci ent of
0 The real power demand at node
0 The power transimios spioadre fl ow from n
0 The minimum generiation | imitation
0 The maxi mum generiation | imitation
0 The real trr afnlsonw sbsni otnh ep olwien e
0 The real power maXxi mulm transmissi o

Equation (3.7) represents the objective function of the DCOPF which is to
minimize the generation cost. Equation (3.8) indicates thédmsed cost function of the

generator at node Equation (3.9) shows theal power balance constraint at nade
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Equation (3.1Pexpressethe maximum and minimum outpconstraints of the node

Equation (3.11) indicates tlwapacity constraint of the transmission line

For the DCOPF, the calculation of locational marginal pricing is straightforward
if line losses are not aluded. However, the power loss in a power system network may
not be negligible so many markets are moving towards marginal loss pricing. As the
DCOPF is lossless by definition, it is required to develop a suitable methodology to
represent line losses withthe DCOPF [86]. The power loss modelling with DCOPF can
be found in [87, 90]. It is considered as an equivalent formulation that will not change the
optimal solution of the DCOPF. A reduced DCOPF model with losses can be derived with
the replacement akal power balance constraint equation atidnsthe total real power
balance equation considering power loss among all nodes in the system. As known, power
injected into all the nodes is equal to power withdrawn out of all the nodes plus
transmission lsses. Combined with the above concept, equation (3.9) can be rewritten

into such new equation as follow [90]:

(312

C
CA
C
=

Wher e

0 . The transmission | osses in the pow

Based on the equation (3.12he corresponding lggangian equation can be
defined as follows [14, 91]:
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Based on the above Lagrangian equation, equation of the LMP ofi madebe

obtained as follows:
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(3.14)

Where

Y : The sensitivity fiaict blcloinee rraeé alt po

The LMP in node can be divided into three components doves [16]:
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OO0 000 000 000 (3.15
Correspond with equation (3.15), equation Uob 0 , 000 and
000 can be obtained as follows:
000 _ (3.16)
1o 21
000 = :
- T3 (3.17)
000 CY (3.18)
Where
000 The system marginal cost of nod
000 The cost of transimi ssion conge s
000 The cost of transmission | osses

TheLMP based electricity market is designed to enhance power system reliability,
provide market price certainty and increase electricity mditeidity [92]. By LMP
based pricing approach, economic signals are indicated to market participants so that the
exercising market power is effectively prevented. Téeson is that if a generator bids
higher than the marginal cost, the chance of beilegtsal for dispatch is reduced and the
generator might lose the opportunity to generate. If a generator bids lower than the

marginal cost, it may not receive sufficient revenue to cover its generation cost{83].

53



Chapter 3 Transmission Congestion Management in Derequlated Electricity Market

influence of transmission congestion dmskes are reflected through the variation of LMP

in nodes so that the electricity market is transparent. Fortkmng viewing, the LMP

gives effective incentives for investment in generation and transmission assets.
Nevertheless, LMP is not a perfecpapach which is capable of solving all the problems

in power systems. Since bids of generators submitted to the system operatcbasetid
rather than codbased, they still have the chance to enact gaming behaviors. Moreover, it
is argued that the LMBnly reflect shorterm purchase price which is actually the spot
market price expectation rather than the loeign average cost of generation.
Consequently, the price signals provided by LMP are seemed as subjective, unreliable and
arbitrary [94]. The dter concern about LMP is that transmission congestion and losses
circumstancesvould result in higher and more volatile nodal prices, even though LMP
can be effective and workable, greater revenue collecting from ISO will cause inefficiency
for economic opration of electricity market [95]. The last defect of the LMP method is
that since power system networks are alwagsan size the corresponding LMBpecific

to each nodes complex which requires plenty of time and large degree of coordination.

3.2.1.3. Zonal Price

To deal withthe last drawback of the nodal price scheme, some electricity markets
are bundling nodes locating in neighboring regions together into a zone in which the
electricity price is uniform, this can be regarded as the marginal generatioof ¢tbe
zone. The pricing scheme which is used to simplify the complex processlot#tien
marginal price is called the zonal price. In many countries, zonal price is adopted as the
major approach for electricity pricing and congestion managemerd.N@klic countries
as a typical example, as mentioned in section 2.6.2 the Nord pool market consists of
multiple electricity markets of Nordic and Baltic countries. The local system operator in
each country divides the whole nation area into several lgdbnes. The number of
Norwegian bidding zones nowadays is fi@enmark consist®f two bidding zones:
eastern Denmark and western Denmgikland, Estonia, Lithuania and Latvia constitute
one bidding areéor eachof them. Since 2011, Sweden has fouldimg zones [96]The
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system operator splits the whole power system into zones mainly according to the
historical data and the economic operation of each node. When there are no transmission
constraints, all the electricity prices in each node are idémtitiae system marginal price
which is calculated based on the bids collected from market participants [97]. Once
transmission constraints occur, the whole system will be divided into different zones
which were defined in advance. Inside each zone, dutriglty price is uniform which is
calculated according to the bids collected from participants in such single zone. Prices
between zones are distinct due to the transmission constraints, for example, congestion,
while the constraints inside each zoneassidered as infrequent and insignificant [98].

The whole process of zonal split is illustrated in following diagrams Figure 3.1 and Figure
3.2

Node 4

Node 1 ‘
[
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o
Node 3 Node 2
. . Node 6
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o
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Tie-line
Node 4
/ Node 5
Node 6
/ l
Node 9
Node 7
Node 8
FigB8rMulnodes power system split into three 2z«

From Figure 3.1 and Figure 3.2, it is noted that there is anade power system
which is split into three zones once transmission congestion occurs. As predefined, node
1, 2, 3, nde 4, 5, 6 and node 7, 8, 9 are composed into three single respestively.
The transmission line between node 2 and node 4 now becomes the only connection
bet ween zone 1 and-lzoe® 2 9i]s mhamadsasmiifaie
line betveen node 2 and node 7 and the transmission line between node 6 and node 9 are
also set as Tines which are responsible for the connection between zones. It can be
observed that zonal price is the combination of the uniform marginal price and the
locational marginal price. Inside the zone area, all the nodal prices are identical which is
similar with the principle of theniform marginal pricavhile each different zone can be
regarded as a bigger node with its own electricity price which follows the ofilthe

locational marginal price.
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After zone partition is congested, the difference between each zone will appear on
the generation capacity and zonal price. For example, assume zone 1 in Figure 3.2 has
surplus generation capacity therefore the zonakgn zone 1 will be lower than other
zones. Thus zone 1 will be set as the low price zone. If there is a generation shortage
occurs in zone 2 then the zonal price in such area is higher than others. Thus zone 2 will
be set as the high price zone. Untles circumstance, the system operator will try to
figure out an effective way to balance such distinction between those two zones. As a
consequence, the Fime between zone 1 and zone 2 will be utilized to transport the
surplus electric power from zorieto zone 2 as long as the ilee is always operating
under its maximum transmission capacity. Due to this action by the system operator, extra
electricity from zone 1 can be sold to zone 2 at a higher price and customers in zone 2 can
be benefit from th lower price electricity from zone 1. Same with the principle of the
LMP, the system operator will charge the congestion cost from the customers who used
the transmission network. The collected revenue due to congestion will be used for power

system netwik investment.

In some cases, ttmnal pricas regarded as a simpler and lower cost approach for
congestion management compared with the locational marginal price. However, the zonal
pricing method cannot be simptpnsidered aa simplification of nodl pricing since in
real power system it is more complex than theory. Zonal price supposes the intra
congestion between nodes inside the zone is infrequent so that the costafrigation
is too small to count. In fact, the irtzanal congestion iséquent and the corresponding
congestion cost is higher than theory [99]. Because price inside one zone is uniform for
all nodes while in reality each node has different generation cost so the zonal price is
unable to reflect the real cost of generatios aXesult, market customers have the burden
of unfair costs once intreongestion occurs. Moreover, it is quite difficult and
complicated to define a new zone. Since the boundary of a zone is defined under the
assumption that inside a zone there is affequency of intrecongestions but the opposite
occurs in reality the setting of a newne usuallyfags behind the intraonal congestion
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management. The zonal price was considered as a perfect approach for congestion
management for a time. However, metectricity markets are transitioning their pricing

scheme from the zonal price to the locational marginal price [3].

3.2.2.Transaction Curtailment

Inan ideal bilateral electricity market, the power transaction is arranged by market
participants themselves whdo not have the obligation to submit their contract
information to the system operator. However, the unique characteristic of electricity
market is that power system has a series of system constraints which must not be violated.
To ensure the security pbwer system operation, sometimes the system operator is forced
to curtail the already signed transactions between participants in order to reduce the power
flow on the congested transmission branches. Therefore, in bilateral electricity markets,
participants still need to report the physical information of their contracts to the system
operator and take the risk of transaction rejection in order to give assistance to system
operation security [100]. In addition to this, power transactions are signeduayths,
or even years ahead of the actual power delivery, transmission network conditions might
change during that time so that the initially secure transaction may endanger the system
security criterion. Due to above circumstances, the system operatdd $brmulate the
schemes of transaction curtailment to maintain the power system under a safe operational
condition.By superposition theorem, the power flow in a specific transmission line can
be regarded as the sum of power flow from each transaai@nilution. So the system
operator can relieve an overloading transmission line by power transaction curtailment
which is divided into following four types [35, 83, 101, 102]:

3.2.2.1. First Come First Serve
This rule of transaction curtailment is regarded asmple and straightforward
one. Once transmission congestion occurs, the system operator will firstly curtail the

transaction which was the last submitted. If the congestion still exists, the system operator
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will keep rejecting transactions following a rese order of transaction submission until

the congestion is relieved completelye though the method is simple, it may not be
effective sometimes. The main reason is the system operator curtails the transactions
without considering the power flow coritition of each transaction to the congested
transmission line. The last submitted transaction might potentially provide the eounter
flow on the congested transmission line while curtailing it arbitrarily may worsen the

congestion problem.

3.2.2.2. Pro Rata (Propartional)

By this approach, once transmission congestion occurs on a transmission line, the
system operator will curtail transactions to relieve the line overload based on the
corresponding power flow contribution of each transaction. Based on a linegtid@lo
power flow, the sensitivity of each transaction to the power flow of the overloaded
transmission line can be calculated relatively accurate so that the flow contribution of each
transaction to the congested line can be also found out. The cunaileche is
proportional to the transaction contribution. The power transaction which has a higher
contribution to the congested line will be curtailed more power and vice versa. Different
from the former method, this method takes the cotfider into consderation. The
transactions that causes coutftew to the overloaded transmission line is regarded to

have zero contribution so it will not be curtailed by the system operator.

3.2.2.3. Minimum -net Curtailment

The only difference between this method and the former one is that this method
aims to restrict the totally curtailed net power volume to the minimum. Since different
transactions have different power flow sensitivities, curtailment for one certain transac
which has greater contribution to the congested line is more effective than any other
transaction curtailments. The system operator focuses on searching such transaction which

contributes congestion more than others.
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3.2.2.4. Compensative price

In this apprach, if the transaction curtailment is unavoidable, the market
participant whose transaction is rejected will receive a compensation payment from the
system operator. Each participant is required to submit a compensative price to the system
operator in adance to claim at what price they are willing to accept for the action of
curtailment. Once the congestion happens, the system operator will start to curtail the
transaction with the lowest compensative price until the overloaded line declines to its
limit capacity. The final target for the system operator is to minimize the compensation
cost while solving the transmission congestion problem. This transaction curtailment
scheme requires the system operator to have income so as to compensate the market
partidpants with their curtailed contracts. If the system operator is a nonprofit party, the

compensation cost will be allocated to market participants.

3.2.2.5. Willingness to Pay

In this method, the system operator will curtail any power trade if it is necessary
to relieve transmission congestion but without paying any compensation to the market
participants.For the market participants who does not want their transactions to be
rejeded have an opportunity to bid a willingness to pay price to the system operator in
order to avoid being involved in the curtailment action. If congestion occurs, during the
curtailment action, the system operator will firstly curtail the transactions fham
participant who did not pay for the willingness to pay pri€all the participants have
submitted their willingness to pay pricgbe system operator will start to curtail the
transaction from the participant who bid at the lowest pnte thecongestions removed.
Different from the compensation price method, this methodimalease income for the
system operator. If the system operator is also the owner of the transmission network, this

part of income will be utilized for transmission ass@iaintenance and reinforcement.
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3.2.3.Financial Instruments

With the reform of electricity industry, the price of electricity is determined by a
series of market conducts rather than controlled by an integrated utility. No matter in what
type of electricity meket model, the price volatility caused by the transmission congestion
is the problem that market participants do not want to face with. For the generators, low
price of electricity will raise the difficulty for them to cover the generation cost such as
cepital investment cost, maintenance cost and use of system charges. For the suppliers,
unstable electricity price will have influence on their profit making. For the dessidad
consumers, the rapid growth of electricity price will increase their productstnor life
cost. Hence, some financial instruments are created to provide market participants a
marketbased route to hedge the impact of electricity price instability. There are two
famous financial instruments: the Contract for Difference and theéialal ransmission
Rights.

3.2.3.1. Contract for Difference

Contract for Difference is a bilateral agreement between market participants to
hedge the price volatility risk [103]. The concept of CfD was originally used in the early
1990s in London power market antllized only in the financial field [104]. Then this
financial method was introduced into the electricity maréb in the old England &
Wales Pool is utilized to hedge the price variation between the pool purchase price and
the contractual price. Ifné Nord pool market, CfD is aim to help power buyers and sellers
to reduce the impact of the price difference between zonal price and the system marginal

price [9]. The formula of CfD is defined as follows [103]:

6" Q00 ¢ 0 Qi nioQ i QOQ (3.19)
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Wher e
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Market spot price tends to be peaky and volatile so generation company and power
supplier sign these owine-counter contracts directly to hedge the price uncertainty. CfD
provides a specific amount efectrical power at a fixed price called strike price which is
target to compare with a reference price usually the market spot price. If the strike price
is higher than the reference price, power buyers need to pay the price difference times the
contractial power amount to the power sellers. If the strike price is lower than the
reference price, the sellers should pay the difference to the buiyersnajority of CfD
contracts in pool market aim to hedge against the pool purchasegdtkgty. If the pool
price is higher than the contractual price, generator will pay for the CfD to supplier. If the
pool price is lower than the contractual price, supplier will pay for the CfD to generator.

Therefore, electricity price fluctuation can be hedged in tioé parket.

3.2.3.2. Financial Transmission Right

To address the financial problem due to transmission congestion, it is a common
practice for the independent system operator in the United States electricity wholesale
market to issue a financial transmission right (FTR). FTR was introduced in different
wholesale markets at different times and named differently. For example, FTR was
introduced in PJM market on April 1998 and named Fixed Transmission Right; in New
York, FTR was introduced in September 1999 and referred as Transmission Congestion
Contract (T@); FTR was introduces in California since February 2000 and named as the
Firm Transmission right; in New England, FTR was referred as the Financial
Transmission Right and introduced on March 2003 [105].
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Because the market outcome cannot be predictagraety in advance, market
participants are likely to be exposed to congestion charges which may raise the risk of
power transaction [106]. FTR is a type of financial instrument which entitle the holders to
obtain a compensation for transmission congestmst when transmission congestion
occurs in the daghead market. In other words, FTR is an ex ante transmission capacity
allocation. The compensation is based on the locational marginal pricing scheme. FTR
provides a right to hedge the nodal price ddton between the node of receipt which is
also called as source node and the node of delivery which is also called as sink node. FTR
gives holders a benefit when the eftyead congestion happens in the desired direction
while asking holders to pay the fdifence when the deghead congestion happens in the
opposite direction [106]. Currently there are three types of FTR: right for an exclusive use
of the transmission capacity, right to use the transmission capacity and right to collect the

congestion rentgl06]. The formula of FTR is defined as follow:

OYYDEOQI NI QuAni QOQ (320
Wher e
DEVQI : The active power delivered fron
Al Q'Q : The nodadi mk iceedeof t he
Al Qo'Q : The nodal price of the source n

Based on equation (3.20), FTR holders will receive a positive payment according
to FTR if the sink LMP is higher than the source LMP. FTR holders will have to pay the
liability according to FTR if the source LMP is higher than the sink LMP. Therefore, in
shortterm, by purchasing FTR, the risk of LMP variation for wholesakxctricity
participants will be reduced. In losigrm, the aim of FTR is to give the right economic

signals to miket participants tgtimulate transmission investments.
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3.3. Case Study

In this part of the chapter, the uniform marginal price and the locational marginal
price are selected from the above mentioned congestion management schemes as two
typical methods for @omparison by performing a case study. A modified [BBBus
system is utilized as the base model to test and compare the performances of the UMP and
LMP.

