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Abstract

The introduction of a liberalised electricity market has broughéw challenge to
generating companies as well as system regulators. Undemdtns competitive
environment, generating companies are exposed to various risksmigat
compromise their investment return. Moreover, the various insttg& market affect
each type of generation technology in a different way; henceiemie the
technology choice. Furthermore, it is not yet clear whethentfestment cycles in a
liberalised electricity market will take place in an orgddshion or whether ‘boom
and bust’ cycles may arise. As a consequence various masighsleinvestment
incentives and policies have been implemented by system t@guia try to ensure
the security of supply. Investment decisions under a market witkeniive
mechanism are even more complicated to model because the iggnecapany
needs to forecast the revenue that the new investment aie rfrom both the
energy market and the mechanism.

This thesis develops some models that could be used by systemtoegytd study

the performance of market designs and by generating compangssdss a new
investment under a liberalised electricity market. Thre@nmmodels have been
developed to serve these purposes.

A generation expansion model has been developed using Agent-basedingodell
approach. In this model each generating company makes investergsion taking
into account their competitors’ investment strategies and tleeasttions between
them. Several incentive mechanisms are also modelled to tsteidympacts on the
generating companies’ investment decision and the dynamie aftastments.

A more comprehensive investment framework for a generating egnipavaluate
an investment in a new power plant has also been developed.rarhework
consists of two stages: 1) it first models the expected dutavestments and
retirements from all the companies in the market and 2) ¢hknlates the market
prices and revenues of the new investment against the futueEmsgxpansion
obtained in the first stage. Two investment models have bearoged using this
framework. The first model is a probabilistic valuation modehgeess investment
considering risks and uncertainties. The second model is desletopevaluate
investment in an oligopoly electricity market taking into accounioua risk
characteristics of different technologies.

The investment framework for a generating company to evaluatevastment is
also extended so that the generating company can evaluate invissiiia market
with an incentive mechanism.
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Introduction

Summary

This introductory chapter begins with a brief description of the restrad
electricity supply industry compared to the previous largely aalyi integrated
centralised industry. Then it identifies the main drivers tbahtribute to the
changes in the electricity supply industry. An overview of thestressture and the
competition model, the dramatis personae and their specific rolestrae
presented. This chapter also discusses the challenges faced Ipartlogpants,
particularly by the generating companies in this new competitiverieigy market.
Finally the scope and contribution of the research described in thssthare
identified and an outline of the thesis highlighting the main contentschfatapter

is presented.

1.1 RESTRUCTURING OF THE ELECTRICITY SUPPLY INDUST RY

For many years, the electricity supply industry was owned byca#ly integrated
monopoly utilities. During that time, there were three distcmiponents to this
industry, i.e. generation, transmission and distribution which wgeally tied

together under the same management. Electrical energy gehbsapower plants
was sent through high voltage transmission lines and distributed et imMage

levels to the consumers. The introduction of competition inetbetricity supply
industry in the early 1980s changed this paradigm based on a cedtgaliress into
a competitive electricity market. The utilities who poesly organized the
generation and sale of electrical energy were broken up intpendent entities, i.e.

generating companies and retailers.

This reform of the electricity supply industry has taken plecenany countries
around the world. Some countries (such as Australia, Norway andUrited
Kingdom and several regions of the United States) are wekhnaéd in this

restructuring. However, many other countries are still in design and early



implementation stages. Each country has its own unique strudtpmver system

organization that suits its economic, geographical, histormzhpalitical conditions.

1.1.1 Why Restructure? What Are the Drivers for Change?

There are three fundamental factors in society that drivehidguege in the electricity
supply industry, i.e. economic, environmental, and technological. éffdsency is
one of the economical drivers when people in the society becomesamsitive to
economics but demand a better quality of life. A monopoly elestiimilustry which
has been in existence for a long time has less incentive to | ghodgare
maximisation and may operate inefficiently and make unnecessaggtiments.
These economic factors have created a demand for a more competirket to
bring down the cost of electricity. At the same time, conssrakso expect that the

guality and security of the supply will not deteriorate.

The increased public awareness of the environmental impaceyeproduction is
the second factor for the change. This factor drives the gdoie more innovative
in the search and use of green technologies to generate dlecfiadially, the
improved technological performance of peaking units, and the devatbpohe
combined cycle gas turbines that have lower capital costsesleoristruction times
and quicker payback periods has also had an effect on the developrakectricity
markets. Both the environmental and technological factors alst teathe

diversification of generation technology in the restructuredtactity industry.

1.1.2 Organization and Competition Model in the Restructted Electricity

Supply Industry

The liberalisation of the electricity supply industry has led toajor reorganization
of the industry. Since electricity is an essential good fostiwéety, and has unique
characteristics (continuous supply to meet demand, non-storablargad/ariations
in the load), the process is very complex because it needmsider the national
energy strategies and policies, macroeconomic developments arhadnditions

[1]. It is important to understand that there is no ideal Eolubhat is applicable to all



countries. However the objective of restructuring is similar: develop an

organization that improves the economic efficiency of the ingustr

Hunt and Shuttleworth in [2] have defined four models of competipanmrsing the
evolution of the electricity supply industry from a regulated monogol full
competition: monopoly, purchasing agency, wholesale competition and reta
competition. However this thesis will discuss only the retainpetition model
where competition exists both at the generation and retail lageshiown in Figure
1-1. In this model, generating companies sell their electeinatgy to the retailers
through a wholesale market. Then the retailers re-price éutrielty and sell it to
consumers. This wholesale market can take the form of a pokénwa of bilateral
transactions. Since the competition also exists at the ietal, consumers can
choose the supplier who offers the best price. The only functionsrehzain
centralized are the operation of the spot market, and oftrdresmission and

distribution networks.

%

Figure 1-1Retail competition model in the restructured eleityr industry



The companies and organizations involved in this model are desddew along

with their specific roles.

Generating companies (gencgmpduce and sell electrical energy. They bid their
power generation into a market, either through an organized eiigctnarket such
as pool market or through bilateral contracts or trading. They asy provide
reserves when it is needed by the system operator to maihésecurity of the

electricity supply.

Transmission companies (transcasyn the high voltage transmission grid in their
region. They operate the network based on the instruction frorpendent system
operator (ISO). To avoid duplicating huge investment and to maiststem

security, transmission and distribution networks are a nanoabpoly.

Distribution companies (discospwn and operate the low voltage distribution

network. They provide access for the electricity to be dedt/éo the end users.

The Independent System Operator (1S8gys an important role to balance the load
and generation in a real time market under normal and contingendijtions. They
are also responsible for maintaining the security of the povetersyby purchasing

ancillary services from generating companies.

TheMarket Operator (MOJs in charge of market coordination by matching the bids
and offers submitted by sellers and buyers in the wholesale nfarkbe expected
supply and demand. It is also responsible for the settlemerits attepted bids and

offers following the delivery of electrical energy.

The Retailersbuy energy at a variable price in the wholesale market dadtda
small consumers in the form of a tariff. This fixed pricedmsumers is adjusted at

most a few times in a year.

1.1.3 Markets for Electrical Energy and Ancillary Servies

A market is a public place (real or virtual) for buyers arigiseto interact and agree
on their transactions. This activity can be performed directhyden the two parties

or indirectly through a power exchange. There are two typeseofrieal energy



markets. Bilateral trading is a market that involves awly parties i.e. a buyer and a
seller without interference from a third party. This kind of ke&ris organized
between the traders to manage risks associated with thdityotatielectricity spot
prices. In bilateral trading, the traders enter into a aeohtthat specifies the price,

the quantity and the delivery date of the electrical energy.

An electricity pool is another form of market which exists fribma early days of the
introduction of competition in the electricity supply industry. Tingrket is operated
in a centralized manner and provides a mechanism to find markébrgu in a

systematic way. In electricity pools, generating compasugsnit bids to a market
operator to supply a certain amount of electrical energycattain time. These bids
are then ranked in order of increasing prices. Using these bglgypmy curve is

constructed showing the bid prices as a function of cumulative biatitpuaOn the

other hand, since the electricity demand is highly inelastie,demand curve is
usually assumed to be constant at the forecasted load. Tlandeurve is then a
vertical line. The market equilibrium is the intersectiontlufse two curves and
defines the market clearing price. All the bids lower thanquakto the market

clearing price are accepted and scheduled for production.

Both types of market operate in advance of the delivery daterdiges from about
a day ahead in the pool market to several years into the futui@i@rd contract in

bilateral trading.

However, according to [3], in practice, neither buyer noreseflan fulfil its
contractual obligations perfectly. This is first because dleetricity commodity
exhibits large variations in demand. The actual demand is veikelynbe exactly
equal to the forecasted load made earlier in the trading pro&ssond,
unforeseeable technical problems often prevent generating comp#oi®s
delivering the amount of energy that has been contracted. Fa& thasons, a
managed spot market is needed to provide a mechanism to dbeeatbalance
between supply and demand. This market of last resort is the risltgnsf the
system operator, which uses it to match the residual demand diyapimg ancillary
services from generating companies and curtailing the demandlaAnservices
are the services provided by generators besides electniegyesuch as reserve

capacity (spinning and supplementary reserves), load followneguéncy and



voltage regulation. Different market mechanisms exist forlangiservices, such as
long term contract and spot trading for balancing energy. In thg days of
electricity restructuring, the market of ancillary seegavas traded separately from
the energy market. However economists agree that the prowisieserve cannot be
decoupled from the procurement of electrical energy [3]. A jomarket that
simultaneously clears energy and reserve can, and probably shoolgjabezed to
minimize the overall cost of providing electrical energy andemee while

maintaining the security of the supply.