3.3.1.The Modified IEEE14 Bus System

A modified IEEE14 bus systens chosen as thtest systenm this study as shown
in Figure 3.3 The 14bus sgtem consists of 5 generators,l@dds and 20 transmission
lines. Assume all the generators have the same generation cafaCityptimal power
flow (DCOPF) is implemented by software Matpovsgrsion 6.0}o calculate the active
power flows[125]. The software Matpower is utilizeldie to its fast calculatingpeed and
easy convergence, which is becawben using DC network modellinthe standard OPF
problemcan be simplified to a quadraticggram, with linear constraints and a quadratic
cost functionHerethe voltage magnitudes and reactive powers are eliminated from the
problem completely and real power flowse modelled as linear functions of the voltage
angleg[126]. All transmission les are assumed to be lossless so as to neglect the effect
of power losses to active power flow so that transmission congéstiaonly point that
needs to be focused on. Reactive power source in the system is assumed sufficient hence
all the bus voltges are fixed at one per unit. Numioéicongested transmission linies
this test is restricted to one only in order to reduce the complexity of the test. In the test
environment,parameters of power system are set arbitrarily such as bid price of each
generator, generation capacity of each generator, active power consumption of each load,
and transfer capacity of each transmission line. After running an unconstrained dispatch
without considering transmission constraints, it is found that power flowrgdrtrigsion
line 1-2 is over its transfer capacity. So here transmission congestion occurred on
transmission line -R. The technical considerations such as ancillary service, price

elasticity and reactive power effects are neglected.
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Before the test, some parametefsest environment aiget as follows:

Table 3.2Generation and Load Data

Bus Generator Bid price Min(MW) Max(MW) Load(MW)
(EMWh)

1 Genl 20 0 100 0
2 Gen2 50 0 100 24
3 Gen3 45 0 100 25
4 - - - - 26
5 - - - - 25
6 Gené6 35 0 100 24
7 - - - - 0
8 Gen8 30 0 100 0
9 - - - - 26
10 - - - - 25
11 - - - - 26
12 - - - - 25
13 - - - - 24
14 - - - - 25

Total

load 275
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Table 3.3 Transmission Capacity of Each Transmission Line

Branch From bus To bus Limit(MW)
1 1 2 60
2 1 5 100
3 2 3 100
4 2 4 100
5 2 5 100
6 3 4 100
7 4 5 100
8 4 7 100
9 4 9 100
10 5 6 100
11 6 11 100
12 6 12 100
13 6 13 100
14 7 8 100
15 7 9 100
16 9 10 100
17 9 14 100
18 10 11 100
19 12 13 100
20 13 14 100

In Table 3.2 bid prices, maximum and minimum M{éneration outputs of five
generatorsMW demandof each loadand total loadare setas aboveln Table 3.3,

transmission capacity of each transmission line is also set

3.3.2.Results

Assumehe systenoperator needs to draw up a schedule of generation for-a half
hour period. It has received the bid price of each generator in the power system. By
implementing an unconstrained dispatch, the system operator found a congestion
occurring on the transmissitnanch 12. As a result, it implements a secutiynstrained
dispatch to satisfy the demand eliminating the transmission congedsiog. Matpower
to simulate DCOPF, data of unconstrained dispatch and secanggrained dispatch is

obtained as follows:
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Table 3.4 Generation Cost of Unconstrained Dispatch and Securitonstrained

Dispatch
Generator Bid Unconstrained Security-constrained
price(EMWh) dispatch (MV) dispatch(MW)

Genl 20 100 83.54
Gen2 50 0 0
Gen3 45 0 0
Gen6 35 75 9146
Gen8 30 100 100

Total" £h) 7625 7871.4

Congestion cost

(8h) 246.9

Table 3.5 Power Flows of Unconstrained Dispatch and SecuriConstrained

Dispatch
Frombus  To bus Unconstrained Security-constrained Limit(MW)
dispatch flows(MW) dispatch flows (MW)
1 2 704 60 60
1 5 29.6 235 100
2 3 183 16.3 100
2 4 14.0 9.9 100
2 5 141 9.8 100
3 4 -6.7 -8.7 100
4 5 -05 -1.1 100
4 7 -24.4 -27.8 100
4 9 6.2 42 100
5 6 183 72 100
6 11 176 20.8 100
6 12 20.0 20.5 100
6 13 317 334 100
7 8 -100 -100 100
7 9 756 722 100
9 10 334 302 100
9 14 223 20.1 100
10 11 8.4 52 100
12 13 -5.0 -5.0 100
13 14 2.7 4.9 100

From Table 3.5, it is found that the unconstrained dispatch will cause the
transmission line - congestion because power flow in that branch is 70.4 MW which
exceeds the transmission capacity of 60 MW. After a seecwoitgtrained dispatch, the
power flow of anch 12 has been reduced to the limit level. From Table 3.4, it is noted
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that generator 1 is ordered to decease its power output while generator 6 is asked to
increase its power output. The secuatnstrained dispatch resulted in a congestion cost

of 246.91 flh. The difference between uniform marginal price and locational marginal
price for congestion management is not only on the pricing mechanism but also by way
of congestion cost allocation. Assume the congestion cost in both pricing methods is
allocated to all the loads. Hence, different performances between the two methods on
congestion cost allocation are discovered and stated as follows.

3.3.2.1. CongestionCost Allocation by Uniform Marginal Price
The UMP method allocating the congestion cost based amfarm price which
is calculated as follows:
"YEé 0G¥ENE "QQIi0E D ¢
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So the allocation details is found in Table 3.6 as follows:

Table 3.6Congestion Cost Allocation by Uniform Marginal Price

Load Demand(MW) Allocated congestion Allocated congestion
cost (EMWh) cost (£h)
L2 24 0.89B55 21.4851
L3 25 0.89B55 22.44636
L4 26 0.89B55 23.34422
L5 25 0.89B55 22.44636
L6 24 0.89B55 21.4851
L9 26 0.89B55 23.34422
L10 25 0.89B55 22.44636
L11 26 0.89B55 23.34422
L12 25 0.89B55 22.244636
L13 24 0.89B55 21.%851
L14 25 0.89B55 22.244636
Total 275 0.89B55 246.9
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From Table 3.6, it is found that the allocation of congestion cost is based on a
uniform price which is at 0.897855 IMWh. Even though the final congestion cost

allocation of each load is different but it is based on the same price to calculate.

3.3.2.2. Congestbn Cost Allocation by Locational Marginal Price

This part of section will illustrate the congestion cost allocation by LMP method.
As mentioned in section 3.2.1.2, locational marginal price is calculated based on the DC
optimal power flow. In this case sty, the LMP of each node is computed by the software
Matpower which follows the DCOPF. Since the testing power system is assumed lossless,
the LMPs in securitconstrained dispatch only has two components compared with
equation (3.15). Here are the systemarginal cost component and the congestion

component, which is indicated in following equation:

D00 000 000 (3.22)

Table 3.7 Locational Marginal Prices in Unconstrained Dispatch and Security

Constrained Dispatch

Bus LMPs unconstrained (EMWh) LMPs security constrained (EMWh)
1 350 20
2 350 39.98000457
3 350 37.79829949
4 350 35.91348352
5 350 34.55754368
6 35.0 35
7 350 35.67020379
8 350 32.9072493
9 350 35.53934477
10 350 35.44349301
11 350 35.22562028
12 350 35.04261905
13 350 35.07591992
14 350 35.33672379
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From Table 3.7, it should be noted that in the unconstrained dispatch, the LMP of
each node is uniform at 35 #MWh while in the security constrained dispatch, the LMP of
each node differ especially the price at node 2 and node 3 whose nodal prices are obviously
higher than others. After obtained the LMP of each node, the load charge in both
unconstrained dispatch and secudbnstrained dispatch can be known. Then the

corgestion cost allocated to each load can be calculated by the following equation:

GO & £ rEce QR ihd BB 3@ ¢ O Q
[ Qo6 LD o | XS QQ (323
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The allocated congestion <cost I n per
equati on:
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Table 3.8 Congestion Cost Allocation by.ocational Marginal Price

Load Demand(MW) Load charge Load charge Allocated Allocated
unconstrained(£h) security congestion | congestion
constrained cost(#h) cost
(8h) (EMWh)

L2 24 840 959.5 119.5 5.0
L3 25 875 945.0 70.0 28
L4 26 910 9338 238 0.9
L5 25 875 863.9 -111 -0.4
L6 24 840 840 0 0
L9 26 910 924.0 14.0 0.5
L10 25 875 8861 111 0.4
L11 26 910 9159 59 0.2
L12 25 875 8761 11 0.04
L13 24 840 8419 1.8 0.08
L14 25 875 883.4 8.4 0.34

Total 246.9
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From Table 3.8, the allocated congestion cost and the allocated congestion cost in
per MW of each load are obtainég LMP method. It is indicated that each load is
allocated different congestion cost especially the node 2 and 3 whose congestion cost

allocations are more than other loads.

3.3.3.Comparison

Select the fourth column of Table 3.6 and fifth column of TableeBd®mparison
in congestion cost allocation on each load betweenmethods is shown in Figure 3.4
Selectthe third column of Tabl8.6 and the sixth column of Tab®8, a comparison in

congestion cost allocatian per MW between two ethods is showm Figure 3.5.
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Figure 3.5 Comparison in congestion cost allocation in per MW

3.3.4.Discussion

From Figure 3.4it is indicated that MP considerghe location and power flow
contributionof each loago that the allocated congestion aidifferent nodes is distinct.
The cost allocated thoad 2 is larger than othesince the transmission congestion
occurred on branch-2. It should be noted that the congestion cost of Load 5 is a negative
value whch demonstrates the load does not contribute to the constraint problem, instead,
it helps relieving the congestion. From Figure 3tSsiobserved that congestion cost
allocationby UMP is based on one neatiscriminate pricelt does not refleatontribution
of each loado thetransmission congestion which means every load in the market shares
the congestion cost uniformly.o summariseon one hand, LMBProvideseconomic
signals tainform market participants/here the congestion occurs frequently soriéne
generators would know where to build their new power pl&@sthe other hand, LMP

provides a relatively fair way to allocate the congestion cost s$irecparticipantwho
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contributes the congestion madeerequired to pay for the congestion relieéfaahigher

price.

3.4. Summary

In this chapter, various types of transmission congestion management schemes in
electricity market environment are introduced and discussed. In pool market and hybrid
market, three types of pricing schemes: uniform margineé, locational marginal price
and zonal price are illustrated in terms of history, mechanism, pros and cons. In bilateral
market, five transaction curtailments based on different principles are described. Besides,
there are two financial instruments linding the contract for difference and the financial
transmission right which assist the market participants to hedgmpiaet of electricity
price volatility. Finally, a case study is used for testing the performance of uniform
marginal price and locathal marginal price in transmission congestion management. A
modified IEEE14 bus system is built for the test. Under same testing conditions,
locational marginal price provides stronger economic signals for market participants to

inform the congestion fopiency and is a fairer rule for congestion cost allocation
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Chapter 4

Re-dispatch Generation in Deregulated Electricity
Market with Power Transfer Distribution Factor

4.1. Introduction

Due to electricity market deregulation, transmission network is open access to all
the network participants. Nevertheless, the finite trassiom capacity is unable to satisfy
the profit maximization of all the market participants. The outcome is no doubt the
transmission congestion. Riispatching generator output is a basic and straightforward
way to solve transmission congestion. In thigmtler, a generation 4dispatch method
with a sensitivity index which is called power transfer distribution factor (PTDF) will be
introduced. It reschedules the generation by determining the power flow contribution of
each node. This chapter will descrite algorithm of this sensitivity index and the re
dispatch method mechanism which involves the sensitivity index. Four modified IEEE
bus systems are used for testing the performance of tHispatch approach.

This chapter is structured as follows. 8en 4.2 indicates the difference between
conventional radispatch generation methods and the proposedispatch method.
Section 4.3 represents the algorithm of the sensitivity index PTDF. Then section 4.4
describes the mathematic model of the proposetthod including the objective function
and constraints which involve the sensitivity index. Section 4.5 is the case study which
consists of test results from four modified IEEE bus systems including the 1EBEHSs
system, the IEEBO0 bus system, the IEER/ bus system and the IEERS8 bus system.
Section 4.6 is the summary.
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4.2. Proposed Generation Redispatch Method in Deregulated
Electricity Market

This section will state the difference and the connection between conventional re

dispatch methods and the proposedlispatch method which relates to the sensitivity
index PTDF.

4.2.1.Conventional Realispatch Generation in Electricity Market

In the traditional veically integrated power system, congestion problem can be
alleviated by relispatching the cheapest available generation capacity because the
centralized utility holds all the information to exercise the power to manage the whole
power system. Howeverggeration rescheduling will cause the cheaper electricity not to
be delivered to the desired load. Hence, the total generation cost will be increased. The
extra cost which is called as the security cost is put on the shoulder of the centralized

utility or shared amongst consumers.

In pool electricity market, the solution of transmission congestion is similar to the
route in the traditional structure of power industry in which the problem is solved by re
dispatching generator output. But this time, th@rmfation of generation cost of each
generator is bidbased rather than cesased which means the system operator reschedule
the generation based on a4bdsed cost minimization [35]. The security cost due to the
transmission congestion is allocated te ttemaneside customers by uniform marginal

price, locational marginal price or zonal price.

In a bilateral electricity market, the generatiordigpatching is not simple since
the system operator is unableattcess therice information of the bilatat contract so it

has no way to economically control the generator output. The fast way to solve congestion
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problem is to curtail the bilateral transactions. This approach haslesenibed in section
3.2.2which introducedive types of transaction curiaent schemedirst come first serve

pro rata minimumnet curtailment compensative pricend willingness to pay An
alternative way to achieve to relieve the congestion is to provide generators a chance to
allow them to submit incremental or decrena¢rtids which indicate the price they are
willing to increase or decrease their specific output quantities. As mentioned in the section
2.6.1.2, in practical bilateral market BETTA, the incremental bid is referred as the offer
and the decremental bid isfeered as the bidThe system operator is allowed tc re
dispatch generator outputs by using these bids gsdigenent criteriavhen it faces the
congestion problem. But this method is on a voluntary principle so it is dependent on the
submitted bids fronthe generators. If there are few bids submitted by generators, the
system operator may not have sufficient governable power resource to deal with the

congestion problem.

4.2.2.Adjustments irthe Proposed Relispatch Scheme

Theinspiration of the proposed-thspatch method is from the alternative way of
congestion management in bilateral market mentioned above. Because this method is
more aligned with the markétased principle which allows market participants access to
the competition of electricity market ian economic wayThis method is also more
acceptable to the original intension of electricity industry reform. Generators state their
acceptable price for power output variation through a transparent channel to help the
system operator reschedule the gatien plan to relieve thmevitablecongestion in an

efficient way, in the meantime, with the minimal security cost.

To make the proposed method more feasible and more effective, some adjustments

to the alternative methatked to be put forward as fos:
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1.

In the alternative method, the incremental and decremental bid submission for

generators is voluntary. But in the proposed method, this bid submission becomes
compulsoryfor generators. The main reason is to guarantee the system operator has
sufficient amount of adjustable power resource to solve the transmission congestion

issue.

A generator is permitted to submit a number of pairs of incremental or decremental
bids. Bu the total power volume of its incremental bids should be limited to its
generation capacity minus its scheduled power output and the total power volume of

its decremental bids should be limited to its scheduled power output.

The congestion cost or cadl security cost calculation of the proposed method is
based on both costs from incremental bids and decremental bids. Once the congestion
occurs, the system operator will accept the incremental and decremental bids from
generators to adjust generationrntleo relieve congestion. If an incremental bid from

a generator is accepted by the system operator, the generator will increase its output
to fulfill the promise. Then the generator will get an earning which is equal to the bid
price times the incrementpbwer volume. If a decremental bid from a generator is
accepted by the system operator, the generator will decrease its output. Then the
generator will get a compensation which is equal to the bid price times the
decremental power volume. The total cdst@ngestion management is same as the
total cost of incremental power plus the total cost of decremental power.

In the proposed methoddcost of congestion is also named as the security cost and
should be allocated to all the loads. All the genesaswe required to submit their
incremental and decremental bids which is to assist the system operator to resolve

congestion problem. Consequently, generators have no reason to shoulder the
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congestion cost. The congestion cost allocation will be donedingao the power

flow contribution of each load, which will be illustrated in thext fewsections

4.2.3.lllustrationof the proposed rdispatch generation scheme

Figure4.1 shows a diagram to illustrate the proposedispatch method.
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4.3. The Algorithm of Power Transfer Distribution Factor

Power transfer distributiofactor(PTDF) isconsideredsthe sensitivity of power
flow of atransmissiorine when there is a power injecti change at a bus [107, 12T
other words, it indicates the relationship between the active power flow change quantity
of a particular transmission line from bue busk and the active power injection change
quantity at bus [35]. PTDF can be defined as follow:

0YO U ——
Yo (4.1)

Whee

0 "YC u: The PTDF of the ling-k respect to bus

g

Yt : The active power flow variation of lifjek

(Y

YU : Theactivepowerinjection variation at bus

To derive the expression of PTDF, DC power flow is introduced to simplify the
decoupled power flow which comes from the NewRaphson power flow calculation
method [108]. The Jacobian matrix is simplified based on gstsoums which make DC
load flow linear so that power flow problems can be solved relatively quickly and simply

[109]. Under rules of DC power flow, the active power flow betweer lansl busk can
be expressed as:

i o- - 42)
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Where

¢ : The active power flow between buand busk
¢* : The voltag of bug

« : The voltag of busk

- -: The phase angle of bus

— -1 The phase angle of bks

¢ : The impedance connected betweenjtarsd busk

Here these assumptions are adopted suc¢> | i o

— - is very small.So equation (4.2) can be rewrote as:

Where

¢* : Thereactance connected between pasd busk

¢* : The susceptance between pasd busk

« pand --

(4.3)

Then a matrix form can be expressed associatedegithtion(4.3):

Where

(44)
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0 : The matrix ofactivepower injectiorat buses
—: The matrix of phase angle of bus voltages

0 : Thesusceptance matrix

However, 6 is a singulamatrix with rank one deficiency so it is unable to be
inverted [110]. Hence a slack bus is selected as a solution to find the inve 6 2 ©he

whole solution process is shown as:

Firstly, choose a reference bus or called the slack bus. Then eliminate the row and
the column which are based on the reference bl & dsecomes 6° . The eliminated
row and column are associated with the selection of slack bus. For example, if the slack
bus is assigned as bus number n,&*2row and¢ column of & will be eliminated.

6° is able to be inverted. G 0 “ by inverting 6 which is shown in equation (4.5):

0° 0° (45

Where

z

0° : Thematrix formed eliminating one row and oo&umn of 6

z

0° :Theinveseof 6°

z

Then add one row and one column of (0 “ based on the reference bite
added row and columeare also associated with the selection of slack bus. For example, if
the slack bus is assigned as bus number re “h@w 0 ande  column Owill be added
backto 0 * . Since U is obtained, the relation betwe —and 0 can be expressed as

follows:

81



Chapter 4 Ralispatch Generation in Derequlated Electricity Market with PTDF

— 00 (4.6)

Where

0 : The matrix is from 0 ° by adding one row and one column of 0 according

to the corresponding reference bus or slack bus.

Then equation (4.6)an berewrittenas follow:

4.7

all

The equation (4.3) can be also expressed to indicate the change quantity of power

on linej-k as follow:

Yo ¢ Y-- ¥ (4.8)

Then let both sides of equation diviY0 , which leads to the following equation:

Yo - Y-- Yy— 49)
o o W W '

Based on former definition of PTDF in equation (4.1) and the relationship between
Y—and¥Y0 in equation (4.7)he expression of PTDF can be calculated from equation (4.9)

as follows [110]:
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. Yy . .
0 YO U —§/6— (CAN V) U (4.10

Where
0 :The™ row and™ column element in thil matrix

0 :The™© row and™ column element in th®l matrix

Since the added row and column are both consisted of 0, the PTDF of slack bus to
any congested transmission linealgvays 0 [110]. Different slack bus selections would
cause different PTDF values, which means this method is dependent on the selection of

slack bus and might produce different results [108].

4.4. Mathematical Model for the Proposed Method with Power

Transfer Distribution Factor

Oncethe sensitivity index PTDF is obtained, the corresponding mathematical model
is able to be establisheth this chapter, when a single transmission line congestion occurs,
the system operator will ré@ispatch generation schedulessed on the above sensitivity
factor and incremental/decremental bids submitted by generation units. The system
operator is required to minimize the total cost of rescheduling generation, in the meantime,
it should obey the physical rules of power sysseith as balancing of supply and demand,
transmission line constraints and generator capacity [111]. In order to strengthen the
achievement of sensitivity factor, all the generators in the system are required to be
involved in incremental/decremental bidgmission stage [24]. To simplify calculation
process, incremental and decremental bids from each generator are assumed at the same

price. The objective function and corresponding constraints are shown as:
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a0t 6 OY0 (4.11)
Subjectto:
YO T (4.12)
0 "YC Y0 ¢ ¢ (4.13)
When
¢ ¢ T
0 "YC uIYD ¢ ¥ (4.14)
When
¢ ¢ Tt
0 Yo 0 0 (4.15)
Where

0 : Theincremental/decrementptice of generator
Y0 :The incremental/decremental amount of active power injection of generator
[

0 "YC: u: The PTDF of the ling-k respect to bui
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¢ : Transmission capacity limit of linek
¢ : The active power flow of lingk in unconstraint dispatch
0 : The generation amount of generdtor unconstraint dispatch

C

: The generation capacity of generator

Equation (4.11) represents minimization of the total cost of generation re
dispatching. No matter if the cost is from incremental bids or decremental bids, they are
all counted into the cost of congesti&qguation (4.12) indicates that the sum of power
output variation from all the bids should be equal to 0 in order to keep the balance of the
whole power system. Equation (4.13) and equation (4.14) express thatibpatehing
of generation is based oretkensitivity factor PTDF. The sum of generation variation in
re-dispatch should result in the power flow on the congested line reduce below its
transmission capacity. Equation (4.15) requésasthe total incremental power volume
of a generator shouldeblimited to its generation capacity minus its scheduled power
output and the total decremental power volume should be limited to its scheduled power
output.

45. Case Studies

The case studies are consisted of the testing results from four modified IEEE bus
systems including an IEEE4 bus system, an IEEBED bus system, an IEER/ bus
system and an IEEE18 bus system. The test is targeted at the performance of the
proposed ralispatch method associated with the sensitivity factor PTDE.results are
mainly about the generation variations indispatch and the corresponding congestion

costs.
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4.5.1.Test Description

In the case studies, in order to make power flow contribution more distinct and
straightforward on transmission network, each bus is considered aslyeither a
generator or a load. All the generators are assumed to have the same generation capacity.
DC optimal power flow (DCOPF) is implemented by software Matpower to calculate the
active power flows due to its fast calculating speed and easy converf&s]. All
transmission lines are assumed to be lossless so as to neglect the effect of power losses to
active power flow so that transmission congestion will be the only consideration that needs
to be focused on [112]. Reactive power source in themyst@assumed to be sufficient
hence all the bus voltages are fixed at one per unit [113]. For demonstration purpose, it is
assumed that there is only one bottleneck for transmission in the network. This is the
congested line. Number of congested transimisBne in each test scenario is restricted
to one only in order to highlight the sensitivity method efficiency on one particular line.

In the test environmenparameters of power system are set arbitrarily such as bid price
of each generator, generatioapacity of each generator, active power consumption of
each load, and transfer capacity of each transmission line. After running an unconstrained
dispatch without considering transmission constraints, it is found that power flow of one
particular transmson line is over its transfer capacity. So here transmission congestion
occurred on this transmission lirgince different slack bus selections lead to different
PTDF values, test associated to PTDF method is aim to find the different results about re
dispatched generation volume and congestion cost when selecting different slack bus.
Each of the generator bus is proposed as the slack bus for each case [114].

Besides, the level of overloading (LO) is introduced in the test scenario to find the
limitation of the proposed method with PTDF when transmission congestion become

increasingly severe. LO is defined as:
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00 = primb (4.16)

Where

0 0: Thelevel of the overloading of the congesteahsmission line

¢ : The active power of congested lipkin unconstrained dispatch
¢ : Thelimit value of active power transmission capacoityongested line
j-k

LO equals zero means there is no congestion orj-kn&hen LO is above 0%
and less than 100%, it shows the fikds congested to some degree. If LO reaches 100%,
which means the transfer capacity limitation of this particular transmissionckcbes

zerq the transmission line is totally overloaded.

4.5.2.Modified IEEE14 Bus System

A modified IEEE14 bus systens chosen as thfirst test systenm thiscasestudy

as shown in Figre 4.2
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The 14bus sgtem consists of 5 generatorslo@ds and 20 transmissidimes.

Before the test, some parametefshe test environment aset as follows:

Table 4.1Generator and Load Datain 14 Bus System

Bus Generator Incremental Decremental Max power Load(MW)
Bid price Bid price output
(EMWh) (EMWh) (MW)
1 Genl 30 30 200 0
2 Gen2 30 30 200 0
3 Gen3 40 40 200 0
4 - - - - 50
5 - - - - 50
6 Gené6 40 40 200 0
7 - - - - 60
8 Gen8 45 45 200 0
9 - - - - 50
10 - - - - 60
11 - - - - 110
12 - - - - 40
13 - - - - 40
14 - - - - 40
Total
load 500
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In Table 4.1 incremental/decrementddid prices, maximum MWgeneration

outputs of five generatorBJW demandf each loadnd total loadre sein the table

After a DC optimal power flow without considering the transmission line
constraints, the generation schedideeach generator in the unconstrained dispatch is
obtained. Then itis found that the power flow of transmission l#é&3he unconstrained
dispatch is more than its transmission capacity limit. Therefore, congestion occurs on the
line 3-4 which is egarded as the congested line inbl¥ case. Such above information
is found in Table 4.2.

Table 4.2 Generation Schedule and the Congested Line Power Flow in the

Unconstrained Dispatch in 14 Bus System

Generator Generation Schedule in the Unconstrained
dispatch (MW)

Genl 153.41

Gen2 26.40

Gen3 160.10

Gen6 160.10

Gen8 0

Transmission line Unconstrained power flow (MW)

34 121.74

Transmission line limit (MW)
66.00

89



Chapter 4 Ralispatch Generation in Derequlated Electricity Market with PTDF

Since the power flow of transmission lingt3n unconstrained dispatch is 121.74
MW which exceeds its transmission capacity limit 66 MW. According to the equation
4.14, the level of overloading of the congested link i8 45%.Based on the different
slak bus selectionghe redispatch generation variatiari each generataralculated by
the proposed met hod when dsmhbiagnedsandahe resuitsn e 6 s
are shown in Tabld.3.In order to make it more straightforward, contents of &abB
are visualized in Figure 4.3. Finally, the congestion costs of different slack bus cases are

indicated in Figure 4.4.

Table 4.3 Generator Output Variation in Each Slack Bus Selection Due tdRe-
dispatch in 14Bus Systemwhen LO=45%

Yl Yl Yl Yl Yk,
Generator Slack bus 1 Slack bus 2 Slack bus 3 Slack bus 6 Slack bus 8
(MW) (MW) (MW) (MW) (MW)
G1 0 0 0 0 +10.11
G2 0 0 0 0 0
G3 -92.80 -92.80 -92.79 -92.79 -95.16
G6 +38.85 +38.88 +38.84 +38.84 +38.86
G8 +53.94 +53.91 +53.95 +53.95 +46.19
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Comparison of generator output variation when LO=45%
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From the Figure 4.3, by using the proposed method with P$@&fsitivity factor
to relieve the congestion under the level of overloading of target line at 45%, for different
slack bus selection, the differentaespatch generation variation of each generator is
obtained. Generation 1dispatching in the first fouslack bus selections are almost the
same because generator 3 in these four cases is all asked to decrease its output and
generator 6 and 8 are all ordered to increase their initial outputs. Furthermore, their output
variation volumes are nearly the same.g&\result, from the Figure 4.4, the corresponding
congestion costs of these four cases only have slight differences which could be neglected.
Butwhenbus 8 is selected as the slack bus,
output leads to genator 3 output being decreased more than the first four cases and
generator 8 increasing it the output less than in the other four cases. This is the reason why
the congestion cost in slack bus 8 case 7742 8hghtly more than other slack bus cases
76 £h.

4.5.3.Modified IEEE30 Bus System

A modified IEEE30 bus systems the second test systemm this casestudy as
shown in Figre 4.5 The 30Bbus sgtem consists of 6 generators, [b&ds and 41

transmission lines.
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Before the test, some parametefshe test environment aset as follows:

Table 4.4Generator Data in 30 Bus System

Incremental Bid DecrementalBid = Max power output
Bus Generator

price (EMWh) price (EMWh) (MW)
1 Genl 35 35 300
2 Gen2 35 35 300
5 Genb 45 45 300
8 Gen8 45 45 300
11 Genll 45 45 300
13 Genl3 50 50 300
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Table 4.5Load Datain 30 Bus System

Bus Load(MW) Bus Load(MW) Bus Load(MW)
1 = 11 = 21 30
2 - 12 60 22 -

3 30 13 = 23 50
4 40 14 50 24 60
5 = 15 50 25 =
6 - 16 60 26 50
7 50 17 70 27 =
8 - 18 30 28 -
9 = 19 50 29 30
10 60 20 30 30 50
Total load 850

In Table 4.4 incremental/decrementddid prices, maximum MWgeneration
outputs of six generators are set. In Table 4.5, eachMésdcand total load MWare set

as above

After running a DC optimal power flow without considering the transmission line
constraints, the generation schedule for each generator in the unconstrained dispatch is
obtained. Then it is shown that the power flow of transmission |t 4n the
unconstrained dispatch is more than its transmission capacity limit. Therefore, congestion
occurs on the line-42 which is the congested line in-BQs case. Such above information

is shown in Table 4.6 as follows:
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Table 4.6 Generation Schedule rad the Congested line power flow in the

Unconstrained Dispatch in 30 Bus System

Generator Generation Schedule in the Unconstrained
dispatch (MW)

Genl 185.28

Gen2 28.48

Genb 212.08

Gen8 212.08

Genll 212.08

Genl3 0

Transmission line Unconstrained power flow (MW)
4-12 224.66
Transmission line limit (MW)

107.84

Because the power flow of transmission lind24in unconstrained dispatch is
224.66 MW which is over its transmission capacity limit 107.84 MW. According to the
equation 4.14, the level of overloading of the congested & #eaches to 52%.
According o the six slack bus selectiorthe redispatch generation variatiasf each
generatocalculated by the proposed method with the LO of congested line equals to 52%
is acquired and the results are shown in TdbleTo make it more comparable, contents
of Table 4.7 is visualized in Figure 4.6. Finally, the corresponding congestion costs of six
slack bus cases are indicated in Figure 4.7.
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Table 4.7 Generator Output Variation in Each Slack Bus SelectiorDue to Re
dispatch in 30Bus Systemwhen LO=52%

Generator

ACTIVE POWER (MW)

Gl

G2

G5

G8

G1l1

G13

250
200
150
100

Comparison of generator output variation when LO=52%

||API| APG2 APG5 APG8 APG11

mslack1l mslack2 mslack5 mslack8 mslack 11 slack 13

APG13

Yl Y, Yl Y, Y, Y,
Slack bus 1 Slack bus 2 Slack bus 5 Slack bus 8 Slack bus 11 Slack bus 13
(MW) (MW) (MW) (MW) (MW) (MW)
-185.15 -185.15 -185.15 -185.55 -185.15 -185.15
5.3 -5.32 5.3 -5.32 -5.32 5.3
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
+190.47 +190.4 +190.47 +190.47 +190.47 +190.47

Figur3hdsbsgesenemat oar bat pdihspatck wWhen
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Congestion cost comparison when LO=52%
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FromFigure 4.6, by selecting different buses as slack bus, the generation variation
of each generator in dispatch stage under the congestion level of the congested line
equals to 52% in 30 bus system is calculated by the PTDF method. Generation re
dispatcing in all the slack bus selections are identical since in all cases generator 1 and 2
are asked to decrease their outputs and generator 13 is ordered to increase its initial outputs.
Furthermore, their output variation volumes in all cases are neasathe. So in Figure

4.7, the corresponding congestion costs of six cases are nearly identical at 16189 £h.

4.5.4.Modified IEEE57 Bus System

A modified IEEE57 bus systenis the third test systenm thiscasestudy as shown

in Figure 4.8 The 57bus sgtem cosists of 7 generators, 38ads and 80 transmission
lines.
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Before the test, some parametefshe test environment aset as follows:

Table 4.8Generator Data in 57 Bus System

Incremental Bid DecrementalBid = Max power output

Bus Generator price (8MWh) price (8MWh) (MW)
1 Genl 30 Y 300
2 Gen2 35 35 300
3 Gen3 30 30 300
6 Gené 45 45 300
8 Geng 45 45 300
9 Gen9 45 45 300

12 Genl2 40 < 300
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Table 4.9Load Datain 57 Bus System

Bus Load(MW) Bus Load(MW) Bus Load(MW)
1 = 20 60 39 =
2 - 21 - 40 -
3 = 22 = 41 40
4 - 23 30 42 30
5 60 24 - 43 30
6 - 25 50 44 20
7 = 26 = 45 =
8 - 27 30 46 -
9 = 28 20 47 50

10 30 29 50 48 -

11 = 30 30 49 20
12 - 31 30 50 30
13 20 32 20 51 30
14 20 33 30 52 40
15 40 34 = 53 30
16 20 35 50 54 50
17 50 36 = 55 50
18 60 37 - 56 30
19 30 38 20 57 50

Total load 1250

In Table 4.8 incremental/decrementddid prices, maximum MWgeneration
outputs of seven generators are set as above. In Table 4.9, each load M&vhand the

total load MW are shown.

After running a DC optimal power flow without considering the transmission line
constraints, the generation schedule for each gtarein the unconstrained dispatch is
gotten. Then power flow results indicate that the power flow of transmission-E8e 7

under the unconstrained dispatch exceeds its maximum transmission capacity. Therefore,
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in 57-bus case, transmission congestion ogcon the line 229. Information about
generation schedules and the power flow of the congested line in the unconstrained

dispatch are shown in Table 4.10 as follows:

Table 4.10 Generation Schedule and the Congested Line Power Flow in the

Unconstrained Dispatch in 57 Bus System

Generator Generation Schedule in the Unconstrained
dispatch (MW)

Genl 129.50
Gen2 300

Gen3 40.19

Gen6 254.64

Gen3 114.59

Gen9 254.64

Genl2 156.44

Transmission line Unconstrained power flow (MW)
7-29 213.05
Transmissionline limit (MW)
196.01

Since the power flow of transmission lin9 in unconstrained dispatch is 213.05
MW which is more than its transmission capacity limit 196.01 MW. By using the equation
4.14, the level of overloading of the congested k&9 7s 8% According to situatios of
selecting the different seven generator buses as slackheusedispatch generation
variationof each generataralculated by the proposed method with the LO of congested
line equals to 8%s obtained and the results are shown in Tdhld.To mée it more
comparable, contents of Table 4.11 is visualized in Figure 4.9. Finally, the corresponding

congestion costs of six slack bus cases are indicated in Figure 4.10.
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Table 4.11Generator Output Variation Due to Redispatch in 57bus Systemwhen

LO=8%

Generator

Gl

G2

G3

G6

G8

G9

G12

200
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100

vl
o o

Active Power(MW)
=,
o (93]
o o

-150
-200
-250

Yk, Y,

ok,

Slack bus = Slack bus  Slack bus Slack bus Slack bus Slack bus Slack bus

1 2
(MW) (MW)

+170.47 +170.47
0 0
+0.21 0
-208.98  -208.93
0 0
0 0
+38.31 +38.46

6 8

(Mw) (Mw)

+170.47  +170.47
0 0
0 0
-208.93 -208.93
0 0
0 0
+38.46 +38.46

Yl Yl
9 12
(MW) (MW)
+170.47  +170.47
0 0
+0.21 0
-208.98  -208.93
0 0
0 0
+38.31  +38.46
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Congestion cost comparison when LO=8%
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From Figure 4.9, in the 57 bus system, by selecting different generator buses as
slack bus, generation variation of each generator in tdéspatch stage under the level
of overloading of the congested linR% equals to 8% is calculated by the proposedPTD
sensitivity method. Generation reschedules in all the slack bus cases are all very similar
since generator 1 and generator 12 are all asked to increase their outputs and generator 6
is asked to decrease its outpudll cases. It is also found that thatput variation volumes
in all cases are very close. As a consequence, in Figure 4.10, the corresponding congestion
costs of seven cases are nearly equal. However, it was found that generator 3 is involved
in the redispatch when the slack bus was seketicbus 1 and bus 9 (highlighted in Table
4.11). This is the reason why the congestion costs of case 1 and case 9 which are both
around 16056 £h are a little bit more than other cases which are 16054 £h. But since the
involved power volume increase adrgerator 3 is so small compared with the total power

variation volume, which is 0.1960it can be neglected by the system operator.
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4.5.5.Modified IEEE118 Bus System

A modified IEEE118bus systenis the last test system thiscasestudy as shown
in Figure4.11 It is noticed that the 11Bus sgtem consists of 12 generators, 184ds
and 186 transmission lineBefore the testing, some parameters of the power system need
to be set up. In Table 4.liacremental/decrementhid prices, maximum MVgeneratio
outputs of the twelve generators can be found. In Table 4.13, each load déWWaaad
the total load MW are displayed