1.1.4 Capacity Mechanisms for System Adequacy

Regulators in some countries are concerned that the energyg prithe restructured
electricity industry are not high or stable enough to convince coegpdni make
enough investments in generation capacity [4]. Economic theorytlsalythe spot
market itself can provide enough incentive for investment in nemergtion [5],
however this is not always the case in actual marketspiite spikes that occur in
the spot market when the supply is short and which are supposexVitepa signal
for investment are produced not only by the normal scarcity rerybilie ability of
some of the generating companies to exert market power orsprgdtiockey stick
bidding, where participants in the market submit extremely higerotb raise the
prices. This scarcity rent increases in the condition of a afrin capacity
producing excess profit that should cover the amortized costs, oth#rehand an
excess of capacity eliminates the scarcity rent, makidgficult for generators to

recover their investment costs.

As a result, some regulators implement various mechansmsovide additional
payments to generating companies for the provision of capacity aed heaintain
an adequate generation margin. Examples of such mechanisms icelpaeity
payments such as the ones that existed under the now defuncicileBwol of
England and Wales, and still exist in Spain and several Katiarican countries.
Under the capacity payment mechanism, generators receivaremiaper MW as
long as their generating units are available, whether theydigpatched or not.
Another form of capacity incentive is capacity marketsthis mechanism, rather

than pay for capacity on the basis of a price per MW set rastnaitively, some



regulatory authorities set a reserve target based on tladiligli requirement and
determine the amount of generation needed to achieve this. tAtigéhe entities
(retailers and large consumers) that buy energy are obligatbdyt a prescribed
amount of capacity to meet the target reserve from an oeghiapacity market.
This type of capacity mechanism has been implemented in theedUSitates
(example in the PIM, NYPP, NEPOOL markets).

1.1.5 Challenges of Power Generation Investment in Conjitere Markets

Since the operation of the electricity market is re@dyivnew in most countries, the
participants in the restructured electricity industry arenfagreat challenges to
adapt to this new context. Each company or organization experigiftesent
challenges depending on its function in the market. For examplebigiyest
challenge for a regulator is to design a robust electricigyket that is able to
maintain the security of supply while keeping prices at an econliyniegional
level. Generating companies must not only bid in a way teédds/maximum profits
but must also make wise investment decisions in this muchrriskigronment. On
the other hand, the challenge for the transmission and distribatimpanies is to
plan their expansion considering the uncertainty about the locationapadity of
future generation. However, this thesis will focus partidylan the challenges that

are faced by generating companies in making their investmeisiates.

Prior to the restructuring of the electricity supply industhythee costs of producing
electricity were passed to the consumers under the form of faxéf$ tset by the
utility. Investments were less risky as the investorevgelaranteed a fixed return on
their investment. Unexpected risks associated with the ineestoould be covered
by increasing the prices to consumers. However, this is noatieeic a competitive
electricity market. The introduction of liberalisation exposesegating companies
to various risks that might compromise their investment reftiney are no longer
guaranteed to recover their investment cost from the consumbes.future
electricity prices are unpredictable and influenced by the nuamoegrtainties that
affect a competitive market. The decision to build a new p@lesmt can be taken by
any participating company in the market independently of whaoitgetitors might

decide to do. As a consequence, generation investment dedisiangstructured



electricity market become more complex to model than in atitradl centralized
industry. Since each generating company has limited informatidis oompetitors’
investment strategy, it has to anticipate what they mighindthe future. Their
investment decisions are influenced by and influence each dflugeover, each
generating company also has to forecast what is likelygpdraover the lifetime of
the investment plant in terms of demand, fuel cost and the bidtliatggies of its

competitors.

The various risks that affect generators in the restructueettielty supply industry
affect generating companies’ choice of technology for power geoerati
Technologies with higher investment costs but lower fuel costsmare affected by
the risk of volatile prices, because there is less thaeydmato respond [6]. The
uncertainty in future prices also exposes technologies that hiawve @onstruction
time to additional risks. The cost of fuel is another signifigésk for generators,
particularly the technologies which have fuel cost as ia ©@ntribution to the total
generating cost, for example technologies that use natural gyas fael. The
regulatory risk can also be an important risk to the investor. eikample the
introduction of a carbon tax would increase the cost of coal andahgias power
plants. On the other hand, nuclear power plants are restiicti@ir emission of

radioactive waste.

Modelling generation investment decisions in a market with a tgpaechanism is
even more complex because the potential investor has to fotheagxpected
revenue that the new investment will generate not only fronerleegy market but
also from the capacity mechanism and the interplay betweenwibeprices.
Furthermore the exact form of the capacity mechanism alscahaeffect on the

investment decision and technology choice of generating companies.

The traditional approaches to estimate the profitabilitg oew power plant are no
longer suitable in a competitive electricity market. A pamy which is comparing
different power generation options needs to quantify and interriabzimvestment
risks posed by different technologies into its investment decisakiAg. The
investor needs an investment assessment model that is akfditaly represent the
market process, the interactions of generating companies in thieetmahe

investment risks, the volatility of future demand and fuel prieewl also future



expected generation capacity expansion and retirements. Furthetir@nmodel

should also be able to show the interrelated dynamics of the dpes jand the
investments under various market designs. This is importaaube all the factors
mentioned above will affect the electricity prices, hereedrofitability of the new

investment and technology choice of a generating company.

1.2 SCOPE OF THE THESIS

As illustrated briefly above, the operation and developmeat péwer system in a
liberalised electricity supply industry are very complexs Mifficult to model all the
challenges faced by the participants in a single computer progtaenefore, this
thesis will focus only on the competition amongst generators as shdvigure 1-1.
Two main aspects will be examined in this thesis. Fingt,system is viewed as a
whole and develops a generation expansion planning model where thetitompe
between multiple generating companies is represented using agedtrbagelling.
In this model the interactions of these companies, who intémantigh the market to
maximize their profit, are developed. Then, the way in wihiifferent scenarios in
the market can trigger different degrees of investmisnasialysed. The interrelated
dynamics of the energy prices and the investment decision ofagi@gecompanies
are also studied. The possibility that ‘boom and bust’ investmeates; similar to
those that have been experienced with other commodities, mightyeeraader

different electricity market designs are also observed.

However, the agent-based simulation of generation expansion planamgot
pursued much further because the study came to the conclusiohishtpe of
simulation does not make much sense when considering investmenmnbraeclsis
is because there are not enough opportunities for interactions aminggdetween
market players. Agent-based modelling is based on the preraisgattticipants use
a ‘learning by doing’ paradigm. However, generation expansion plansingoie
realistically described as ‘learning by thinking’. In generaticeinping, investors
will not wait and learn from the investment mistakes thay tmigght have made

before deciding to make a new investment.



For that reason, the study then moves to the second aspebtfaduses on a single
generating company and develops a more comprehensive approachssingsaa
individual investment decision. In estimating the profitabibfyan investment, this
model explicitly takes into account the dynamic of expected systamges in terms
of generation expansion and retirement over the lifetime ofimbhestment under
evaluation. Two investment evaluation models will be presenté@dinwthis
framework. The first model proposes a probabilistic assessteehnique to
consider uncertainty in the load growth and the fuel cost using Moat® C
simulation. A risk analysis is carried out to complementtraparison between two

different investments.

The second model takes into account risk characteristics posed feyemif
technologies into the investment evaluation model. The maldel considers the
behaviour of electricity prices such as in an oligopoly elagtrimarket. This is
because, in a competitive electricity market with a smathber of firms dominating
the market a generating company is facing an oligopoly rather peafect
competition [7]. The price in an oligopoly market is usually highan the perfect
competition as the participants in that market may colludend¢cease the prices
hence favour the investmersince the expected profitability of investment plas
closely depend on the shape of discretized loadtur cure (LDC), an optimal step-
function approximation to fit the LDC is presentda. the analysis, the effect of
environmental regulations (carbon tax, nuclear waste featiaes for development
of wind generation) and uncertainty in the technical and cost pteemen the

profitability of different generation technologies are eiad.

The second model is then extended to consider investment in a milkeapacity
incentive mechanisms i.e. capacity payment or capacitgkenaA sensitivity
analysis is performed to see the effect of different ty@esapacity payments and
various slopes of demand curve in a capacity market on tfiéapiiity of several

investment alternatives.

In all the simulation models presented in this thesis, thergemg companies make
revenues by selling energy and providing spinning reserve. A covagtion of
energy and spinning reserve in a centralized electricitykehais modelled to

simultaneously clear the energy and reserve markets.