Figure 4.11 Thikloldud iseywstleEmrE

103



Chapter 4 Ralispatch Generation in Derequlated Electricity Market with PTDF

Table 4.12Generator Datain 118 Bus System

Incremental Bid DecrementalBid =~ Max power output

Bus Generator price (EMWh) price (MWh) (MW)
12 Gen12 30 30 300
19 Gen19 30 30 300
24 Gen24 35 35 300
27 Gen27 40 40 300
40 Gen4o 30 30 300
49 Gen49 35 35 300
59 Gens9 35 35 300
61 Gen61 40 40 300
70 Gen70 30 30 300
85 Gen8s 35 35 300
99 Gengo 35 35 300
110 Genl10 40 40 300

Table 4.13Load Datain 118 Bus System

Bus Load(MW) Bus Load(MW) Bus Load(MW)
1 30 41 30 81 10
2 20 42 60 82 50
3 30 43 20 83 20
4 30 44 15 84 10
5 10 45 50 85 =
6 30 46 20 86 10
7 20 47 30 87 10
8 30 48 20 88 40
9 10 49 - 89 10
10 20 50 15 90 10
11 50 51 15 91 10
12 - 52 15 92 60
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13 30 53 20 93 15
14 15 54 10 94 30
15 60 55 60 95 40
16 20 56 80 96 30
17 10 57 15 97 15
18 10 58 15 98 30
19 = 59 = 99 =
20 15 60 70 100 30
21 15 61 = 101 20
22 10 62 70 102 15
23 40 63 10 103 20
24 - 64 20 104 30
25 50 65 10 105 30
26 30 66 30 106 40
27 = 67 20 107 50
28 10 68 10 108 20
29 20 69 - 109 10
30 - 70 - 110 -
31 40 71 10 111 10
32 50 72 10 112 6
33 20 73 10 113 10
34 50 74 60 114 10
35 30 75 50 115 20
36 10 76 60 116 10
37 10 77 60 117 20
38 10 78 70 118 30
39 20 79 30

40 - 80 10

Total load 2736

After a DC optimal power flow without considering the transmission line
constraints, the initial generation schedule for each generator in the unconstrained dispatch

stage is given. Then results of optimal power flow indicate that the power flow of
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transmssion line 2324 in the unconstrained dispatch is above its maximum transmission
capacity. Therefore, in 148us case, transmission congestion occurs on the |2#23
Information about generation schedules and the power flow of the congested line in the

unconstrained dispatch are shown in Table 4.14 as follows:

Table 4.14 Generation Schedule and the Congested Line Power Flow in the

Unconstrained Dispatch in 118 Bus System

Generator Generation Schedule in the Unconstrained
dispatch (MW)

Genl2 71.17

Genl9 300

Gen24 300

Gen27 300

Gen40 300

Gen49 119.82

Genb9 91.04

Gen61 53.97

Gen70 300

Gen85 300

Gen99 300

Genl10 300

Transmission line Unconstrained power flow (MW)

2324 -211.43

Transmission line limit (MW)
2.11

Since the power flow of transmission line-28 in the unconstrained dispatch
stage is-211.43 MW which is more than its transmission capacity limit 2.11 MW. It
should be noted that the negative value means the power flow of the congested line is on
an opmsite direction. Based on the equation 4.14, the level of overloading of the

congested line 234 is obtained at 999By selecting the different twelve generator buses
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as the slack bushe redispatch generation variatiaf each generataralculated bytie
proposed method with the LO of congested line equals toi9@¥tained and the results
are shown in Tablé.15.To make it more comparable, contents of Table 4.15 is visualized

in Figure 4.12. Finally, the corresponding congestion costs of twelve mlagckases are
shown in Figure 4.13.
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Table 4.15Generator Output Variation

Y, Y, Y,

Slack Slack Slack

Generator | bus 12 bus19 bus24
(MW) (MW) (MW)

Genl2 +228.83 +228.83 +228.83

Genl9 0 0 0
Gen24 -296.55 -296.55 -296.50
Gen27 0 0 0

Gen40 0 0 0

in Each Slack Bus Selection Due to Rdispatch in 118 Bis System alLO =9%%

Y, Y, Y, Y, Y, Y, Y, Y, Y,
Slack Slack Slack Slack Slack Slack Slack Slack Slack
bus27 @ bus40 bus49 bus59 bus6l bus70 bus85 bus99 bus 110
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)

+228.83 +228.83 +228.83 +228.83 +228.83 +228.83 +228.83 +228.83 +228.83

0 0 0 0 0 0 0 0 0
-296.50 -296.55 -296.55 -296.50 -296.50 -296.55 -296.50 -296.50 -296.55
0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

+62.65| +62.65| +67.68| +67.68| +62.65| +62.65| +67.68| +67.67| +62.65 +67.68| +67.66| +62.67

Genb6l 0 0 0

Gen70 0 0 0

Gen85 0 0 0

Gen99 0 0 0

Genll0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0

0

e
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0
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Congestion cost of re-dispatch when LO=99%
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From Figure 4.12, by selecting different generator buses as the slack bus, the re
dispatch generation variation of each generator when the level of overloading of the
congested transmission line-23 equals to 99% in 118 bus system is decided by the
proposedensitivity method. As noticed that there are eight generators have already output
their maximum capacities in the unconstrained dispatch stage. So there are only four
generators left still have extra capacity to allow the system operatodispach. i all
twelve cases, the variation output of generator 12 and 24 are same. The difference is
generator 59 is asked to increase its output when the slack bus is selected on bus 12, 19,
40, 49, 70 and 110. Furthermore the increased output variation voluhesecases are
nearly the same as 5.09 MW. As a result, the power change volumes of generator 49 in
such cases are different from other cases in which generator 59 is not involved in re
dispatchingSo in Figure 4.13, the corresponding congestion costedfvelve cases are
slightly different. The congestion cost of the cases with generator 59 participation is 19615

#ih while the cost of the cases without generator 59 participation is 19611 £h.

4.5.6.Discussion

The proposed rdispatch scheme with the sensty index PTDF is tested under
four different IEEE modified power systems. Overall, the method is capableipiagch
the generation schedule based on the objective function with three constraints. The
sensitivity factor PTDF is able to find the pawiow contribution of each generator to
the congested line so thedespatching is become more effective and accuBssed on
the rules of the incremental and decremental bids, corresponding cost due to
transmission congestion can be obtained. Aaiully, the introduction of the incremental
and decremental bids improves thetivation of market participants to be involved in the
re-dispatching action so the system operator is allowed to remove the transmission

congestion risk with plenty of powegsource under a minimum cost.
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Four modified test system results demonstrate the capability of the proposed PTDF
method for generation f@ispatching. From Hbpus test system up to 1-b8is test system,
the proposed method can all provide a solution to relieve transmission congeston iss
by re-dispatching initial generation schedules. With the help of the concept that the level
of overloading (LO) of a congested line, the performance of the proposed method is further
demonstrated. In the d3us case, with the overloading level of thexgested line 3
reaching 45%, the PTDF method solved the congestion problem properly. Inius 30
case, the LO of the congested lind2lis 52% but the method still works. In thel&ars
case, the LO of the congested lin2Fis only at 8% and the proged method fulfilled
the rescheduling of the generation plan by asking three generators to change their initial
generation outputs. In the 1:b8is case, the LO of the congested line223ame up to
99%. It should be noted that this case is very extremtemaight be unrealistic but
technically it can reflect the proposed m
outcome is the PTDF sensitivity method provided a solution to handle this severe

congestion problem.

However, the potential weakness istttitee PTDF index method is dependent on
the slack bus selection. The experimental outcomes proved that the results are indeed
different when choosing different generator bus as the slack bus. In-thes¥ase, t a
difference in the results existed bue tdistinction is very small so it can be ignored. In
the 14bus case and 1i&us case, the outcome differences between different slack bus
selections are granted. Consequently, it may make the PTDF method become inaccurate
if only consider one generator$as the slack bus. Whereas, if all the generator buses are
respectively chosen as the slack bus plus the power system has a number of generators,
the result calculation process will become complex. The case abusl8ystem is a
difficult example to testt because there are twelve possible choices for the slack bus

which need to be considered.
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4.6. Summary

This chapter introduced proposed method with the sensitivity index PTDF 1o re
dispatch generation when transmission congestion occurs in the powen.sgime
conventional redispatch generation methods are described before the content of the
proposed method. The differences between the conventional method and the proposed
method are indicated, which makes the latter one more effective and reasohelulerer
concept of this proposed method is a sensitivity index PTDF whose algorithm is described
with a series of formulae. Then the mathematic model of the proposed method including
an objective function and three constraints one of which includes thiéagnfactor are
displayed in detail. Case studies consist of four test systems which are modified IEEE
systems respectively with 14 buses, 30 buses, 57 buses and 118 buses. Experimental
results show that the proposed method is capable under most ramdamstances.
However, some results proved that it still has drawback. Dependence of slack bus
selection lead to the inaccuracy and the complexity of the PTDF based method. This
disadvantage should be addressed or another approach will come to raplacettiod

as a solution
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Chapter 5

Re-dispatch Generation in Deregulated Electricity

Market with Bus Impedance Matrix Sensitivity

5.1. Introduction

In chapter 4, a proposed generatiordigpatch method with the power transfer
distribution factor is introduced, described and tested. Through experimental results from
four test systems, it is proved that the weakness of the method is the dependenke of slac
bus selection. Choosing different generator bus as the slack bus leads to the different
outcomes of generation rescheduling and the corresponding security costs become more
or less distinct as well. Hence the method might be inaccurate on the gensation
dispatching if there is a transmission congestion problem occurs and generators would be
in front of an unfair command to be asked to adjust their generation outputs. In this chapter,
another sensitivity factor is recommended to apply in the proposispatching method,
which is called the bus impedance matrix sensitivity. As its name implies, the sensitivity
index is related to the bus impedance matrix of the power flow system and is able to
determine the sensitivity of a particular transmission piowver flow with respect to
power injection variation at a particular bus. This chapter is aim to test the performance
of the redispatch scheme with above sensitivity factor and compare it with the PTDF

based method under the same test conditions.

In this chapter, the proposed generatiordispatch method associated with the
bus impedance matrix sensitivity will be represented in detail including the methodology
of the proposed rdispatch method in section 5.2. The descriptions of the admittance

matrix and the impedance matrix are in the section 5.3. The algorithm of the sensitivity
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index is in the section 5.4. Section 5.5 will give the mathematic model of the proposed
method including an objective function and three constraints one of which contins th
bus impedance matrix sensitivity. Section 5.6 is the case study which consisted of
experimental results from four modified IEEE testing systems includifgu&436bus,
57-bus and 11&us systems. Comparison between the bus impedance matrix sensitivity
method and the power transfer distribution factor method will also be indicated in this

section. Section 5.7 is the summary.

5.2. Proposed Generation Redispatch Method in Deregulated
Electricity Market

The mechanisnof the proposed generationdespatch métod in this chapter is
as same as the method in Chapter 4. The details of the proposed method principle can be
found in section 4.2. The only difference is the proposed method in this chapter adopts
two different sensitivity factors to calculate the pofew contribution of each node to
the targeted transmission line. This time is the bus impedance matrix sensitivity which

will be explained in the following section.

5.3. The Admittance Matrix and the Impedance Matrix
This section will introduce the admittance matrix and the impedance matrix

including their formulations and functions.

5.3.1.The Admittance Matrix

In power engineering, the nodal admittance matrix which is also called admittance
matrix, Y matrix or Ybus is regyded as a mathematical model to express the power system
network through a simplified calculation [115]. Power system transmission requires
optimized management for real and reactive power flows. When a set of load demands,

voltages and currents are givéime necessary real and reactive power flows in the power
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system needs to be determined. In most realistic power systems, situations are always very
complex, which is difficult to deal with. Therefore, computer simulation is required to
solve above probias. The admittance matrix is an effective tool which provides a route

to simplify a complex power system to a matrix format so the power system problem can

be worked out by a computer program.

From load flow equations, a nodal current equation for-aasnpower system is
shown as follows [116]:

(5.1
Where
‘ND: The nodal current in bus
¢* : The admittance matrix of thebus power system
¢ : The voltage on bus
Equation(5.1) can be expressed in matrix form as follows:
O w 0w 8 0 w
0 ® w 8 O
e & & E & & (52)
0 ® O 8 & w
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Hence, in general the format of the Ybus matrix for dous power system is as

follows:

E: - e: g:
S
S

oc.mpoc oc

(5.3)

It should be noted that the admittance matrix is a singular matrix [117].
Consequently, it is necessary to select one of the buses in the system as the slack bus or
called reference bus, otherwise, a singular admittaratex is difficult to be utilized in
the power system calculation. By choosing one of the buses as the slack bus, the
corresponding row and column in Ybus matrix are deleted so that the reduced admittance
matrix turns into a nosingular [116]. Hence, ¢hreduced Ybus matrix can be easily dealt
with.

5.3.2.The Impedance Matrix

Unlike the admittance matrix which is used very frequently in power flow study,
the impedance matrix was not encouraged initially due to time, memory and
computational requirements [118]. However, the impedance matrix becomes an important
tool for power sgtem analysis nowadays. If the bus impedance matrix ofoars 8ystem
is available, such a matrix can be utilized for power flow study, @it calculation
and fault study [119]. There are a number of algorithms for building up a Zbus matrix
including directly building up, nosingular transformation, graph theoretic approach and
inversion of bus admittance matrix [118]. In this thesis, Zbus matrix is derived from Ybus
matrix inversion. Hence, the Ybus inversion method will be concentrated on in the

following content.
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From load flow equations, a nodal voltage equation for-Bashpower system is

shown as follows to express the relation between bus voltage and bus current:

(54)
Where
& : The impedancenatrix of the Rbus power system
Equation (5.4) can be expressed in matrix form as follows:
) O w 8 w O
3 € € E é & (55)
W ®@ ® 8 ® O

Hence, in general the formulation of the Zbus matrix for-Bnsipower systens

as follows:

€, € E

(5.6)

€ o, £ €
€ o, € €
cc.mp cc o
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Based on the Ybus inversion algorithm, the relation between Zbus matrix and

Ybus matrix should be represented as follows [116]:

(5.7)

However, asnentioned in section 5.3.1, the Ybus matrix is singular and cannot be
inverted. Hence the Ybus matrix must be turned into asivagular matrix by deleting the
corresponding row and column of the slack bus. For example, if bus 1 is selected as the
slack b, the corresponding row and column of bus 1 will be deleted so that the Ybus

matrix becomes a reduced Ybus matrix.

(5.8)

oC . mp O&C ©
€ o €

S:CD%S:
oC mp OC
€ m €

Where

® °:The reduced admittance matrix of thluspower system

Now the reduced Ybus matrix has become asingular matrix so it is able to be

inverted. The inverse of the reduced Ybus matrix, a reduced Zbus matrix can be obtained.

(5.9)

119



Chapter 5 Ralispatch Generation in Derequlated Electricity Market with ZS

Then by adding one row 0 and oogumn 0O into the reduced Zbus matrix, the

Zbus matrix can be found.

()
3 o 3
Tk
|

G (5.10

In conclusion, the Zbus matrix is formulated by inversing the Ybus matrix with
selecting a slack bus. It should be noted that the Zbus matrix dera/édte inversion of

Ybus matrix relies on slack bus selection and elements associated with slack bus are zero.

5.4. The Algorithm of Bus Impedance Matrix Sensitivity

Bus impedance matrix sensitivity (ZS) is the second sensitivity factor to detect the
sensitivity of a particular transmission line power flow with respect to a bus power
injection. The derivatiormf this sensitivity factor originated from the expression of the
complex power flow of a particular transmission line from ptesbusk [24, 112, 120].
A transmission line can be represented bytleguivalent circuit, as shown in Figure 5.1

[121], andthealgorithm of the bus impedance matrix sensitivity is displayed as follows:

IEN T

Fi gurZEqgsui val ent Circuit-kof Transmission
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The expression of theamnplexpower flowover transmission lingk from busj is

shown as

Vo T (5.11)

Where

"V : The complex power flow of lingk calculated at bujs
¢* : The bus voltage at bijs

““\ : Theconjugate of current through lifek

Usingtheimpedancenatrix, the voltage at byss shown as

o & 0 (5.12)

Where
¢ : The ™™ row and™ columnelement in the impedance matrix

"N: The nodal current at buis

Thecurrent through the lingk is shown as
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(oW NN FR e (5.13)

Where

‘™ The current through linek
« : The bus voltage at biks

«* : The series admittance of theequivalent circuit of ling-k
«* : The shunt admittance of theequivalent circuit of ling-k

Substituting equatio(b.12 and equation (5.)3nto equation (5.11), theomplex

power flowover transmission lingk is rewritten as:

v AR A AN AN Al e AR 57 (5.14)

Where

@ :The ™™ rowand™ columnelement in the impedance matrix

"r): Theconjugate of nodal current at bius

The active power through lifek is the real component "V

¥ YQe ¢ ¢ X ¢ 6 (5.15)
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Where

Re: Taking the real component only

Since®)can be expressed as:

H (5.16)

Where

Ca

: The active power injected at bys

(o]

: The reactive power injected at bys

« : Thevoltage at bus.

So the active power through linek can be rewritten as:

~ r w r ” r -U
o Yoo ¢ ¢ X & (5.17)

Neglectingthe contribution o0 toC , theexpression can be further rewritten as:

’
AY

¥ YQ P AN ARG e 20 (5.18)
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The relation betwee  and0 has been found argimplified as:

C w0 (5.19)
. o, . i
(VR Y 25 e o o o o (5.20)

Where

® "1 : The busimpedancematrix sensitivty of line j-k respectto real power

injection at bus.

Thetotal active power flow through a particulaansmission line can be split into
portions and each portion of the active power is associated with one particular bus power

injection. The relation is shown as:

U

Yo W Y0 (5.21)

Where

Y&  : The portion of active power flow change through fifeonly associated

with busi power injection change

Y0 : The power injection change of bus
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As mentioned in section 5.3.2, the Zbus matrix is dependent on slack bus selection.