However, due to the limited amount of time available, someesiieg topics have
not been addressed in this thesis. For example participants mattket are only
considered to interact in the pool but not in the bilateral tradilogv the financial
structure of the generating company might affect its invastihecisions is also not
considered. Furthermore, it is assumed that the generatingaognhas access to
sufficient capital for all investment options. This thesis disionot take into account
the taxes that might influence the profitability of the investm The retirement of
generating units is not treated as a strategic decisiaablarthat is part of a
generating company’s business strategy. Instead, generatingatmiassumed to be
retired when they reach their expected technical lifetimeandmission and
distribution constraints are ignored, even though they can affectptices at
constrained locations in the grid. However, the decision franteprasented in this
thesis is sufficiently flexible and open that it could be extendethe future to

consider some of the aspects that are not included ithdss.
In summary, this thesis addresses five main objectives:

1. To model generation expansion planning using an agent-based modelling
framework that is able to represent the interaction betweergéherating
companies and its effect on the dynamic of system expansiom|lessvio study
the influence of investment signals on the investment decidiagenerating

companies

2. To develop a realistic investment model that can be usedatoate different

power generation technologies considering risks and uncertainties

3. To take into account the prices in oligopoly market which is ushédlyer than

the perfect competition market in assessing generation mgast

4. To model capacity payments or capacity markets in thesesassets and to
study their impacts on the system and the profitability of theestment

technologies

5. To study how sensitive these results are to the unavoidable uniestan the

various parameters of the models.



1.3 THESIS CONTRIBUTION

The main contribution of this thesis is that it provides a stalframework for
generating companies to make investment decisions and for systemators to
study power investments in a liberalised electricity marKieis is possible due to its
explicit representation of the elements in the models and thegsraovolved in
generation investment activity in the market. Furthermors, ttiesis uses a multi-
disciplinary approach combining economic theory, agent-based modeibny f
computer science, dynamic programming and probabilistic analfEim
mathematics, and risk analysis from financial theory, henasgdra different

original contribution to the state of the art.

The long-term generation expansion model in a restructured eiycindustry
using agent-based modelling provides system regulators a rhatlelbin be used to
assess the performance of market design in ensuring adequetetgs in the long-
term. This bottom up approach is also useful to study the invesstramtgy of
generating companies, the interactions between them, henceintipeict on the

system expansion.

The probabilistic assessment model for a generating companiugarainvestment
under uncertainties provides a framework that is able to incaeppsk assessment
analysis in the evaluation. This analysis is useful for geingratompanies to
compare different investments taking into account the riskineb® gfroject. On the
other hand, the investment evaluation model in an oligopoly ieigctmarket
enables generating companies to value their investment undisticeglectricity
prices. This model which also considers the risk charatitexiof various power
generation technologies in the financial model helps investaygaotify the risks of

different technologies.

Finally, the extension of the generation investment evaluatiodel in an oligopoly
market to include capacity payment or capacity market all@mnergting companies
to estimate the revenue that the new investment will make fsoth the energy

market and the capacity mechanism.



1.4 OUTLINE OF THE THESIS

Chapter 2: Generation Expansion Modelling Techniques in Likralised

Electricity Market

In this chapter generation expansion planning approaches and iamesgaessment
models that have been developed by other researchers are cevitreer
techniques that are used to support the modelling of generation expansler
uncertainties are also discussed. The approaches proposed timegtissto model
generation expansion planning and assessing generation investmentripetitive

electricity industry are described and compared with theque works.

Chapter 3: Analysis of Long-Term Generation Expansion Planning ri a

Restructured Electricity Supply Industry Using Agent-Base Modelling

This chapter presents a long-term generation expansion planningwoaknwhere
generating companies make investment decisions in a markebrenent taking
into account their competitors’ strategic investment and the campleractions
among them. Factors that contribute to the dynamic of the invetsnsech as
imperfect foresight of generating company in forecasting the pmcl delay in the
construction of the new plants [5] are included in the model. Tieetsfof several
capacity incentive mechanisms such as energy-only mareacity payment and
capacity market on the investment decision of generating comgrad the dynamic

cycle of the investments are also analysed.

Chapter 4: Valuation Model for Generation Investment in Liberalised

Electricity Market

This chapter is devoted to a new explicit approach for a generaimgany to
evaluate investments in a liberalised electricity markbe investment framework
consists of two levels of investment problems. The upper prolsiem optimization
problem which models the expected future investments and retirefr@ntsll the
companies in the market. The lower problem corresponds to the guralfitation of
the new investment plant against the expected future systpamsion obtained in
the upper problem. Two investment models have been developed wiikin
framework. The first model uses a probabilistic approach to sagsesstments

considering uncertainties. The second model is developed to &valuastment in



an oligopoly market considering various risk characteristicsliffiéerent power
generation technologies. Using sensitivity analysis, the teffgicuncertainty in the
regulatory risks, environmental constraints and various techmidat@st parameters

of the new investment on its profitability are examined.

Chapter 5: Generation Investment Evaluation Model in Oligopoly Maket with

Capacity Mechanisms

Chapter 5 presents an extension of the proposed investment evaluatiel from
Chapter 4 to consider capacity mechanisms in an oligopoly eiscmarket. Two
types of capacity mechanisms are presented, i.e. cagaeyiment and capacity
market. Analyses have been carried out to explore the effedifferent capacity
payments and various demand curves in the capacity market orofitabjity of

the investment technologies as well as on the systerwhela.
Chapter 6: Conclusions and Suggestions for Further Research

This chapter summarizes the main achievement of this resétaatdo discusses and
suggests some potentially interesting directions for futureareb in this general

area.
Appendices

A number of appendices to complement the presentation of #ssstare included.
Appendix A presents the data for the test system used in thesesmagd Appendix
B presents the formulation of optimal step-function approximatioad Huration

curve.



Generation Expansion
Modelling Techniques in Liberalised
Electricity Markets

Summary

This chapter presents the approaches that are presented indhauie to model
generation expansion planning in liberalised electricity markets. Tagsification

of these approaches is made considering: 1) generation expansion modelsethat
developed from the system perspective and 2) models that focus dduaddiv
companies in formulating long-term expansion planning or evaluating an
investment. Other techniques that are used to support the moddllgeneration
expansion in the context of modelling the electricity price and managkgnder
uncertainty are also discussed. The models that are developed itetatute to
study the influence of capacity mechanism in the investmentaeaisd power
system are then presented. Finally, the approaches proposed in théstthesodel
generation expansion planning and to evaluate an investment under diffendet m

designs are described.

2.1 THE EMERGENCE OF VARIOUS GENERATION EXPANSION
TECHNIQUES IN LIBERALISED ELECTRICITY MARKETS

Anna Ku [8] in her PhD thesis states that generation expansion plaiming
influenced by three types of investment decisions: 1) the chbteelmology, 2) the
capacity of the plant and 3) the suitable time for making thensipa The choice
of technology depends on the financial risk posed by the differdmdbgies such
as the technical and cost characteristics, the economtariée the construction time
and the fuel cost. On the other hand, the capacity and theéatimeld are influenced
by projections about the demand growth, the retirement of existargspin the
system, the installed capacity, the forecasted futuaeken price and the expansion

decision of other generating companies. The results of dgemeraxpansion



planning are the schedule of investments that indicatesnigedi building a new
plant, retiring old and non-profitable plants and the possible moitndpaif existing
plants over a long planning horizon. It can also be described asesprwhere the
generating company makes a choice over known technologies for netw, @tier

evaluating the expected benefit of the investment on thefitadvility .

Modelling generation expansion planning in a restructured elegtsiggply industry
is more complex than in the traditional problem. This is becatisbe different
generating companies competing with each other to maximisepitedits and the
need to model the interactions between these conflicting tolgiec A decision to
build a new plant can be taken by any company that participathe market. Since
there is no central decision, the expansion decision involves mosgtaintes.
Apart from the generating company, the regulatory body atssfmajor challenges
in liberalised markets because it may view the electptaining objectives from a
different perspective. The regulator plays an important rolmaintaining system
reliability, stabilising the market by preventing under- orresagacity investment
and designing incentive mechanisms to promote the development of aratedequ
generation system, while generating companies are only concdroatl rmaking
more money. Furthermore, it is not yet clears whether thanskpn of generation
capacity will take place in an orderly fashion or whether ‘boombasti cycles may
arise as has been observed in other markets. This cyclicalim@haf investments
is not only a threat for the regulator but also for the generatngpanies as the

cycles will lead to uncertain prices and hence unstablégpfor the companies.

The traditional generation expansion planning approaches are ndb ableresent
the complex phenomenon that arises in liberalised markets.fdteesmme models
have been developed and published to solve the issues related gentration
expansion problem. In this thesis, the reviewed literature wsifiled into two

groups:

1. Generation expansion models that consist of multiple playerseimtrket
and represent the whole system expansion. This model isyudeakloped
to analyse the dynamics of generation investments and thepolistic

behaviour of participants in the market.



2. Models that focus on the investments of a single generatingarom This
model is developed for the company to formulate an optimal long-term
expansion plan, to develop an optimal portfolio allocation and tordigter

the profitability and optimal timing of an investment.

Since modelling generation expansion and assessing an investewpites
information about future electricity prices, some techniques akpeebeen proposed
to forecast these prices. The volatility of the prices and rileire of power
generation investments, which require large amounts of capi@dte a risky
environment and have led to the development of some risk manageciemtues

to support the modelling of generation expansion under uncertainty.

Figure 2-1 shows the organization of the literature reviewegmted in this chapter.
The generation expansion models are grouped into two issues accardihg t
classification mentioned earlier i.e. 1) models of systenegation expansion and 2)
models for individual companies. Three main techniques that havedescribed in
the literature to model generation expansion planning consideritigeatbompanies
in the market are Game theory, System dynamics and Agerd-basgelling. On
the other hand, models that represent a single company can be ditidiedig-term
optimal planning and techniques for project valuation such as traaitlevelised

cost, and to consider uncertainty such as probabilistic analydiseal option theory.

Electricity market models are required in generation expansion ptatoimodel
the activities of the participants and to calculate ¢lextricity prices. Extensive
studies have been found in the literature to study the behavidue phtticipants in
oligopoly markets and its effect on market prices. Other $ssetated to the
implementation of capacity mechanisms such as energy-onlkemazapacity
payment and capacity market, and their influence on generationstapglanning
and investment decisions are also a major topic that has bseuwssid in the
literature. When estimating the profitability of an investinesome researchers
model future market prices as exogenous variables, while ot#pesent the prices
as a function of demand and installed capacity in the systerorder to assist
generating companies in dealing with uncertainties, some risksamsnt techniques

have also been adopted in the literature.
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Figure 2-1 Schematic representation of the liteeatun generation expansion planning and
related topics

2.2 TECHNIQUES TO MODEL SYSTEM GENERATION EXPANSI ON
PLANNING

Models to represent generation investment actsvitidiberalised markets have been
developed since the beginning of the restructuointhe electricity supply industry.

Three main techniques that are usually presenttukititerature to model generation



expansion planning in the system are: 1) Game theory, 2) Systemmidgrend 3)

Agent-based modelling.

2.2.1 Game Theory

Game theory has been widely used to model oligopolistic competition
microeconomic theory. This technique models mathematically ghrategic
interactions of the participants in the market, where eacksidn of a company is
interrelated with the decisions of the other companies. Inghme, the model
attempts to find an equilibrium point where at the equilibrium (theshNa
Equilibrium), none of the companies will get further benefit frahanging its
strategy. In game theory, there are three decision veasidde are commonly used
to determine the investment, i.e. the price in Bertrand cbigpe the quantity in
Cournot competition and the relation between price and quantity inySkEppttion
Equilibrium. The application of the game theory in the context of rgéina
expansion planning was pioneered by [9] who compares three differentttompe
game scenarios: 1) each company acts independently to maximizaofits
(Cournot competition), 2) all companies collude to maximize pr{@tatel) and 3)
a single player competes against a coalition of the renmaiplayers (Cournot
duopoly). Murphy and Smeers in [10] present three competition modgterfect
competitive market, 2) open-loop Cournot game where commitmerds ar
simultaneously made on investments and sales contracts withr Fawehase
Agreement and 3) closed-loop Cournot game where investments areddecttie
first stage and sales in a spot market are carried oheisgcond stage. The authors
of [11] compare the Cournot game with a Stackelberg gameeviinéhe Stackelberg
model there is a leader firm that first decides its rogki capacity and is then
followed by the other firms. However the capacity expansion equiibmodels

described above do not evolve over time.

Centeno et al. in [12] present a long-term generation expansioal tvaskd on two
stages Cournot market equilibrium. The authors of [13] tackle thenoouos
Cournot equilibrium problem considering a discrete dynamic georraiipansion
model exploring the whole planning horizon. Gilotte and Finon in [14] pteme

open-loop Cournot model as in [10] but consider a long expansion horizon (30 years)



and the interdependency between existing capacities and imvgstnTesser and
Nabona in [15] model an open-loop dynamic game but the evolution gfetibars’
decision is not considered by the generating companies and [16] @4tieramatrix

game model to solve a multi-year and multi-player generatpansion planning.

Although game theory has been extensively used in the literatuneddelling
competition in liberalised markets, the problem of dimensiondbty N-player
applications still exists [17]. A static model where the exjanslecision is not
influenced by the installed capacity has the advantage ofjksile to model a
bigger problem. It is, however, more suitable for short and mediwannilg
problem. For these reasons, game theory is not considered inlingpdeheration
expansion in this thesis. Game theory has also been used to study hoatiggne
companies can raise prices in an oligopoly electricity malete literatures related

to this issue will be described in Chapter 4.

2.2.2 System Dynamics

The system dynamic technique is useful and widely used to model dong-t
generation expansion planning in liberalised markets. This methodolagedsto
frame a complex process and to understand the behaviour of compkxsyster
time. Its main characteristic lies in the way it capresent internal feedback loops
and time delays that affect the dynamic behaviour of themsysAndrew Ford uses
system dynamics to study the dynamic pattern of building powersplanthe
western United States electricity market. In the studyargaes that the competitive
electricity markets are prone to boom and bust cycles sitildwose that have been
observed in other markets. Ford also argues that a generatifgany’s imperfect
anticipation of the future market situation and the delaypeinmit approval and
construction are the key factors that lead to cyclic investipettérns. The articles
by Andrew Ford in this area can be found in [18-20]. Sanchez [2&]pbposes a
system dynamic model to model the long-term generation expansianirga
However an improvement is made to differentiate the comgare@pected
profitability by combining system dynamics with credit riskahe On the other
hand [22] focuses on the causal relationship that determines tlee cfidechnology

and [23] studies the effect of placing three different constraiet 1) reducing gas



plants quota in system planning, 2) setting tax for gas and 3)dprgwsubsidies to
wind power generation for generation expansion on the development pbyas
plants. A stochastic system dynamic technique is presente@4inwhere the

uncertainty in demand growth is modelled using a mean-meggatocess.

The concept of system dynamics is based on top-down approachtidnererview
of the system is first presented, then the fundamengmhezits in the models is
specified but not in detail. For that reason it is less favoer@mbbe adopted in this
thesis which focuses on developing an explicit decision procesgerrating

company in the market.

2.2.3 Agent-Based Modelling

Agent-based modelling is a computational technique for simulatingctieng and
interactions of autonomous agents in a complex system. In agect-trexielling,
each agent assesses its situation in the environment and maisésndeto achieve
its target using a set of rules. In generation expansion planttiagagents are
generating companies who are seeking a better strategy matthet to maximize
their profits. These agents are reactive, proactive and dworal abilities that allow
them to interact with other agents and their environment in maleogsions. Like
the system dynamic approach, agent-based modelling can becuseodéel the
dynamic nature of long-term generation expansion planning by incormmpglays
and representing causal relationships. In contrast to the top-qgwwoaah taken by
system dynamics in modelling complex systems, agent-based mgdefies a
bottom-up approach in which the individual elements of the systefirsirdefined
in an explicit way and then linked together to form a largetesysMoreover, agent-
based modelling provides agents the ability to learn from theapasmodify their
strategy in the future. With regards to the drawback of gdmery that only can
represent a small size problem, the agent-based modelling dfferpossibility to
solve larger problems. These characteristics make agesd-basdelling more
suitable to represent the complexity of generation expansion planniibgralised

markets and have therefore been considered in thisthesi



Agent-based modelling has been widely applied in modelling and amalyise
performance of electricity market which will be discussed inpB#ra3. However,
very limited literature can be found on its application to remtésg long-term
generation expansion planning in liberalised markets. Works ailalthe open
literature include the model developed by Argonne National Ladryrg25] and
The University of Manchester [26]. The generation expansion modelagped by
[25] takes into account two stages: 1) the stage where eachagemerompany
forecasts the expected profit of its investment and 2) thge stdnere the actual
market clearing is performed after all the companies haagentheir investment
decisions. However, capacity mechanisms are not considetkd analysis. On the
other hand, the model proposed by [26] analyses the effect ofityap@chanisms
on investment decisions; however the effect of the investmentiaiesiby all the
companies on the actual market is not modelled. The agent-lgEsetation
expansion planning proposed in this thesis considers these two eleéetsiled
description and comparison of the work by [25, 26] and the agent-basedtigene

expansion planning developed in this thesis will be presentedapt&is.

2.3 GENERATION EXPANSION TECHNIQUES FOR A SINGLE
GENERATING COMPANY

The techniques that focus on a single generating company cateferized into: 1)
studies that represent optimal expansion over a planning horizon actiréjjtes to
assess the profitability and optimal timing of an investment foisae-making. The
author of [27] proposes a method for optimal long-term expansion planning by a
single company using Dynamic Programming. A similar objecthg in [27] is
addressed in [28] using a Bi-level model. Yin et al. in [2%ppse a model for
long-term and short-term optimal portfolio allocation in the markehgusa

Differential Evolution algorithm.

Three techniques that are often used to evaluate an invesintieatliterature are: 1)
time value of money and levelised cost methodology, 2) probabdisétysis and 3)

real option theory.



2.3.1 Time Value of Money and Levelised Cost Methodology

Since investing in a new power plant involves commitment oklaapital for an
extended period of time, financial techniques such as net predaat(NPV), future

worth value (FWV) and internal rate of return (IRR) that regméshe time value of
money have been used extensively in the literature to appraiseelomgower plant
projects. The time value of money refers to the concept thatlar today is worth
more than a dollar in the future because of the intergstodit that it can earn. The
NPV and the FWV convert the expected future cash-flow from thiegirinto their

equivalent worth at present time (NPV) and future time (FW¥)guan interest rate
known as minimum acceptable rate of return (MARR). On the dthrd the IRR
computes the returns of the investment assuming that the N&yu#& to zero and

compares it with the MARR.

The levelised cost methodology has been a useful costing method fparomgn
investments in different generation technologies. It represkatpresent value of
building and operating a generating plant divided by the plant’'s eegexatergy
production over its lifetime. This approach has been used by the3®Ad study
the factors affecting the economics of generation technologies.eWowthis
technique alone does not provide the investors with an analytethioch that can
measure the riskiness of an investment under uncertaintyefdherit needs to be

complemented by approaches that account for risks and uncertainty.