Hence, the impahce matrix sensitivity method is also dependent on slack bus selection.

5.5. Mathematical Model for the Proposed Method with Bus

Impedance Matrix Sensitivity

Themathematical model for the proposed method is the same as the one in chapter
4 and the details can be obtained in section 4.4. The only different point is that in the
second constraint the PTDF sensitivity factor is replaced by the bus impedance matrix
sensitivity. The mathematical model with the bus impedance matrix sensitivity is showed

as follows:
aQ¢ 6 OY0 (5.22)
Subijectto:
YO T (5.23)
W Y0 ¢ ¥ (5.24)
When
¢ ¥ T
W' Y0 § i (5.25)
When
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o6 Y 0 0 (5.26)

Where
0 : Theincremental/decrementhld price of generatar
Y0 : The incremental/decremental amount of active power injection of generator
[

@ "+ : The bus impedance matrix sensitivity of the liferespect to bus

¢ : Transmission capacity limit of linek

¥ : The active power flow of lingk in unconstrained dispatch
0 : The generation amount of generdtir unconstrained dispatch

0 : The generation capacity of generator

Same with the contents of section 4.4, equation (5&3##esents minimization of
the total cost of generation-déspatching. No matter if the cost is from incremental bids
or decremental bids, they are all counted into the cost of congestion or called security cost.
Equation (5.23) indicates that the sunpoiver output variations from all the bids should
be equal to 0 in order to keep the balance of the whole power system. Equation (5.26)
requestghatthe total incremental power volumes of a generator should be limited to its
generation capacity minus itsteduled power output and the total decremental power
volumes should be limited to its scheduled power outpuhis chapter, equation (5.24)

and equation (5.25) express that thdigpatching of generation is based on the sensitivity
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factor ZS ratherhtan the PTDF. But the aim is identical that the sum of generation
variations in redispatch should result in the power flow on the congested line reducing

below its transmission capacity.

5.6. Casestudies

In a similar way, the case studies also consist oftesng results from four
modified IEEE bus systems including an IEE& bus system, an IEEBD bus system, an
IEEE-57 bus system and an IEERS8 bus system. These tests are intended to find the
performance of the proposed generatiedispatch method aeciated with the sensitivity
factor ZS.The results are about the generation variations -gisgatch stage and the
corresponding congestion costs or called security costs. This chapter is focus on the
comparison between the PTDF based method and thm&&1 method under the same

test environment.

5.6.1.Test Description

The test condition is same with the chapter 4 and the details can be found in section
4.5.1. The concept the level of overloading (LO) is continued to be used. The content of
the test in thichapter is tacalculate the rescheddl@eneration for each generator and
the btal congestion cost under a same LO condition by using the PTDF method and the
ZS method Comparethe results fronboth methods by tables and grapbsie to the
dependence @flack bus selection, to simplify the comparison process, both methods only
consider the first generator bus as the slack bus. Additionally, tests of both the PTDF
method and the ZS method under totally five $€@naris to discover the performances
of bothtwo methods when dealing with different congestion situations, especially when
the congestion of the transmission line becomes severer. Then compare the security costs
caused by both the PTDF method and the ZS method under these five congestion

situations Two curves will be found to represent the difference between two methods. It
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should be noted that in order to simplify the comparison process, the PTDF method and

the ZS method in this comparison both only select the first generator bus as the slack bus.

5.6.2.Modified IEEE14 Bus System

Themodified IEEE14 bus test system is same with the system in chapter 4, which

is showed in Figure 5.2 as follow:
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6
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O
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<—{ Load
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3
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,

L 7

FigurTehes . modi f-idedbuUusEEEystem

The parameters of the generators and loads in the test emérdrare set up the
same, which are displayed in Table 4.1. The generation schedule in the unconstrained
dispatch is showed in Table 4.2.

After a DC optimal power flow without considering the transmission line

constraints, the generation schedule forhegenerator in the unconstrained dispatch is
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obtained, which is as same as the section 4.5.2. Then it is found that the power flow of
transmission line-3 in the unconstrained dispatch is more than its transmission capacity
limit and the level of overloadg (LO) of the congested line is 33%. Then use two
sensitivity methods to provide solutions for this particular congestion probleenre
dispatch generation variatioof each generatocalculated by two sensitivithased
methods when the LO equals to 38®@btained and the results are shown in Table

To make it more straightforward, the information of Table 5.1 is visualized in Figure 5.3.
The corresponding congestion costs caleddty two methods are indicated in Figure 5.4.
Follow thesimilar way, other four scenarios with the LO18b6, 7%, 14%, 21% are tested
respectively. Finally, the corresponding security costs in five scenarios calculated by two
methods are obtained and dasged in Figure 5.5 by two curves to represent the different

outcomes by two methods.

Table 5.1 Generator Output Variation Due to Re-dispatch by Two Methodsin 14-
Bus SystemWhen LO=33%

Yl Yl
Generator PTDF dack bus 1 ZS slack bus 1

(MW) (MW)
G1 0 -11.52
G2 0 +132.72
G3 -67.31 +38.90
G6 +38.90 -160.10
G8 +28.41 0
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Comparison of generator output variation when LO=33%
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Comparison of security cost by two methods in different LO scenarios
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test system

From Figure 5.3, the rescheduled generation for each generator accomplished by
two methods is obtained. It is indicated that the Z®dasethod asks generator 1, 2, 3,
and 6 to adjust their power outputs while only three generators are involvedispagch
in the PTDF based method, which are generator 3, 6 and 8. From Figurell&strates
that the security cost due to congestinanagement by the ZS based method, which is
£12287/h, is more than twice the PTDF based method, which is ££527/h. The reason can
be found in Figure 5.3 that not only the number of generator involvementispatch
by two methods is different, but aldwe output volume variations of generator 2 and 6 are
large plus the decremental bid price of generator 6 is high. From Figure 5.5, it is found
that when the level of overloading of the congested line is 1%, 7% and 14%, the security
costs due to congestionanagement by two methods are nearly the same. When the LO
is 21%, the security costs by two methods start to be distinct. When the LO condition is
at 33%, the distinction of security cost calculation by two methods become larger. It can
be concluded thawith severer degree of congestion, the security costs caused by two
sensitivitybased methods will become more different.
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5.6.3.Modified IEEE30 Bus System

The modified IEEE30 bus test system is as same as the test system in chapter 4,
which is showed in Figure 5.Ghe parameters of the generators and loads in the test
environment are set up the same, which are displayed in Table 4.4 and Table 4.5. In the

uncorstrained dispatch, generation schedules of six generators are showed in Table 4.6.
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After a DC optimal power flow without taking the transmission line constraints
into consideration, the generation schedule for each generator in the unconstrained

dispatch is obtained, which is as same as the section 4.5.3. Then it is found that the power
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flow of transmission line 42 in the unconstrained dispatch exceeds its transmission
capacity limit and the level of overloading (LO) of the congested line is 19%. Then use
the two sensitivitypased methods to find solutions for this congestion probléra.re
dispatch generation variatiarf each generatdrased on two methods when LO equals to
19%is obtained and the results are shown in TalReandvisualized in Figure 5.7. The
congestion costs calculated by two methods are indicated in Figure th8same way,

other four scenarios with the LO d%0, 4%, 8%, 13% are testeespectively. Therefore,

the corresponding security costs in totally five scenarios calculated by two methods are
obtained and displayed in Figure 5.9 by two curves to représemifferent results by

two methods.

Table 5.2Generator Output Variation Due to Re-dispatch by Two Methodsin 30-
Bus SystenmWhen LO=1%%

Y, Y,
Generator PTDF dack bus 1 ZS slack bus 1
(MW) (MW)
Gl -69.55 0
G2 0 +271.50
G5 0 +73.97
G8 0 -133.39
G111 0 -212.08
G13 +69.58 0
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Comparison of security cost by two methods in different LO scenarios
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From Figure 5.7, it is indicated that the ZS based method asks generator 2, 5, 8,
and 11 to adjust their power outputs while only two generators are involvedispegch
in the PTDF based method, whiale generator 1 and 13. From Figure 5.8lustrates
that the security cost due to congestion management by the ZS based method, which is
£28378/h, is more than five times as the PTDF based method, which is £914/h. It is
because the number of generatmolvement in redispatch by the ZS method is doubled
the PTDF method, and the incremental/decremental volumes of generators involved in the
ZS method are larger than the PTDF method plus the incremental/decremental bid prices
of generators involved irhé ZS method are higher than the ones in the PTDF method.
According to the Figure 5.9, it is showed that with higher level of overloading of the
congested line, the security costs distinction based on two sendiaggd methods
become larger. It shoulde noted from Table 5.2 that when dealing with the congestion
at LO equals to 19%, the PTHEfased method involves G1 and G13 intaligpatch stage
while both of them are not asked to change their generation output in-theesé& method.

Instead, the Z®ased method asked other four generators to change their outputs while
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they are not involved in rdispatch stage in PTDBBased method. It is very clear to say
that under this congestion scenario, two sensitivitged method have totally different
idea tore-dispatch generation output. Consequently, the security costliaZe&] method

is around five times to the PTB#dased method, which can be seen from Figure 5.8.
Although, in the first four congestion scenarios, the security cost values in tihasgg
method are all more or less three times to the RIbB¥ed method, the sudden jump at
LO equals to 19% is still obviously observed. The direct reason for this has been explain
as the Zshased method involves more generation power 4gigeatch. To dig in,he
deeper reason may be obtained from Appendix Table B. It is found that when selecting
bus 1 as the slack bus, two methods calculated totally two different sensitivity factors for
six generator buses respectively because two types of sensitivity factaraleulated
based on different algorithms. As a result, thehdSed method may not be regarded as a
more appropriate approach than the PIi2Bed method under this particular

circumstance, not only it may produce more security cost but also the ibgtabil

5.6.4.Modified IEEE57 Bus System

Themodified IEEES7 bus test system is same with the system in chapter 4, which
is showed in Figure 5.10The parameters of the generators and loads in the test
environment are set up the same, which are displayed in Table 4.8 and Table 4.9. In the
unconstrained dispatch, generation schedules of seven generators are showed in Table
4.10.
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After a DC optimal power flow without transmission line constraints, the
generation schedule for each generator in the unconstrained dispatch is obtained, which is
as same as in section 4.5.4. Then it is found that the power flvansmission line-29
in the unconstrained dispatch is above its transmission capacity limit and the level of
overloading (LO) of the congested line is 8%. Then the two sensitigggd methods are
utilized to find out solutions for this transmission gestion problemThe generation
output variatiorof each generator in reschedulivgsed on two sensitivity methods when
LO equals to 8%s obtained and the results are shown in TéBeandrFigure 5.11. The
security costs caused by two methods are inelicia Figure 5.12. Similar)ytests of other

four scenarios with the LO dPo, 3%, 5%, 7% are accomplishedpectively. Therefore,
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the corresponding security costs in totally five scenarios in two methods are obtained and

displayed in Figure 5.13 by twaurves to represent the different results by two methods.

Table 5.3Generator Output Variation Due to Re-dispatch by Two Methodsin 57-
Bus SysteniWhen LO=8%

Y, Yl
Gen PTDF dack bus 1 ZS slack bus 1
(MW) (MW)
G1 +170.47 -129.50
G2 0 -70.36
G3 +0.21 +125.53
G6 -208.98 +45.36
G8 0 +185.41
G9 0 0
G12 +38.31 -156.44
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Comparison of security cost by two methods in different LO scenarios
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From Figure 5.11, it is noted that the ZS based method asks all the generators in
the system except generator 9 to adjust their power outputs while onlygdmertors
are involved in redispatch in the PTDF based method, which are generator 1, 6 and 12.
Figure 5.12illustrates that the security cost due to congestion management by the ZS
based method, which is £6755/h, is about £L0000/h more than the BaB&d method,
which is £16056/h. The reason is the number of generator involved in {thiepatch by
the ZS method is doubled the number in the PTDF method. From Figure 5.13, it is found
that when the level of overloading of transmission lir#97s 1%.the security costs due
to congestion management by two methods are roughly close and in fact the security cost
caused by the PTDF based method is slightly higher than the ZS based method. When the
LO is 3%, the security costs caused by the two methodsatae distinguished. Based
on the results of the LO interval between 3% and 8%, it is showed that with severer degree
of transmission congestion occurs on the congested line, the security cost distinction of

two sensitivitybased methods becomes larger.
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5.6.5.Modified IEEE118 Bus System

Themodified IEEE118 bus test system is same with the test system in chapter 4,
which is showed in Figure 5.1Fhe parameters of the generators and loads in the test
environment are set up as the same in chapter 4, whichisptayed in Table 4.12 and
Table 4.13. Generation schedule in the unconstrained dispatch is showed in Table 4.14.

©

Figure 5.14 ThEel8noud iseystleEmrE

After running a DC optimal power flow without considering transmission line
constraints, the generation schedule for each generator in the unconstrained dispatch is
obtained, which is as same as the information in section 4.5.5. Then it is found that the
power flow of transmission line 224 in the unconstrained dispatch is over its

transmission capacity limit and the level of overloading (LO) of the congested line is 99%,
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which can be regarded as the transmission line is nearly blocked. Then let the two
sensitivity-based methods figure out solutions for this serious transmission congestion
issue.The generation output variatiasf each generator in 4@ispatchbased on two
sensitivity methods when LO equals to 9B%btained and the results are shown iblda

5.4 andFigure 5.15. The security costs caused by twdispatch methods are indicated

in Figure 5.16. At lastiests of other four scenarios with the LO18b, 25%, 50%, 75%

are accomplisherkespectively. Therefore, the corresponding security codtstally five
scenarios of two methods are obtained and displayed in Figure 5.17 by two curves to

represent the different results by two methods.

Table 5.4Generator Output Variation Due to Re-dispatch by Two Methodsin 118
Bus SystemWhen LO=9%%

Yl Y,
Gen PTDF Slack bus 12 ZS slack bus 12

(MW) (MW)
G12 +228.83 -71.17
G19 0 -241.47
G24 -296.55 0
G27 0 -300
G40 0 0
G49 +62.65 +180.18
G59 +5.09 +208.96
G61 0 +223.50
G70 0 0
G85 0 0
G99 0 0
G110 0 0
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Comparison of security cost by two methods in different LO scenarios
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From Figure 5.15, it is showed that the ZS based method requires generator 12, 19,
27, 49, 59 and 61 to change their power outputs while only four generators which are
generator 12, 24, 49 and 59 are involved wdigpatch when using the PTDF based
method From Figure 5.16, it igllustrated that the security cost due to congestion
management by the ZS based method, which is £3939/h, is more than the doubled
security cost by the PTDF based method, which is £19615/h. It is due to the involved
generators ime-dispatch by the ZS method is more than the ones in the PTDF method.
From Figure 5.17, it is indicated that when the level of overloading of the congested line
2324 is 1%, the security costs due to congestion management by two methods are
similarly appoximated but in fact, the value in the-B&sed method is doubled the PFDF
based method. From the results of the LO interval between 25% and 99%, it is
demonstrated that with greater level of transmission congestion occurs on the congested
line 2324, thesecurity costs distinction of two sensitivityased methods becomes more

distinct, with the values on the Asased curve all approximately twice the values on the
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PTDFbased curve. The explanation can be seen inside the Appendix Table D. It is found
thatwhen selecting bus 12 as the slack bus, the two methods calculated totally different
sensitivity factors for twelve generator buses respectively because the two types of
sensitivity factors are calculated based on different algorisms. As a result,-thes&®
method may not be selected as the right way-thggatch generation under this particular

circumstance since it may produce more security cost.

5.6.6.Discussion

In this case study, performances of the two sensithdised generation +e
dispatch methodare tested under four different test systems. Experimental results prove
that the ZS based methodn implementhe generation rdispatching with fulfilling the

objective function and the three constraints.

However,the ZS method still has some disadtames. First of all, the ZS based
method is also dependent on the slack bus selection, just like the PTDF based method.
Therefore, it will make the ZS method inaccurate if only consider one generator bus as the
slack bus. However, if choose each the gatoerbus in the system as the slack bus
respectively, the problem solving process will become -tovesuming. Secondly,
compared with the PTDF method, generatiowlispatching by the ZS method involves
more generators to adjust their initial generatiotpouschedules. In the case of-thds
system, the comparison of the ratio of involved generators between the ZS method and
the PTDF method is 4:3; in the case ofl8% system, the ratio is 4:2; in the case of 57
bus system, the ratio is 6:3 and in theecak118bus system, the ratio is 6:4. Due to the
number of generator involved in-déspatching by the ZS method is more than the PTDF
method, the corresponding security cost or called congestion cost caused by congestion
management in the ZS method is rmoexpensive than the PTDF method. The
comparisons of the security costs between two methods in all the test systems are the

evidences to prove the above conclusion. In the case-bfid4ystem, the security cost
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in the ZS method is £12287/h while in ti&'DF method the cost is £526/h. The PTDF
based method only produced nearly 50% security cost of Hmg&] method; in the case

of 30-bus system, ZS method causes £8377/h congestion cost and PTDF method causes
£5914/h congestion cost, which means theDFlbased method only results in 21%
security cost of the ZBased method; in the case of-lrs system, the security cost
contrast is £26755/h to £16056/h. The security cost value in the Rh&¥ed method is
only approximately 60% of the Z8ased methodnithe case of 11Bus system, the cost
contrast is £13939/h to £19615/h, which indicates that the security cost value the-PTDF
based method produced is only around 45% of the value in Hhagsi method It is also
found that with the increasing level oferloading of the congested line, the distinction
of security costs caused by two sensithigsed methods become more distinguished.