Since investing in a power generation requires a long periodnef the financial
technique to consider the time value of money is stilledulisechnique to assess an
investment hence is used in this thesis; however the implatienis extended to

consider risk assessments under various uncertainties.

2.3.2 Probabilistic Analysis

The introduction of probabilistic analysis extends the classioa@uic theory to take
into account the risk and uncertainty in valuing an investment planthis

technique, the input parameters to the financial model ar@edefas statistical
distributions to represent uncertainties. A Monte-Carlo simulateom be used to

determine the profitability distribution of an investment. Thishtéque provides a



generating company with a wider analytical framework foessiag an investment
while considering the risk. The authors of [31] use probabilistityais to compare
three base-load technologies i.e. nuclear, coal and combindel ggs turbine
(CCGT). Reference [32] uses a Probabilistic Production Simualaglgorithm
considering uncertainty in market prices. The authors of [33] maa=drtainty in
fuel and carbon prices and study the impact on the expected gemexat of coal-
fired generation, CCGTs and open cycle gas turbines (OCGTheather hand, a
stochastic dominance relationship between the distributions is cpiplig34].
Feretic and Tomsic in [35] introduce the concept of probability aloutate the
levelised cost of different power plant technologies considemogrtainty.

The probabilistic investment evaluation model in this thesis mdaldelsincertainty
in load growth and fuel costs as a Gaussian distribution functiantifie value of
money approach combined with the probabilistic technique is developegtare

the rate of return distribution of an investment.

2.3.3 Real Option Theory

Real option theory is a technique that has been developatlyetmeovercome the
drawback of static classical economic theory that is cldifa#s to incorporate the
management flexibility and uncertainty in the evaluation procksseal option
theory the new investment is regarded as an option. The possildesopitiude the
options to defer the project, to expand, to abandon and to alter theirgperat
schedule. With these managerial options, the investor has the opjyortuimvest

strategically in the event of favourable investment conditions.

The authors of [36] present a comparison between the classicad8\the real
option approach for power generation investment. They argue thatgerial
flexibility in real option would give positive value to a projdattan the NPV
approach. The authors of [37] model real options using Binomial &afibic two
interrelated generating units. [38] examines the effect of dviferent stochastic
price models on the optimal investment in a power plant, wihereeal option is
modelled using differential equations. [39] extends the real optimedoon the

Binomial Lattice approach to consider multiple options. However wueks



presented above model the electricity prices as exogenous garidbke authors of
[40] use stochastic dynamic programming to analyse the valugatting and
calculate the electricity prices endogenously in the modeth® other hand [41, 42]

extend the NPV methodology to consider real option valuation.

Nevertheless, the real option technique has two drawbacks: ib)pksmentation
requires a high level of technical simplification in repreisgnt power plant as a
financial asset, and 2) the representation of electiixites as exogenous stochastic
variables may not be realistic [21].

2.4 MODELIING PRICES IN LIBERALISED MARKETS

To evaluate an investment in a liberalised market one mudultareonsider the
dynamic of the electricity prices as they will affect thepected profitability of the
investment under consideration. Different approaches have bepospd in the
literature to model the electricity prices. These approachesbe classified into
three groups as shown in Figure 2-2. This classification is basebdeoscheme
presented in [43]. However the literatures discussed heveiradBide some more

recent techniques. The model approaches are grouped into:
1. Optimization and investment valuation models for a geimgraompany

2. Market equilibrium using game theory considering all the conegaini the

system

3. Simulation models with a complex representation of the peystem.
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Figure 2-2 Classification of price modelling tealumes in the literature based on Ventosa et
al. [43]

2.4.1 Optimization and Valuation Model for a Geneating Company

In the context of optimizing generation expansiod assessing an investment for a
single generating company, two trends in price rimgehave been observed in the
literature. The first approach consists in treatimg price as an exogenous variable
that is calculated outside the model and is nacadéid by the factors in the model.
For example, [31, 32] model the electricity price & normal distribution with a
specified mean and standard deviation in their gdistic assessment model. On
the other hand, [38] models the electricity pribgctuation by a mean reverting
process and [37] by a geometric Brownian motiorthieir real option valuation
model. Zhe Lu et al. in [36] assumed a fixed eleityr price in the classical NPV
and NPV with real option.



In the second approach the price is an endogenous variable whicbuisteal as a
function of the demand, the installed capacity and the bid poicgee units in the
system. For example, the electricity price in the spot masketbtained by the
intersection of the demand and the supply curve in [27], wherantr&et is
represented by a multi-agent system and the competitors’ biddiategy is
modelled using a conjectural variation model. Unlike the real optioroagipiin [37,
38], Botterud and Korpas in [40] model the electricity prices eswogsly
considering the expected demand and installed capacity in thensydeanwhile,
the effect of the competitors’ investments is considered by addprge cap in the
sense that their investments will reduce the prices in gmk@hhence the profit of
the company that is evaluating an investment. On the other hand,Wang et al.
[44] model the relationship between the electricity prices andsyktem installed

capacity as a cubic function using historical data from Réktrecity market.

However none of the works described above explicity modelled therefut
electricity prices as a function of available technologiethe system resulting from
investment strategy of all generating companies in the ehamkder various
uncertainties. This will be the focus of the investmemiwation model proposed in

this thesis.

2.4.2 Market Equilibrium Using Game Theory

The two types of market equilibrium that are commonly used initheature to
represent competition in liberalised markets are the Cournotlraadethe Supply
Function model. In the Cournot model, where the firms compete on quahgty
equilibrium price is determined by the demand function and iatsatlevel where
demand is equal to the quantity produced by all the companies. tBencempany
strategy in Cournot model is only based on the quantity, the equililprilcen is very
dependent on the demand representation and usually higher than inl timeniest
[43]. This drawback is tackled by the introduction of the Supply Function model
where the competition is based on both quantity and price e.@ffitr curve of each
firm. This is usually considered a better, but more complex, apiptoaepresenting

competition in liberalised markets [45]. However the mathealastructure of the



Supply Function which is characterized by a set of differentjghtons makes it

difficult to solve compared to the Cournot model [43].

2.4.3 Simulation Models

Approaches that represent the complex process of generation expausibnas
system dynamics and agent-based modelling, are grouped under theti@mula
model category. In system dynamics, the relationship betweetnigty prices and
other factors that influence the price is expressed usiragisatloop diagram. The
electricity prices are represented with a positive influefrten the demand
(exogenous variable); where under the condition of a higher demandher hi
electricity price will be observed. On the other hand totahciépin the system is
modelled as a negative feedback to the prices; in the $basavhen the total
capacity in the system decreases, the prices increagst ™ the studies on
generation expansions using system dynamics have a common megireseof the
power system; however [22] improves the representation of ielactdlemand by
introducing feedback from the price to demand. Unlike system dysanhiere the
prices are modelled by the causal relationship, the elégtpiices in an agent-based
model can be computed by explicitly modelling the market clearingepsotaking
into account the decision and the interaction of the agents indhetsuch as in
[26]. On the other hand the authors of [25] model the prices in thdir-agent

simulation model using a probabilistic dispatch algorithm.

2.5 RISK MANAGEMENT TECHNIQUES

The high volatility of electricity prices in the market hasmpted the study of how
various risk assessment and management techniques could be usiédai® the
risks in generation investments. These techniques are proposethptement the
investment evaluation model to value the investments under untgr@ane of the
techniques is mean variance optimization. This technique was pdopp$46]. This
tool is developed for the company to optimally allocate thestmrents in order to
maximize its return subject to several risks. The approdofvsalthe company to

make decisions regarding the allocation of its resources coingjdie trade-off



between return and risk, where variance is used as a risk mepsrhas adopted

this approach for portfolio optimization in power systems.

Another technique for risk assessment is sensitivity analykis.technique is used
for examining risks where the variation of the output can be desizexd by
changing the input variables in the model. Performing a semhgitarialysis on
different investment technologies requires a model that can ihserrthe risks
associated with the technologies. The authors of [31] usediggnsinalysis to
identify the key parameters to be modelled by probability distabuh comparing
the profit distribution of nuclear, coal and CCGT. This approachatss been
adopted in this thesis to study the effect of uncertaintyaabus parameters in the

models on the profitability of different technologies.

An approach proposed recently by [48] has become a popular tool irateme
investment analysis. Value at Risk (VaR) and its improvedciamditional value at
risk (CVAR), are widely used risk measures in financiaotly to calculate the
probability of losses based on statistical analysis. Vafeimed as the maximum
amount that an investment may possibly lose at a specified pigblbown as the
confidence level, over a given period of time. CVaR measwesbad it could be
when the loss exceeds the VaR. The VaR is a coherent measyrevhen the
underlying probability distribution of the loss is a normal distrirutiunction [49],
on the other hand CVaR is always a coherent measure. FoeésainrCVaR has
been accepted as the standard tool for measuring risk. A sén&R and CVaR
with respect to different payoff confident levels of a gatieg company are
obtained in [50] to manage the risk of a project. The authof$5pfuse CVaR to
represent risk-averse generating companies in an equilibriadelnfor medium-
term generation planning. On the other hand [51] uses it to find biddicespn an
auction for long-term electricity contracts. Similar to tippr@ach presented in [51],
instead of finding the VaR at a specified confidence levelptbabilistic model in
this thesis calculates the expected confidence level oftingeis a power plant by
setting the VaR at MARR.