5.7. Summary

In this chapter, the proposed generationlispatch method associated with the
bus impedance matrix sensitivig/described in details including the methodology of the
proposed ralispatch method with the sensitivity factor and the algorithm of the sensitivity
factor. The mathematic model of the proposed method including an objective function and
three constraintene of which contains the bus impedance matrix sensitivity are given.
Case studies consist of experimental results from four modified IEEE testing systems
including a 14bus, a 3tbus, a 57us and a 118us systems are implemented.
Comparison between theis impedance matrix sensitivity method and the power transfer
distribution factor method indicates that the ZS based method is dependent on slack bus
selection as well; number of generator involvement idispatch by the ZS method is
more than the PTDRethod which leads to the security cost in the ZS method is higher
than the PTDF method when dealing with a same level of overloading congestion problem;
with the severer LO situation, the security cost difference between the ZS method and the

PTDF methodawill become larger
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Chapter 6

Security Cost Allocation in Deregulated Electricity

market with Power Transfer Distribution Factor

6.1. Introduction

The extra cost due to transmission congestion management thredighatching
generation is called the congestion cost or the security cost. It is the redjppidithe
system operator to balance the congestion management and the security cost. Since in the
deregulated electricity market, the system operator does not have any source of income,
the security cost needs to be recovered from market particifdrasefore the security
cost allocation become very essential to decentralize the cost balancing problem in the
electricity market. As mentioned in section 4.2.2, the security cost of the electricity market
is originated from the incremental/decrementakhbitechanism. Generators take part in
the bid submission so as to help the system operator to relieve the congestion and the
system operator will pay for generators the extra cost of tkdispatches. Since
generators have already offered assistance tageaoongestion, the security cost will
only be allocated to the demand side. The allocation principle is according to the power
flow contribution of each load to the congested transmission line. The power flow
contribution of each load will be calculateaisied on the power transfer distribution factor
(PTDF) which was introduced in chapter 4. The proposed allocation method will be tested
in four test systems under the same test conditions as the case studies of chapter 4 to
allocate the already calculateelcsirity costs to the loads according to their power flow
contributions to the target line.
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In this chapter, conventional security cost allocation schemes will be described in
section 6.2. Then the mathematic model of the proposed allocation method With PT
will be given in section 6.3. Section 6.4 is the case study including experimental results
of four modified IEEE test systems which are an IEEEbus system, an IEEBD bus

system, an IEEfS7 bus system and an IEEHS8 bus system. Section 6.5 is thenguary.

6.2. Conventional Security Cost Allocation Schenme

In chapter 3, various types of congestion management schemes are discussed in
details. In fact, they not only just manage transmission congestion but also intend to
balance the extra cost caused bygestion relief. Different electricity market models
apply different schemes on security cost allocation.

6.2.1.Security Cost Allocation in Vertically Integrated Power Utility

In the traditional vertically integrated power utility, transmission congestion is
resolved by ralispatching generation. The cost ofdispatching action which is
considered as the security cost will be put on the shoulder of the vertically integrated
utility [110].

6.2.2.Security Cost Allocation ifPool Electricity Market

In the poolbased electricity market, transmission congestion is relieved by
generation ralispatching according to markiedsed rules. The corresponding security
cost is allocated to th@ads by using uniform marginal price, locational marginal price
and zonal price [107, 122]. As discovered in section 3.3, uniform marginal price and
locational marginal price is different on the security cost allocation. Uniform marginal
price allocates # security cost based on a adiscrimination principle which means all
the loads in the system will shoulder the extra cost uniformly. The demand side customers

are asked to equally share the security cost without considering their impact on the
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congestio problem. By contrast, locational marginal price allocates the security cost with
taking load location into consideration. As described in section 3.2.1.2, the locational
marginal price is consisted of three components: marginal cost component, congestion
cost component and loss cost component. If there is no congestion in the system, the
locational marginal price has only the marginal cost component, which means prices on
all nodes are identical. Once congestion occurs in the system, the congestion cost
component will be added into nodal price calculation, which leads to different locational
prices on nodes. Since the loads are charged based on their nodal prices, the security cost
is already allocated to the loads through electricity price settlemeniddanef locational
marginal price reflects the locational factor of load, in other words, it considers the impact
of each load to the congestion. However, this method will trigger merchandising surplus
issue which is due to the net income of the systeanadpr [35]. Adopting the locational
marginal price as the pricing scheme, the congestion will result in a revenue of the system
operator. With more severe congestion situation, the revenue will become get larger. This
revenue can be distributed back te tharket participants or paid off to the holders of

financial instruments [123].

6.2.3.Security Cost Allocation iBilateral Electricity Market

In the bilateral electricity market, contract between generator and load does not
think of congestion and tr@rresponding security cost. Hence the incurred security cost
will be allocated to market participants. Firstly, the total security cost will be divided into
generation portion and load portion on a Hlff basis [35]. Secondly, each cost portion
will be allocated to generators or loads based on their power energy
generations/consumptions [107]. The process of the security cost allocation in bilateral

market is according to the following equations [35]:

Y& Y6 ™ Y6
(6.1)

149



Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

YO — YO (6.2)

Y6 ——— YO (6.3)

Where
"YO : The total security cost
"YO : The security cost pton for generators
"YO  : The security cost ption forloads

"YO : The security costllocated to generator
0 : TheMW power generation of generator
"YO : The security costllocated to loagl

: TheMW power consumption of logd

C2

0 : The number of generators in the system

0 : The number of loads in the system

Equation (6.1) expresses the total security cost is divided equally into generator
portion and load portion. Equation (6.2) and equation (6.3) show that the security cost
allocated to each generator or each load is based on its power energy generation or

consumption.
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Nevertheless, such securitgst allocation method cannot reflect the impact of
each market participant to the transmission congestion. This is unfair fpariapant
especially the one who contributes less to the congestion to shoulder the security cost. A
method should be proposed to let the security cost allocate to the participant who is more
responsible for the transmission congestion rather than dsmgaally over all the
participants [124]. Therefore the power flow contribution of each market participant to
the congestion problem should be calculated in the first place.

6.3. ProposedSecurity Cost Allocation Method with Power Transfer

Distribution Factor

The proposed security cost allocation method with PTDF factor will be described

in details including the mechanism and thathematical model of the method.

6.3.1.Mechanism of the Proposesecurity Cost AllocatioriMethod with

Power Transfer Distribution Factor

As mentioned in section 4.3, the power transfer distribution factor can figure out
therelationship between the active power flow of a particular transmission line from bus
j to busk and the active power import or export at bua/ith the help of the PDF factor,
the power flow on a particular transmission line can be regarded as the consequence of
the combined actions of all the generators and loads in the system. That is to say it is
possible to find the contribution of each generator or each lodm toower flow of the

congested line if there is a congestion situation occurs in the power system.

In the proposed method, generators do not bear the security cost, therefore, all the
loads in the system are requested to shoulder all of it. As a reésutipntributions of all
the generators to the power flow of the target transmission line should only be used to

calculate the MW contributions of all the loads to the power flow on the congested line,
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which is the total power flow MW values on the congediee minus the power flow

MW values associated with generators contribution. Once the MW portion on the
congested line associated with all the loads is obtamwdpined withthe power flow
specifically associated with each load, the contribution of each load to the power flow on
the congested transmission line can be captured. Finally, the produced power flow
contribution of each load times the total security cost goes tltwated security cost to

each load.

6.3.2.Mathematical Model of the Propos&ecurity Cost AllocatioMethod
with Power Transfer Distribution Factor

Thefollowing equations aréhe mathematical model which am to express the

abovemechanisnof the proposd security cost allocation method with PTDF.

Equation (6.4) expressed the total MW power flow of the congested line is
consisted of generators contribution plus loads contribution. Combined with the definition
of the PTDF, which is contained in sectiaB 4he relationship between the active power
flow change quantity of a particular transmission line fromjkasbusk and the active
power injection change quantity at bighe active power flow quantity of a particular
transmission line in the systeran be deemed as the result of joint action of all buses no
matter they are injecting power into the system or withdrawing power out of the system.
The above explanation can be further expr
power flow of a partiular transmission line can be calculated as its power input or output
to the system times its sensitivity factor to the particular transmission line. It should be
noted that the contribution of one particular bus to one particular transmission line could
be either positive or negative. If the contribution is positive, it means this bus helps to
increase the power flow of the transmission line. If the contribution is negative, it means

this bus helps to decrease the power flow of the transmission linefditgerthe power
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flow of a particular transmission lingk consists of such positive contributions and

negative contributions from all the buses in the system.

(6.4)

Where
¢ : The power flow MW value of the target transmission ke
¢ : Thepower flow MW value on ling-k associated with all the generators

¢ : Thepower flow MW value on ling-k associated with all the loads

Equation (6.5) indicates thdte total MW contribution of generators is the sum of

the power flow contribution of each generator.

G 0 "Y€ u0
(6.5)

Where

C

“YC: u: The PTDF of the ling-k respect to generator bus

C2

: TheMW power energy injected by generator

Equation (6.6) shows that total MW contribution of load is the sum of the power
flow contribution of each load.
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G 0 "Y€ w0
(6.6)

Where

C

Y u: The PTDF of the ling-k respect to load bus

C

: TheMW power energy withdrawn by load

Based on the equation (6.5) and (6.6), equation (6.4) can be further extended as

follow:

¢ 0 "YC U0 0 "YC 00
(6.7)

As mentioned before, generators will not be involved in the security cost allocation,
S0 security cost allocation here is only based on the contributions of loads to the congested
transmission line. Therefore equation (6.6) is only the equation to be cedsidés

security cost allocation calculation.

Equation (6.8) tells that the MW power flow contribution of each load is equals to
the PTDF of the load times the power energy extraction of the load. Such equation is
introduced to help to find out eathoadbés contri bution percen

contributions of loads to the congested transmission line.
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N (ERVeV
(6.9)

Where

0 : Thepower flow MW value associated with load

Equation (6.9) is the expresriof the contribution percentage of each load.

0 0 "YC 0D
= pmtmh — — pmnmnpk
v B 0YGUD (6.9)

Where

6 0 © Thepower flow contribution percentage of loath the congested line
Equation(6.10) is the calculation of the security cost allocated to each load.

56 604 Y8
(6.10)

Where

0 ¢ : The allocated security cost to the load

"YO :The total security cost due to congestion management
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6.4. CaseStudies

The case studies in this chapter follow the rule of the former two chapters, which
is using four modified IEEE bus systems includinglBBE-14 bus system, an IEERD
bus system, an IEEE7 bus system and an IEEHAS8 bus system to test the perfonoa
of the proposed security cost allocation method with PTDF. In order to get a comparison
of the method performance, a pro rata allocation method based on power volume will be

introduced in the tests.

6.4.1.Test Descripon

Rules and environment of the tes¢ game with the chapter 4 and the details can
be found in section 4.5.1. The test is designed for finding the outcomes of the proposed
security cost allocation method with PTDF factor. The security cost will be allocated to
each load by the above methadlahe results will be presented by tables and graphs. To
get a comparison associated with the PTDF method, a pro rata based allocation method
will be brought to contrast to the PTDF method. Such pro rata method is an evolution of
the method mentioned irstion 6.2.3. The variation is that the total security cost will be
only allocated to the loads according to their power volume consumptions. Equation (6.11)

describes the principle of the pro rata method as follows:

0 ¢ — YO (6.12)

Thevalue of the security cost in each testing case is original from the test results
in section 5.5. On one hand, it is to guarantee the integrity of the proposed congestion
management scheme because of the proposed method is aim to not-dispateh

geneation but also to balance the security cost attributed to the congestion management.
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On the other hand, choosing the results from chapter 5 is intended to pave the way for the
next chapter which will introduce the impedance matrix based method to altbeate
security cost. In this way, it is convenient to compare the outcomes by different security

cost allocation schemes.

Sincethe PTDF based method is dependent on the slack bus selection, selecting
different generator bus as slack bus might incur differexperimental outcomes. To
simplify the experiment, case studies are mainly focus on two comparisons. One is the
comparison of different experimental results based on different PTDF values due to
different slack bus selections. Another one is the outcoomparison between the pro
rata method and the PTDF method when the first generator bus selected as the slack bus.

The test description is visualized by Figure 6.1 as follows:

Allocated Allocated Allocated
By By By
Different PTDF Pro Rata PTDF Method

values Method First Slack bus
\ 4
Get Results Get Results
and and
Compare Compare
The Outcomes The Outcomes
with Different by
slack buses Two Methods

Figurleesét description for chapter 6
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6.4.2.Modified IEEE-14 Bus System

Themodified IEEE14 bus test system is exactly same with the system in chapter
4 and 5, which is showed in Figure 6.2 as follow:

13
6
A2 _) 14

o

@—‘ Generator
11 10
<—~ Load
4
P
3

,

9

L 7

FigurTehes . modi f-idedbuUusEEEystem

The parameters of the generators and loads are set up the same, which are
displayedin Table 4.1. Transmission congestion still occurs on the target bradch 3
There are 5 generators and 9 loads in the system. The security costs are picked up from

the experimental results in section 5.5.2 which are displayed in Figure 6.3.
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Security Cost with Different Slack Buses
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6.4.2.1. Comparison between Security Cost Allocation with Different Slack
Bus Selections in the 14bus Test System
After used the proposed security cost allocation method with PTDF, the security

cost allocated teach load in the system is presented in Table 6.1 and Figure 6.4 as follows:

Table 6.1Security Cost Allocated to Each Load with Different Slack Buses in the 14
bus Test System

#h) L4 L5 L7 L9 L10 L11 L12 L13 L14

slack 1 642.13 437.46 726.49 585.66 685.43 1184.27 408.55 41257 444.06
slack 2 626.62 457.46 71552 | 579.94  681.58 1189.77 414.38 417.70 443.73
slack3  972.15 527.59 676.99 559.86 668.05 1209.00 434.83 435.70 442.56
slack6 1574.05 -762.41 1385.81 929.36 917.03  855.30 58.75 | 104.66 464.17

slackg -384.74 1759.65 0.00 206.95 430.25 1546.82 794.01 751.88 42191
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Security Cost Allocation with Different Slack Buses
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Figure 6.3 represents the security sosiginated from the experimental results in
chapter 5lt is indicated that the security costs based on different slack bus selections are
very close at around £526/h.

Figure 6.4 compares thecseity cost allocation to each load with different slack
buses. Itis found that when select the generator bus 1, 2 and 3 as the dlesgdnisvely,
the allocation results are similar. However, when bus 6 or bus 8 is regarded as the slack
bus, the redts of security cost allocation show quite a distinction. In the case of slack bus
6, load 4, 7, 9, 10 and 14 shoulder more security cost compared with the first three cases
and the cost allocated to load 11, 12, 13 and 14 is lower than the first theselnabe
case of slack bus 8, load 5, 11, 12 and 13 accept more security cost and load 7, 9 and 10
shoulder less cost compared with the first three cases. It should be noted that load 5 in
slack bus 6 and load 4 in slack bus 8 are allocated negatives\aflgecurity cost, which
means such two loads both have negative contributions on power flow of congested line,
in other words, they are helping to relieve the congestion. As mentioned in section 6.3.2,
the PTDFbased method is trying to find outeaclsbils r eal contri buti on
transmission |inebés power flow no matter |
these real contributions of loads, the system operator could take measures to do
appropriate security cost allocation to loadsre, as bus 6 is selected as the slack bus,
the PTDFbased method deems load 5 should be allocated negative security cost since it
helps to relieve the congestion and as bus 8 is selected as the slack bus, load 4 is considered
as the one who helps to imle the congestion. The system operator should avoid
allocating security cost to such loads and even reward them. From the above test results,
it should be known that the PTDF based method is indeed suffered the drawbacks of
complexity and inaccuracy dwe dependence on slack bus selection.

Figure 6.5 shows theaimum,theminimum andheaverage security cost values

of each load in 14bus systenunder different slack bus selections. From the figure, it can
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be found that load 5 has the biggest distdratereen the maximum value at £1759/h and

the minimum value atf762/h. Therangeis £521/h. Load 14 has the smallest range
between the maximum value at £64/h and the minimum value at £121/h. The range is
£11/h. The black curve shows the average secenst values of each load under different

slack bus selections. From the curve, it can be noted that load 11 has the highest average

security cost allocation value at £1197/h and load 12 has the lowest value at £122/h.

6.4.2.2. Comparison between Pro Rata Method ad PTDF Method in the 14
bus Test System

Thenthe pro rata based method will be implemented to compare with the PTDF
method when generator bus one is selected as the slack bus. The comparison will be

illustrated in Table 6.2 and Figure 6.6 as follows:

Table 6.2 Comparison between Two Methodsn Security Cost Allocation in the 14

bus Test System

(8h) L4 L5 L7 L9 L10 L11 L12 L13 L14
Pro rata 552.66 552.66 663.19 552.66 663.19 1215.86 442.13 442.13 442.13
slack bus 1 = 642.13 437.46 726.49 585.66 685.43 1184.27 408.55 412.57 444.06
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Security Cost Allocation by Two Methods
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From Figure 6.6, it is indicated that security cost allocation results by pro rata
method and PTDF method seems very similar. Except load 4, 5 and 7 shoulder a little
different security cost, the other loads are allocated approximately the same amount of
cost. It is unable to indicate the theoretical advantage of the PTDF method compared to
the Pro rata method. More discoveries about the comparison between two methods will

be obtained in the next few systems.

6.4.3.Modified IEEE30 Bus System
Themodified IEEE30 bus test system is same with the system in chapter 4 and 5,

which is shown in Figure 6.7 as follow:
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Theparameters of the generators and loads are set up in the same way as those the
former two chapters, which are displayed in Table 4.4 and Table 4.5 respectively. There
are 6 generators and 18 loads in the system. Transmission congestion are still set on the
target branch-4.2. The security costs are taken from the experimental results in section
5.5.3 which are displayed in Figure 6.8.
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6.4.3.1. Comparison between Security Cost Allocation with DifferentSlack
Bus Selections in the 3®us Test System

By implementing the proposd@TDF based security cost allocation method, the
security cost allocated to each load with different slack buses is presented in Table 6.3 and

Figure 6.9 respectively as follows:
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Table 6.3Security Cost Allocated to Each Load with Different Slack Buses ithe 30-bus Test System

#h)

slack 1

slack 2

slack 5

slack 8

slack 11

slack 13

L3

-10.03

-13.75

-24.27

-37.87

-331.69

458.91

L4

-16.44

-21.45

-35.63

-53.96

-449.83

615.39

L7

30.30

24.90

9.62

-10.12

-436.67

711.08

L10

359.03

358.04

355.23

351.59

27311

484.29

L12

782.51

788.71

806.27

828.97

1319.25

0.00

L14

601.21

605.52

617.70

633.45

973.69

58.18

L15

561.51

565.14

575.41

588.69

875.61

103.59

L16

605.55

608.74

617.79

629.48

882.09

202.37

L17

506.67

507.00

507.94

509.16

535.52

464.60

L18

281.85

283.10

286.61

291.16

389.37

125.11

L19

41551

416.65

419.91

42411

514.93

270.56

L20

232.17

232.57

233.70

235.15

266.63

181.93

L21

183.93

183.51

182.31

180.77

147.46

237.10

L23

465.85

467.85

473.53

480.86

639.29

212.99

L24

405.58

405.38

404.81

404.07

388.11

431.05

166

L26

235.65

233.74

228.34

221.37

70.62

476.24

L29

102.47

100.66

95.55

88.94

-53.79

330.26

L30

170.78

167.76

159.24

148.23

-89.64

550.43
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Figure 68 displaysthe security costoriginated from the experimental results in
chapter 5as the basic security cost settings in this .cge indicated that the security
costs caused by different slack bus selections are all approximated at £914/h.