2.6 MODELLING CAPACITY MECHANISM IN THE MARKET

Some studies have been conducted to study and compare the effestofesmseral
capacity mechanisms such as energy-only market, capagityeph and capacity
market in promoting generation investments as well as to propobetter
mechanism. [5] discusses alternative approaches to capamityanisms and argues
that an energy-only market with premium call options is the bagtte meet the
system adequacy requirements. [52] discusses the uses and abusapacity
payments and recommends mechanisms that incorporate conspangcgdation as
a better way of improving reliability. [53] compares theigie®f capacity payment
and capacity market in several countries while [54] and [55] exatheénstalled
capacity market (ICAP) reform in the United States. Hawethe literatures

described above discuss and compare the mechanisms in aigaality.

The authors of [56] quantitatively study the dynamic capacityneay applied in the
old power pool of England and Wales. The investment model is develsieg

system dynamics. They assumed that the investment decasienisfluenced by
capacity payment and the fixed cost of new generating unit. tReshdw that the
capacity payment hence the investment is more sensititie t0QLP than VOLL. In

the analysis, they found that the cycles of investment asermach dependent on
the generating company’s foresight about future demand, supply andt packe

They also argue that the LOLP function in the model needs tmfr®ved in term

of its explicit relationship to the evolution of capacity mefdre it could be used to
provide more accurate policy analyses. The author of [57] alsosyseem dynamics
to simulate the construction cycles of power generation iwéstern United States.
Investments are considered if a forecasted spot price isrhigirethe total levelised
cost of new power plants. In the simulation, it is shown thatfisapacity payment
helps to dampen the investment cycles. Visudhipan et al. in [B8gpr a dynamic
investment model considering two scenarios: 1) A system camgpasspot market
and a forward market and 2) A system comprising a spot markearar@AP

market. The backward (historic price) or forward (future prisa)sed to determine
the investment decision variable. In the analysis, they attatethe future market
provides timely information on the potential value of new investsadntcontrast,

the ICAP market signals for investment can be rather distoanty misleading.
However investment decisions in the ICAP scenario are neetlat a function of



ICAP price only, but not the interrelation between the spot janckthe ICAP price.
De Vries in [59] takes into account the price relationship betwlee two markets in
his simulation model. The study focuses on the effect of dewspacity
mechanisms in Netherland’s power system. He concludes thatcapacity
mechanisms that administrate the capacity of generation e€qirthe system are
more effective than those that use price incentives in promatiagstment.
Researches that concentrate on the PJM capacity markgivareby [60, 61]. A
simple dynamic model that could represent the effects of iINed@mand curve on
the reserve margin, generator profitability and consumer cegtrasented. From the
analysis, [60] argues that a sloping demand curve could reducskltte mvestors
and simultaneously lower the cost to consumers as well asseditea investments.
[61] extends the analysis to consider the demand curve adjustrtieit are
implemented in the real PJIM market and suggests that tbpsstnaents provide a

higher system reserve margin and lower consumer payments.

The literature described above models power generation investagah aggregate
point of view and studies the effect of capacity mechanisms/sters adequacy.
The studies do not focus explicity on how individual generating comganie
formulate an investment strategy under the market with cgpagthanism. [62]
calculates the optimal investment strategies of a generatongpany under
centralised and decentralised electricity industries using opton approach.
Analysis shows that a price cap set below the value of deskwill result in further
postponement of investment decisions. The introduction of capacitygrdy in the
model induces earlier investment. The analysis is extended Jirid4flculate the
optimal timing of investment in a new power plant in a NordictalEty market.
Comparing two different types of capacity mechanisms (ixedfand variable
capacity payments), they conclude that the variable capseytyent contributes to
an increase in the uncertainty and hence increases the ofaluaeiting and the
expected profit. The authors of [63] also model the optimal investohecisions
based on the real option approach. In the model, the capacityepays assumed
constant over the planning horizon. On the other hand, the ICAP pricéuastion
of installed capacity is modelled as a quadratic equation usirayib@tprice data

from the PJM electricity market. In the analysis, tlegue that a capacity market



could be more effective at reflecting the generation capadequacy hence provide

a greater reliability level than capacity payment.

Other capacity mechanisms have also been proposed, sudlaliityeoptions by
[64] where reliability contracts based on financial call opticesaactioned through
a competitive framework. [5] and [65] also propose a similapr@ach. [66]
proposes a new mechanism called capacity subscription. Thisimschis based on
a self-rationing concept that requires customers to subscribeafmcity during
system peak conditions. [67] proposes operating reserve pricisgstem operators
to ensure adequate capacity in the system. In this approadystken operator buys
operating reserve capacity and determines the price oktesve in the spot market.
[68] examines and proposes possible improvements to the GrpekityaAdequacy
Mechanism.

In reality the prices of capacity mechanisms are not only depewdethe reserve
capacity in the system but are also influenced by the technologyesulting from
investment strategy of all the generating companies imtmdet. For example, the
LOLP calculation used in the formulation of capacity payment piscelosely
related to the available technologies in the system. On thehahd, the price of the
capacity market is dependent on the bidding price of the technaldgime of the
works discussed above models the capacity mechanisms as arfusfctivailable
technologies in the system. This aspect is considered irnthégss in modelling

capacity mechanisms in a liberalised electricitykaar

2.7 GENERATION EXPANSION MODELS IN THIS THESIS

In order to consider and study the various factors that could affectytnamic
behaviour of power systems and the profitability of the investsnéimé complexity
of the market and the investment decision process of theaj@gecompany are
explicitly modelled in this thesis. This requires a combinatbsome techniques
that stem from various other approaches. The generation expansion estdhav
evaluation models proposed in this thesis are thus a blend oftechmeéques that
are presented in the literature. This section describespi®arhes used in the

models identifying the gap that they attempt to address.



2.7.1 Chapter 3: Long-term Generation Expansion Planning Usinggent-
Based Modelling

In Chapter 3, agent-based modelling is chosen for developing adanggeneration
expansion planning model which consists of several agents i.eagrgeompanies
competing in the market to maximize their profit. This is duénéocharacteristic of
agent-based modelling that allows the explicit representatiothefgenerating
companies’ interactions and the activities in the power mafket.market clearing
process is modelled as an optimization process to simultaneoaalytbk energy
and spinning reserve market in a way that minimizes theyetaly operating cost.
The prices resulting from the market clearing are a functiodeaiand, installed
capacity, bidding prices and investment strategy of the ggngrcompanies in the
market. In the investment evaluation process, the com@té@rpected investments
are modelled using a scenario tree. Given the long-term naittine investment in
power generation, the discounted cash-flow methodology is an efféetikinique to
estimate the attractiveness of an investment opportunity, dhdrefore used in the
model. The descriptive aspect and explicit representationhef findamental
elements in the agent-based expansion model make it possibtmtparate delays
in the construction of new power plants to simulate the dynamic behaofour
investments and to include regulatory policy such as capacityhanisen in the
market. Unlike the literature previously described in modgllihe dynamic spot
prices and the capacity mechanism prices, the agent-basedatyen expansion
model in this thesis takes a step insight to also model thess @s a function of

available power plant technologies in the system.

2.7.2 Chapter 4: Valuation Model for Generation Investment ira Liberalised
Electricity Market

In Chapter 4, two different models for a single generating eompo evaluate an
investment are presented. The models are rooted in a basiarienésvaluation
framework that consists of two stages. This basic frameworlbio@s the two
perspectives described earlier when classifying the gememxpansion modelling
techniques in the literature i.e. from the system and thevidh@il company’s

perspective. The first stage of the basic frameworkaseipected future investment



and retirement from all the companies in the system (ieesyistem perspective)
each year over the lifetime of the investment that thepamwy is evaluating, which
is referred to as the ‘prototype future system expansion’ inthss. This optimal
prototype plan is defined using dynamic programming to minimizéotiaé cost of
system expansion. The dynamic programming has been broadly used to model
generation expansion planning in a regulated electricity industryhanaissumption
that the objective is to minimize the total cost is tylycased in a centralised
electricity industry. However, since the objective of nearkberalisation is to
improve the economic efficiency of the electricity supply byueng the costs, the
minimisation of total cost is still valid to represent the vehgfstem expansion under
liberalised markets. Furthermore, most of the electricityketa around the world
are not completely free in nature but subject to governmentatézns to ensure
power availability and system security as well as to pratastomers from high
prices. Profit maximisation is often used as an objectivenftividual companies in
a competitive electricity market; however it is not suiatol represent the objective

of system expansion.

The second stage of the model calculates the expected pabfih¢hnew investment
under evaluation will make each year assuming that the sysitnexhibit the
prototype system expansion obtained in the first stage. Insteadnsfdering
electricity price as an exogenous Vvariable, the model adopts xaficite
representation of the market and computes the market clearoeg lmsed on the
expected investments and retirements that will occur inysters (as defined in the
prototype plan), the demand and the bidding strategies of the npauieipants.
The model is then used to compare several investments inyoWiffierent
technologies and the company might choose to invest in the technologyotte

provide the highest profit (i.e. company perspective).

The basic model described above is extended in the first mddde( 1) to consider
uncertainty in the load growth and the fuel costs. A probabilastiglysis using
Monte Carlo simulation is applied in the model to characteliserate of return
distributions of the investments. In order to calculate the cemde level of
investing in different investments considering risk, the VaRhriggie is

incorporated in the model.



Model 2 takes into account the risk characteristics of diffei@etinologies in the
financial model. It also addresses the fact that the mevwstment needs to be
evaluated considering the price in oligopoly electricity mavideich is missing in
the literature. An empirical approach is developed to modgiribe in an oligopoly
market based on a shape of the price duration curve derived fractwial market.
Since the profitability of an investment is sensitive to tmepse of the load duration
curve (LDC), an optimal approach to discretise the LDC i®dhiced prior to the

investment evaluation using dynamic programming.

The novelty of these models lies in their explicit represemtatf the future
electricity prices which is not only a function of load and insthitapacity but also
the available technologies in the system. A sensitivitylyaigis used as a risk
assessment technique to study the effects of uncertaintyeimegulatory policy

hence technology mix on the profitability of the new investmen

2.7.3 Chapter 5: Generation Investment Evaluation Model in a®ligopoly

Market with Capacity Mechanism

In Chapter 5, two types of capacity mechanisms i.e. capaayents and capacity
markets are modelled and included in the first and second state proposed
investment evaluation framework in Chapter 4. The cost of thacdg mechanism
is considered as an extra cost in the objective function of thitype system
expansion as its implementation will increase the total cogenérating electricity.
The effect of capacity mechanism in the prototype expansiorodelled in such a
way that a lower reserve margin in the system will iaseethe price of capacity
mechanism hence more plants will be built by the dynamic prognagnto reduce
the total cost of expansion. The energy and capacity mechaniss pre calculated
based on this prototype plan, and then used to determine the maie@ighe new

investment plant that the company is considering.

Two types of capacity payments are presented. The fisslingar capacity payment
where the payment is inversely proportional to the instalguhcity in the system.
The second is a capacity payment which is a function of \ailless load (VOLL)
and loss of load probability (LOLP). A capacity market samito the one



implemented by the New York Independent System Operator (NYIS@nsdered
in the model. Sensitivity analysis is also used as a rgksament technique to study
the effects of various VOLLs on the capacity payments ardiffefrent shapes of

demand curves in capacity market on the profitability of thestmaent technologies.

Similar to the models in Chapter 4, this model represents aghingito the
fundamental process of assessing an investment which could bé¢ousedy the
combined effect of energy market prices and capacity mechgmis®s on the

profitability of the new investment.



Analysis of Long-Term
Generation Expansion Planning in a
Restructured Electricity Supply Industry
Using Agent-Based Modelling

Summary

This chapter presents a new approach to modelling long-term generation expansion
planning in a restructured electricity industry using agent-based modellihg
model simulates generation investment decisions taken by thetlege&ompanies
in a market environment taking into account their competitorsiteatyic investment
and the complex interactions among them. The investment decisi@naaimpanies
is modelled considering that the companies have imperfect foresight duatuhe
prices. Another factor that contributes to the dynamic of thestiment i.e. the delay
in the construction of new plants is also included. Additional to tmentional
energy market, several capacity incentive mechanisms such astgg@genent and
capacity market to promote a healthy investment for generatipansion are
modelled. In the presented results one can appreciate the eftaesefincentives on
the investment decisions taken by the various agents (generatingries)p The
results also provide insight on the investment cycles as agetlynamic system
behaviour of long-term generation expansion planning in a competitive eisctri

industry.

3.1 INTRODUCTION

Generation expansion in a competitive electricity market wagla very complex
process. In this new environment, the generation expansion planningvdisa
previously based on a centralized decision process has been adpjairelividual

profit maximizations. In this situation, in formulating theag#gy to invest in a new
power plant, the generating company has to use its own judgmen¢@agtng what

is likely to happen in the future regarding the demand, fuel andt bidding



strategies of its competitors. Since the generating comipasyimited information
on its competitors’ business strategy, it has to anticipate thieg might do. The
traditional approaches are no longer suitable to representothplex generation
expansion process. Therefore there is a need for a new modelilthag able to
model the complex interactions of the participants in the madkgent-based
modelling which is a new computational modelling technique offesspibssibility,
and has therefore been adopted in this chapter to model geneexfpansion
planning in a liberalised electricity market. Agent-based Htiadeuses a bottom-up
approach which enables the agent developers first to specify dyghel individual
components of the system, i.e. the decision-making procesgbfof the generating
companies in the context of modeling generation expansion. Then daeiston
processes are linked together to represent the whole symtdmdescribe the

interactions between the companies hence support the study cdtgenexpansion.

In a liberalised electricity market, the generating camgs lack of perfect foresight

in making an investment decision, combined with delays in construatid permit
approval could result in potentially unstable dynamics in capavitgstiments [18,
57]. Using this descriptive approach those aspects that contribthie ‘boom’ and
‘bust’ patterns of investment cycles are able to be incorpoiatélde generation
expansion model and hence represent the dynamic behaviour of menerat
investment. This dynamic investment cycle could represent ar ntlajeat to
electricity security and a risk to the generating companyhasptices in such a
situation are uncertain. As a consequence some of the regudatihrorities have
imposed capacity mechanisms to stabilize system resamde® @rovide generating
companies an opportunity to earn extra revenue by making generatgsinent.
Three types of capacity mechanisms are presented in tiptectaand tested using
the proposed agent-based generation expansion model to see the impaet on
system performance as well as on the investment decisibriie generating

companies. The objectives of this study are as follows:

1. First to develop a long-term generation expansion planning using ageadt-bas
modelling that is able to represent the complex interactions betéee
agents (generating companies) in the market

2. Second, to simulate the dynamic investment cycles in theralised

electricity market by modeling the imperfect foresight of tienerating



company in making investment decision as well as incorporatieg t
construction delays of the new plants into the model

3. Third, to model the capacity mechanisms that provide investmeentives
to the generating companies

4. Finally, to study the impact of these mechanisms on thestment choice of
the generating companies and the dynamic system behaviour of long-ter

generation expansion.

3.2 THE CONCEPT OF AGENT-BASED MODELLING

In agent-based modelling, a system is represented adeatiool of autonomous
agents who individually assess their situation in an environment ake decisions
using a set of decision rules. Each agent has the capabiliarin and adapt to its
environment in a social, communicative and intelligent way toeaehits target.
Agent-based modelling repetitively simulates the decision pro@ess the
interactions of the agents and can thus be used to study the dymdroaaplex

systems.

A spread sheet or mathematical software such as Matlan@mtiMatLab can be
used to develop agent-based modelling; however with those tools theatpp$
can only represent a small number of agents [69]. Large-scmrt models are
usually developed using specialised agent simulation environmeftsasuRepast,
Swarm and NetLogo. These environments support several featefes tosagent
modellers including the provision of communication mechanisms, vaagest

architectures and flexible interaction topologies.

3.3 APPLICATION OF AGENT-BASED MODELLING FOR THE S TUDY
OF LIBERALISED ELECTRCITY MARKET

Several researchers have proposed models of activities libénalised electricity
markets using agent-based approaches. These can be broadly gesup#&p

operation of electricity market and 2) generation expansiomiig.



Bower and Bunn [70] were the first to use agent-based modelling tesesr
electricity trading. They applied the technique to compareElketricity Pool of
England and Wales with the New Electricity Trading ArrangaetnETA) in terms
of market price and generators’ bidding strategy. Bunn and @liyél] presented
the first detailed study of the relationship between bilateading and the balancing
market in NETA. Bunn and Martoccia [72] analyzed generatokebgmower in the
electricity pool of England and Wales. A recent study by [73] lopeel an Agent-
based Modelling of Electricity Supply (AMES) using Repast to ehtlae wholesale
electricity market run by the New England Independent System ©penad the
Midwest Independent System Operator (MISO). The papers onedti above
focused on the electricity markets in Britain and in the UnitateS. More general
electricity market simulators, EMCAS [74] and MASCEM [7¥ause agent-based
modelling approaches to simulate the operation of other elegtmeitkets. Bagnall
and Smith focus on improving agent decision through learning [76] anat age

architecture [77].

Since modelling generation expansion using agent-based modellingelatigely
new area of research, only a few specific studies cdaumel in the open literature.
Among these works, the team from Argonne National Laboratory proposedkia
agent model for generation expansion that simulates investmergiodsc of
generating companies considering the interactions among the vaadispants
[25]. The model framework includes two stages: 1) the stageeve@ah generating
company forecasts the expected profitability and makes decisiotheomew
investment and 2) the stage where the actual market clearpegformed after all
the companies have made their investment decision. The camngeittvestment
expectation in the current decision year and into the future is lilmddesing
scenarios. However, they do not take into account the variousamems that can
be enforced to promote an adequate generation expansion. This proléekidad
by Ortega_Vazquez and Kirschen in [26]. However Ortega-Vazqueézaschen
make some assumptions to avert the circularities tha¢ avlseen assessing the
decisions taken by a participant, when relying on guesses aboubtliee
participants’ decisions. In the model, they do not consider fieetedf investment

decisions by all the generating companies on the actual market.