Figure 6.9 compares the security cost allocation to each load under different slack
bus ®lections. It is found that selecting the first four generator buses respectively as the
slack bus, the allocation results are close. However, when bus 11 or bus 13 is chosen as
the slack bus, the outcome of security cost allocation becomes significéfettgrd. In
the case of slack bus 11, load 12, 14, 15, 16, 17, 18, 19, 20 and 23 undertake more security
cost compared with the first four cases and the cost allocated to load 10, 21, 24 and 26 is
lower than the first four cases. In the case of slacklButoad 3, 4, 7, 10, 21, 24, 26, 29
and 30 accept more security cost and load 14, 15, 16, 17, 18, 19, 20 and 23 are allocated
less cost when compared with the first four cases. It is noticeable that load 3 and 4 in the
first five case, load 7 in slack b8sand slack bus 13 cases and load 29 and 30 in slack bus
11 are allocated negative values of security cost, which means the loads at here have
contributed to relieving congestion. The PFPla s ed met hod det ect s
contribution to the congestiono matter it is positive or negative. Here these loads are
considered as to help to relieve the congestion. In theory, they should be rewarded by the
system operator rather than shoulder the extra cost. From the above results, it is obtained
again thathie PTDF based method could result in different security costs and is dependent

on the selection of slack bus.

Figure 6.10 shows the arimum, the minimum andthe average secusitcost
values of each load in 38us systenunder different slack bus selecat® From the figure,
it can be found that load 7 has the biggest range between the maximum value at £11/h
and the minimum value a#36/h. The range is £1147/h. Load 24 has the smallest range
between the maximum value at £131/h and the minimum valu&&8/8. The range is

£13/h. The black curve shows the average security cost values of each load under different
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slack bus selections. From the curve, it can be noted that load 12 has the highest average
security cost allocation value at £754/h and load 4 tiee lowest value at /h except
those zeros.

6.4.3.2. Comparison between Pro Rata Method and PTDF Method in the 30
bus Test System

The pro rata based method is used to offer a comparison with the PTDF method
with selecting generator bus one as the slack buscdin@arison will be represented in
Table 6.4 and Figure 6.11 respectively as follows:

Table 6.4 Comparison between Two Methodsn Security Cost Allocation in the 30

bus Test System

(#h) L3 L4 L7 L10 L12 L14
e i 208.73 278.31 347.89 417.46 417.46 347.89
slack bus 1 -10.03 -16.44 30.30 359.03 782.51 601.21
L15 L16 L17 L18 L19 L20
Pro rata 347.89 417.46 487.04 208.73 347.89 208.73
slack bus 1 561.51 605.55 506.67 281.85 415,51 232.17
L21 L23 L24 L26 L29 L30
Pro rata 208.73 347.89 417.46 347.89 208.73 347.89
slack bus 1 183.93 465.85 405.58 235.65 102.47 170.78
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Security Cost Allocation by Two Methods
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Figure 6.11 visualizes the comparison of security cost allocation restteen
pro rata method and PTDF method. It is found that the interval of two curves from load
17 to load 30 have similar tendency of reaction. The difference between two curves is
mainly at load 3, 4, 7, 12, 14, 15, 16, 23, 26, 29 and 30. Loads 3,6,2R and 30 in the
PTDF method are allocated lower security cost than in pro rata method because PTDF
method can be figured out the contribution of these three loads to the transmission
congestion is small. Similarly, since the contributions of load 3418, 23 and especially
12 to the congestion on the linel2 are large, the security cost allocated to those loads

are higher than other loads.
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6.4.4.Modified IEEE57 Bus System

Test system in this case is used exactly the same system with chapter 4 and 5
respectively, which is shown in Figure 6.12 as follow:

Figurdheée. mpdi f-57% dbUsEEsEystem

The parameters of the generators and loads are set up in the same way as in the
former two chapters, which are displayed in Table 4.8 and Table 4.9 respectively. There
are 7 generators and 35 loads totally in the system. Transmission congestion are still set
on the target branch-29. The security costs are taken from the experimental results in
section 5.5.4 which are displayed in Figure 6.13.
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Security Cost With Different Slack Buses
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6.4.4.1. Comparison between Security Cost Allocation withDifferent Slack
Bus Selections in the 5bus Test System

By implementing the proposed PTDF based security cost allocation method, the
security cost allocated to each load with different slack bus seiscis obtained and

shown in Table 6.5 and Figure 6.14 respectively as follows:
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Table 6.5Security Cost Allocated to Each Load with Different Slack Buses in the SGus Test System

(&h)

slack 1

slack 2

slack 3

slack 6

slack 8

slack 9

slack 12

L5

-339.84

-314.51

-244.36

53.12

-305.42

-394.20

L10

21.61

29.89

52.87

150.30

134.51

32.89

L13

19.71

25.11

40.09

103.63

93.33

27.06

8.09

L14

27.63

32.85

47.33

108.75

98.80

34.74

16.40

L15

23.70

34.85

65.81

197.10

175.83

38.89

-0.31

L16

8.60

14.25

29.94

96.45

85.67

16.30

-3.56

L17

11.29

25.65

65.51

234.52

207.14

30.85

-19.62

L18

-99.07

-79.25

-24.31

208.67

170.92

-72.11

-141.66

L19

54.14

61.67

82.59

171.32

156.94

64.41

37.91

L20

239.64

251.70

285.25

427.51

404.46

256.11

213.61

L23

293.39

295.44

301.26

325.89

321.90

296.25

288.86

L25

1215.32

1202.12

1165.93

1012.43

1037.31

1197.59

1243.28

L27

1579.82

1552.42

1476.98

1157.03

1208.88

1542.84

1638.18

L28

1205.49

1183.74

1123.83

869.74

910.92

1176.12

1251.84

L29

3247.97

3188.23

3023.66

2325.69

2438.80

3167.30

3375.31
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L30

687.52

680.55

661.47

580.54

593.65

678.18

702.26

L31

585.00

580.38

567.77

514.30

522.97

578.83

594.73

L32

286.17

285.47

283.62

275.78

277.05

285.27

287.58
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(&h)

slack 1

slack 2

slack 3

slack 6

slack 8

slack 9

slack 12

L33

429.25

428.20

425.43

413.67

415.58

427.91

431.37

L35

369.15

375.32

392.58

465.73

453.88

377.63

355.74

L38

133.37

136.16

143.97

177.06

171.70

137.20

127.30

L41

82.73

92.54

119.77

235.24

216.53

96.10

61.61

L42

84.69

91.53

110.52

191.06

178.01

94.01

69.96

L43

28.03

36.17

58.74

154.45

138.94

39.11

10.53

L44

108.18

111.55

120.94

160.78

154.33

112.79

100.88

L47

227.08

236.50

262.73

373.95

355.93

239.96

206.73

L49

78.13

82.19

93.49

141.37

133.61

83.68

69.37

L50

87.66

94.42

113.23

192.97

180.05

96.89

73.07

L51

36.89

44.82

66.83

160.17

145.05

47.69

19.82

L52

2027.93

1993.20

1897.57

1492.00

1557.72

1981.06

2101.91

L53

1295.82

1274.92

1217.42

973.55

1013.07

1267.64

1340.30

L54

1275.05

1260.48

1220.52

1051.02

1078.49

1255.47

1305.93

L55

411.37

416.57

431.16

493.01

482.99

418.54

400.02

175

L56

107.46

113.77

131.33

205.77

193.71

116.08

93.84

L57

205.37

215.29

242.89

359.92

340.96

218.92

183.96
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Figure 613 displaysthe security costwhich arefrom the experimental results in
chapter 5as the security cost resourcétss indicated that the security costs calculated
using by different slack bus are very similar.

Figure 6.14 gives a comparison of the security cost allocation toledtunder
each slack bus selection. It is found that when select the generator bus 1, 2, 3, 9 and 12
respectively as the slack bus, the allocation results are close. However, when bus 6 or bus
8 is chosen as the slack bus, the results of security cosatdin become different. In
these two slack bus selections, load 25, 27, 28, 29, 30, 31, 52, 53 and 54 are allocated
smaller security cost than the other five cases and the costs allocated to load 10, 13, 14,
15, 17, 18, 20, 35, 41, 42, 43, 44, 47, 49,50 55, 56 and 57 are more than the other
five slack bus selections. It is noticeable that load 5 and 18 in these five slack bus
selections are allocated negative security cost, which means such loads have positive
impact on congestion relief. The PTDRE s ed met hod i s used to fi
contribution to the congestion no matter it is positive or negative. Here these two loads
are considered as the ones who are helping to relieve the congestion under these particular
slack bus selection$heaetically, they should be rewarded by the system operator rather
than shoulder the security cost. From the above results, it is also obtained that the PTDF
based method could result in different allocation of security cost of individual load and is
dependat on the selection of slack bus.

Figure 6.15 shows the arimum, the minimum andthe average secusitcost
values of each load in Hdus systenunder different slack bus selections. From the figure,
it can be found that load 29 has the biggest rangedeetthe maximum value at £3375/h
and the minimum value at £2325/h. The range is £1050/h. Load 32 has the smallest range
between the maximum value at £87/h and the minimum value at £75/hrartgeis

£12/h. The black curve shows the average securityvases of each load under different
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slack bus selections. From the curve, it can be noted that load 29 has the highest average

security cost allocation value at £2966/h and load 5 has the lowest vai22@h.

6.4.4.2.

bus Test System

Comparison between Pro Rata Method andPTDF Method in the 57

The pro rata based method is used to compare with the PTDF method with

selecting generator bus one as the slack bus. The comparison will be represented in Table

6.6 and Figure 6.16 as follow respectively:

Table 6.6 Canparison between Two Methodon Security Cost Allocation in 57bus

Test System

(8h)

Pro rata

slack bus 1

Pro rata

slack bus 1

Pro rata

slack bus 1

L5

770.70

-339.84

L18

770.70

-99.07

L29

642.25

3247.97

L41

L10

385.35

21.61

L19

385.35

54.14

L30

385.35

687.52

L42

L13

256.90

19.71

L20

770.70

239.64

L31

385.35

585.00

L43

L14

256.90

27.63

L23

385.35

293.39

L32

256.90

286.17

L44

L15

513.80

23.70

L25

642.25

1215.32

L33

385.35

429.25

L47

L16

256.90

8.60

L27

385.35

1579.82

L35

642.25

369.15

L49

L17

642.25

11.29

L28

256.90

1205.49

L38

256.90

133.37

L50
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Pro rata 513.80

slack bus 1 82.73

L51

Pro rata 385.35

slack bus 1 36.89

385.35

84.69

L52

513.80

2027.93

385.35

28.03

L53

385.35

1295.82

256.90

108.18

L54

642.25

1275.05

642.25

227.08

L55

642.25

411.37

256.90

78.13

L56

385.35

107.46

385.35

87.66

L57

642.25

205.37
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Security Cost Allocation by Two Methods
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Figure 6.16 indicates the comparison of security cost allocation results between
pro rata method and PTDF method back on slack bus 1. The curve of the pro rata method
varies between the vertical coordinate intervals between £0/h to £1000/h. The slack bus
1 curve is apparently above the pro rata curve only at load 25, 27, 28, 30, 31, 52, 53, 54
and especially 29 and the rest of them are below the pro rata curve. It is explained that the
above loads particularly load 29 have higher contribution to the sbageccurs on the
line 429 so they should bear more security cost than other loads.

6.4.5.Modified IEEE118 Bus System

The modified IEEE118 bus test system in this case is same with the system in
chapter 4 and 5 respectively, which is shown in Figure &iféllow:

“I
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J

Figur@dhe. mddi f-1i1le8d DUuESEEsy st em
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The parameters of the generators and loads are set up as the same as the former
two chapters, which are displayed in Table 4.12 and Tabledsp&ctively. There are 12
generators and 104 loads in the test system. Transmission congestion are still set on the
target branch 224. The security costs are taken from the experimental results in section
5.5.5 which are displayed in Figure 6.18.

183



Chapter 6 Security Cost Allocation in Deregulated Electricity Market with PTDF

Security Cost With Different Slack Buses
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6.4.5.1. Comparison between Security Cost Allocation with Different Slack
Bus Selections in the 118us Test System

By implementing the proposed PTDF basedurity cost allocation method, the
security cost allocated to each load in the test system with twelve generator buses selected
as the slack bus respectively is shown in Table 6.7 and Figure 6.19 respectively as follows:
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Table 6.7Security Cost Allocatedto Each Load with Different Slack Buses in the 11-®us Test System

(&h)

slack 12

slack 19

slack 24

slack 27

slack 40

slack 49

slack 59

slack 61

L1

0.74

7.40

267.43

79.40

-464.03

960.38

878.73

865.30

L2

0.19

4.64

178.36

52.74

-310.32

641.32

586.77

577.80

L3

0.93

7.59

267.39

79.53

-463.41

959.71

878.13

864.71

L4

1.91

8.53

267.15

80.14

-460.32

956.31

875.11

861.75

L5

0.69

2.89

89.04

26.75

-153.28

318.60

291.55

287.10

L6

1.04

7.69

267.36

79.59

-463.09

959.35

877.81

864.40

L7

0.43

4.87

178.30

52.90

-309.56

640.48

586.02

577.06

L8

3.88

10.44

266.67

81.39

-454.09

949.48

869.02

855.79

L9

1.29

3.48

88.89

27.13

-151.36

316.49

289.67

285.26

L10

6.96

177.78

54.26

-302.73

632.98

579.35

570.53

L11

1.04

12.15

445,77

132.22

-773.99

1601.30

1465.14

1442.75

L13

0.06

6.74

267.60

78.97

-466.20

962.76

880.85

867.38

L14

-0.25

3.10

133.87

39.31

-233.97

482.33

441.27

434.52

L15

-3.70

9.78

536.13

155.53

-944.46

1938.77

1773.49

1746.32

L16

-3.02

153

179.15

50.71

-320.49

652.47

596.70

587.53

L17

-4.77

-2.40

90.37

23.29

-170.58

337.58

308.45

303.66

186

L18

-3.52

-1.18

90.07

24.08

-166.61

333.23

304.57

299.86

L20

-32.63

-28.28

141.78

18.82

-336.58

594.95

541.56

532.78
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slack 70

slack 85

slack 99

slack 110

(#h)

slack 12

slack 19

slack 24

slack 27

slack 40

354.19

523.80

532.17

530.16

L21

-53.81

-48.80

146.96

5.42

-403.69

236.32

349.64

355.23

353.89

L22

-52.01

-48.16

101.92

-6.60

-320.23

354.06

523.52

531.88

529.87

L23

-313.79

-295.13

433.53

-93.32

-1616.05

353.43

522.11

530.43

528.44

L25

-226.92

-208.73

501.50

-12.03

-1496.27

117.78

173.96

176.74

176.07

L26

-93.25

-83.67

290.41

19.93

-761.83

353.99

523.37

531.73

529.72

L28

-37.38

-33.99

98.34

2.66

-273.88

236.17

349.29

354.87

353.53

L29

-65.48

-58.99

194.42

11.19

-518.37

352.15

519.28

527.53

525.55

L31

-124.44

-111.67

387.24

26.50

-1016.12

117.38

173.09

175.84

175.18

L32

-214.33

-196.53

498.42

-4.07

-1456.37

234.77

346.18

351.68

350.37

L33

31.83

35.29

170.63

72.76

-210.08

590.44

873.27

887.23

883.88

L34

171.76

177.56

404.04

240.25

-233.09

354.63

524.78

533.18

531.17

L35

103.61

107.07

242.29

144.50

-138.11

177.49

262.78

267.00

265.99

L36

34.48

35.64

80.77

48.13

-46.20

711.74

1055.05

1072.00

1067.93

L37

34.78

35.93

80.70

48.32

-45.26

238.41

354.26

359.98

358.61

L38

35.23

36.36

80.59

48.60

-43.84

121.32

181.83

184.81

184.10

L39

87.75

89.48

156.96

108.15

-32.89

187

120.51

180.02

182.96

182.26

L41

159.65

161.37

228.59

179.96

39.46

198.51

309.44

314.92

313.60

L42

388.34

389.64

440.29

403.61

297.68
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slack 49

slack 59

slack 61

slack 70

slack 85

slack 99

slack 110

(&h)

slack 12

slack 19

668.60

607.14

597.03

212.26

339.95

346.25

344.73

L43

101.56

102.86

501.82

454.71

446.96

151.98

249.87

254.70

253.53

L44

112.14

112.00

2375.07

2146.35

2108.72

676.55

1151.84

1175.30

1169.61

L45

417.83

415.99

2393.99

2171.03

2134.36

738.39

1201.65

1224.52

1218.99

L46

180.89

179.72

1287.21

1169.77

1150.46

415.19

659.19

671.23

668.33

L47

287.68

285.43

450.95

409.41

402.58

142.48

228.79

233.05

232.03

L48

183.83

182.58

869.65

790.10

777.01

278.94

444.23

452.39

450.42

L50

138.98

138.00

1716.66

1560.03

1534.27

553.66

879.08

895.14

891.27

L51

139.60

138.60

2350.20

2132.04

2096.15

730.22

1183.51

1205.89

1200.48

L52

139.75

138.75

531.30

488.80

481.81

215.79

304.06

308.42

307.38

L53

186.90

185.55

1007.68

936.52

924.82

479.64

627.34

634.64

632.92

L54

93.66

92.98

602.69

560.21

553.23

287.43

375.61

379.97

378.94

L55

562.56

558.45

201.07

186.89

184.56

95.84

125.28

126.73

126.39

L56

749.65

744.18

200.04

185.97

183.66

95.65

124.85

126.29

125.95

L57

139.90

138.89

198.49

184.59

182.31

95.36

124.21

125.63

125.30

L58

140.01

139.00

336.84

315.63

312.15

179.49

223.50

225.67

225.17

L60

666.84

661.71

188

407.81

386.67

383.20

251.05

294.88

297.05

296.56

L62

666.35

661.24

575.54

559.54

556.92

457.29

490.30

491.93

491.62

L63

95.33

94.60
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slack 24

slack 27

slack 40

slack 49

slack 59

slack 61

slack 70

slack 85

slack 99

slack 110

153.58

116.89

10.86

288.82

272.87

270.25

170.53

203.61

205.24

204.87

106.39

110.43

122.12

91.53

93.27

93.55

104.55

100.89

100.71

100.77

343.88

395.96

546.57

152.02

174.56

178.28

319.93

272.87

270.55

271.19

134.19

167.09

262.20

12.98

27.23

29.58

119.05

89.34

87.87

88.26

197.29

260.98

445.12

-37.39

-9.78

-5.24

167.96

110.45

107.61

108.35

133.47

168.95

271.54

2.74

18.11

20.64

117.13

85.09

83.51

83.93

99.83

127.41

207.16

-1.79

10.16

12.13

87.13

62.23

61.00

61.32

99.68

127.81

209.12

-3.95

8.24

10.25

86.73

61.33

60.08

60.41

99.64

127.90

209.61

-4.48

7.77

9.79

86.63

61.11

59.85

60.18

132.72

170.89

281.27

-7.94

8.60

11.33

115.14

80.67

78.97

79.41

66.31

85.58

141.30

-4.70

3.65

5.02

57.43

40.03

39.17

39.40

397.70

513.86

849.68

-30.26

20.07

28.36

344.22

239.33

234.16

235.51

530.38

684.87

1131.52

-38.83

28.12

39.15

459.24

319.74

312.86

314.66

99.61

127.99

210.06

-4.98

7.32

9.35

86.54

60.90

59.64

59.97

99.58

128.06

210.42

-5.37

6.97

9.01

86.46

60.74

59.48

59.81

461.42

606.15

1024.61

-71.87

-9.14

1.19

394.76

264.08

257.63

259.31

189

461.54

605.84

1023.06

-70.17

-7.63

2.67

395.08

264.78

258.36

260.02

65.90

86.64

146.60

-10.52

-1.53

-0.05

56.35

37.62

36.70

36.94
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(#h)

slack 12

slack 19

slack 24

slack 27

slack 40

slack 49

slack 59

slack 61

slack 70

L64

191.20

189.72

131.67

173.61

294.89

-22.89

-4.71

-1.71

112.35

L65

96.33

95.56

65.66

87.27

149.74

-13.96

-4.60

-3.06

55.70

L66

284.07

281.93

198.17

258.70

433.69

-24.84

1.39

5.71

170.30

L67

189.85

188.41

132.00

172.76

290.60

-18.18

-0.52

2.39

113.23

L68

107.38

106.27

62.95

94.26

184.77

-52.40

-38.83

-36.59

48.53

L71

197.92

194.00

40.82

151.55

471.63

-367.23

-319.18

-311.28

-10.23

L72

277.86

271.45

21.28

202.14

724.91

-645.20

-566.71

-5563.80

-62.11

L73

197.92

194.00

40.82

151.55

471.63

-367.23

-319.18

-311.28

-10.23

L74

940.21

924.37

305.38

752.83

2046.22

-1343.44

-1149.32

-1117.37

99.12

L75

744.46

732.47

264.03

602.65

1581.45

-983.74

-836.83

-812.66

107.94

L76

832.70

820.19

331.66

684.80

1705.58

-969.59

-816.41

-791.19

168.89

L77

745.13

735.35

353.07

629.38

1428.12

-665.09

-545.25

-525.52

22573

L78

865.37

854.08

412.88

731.79

1653.64

-762.22

-623.90

-601.13

265.91

L79

367.55

362.81

177.76

311.52

698.16

-315.10

-257.09

-247.53

116.12

L80

119.32

117.84

60.04

101.81

222.58

-93.91

-75.79

-72.80

40.78

L81

111.78

110.53

61.88

97.05

198.71

-67.70

-52.45

-49.94

45.67

190

L82

610.07

602.25

296.88

517.61

1155.65

-516.43

-420.70

-404.94

195.16

L83

243.69

240.57

118.84

206.83

461.18

-205.39

-167.23

-160.94

78.29
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slack 85

slack 99

slack 110

(&h)

slack 12

slack 19

slack 24

slack 27

slack 40

slack 49

74.48

72.61

73.09

L84

121.58

120.03

59.48

103.25

229.75

-101.78

36.19

35.23

35.48

L86

121.45

119.91

59.51

103.17

229.35

-101.33

115.64

112.95

113.65

L87

121.45

119.91

59.51

103.17

229.35

-101.33

76.42

74.61

75.08

L88

484.86

478.70

238.29

412.06

914.38

-402.02

20.27

18.88

19.23

L89

121.05

119.52

59.61

102.91

228.07

-99.93

-110.16

-115.09

-113.87

L90

121.01

119.48

59.62

102.89

227.95

-99.80

-225.31

-233.36

-231.38

L91

120.96

119.43

59.63

102.86

227.80

-99.64

-110.16

-115.09

-113.87

L92

725.35

716.18

357.91

616.87

1365.46

-596.32

-304.68

-324.60

-319.65

L93

181.23

178.94

89.50

154.15

341.02

-148.70

-197.64

-212.72

-208.96

L94

362.27

357.69

179.05

308.18

681.43

-296.74

-149.81

-165.53

-161.60

L95

483.29

477.19

238.67

411.07

909.44

-396.59

-23.66

-35.96

-32.87

L96

362.73

358.14

178.94

308.47

682.89

-298.34

-21.92

-36.12

-32.55

L97

180.20

177.94

89.75

153.50

337.76

-145.13

-4.60

-10.56

-9.06

L98

359.24

354.76

179.79

306.26

671.85

-286.22

3.08

1.22

1.68

L100

361.39

356.84

179.27

307.62

678.64

-293.67

13.93

12.37

12.76

L101

241.29

238.25

119.42

205.31

453.60

-197.07

191

-4.05

-13.88

-11.41

L102

181.22

178.93

89.51

154.14

340.98

-148.65

-1.13

-5.05

-4.06

L103

240.92

237.89

119.51

205.08

452.43

-195.78
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slack 59 -82.80 -82.40 -82.40 -326.66 -81.15 -81.04 -80.89 -484.01 -120.66 -240.73 -321.82 -242.16 -117.48 -231.37 -238.01 | -159.81 -120.62 = -158.67

slack 61 -79.67 -79.28 -79.28 -314.25 -78.06 -77.95 -77.80 -465.51 -116.04 -231.51  -309.51 = -232.91  -112.93  -222.34 -228.84 -153.68 @ -116.01  -152.56

slack 70 = 3931 39.40 39.40 158.21 39.66 39.68 39.71 238.56 59.71 11955  159.22  119.25  60.38 = 12151 12012 = 79.84 59.72 80.08
slack 85 -0.18 0.00 0.00 1.37 0.58 0.63 0.70 483 1.37 3.01 3.62 2.34 2.85 7.36 4.27 2.32 1.38 2.85
slack 99 -2.13 -1.94 -1.94 -6.37 -1.35 -1.29 -1.22 -6.70 -1.51 -2.74 -4.06 -3.42 0.01 1.73 -1.44 -1.51 -1.49 -0.96
slack 110 = -1.64 -1.45 -1.45 -4.42 -0.86 -0.81 -0.74 -3.79 -0.79 -1.29 213 -1.97 0.72 3.15 0.00 -0.54 -0.77 0.00

(#h) L104 L105 L106 L107 L108 = L109 L1111 L112 L113 L114 L1115 L1116 L117 L1118

slack 12 361.39 361.39 481.85 602.31 240.92 120.46 120.46 72.28 -9.69 -42.33 -84.47 107.38 0.00 432.44
slack 19 356.84 356.84 475.79 594.73 237.89 118.95 118.95 71.37 -7.16 -38.78 -77.39 106.27 4.45 425.69
slack 24 179.27 179.27 239.03 298.78 119.51 59.76 59.76 35.85 91.57 99.55 199.06 62.95 178.41 161.90
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slack 27

slack 40

slack 49

slack 59

slack 61

slack 70

slack 85

slack 99

slack 110

307.62

678.64

-293.67

-238.01

-228.84

120.12

4.27

-1.44

0.00

307.62

678.64

-293.67

-238.01

-228.84

120.12

4.27

-1.44

0.00

410.16

904.85

-391.56

-317.34

-305.12

160.16

5.70

-1.92

0.00

512.70

1131.07

-489.45

-396.68

-381.40

200.20

7.12

-2.40

0.00

205.08

452.43

-195.78

-158.67

-152.56

80.08

-0.96

0.00

102.54

226.21

-97.89

-79.34

-76.28

40.04

1.42

-0.48

0.00

102.54

226.21

-97.89

-79.34

-76.28

40.04

1.42

-0.48

0.00

61.52

135.73

-58.73

-47.60

-45.77

24.02

0.85

-0.29

0.00

20.18

-186.16

354.68

323.68

318.58

12451

188.91

192.09

191.33

-0.47

-289.56

468.16

424.74

417.59

145.69

235.93

240.38

239.30

-0.83

-578.55

935.69

848.90

834.63

291.27

471.59

480.49

478.34

94.26

184.77

-52.40

-38.83

-36.59

48.53

20.27

18.88

19.23

52.62

-310.92

641.97

587.35

578.37

236.45

349.91

355.51

354.17

352.58

903.78

-540.76

-458.04

-444.42

74.00

-98.09

-106.58

-104.46
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Security Cost Allocation with Different Slack Buses
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Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

Since there are totally 104 loads in the system, it is not practical to use only one
graph to contain such large density of security cost allocation results. Hence the Figure
6.19 is divided into threeestions which are Figure 6.20 contains results from load 1 to
load 41, Figure 6.21 contains results from load 42 to load 81 and Figure 6.22 contains

results from load 82 to load 118. Those three figures are shown successively as follows:

195



Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

2500

2000

1500

1000

50

(E/h)

-500

-1000

-1500

-2000

Security Cost Allocation with Different Slack Buses from L1 to L41

9 L 0 L 1 L 3

| ||\ ’|

1 .\\

4 Lis L 6 L 7 L 8 L 0 1 L 2 ZS L 6 9 L 1 32 L 3 L 4 L35 L36 L37 L38 L39 L41

A J||| i

i‘l "™ T ‘ill il ||||

‘ \|l|| |"

1 H

Hslack 12 mslack 19 mslack 24 mslack 27 mslack 40 mslack 49 mslack 59 Mslack 61 Emslack 70 Wslack 85 Mslack 99 ®slack 110

Figur&e6uedsty

all ocated

t

0

each ilno & dbewsltitBe it f § pstean s @amkL b u

196



Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

2500

2000

1500

1000

50

o

(£/h)

0

-500

-1000

-1500

-2000

Security Cost Allocation with Different Slack Buses from L42 to L81

I 0 e e s s |

‘llh ||||||| i H ||I ||| I Il

. I

L42 L43 L44 145 L46 L47 L48 L50 L51 L52 L53 L54 L55 L56 L57 L58 LGD L62 L63 L64 L65 L66 L67 L68 L |Lm3 Nf L80 L81

n ||||| i . || ||| |I’ | II | || |||J M

mslack12 mslack19 mslack24 mslack 27 mslack40 mslack49 mslack59 mslack 61 mslack 70 mslack 85 mslack 99 mslack 110

Figur&e6ueddsty all ocated

t

o

each

ilno adh -btihsehtlels8f f eyenémst acin b4:

197



Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

2500

2000

1500

-1000

-1500

-2000

Security Cost Allocation with Different Slack Buses from L82 to L118

“‘ i ! ol || ul ol

L L84 L86 L87 L L89 L90 L91 L

I ||| |||| || ||

NZ L93 L L

||‘ | ||L‘ | ||||

d‘

b

‘I ||||‘| I.|| I.|| wl ‘I|| ’

LJuO L101 Ll 2 L 3 L 4 L1p5 L% 6 L1p7 L 8 L109 L111 L112 L 13 L 14 L 151116 L117 L 8

W slack 12 mslack 19 mslack 24 mslack 27 ®slack 40 mslack 49 mslack 59 Mslack 61 HEslack 70 W slack 85 mslack 99 mslack 110

Figur &8e6ue@dty

all ocated

t

(0]

each ilnodd -mihsehtlels8f f ey snhémst aci b8 2

198



Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

3000.00

2500.00

2000.00

1500.00

1000.00

500.00

(E/h)

0.00

-500.00

-1000.00

-1500.00

-2000.00

THPFPHIHEHE

Max, Min and Average Cost Values of Each Load in 118-bus System

IR
& F

Ui s

I

. Max

Figur Magi tn8 m,

AT > Lo D > o D
PR TP &S

. Min

, I"
| |

o N I

ﬂgquFquiu§

jfill—

— Average

199

mi ni musne aumrdi taw ec agte v al-bues wV¥s teeam h

oad

n



Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

Figure 618 showsthe security costfrom the experimental results in chapteass
the basic security cadDue to there are 12 generators in the system, slack bus selection
have twelve possibilities, which is so say that the whole security cost allocation results
should be based on twelve groups of PTDF factors respectively. After observed the
contents from Figre 6.20, 6.21 and 6.22 respectively, the following regular patterns are
found. Security cost allocations with bus 12, 19 and 27 as the slack bus respectively have
similar results. Selecting bus 49, 59 and 61 respectively as the slack bus causes similar
allocation outcomes. Selections of slack bus 89, 99 and 110 have similar results for
security cost allocation. While selections of slack bus 24, 40 and 70 have their own
characteristic respectively to allocate the security cost to the loads. Slack buséés
the unique cases has very different idea for security cost allocation, which can be observed
in the above three graphs. It should be noted that many loads are allocated negative values
of security cost, which means such loads have negative coitngwin power flow of
congested line, in other words, they are helping to relieve the congestion. As mentioned
in section 6.3.2,thePTDFased met hod is trying to detec
one particul ar t r ans mi s eariitasnpositive rore regativep o we r
Therefore, based on these real contributions of loads, the system operator could take
measures to do appropriate security cost allocation to loads. The system operator should
avoid allocating security cost to such loads wheehnegative contributions to the power
flow of the congested line and even reward them. Thebl®8case is a convincing
example to illustrate that the PTDF based method could result in different allocation of

security cost to load and can be highly dejesn on slack bus position.

Figure 6.23 shows the arimum, the minimum andthe average security cbs
values of each load in 1481s systenunder different slack bus selections. From the figure,
it can be found that load 23 has the biggest range betiveenaximum value at £375/h
and the minimum value af1616/h. The range is £3991/h. Load 44 has the smallest range

between the maximum value at £122/h and the minimum value at ©1/h. The range is
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Chapter 6 Security Cost Allocation in Derequlated Electricity Market with PTDF

£31/h. The black curve shows the average security cosesaltieach load under different
slack bus selections. From the curve, it can be noted that load 25 has the highest average
security cost allocation value at 8803/h and load 72 has the lowest val@&/at

6.4.5.2. Comparison between Pro Rata Method and PTDF Métod in the 118
bus Test System

Using the results from the PTDF method of case of slack bus 12 to contrast with
the pro rata based method. The comparison is obtained in Table 6.8 and Figure 6.24
respectively as follows:
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Table 6.8 Conparison between Two Method®n Security Cost Allocation in the 118us Test System

(&h)
Pro rata

slack bus 12

Pro rata

slack bus 12

Pro rata

slack bus 12

Pro rata

slack bus 12

Pro rata

slack bus 12

L1

215.08

0.74

L15

430.15

-3.70

L32

358.46

-214.33

L46

143.38

180.89

L62

501.85

666.35

L2

143.38

0.19

L16

143.38

-3.02

L33

143.38

31.83

L47

215.08

287.68

L63

71.69

95.33

L3

215.08

0.93

L17

71.69

-4.77

L34

358.46

171.76

L48

143.38

183.83

L64

143.38

191.20

L4

215.08

191

L18

71.69

-3.52

L35

215.08

103.61

L50

107.54

138.98

L65

71.69

96.33

LS

71.69

0.69

L20

107.54

-32.63

L36

71.69

34.48

L51

107.54

139.60

L66

215.08

284.07

L6

215.08

1.04

L21

107.54

-53.81

L37

71.69

34.78

L52

107.54

139.75

L67

143.38

189.85

L7

143.38

0.43

L22

71.69

-52.01

L38

71.69

35.23

L53

143.38

186.90

L68

71.69

107.38

L8

215.08

3.88

L23

286.77

-313.79

L39

143.38

87.75

L54

71.69

93.66

L71

71.69

197.92

L9

71.69

1.29

L25

358.46

-226.92

L41

215.08

159.65

L55

430.15

562.56

L72

71.69

277.86

L10

143.38

2.58

L26

215.08

-93.25

L42

430.15

388.34

L56

573.54

749.65

L73

71.69

197.92

L11
358.46
1.04
L28
71.69
-37.38
L43
143.38
101.56
L57
107.54
139.90
L74
430.15

940.21
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L13

215.08

0.06

L29

143.38

-65.48

L44

107.54

112.14

L58

107.54

140.01

L75

358.46

744.46

L14

107.54

-0.25

L31

286.77

-124.44

L45

358.46

417.83

L60

501.85

666.84

L76

430.15

832.70