The agent-based expansion model proposed in this chapter extends andhefines
methodology presented by Ortega-Vazquez and Kirschen. In this miadel,
overcome the circularities that arise when anticipating ctitop investment
strategy in their model, the competitors’ expansion expectaiogpresented using
scenarios. The competitors’ expansion strategy is only caesider the current
decision years in order to simulate the imperfect foresigtiteofenerating company
in evaluating a new investment. The agent-based frameworknpedse this model
not only considers the market clearing process in the forecastizug yut also
calculates the market prices in each actual year aftéhealtompanies have taken
their decisions about the expansion. Using this extensive framewufktlree
imperfect competitors’ investment expectation, dynamic behawiotite generation
expansion in the long-term can be modelled. The properties of thd denddoped
by Ortega-Vazquez and Kirschen, Argonne National Laboratory ametlienodel

presented in this thesis are summarised in Table 3-1.

It is beyond the scope of this chapter to use a sophisticatedtbased environment
to develop an agent-based generation expansion model. Instead, thevasdailt

from scratch in order to learn the process of agent-basezlopevent and also to
understand the complex interactions between the agents iesthactured electricity
industry. The agent-based generation expansion planning model in thisrohapt

developed using MatLab.



Vazquez and

Argonne National

Properties Kirschen (2008) | Laboratory (2007) Model in this thesis
Planning
horizon 4 15 12
(years)
o Probabilistic
Electricity Minimize the tptal dispatch to Minimize the total
yearly operating :
Market cost calculate market | yearly operating cogt
prices
Bid at price coverg Bid at price covers
Bidding variable and quasi{ Bid at marginal | variable and quasi-
strategies fixed production cost fixed production
cost cost
Maximize
competitors' profit : .
| considering static Modelled using Modelled using
Competitors scenario scenario
) system
expectation
Imperfect foresight Imperfect foresight Imperfect foresight
Multi-attribute To choose the
utility theory to alternative with the
. To choose the ;
Decision- : : choose the highest average
. alternative with the . . . L
Making highest brofit alternative with thg profit considering
9 P highest expected| the competitors'
utility expansion scenarios
Energy-only 5
Capacity market, capacity Energy_only market
Mechanisms | payment, capacity None capacity payment,
’ capacity market
market
IEEE Reliability Real data from IEEE Reliability test
Test system test system -26 Korean power svstem -26 Units
Units system y

Analyses

The effects of
capacity
mechanisms on th¢
investment choice
of the generating
companies

The effect of
energy price cap,
competitors'
expansion and
new entrants on th
generation
expansion and
market prices

e dynamic analysis of

Generation
expansion under
different scenarios
that could trigger
investments,

the generation

investment under the
capacity

mechanisms

Table 3-1 Properties of the existing models anchéwe model of agent-based generation

expansion planning



3.4 OVERVIEW OF GENERATION EXPANSION PLANNING USIN G
AGENT-BASED MODELLING

Figure 3-1 shows the overall framework of generation expargaming using
agent-based modelling. In this approach, the generating compamydelled as an
independent agent who reacts through its environment (in this caseatket) to
maximize its profits. In general, the framework is dividedoitwo parts: 1)
forecasting model, 2) actual market model. In the forecastimglelm while
evaluating an investment, each generating company forecadtgure load growth,
the fuel costs and the competitors’ investment strategy. Usiege values, the
generating company calculates the expected energy prices bngléee market
each year, and then estimates the revenue of the gengiatitg)over their lifetime.
It is assumed that to establish its forecast, each gemei@mpany has access to
initial system information such as load, system capatiigl, costs and spinning
reserve requirement. If the generating company evaluates tirammeone possible
plant, it will compare the profit of the different investmeptions and will choose to
build the most profitable one. In this model, it is assumed tmatgenerating

companies make expansion decisions on a yearly basis.

After all the generating companies have decided on which fganvest in that year
(if any), the actual market clearing is performed basecheméw system capacity.
The actual market model is used to calculate the actuabyemeices and the
spinning reserve prices in the current year. The new powesplantded by all the
companies in that year enter the system only after theirtraotien has been
completed. Finally, at the end of each year, the model updhée new system
information regarding the load, capacity additions and capaditgements. The
generating companies then use this information to make decsbmg the next

round of investments the following year.
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Figure 3-1 Framework of generation expansion plaguoising agent-based modelling

In this model, all the generating companies usanales investment evaluation
modelto make a decision on a new investment. Howeverlewhaking expansion
decisions, each generating company also takesaotount the effect of a new
investment on the profitability of its existing pfotio. Since each generating
company has a different generating portfolio, tmegy come out with different

investment strategies to maximize their overalfipro



3.5 ELECTRICITY MARKET DESIGN

The market model simultaneously clears the energy and spiresagre markets in
each segment of the load duration curve (LDC) of each year [@6]. Figure 3-2
shows the five-segment discretized load duration curve used in tddslniThe
market clearing process is modelled as an optimization problesnigh the total
yearly operating cost is minimized:

S |

min (MCh Rs ds) (3.1)
s=1 i=1
whereS is the number of segments in the LOGs the number of generating units
participating in the markeMCHh is the bidding price of generating uiitp; s is the
power produced by generating unét segment s ard} is the duration in hours of

segment s.

s 0. i
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Figure 3-2 Five segments of discretized LDC

The optimization is carried out subject to several conssaint

Ps = Pd, (3.2)

i=1
P E £ B (33)

|
fis  1ds (3:4)

i=1



where pd; is the system demand at segmenand rds is the spinning reserve

requirement for segmeast

The first constraint is enforced so that the selected gimeraeets the load demand
for each segmery; as in equation (3.2). Each generating unit is also constrained by
its minimum stable generation and its maximum capacity aguation (3.3). Since

the market clears simultaneously energy and spinning reserveraoing.4) also
needs to be enforced.

The model assumes that each generating company bids a¢ ahaticovers both its
variable and quasi-fixed production costs. Variable costs a#te that depend on
the amount of energy the power plant produces, for example fusl @oedtsome
aspects of maintenance costs. On the other hand, quasi-fixecaoeshe costs that
the plant incurs if it produces any amount of energy but does notifritwer plant
does not produces anything, such as the start-up cost. Since taé¢ poiver
produced by each generator is not known prior to the actual clgagss, it is
assumed that the generators bids hedge for the minimum stablatgenf26] as

follows:

fo
Fi)min

MCh = f m+ (3.5)
wherem is the slope of the linearized input-output characterigtgeaerating unit

(MBTU/MWh), b; is the y-offset of the linearized input-output characterisfic
generating unit (MBTU/h), f. is the fuel cost ($/MBTU) an&™" is the minimum

stable generation of generating uniimMw).

The market-clearing price is the cost of providing an additionglamatt of energy,
and is thus assumed to be the marginal cost of the marginglyemweducer. On the
other hand the spinning reserve price is the net cost of gettingdditional

megawatt of reserve in the system. The calculation of erardyspinning reserve
prices in this model at a given load is illustrated using desa from the IEEE
Reliability Test System [78] as shown in Table 3-2.

For this simple example, it is assumed that the markeeé&ed for a demand of
2173.5MW and for a minimum spinning reserve requirement of 400MW. The

generating units are first sorted in increasing order of biddifog.pfo meet the



given load at the minimum operating cost, units2sl,26, 17, 18, 19, 20, 10 and 11
must produce at their maximum output. If the reseronstraint is not imposed, Unit
14 is the marginal producer. However, in order teetmthe minimum reserve

requirement in the system more plants must be tgubrén this situation, since the
bid prices of unit 13, 14, 21, 15 and 22 are highan that of unit 12 and these units
are constrained by their minimum stable generatiogiy energy outputs are kept at
minimum. The remaining capacities of these units @wen scheduled to provide
reserve. Unit 12 becomes the marginal produceratanice the remaining load and
reserve requirement and the price of energy is #aisat its bid price, which is

19.09%/MWh. These are shown in Table 3-2. In otdenake one more megawatt of
reserve available, the energy output from unit 1&mnbe reduced and the production
of unit 22 increased by the same amount. The dogti® marginal re-dispatch sets
the price of the reserve at 27.06 - 19.09 = 7.91V¢h. Figure 3-3 illustrates the

market clearing, and the energy and spinning resprice at the given load. More

examples of co-optimization of energy and researelze found in [3].
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Figure 3-3 Example of market clearing and spinmasgrve price at a load equal to
2173.5MW



Max Min Bidding | Power Cumulative Spinning
Units | capacity| capacity| prices | produces power reserve
(MW) | (MW) | (SIMWh) | (Mw) | Produces |y
(MW)

Unit24| 350 140 2.37 350 350 0
Unit25| 400 100 10.78 400 750 0
Unit 26| 400 100 10.81 400 1150 0
Unit17| 155 54.24 13.73 155 1305 0
Unit 18 155 54.24 13.77 155 1460 0
Unit 19 155 54.24 13.80 155 1615 0
Unit 20| 155 54.24 13.83 155 1770 0
Unit 10 76 15.2 19.01 76 1846 0
Unit 11 76 15.2 19.05 76 1922 0
Unit 12 76 15.2 19.09 48.4 19704 27.6
Unit 13 76 15.2 19.14 15.2 1985.6 60.8
Unit 14| 100 25 26.89 25 2010.6 75
Unit21| 197 68.95 26.95 68.95 2079.6 128.05
Unit 15 100 25 27.00 25 2104.6 75
Unit22| 197 68.95 27.06 68.95 2173.5 128.05
Unit16| 100 25 27.12 0 2173.5 0
Unit 23| 197 68.95 27.17 0 2173.5 0
Unit 01 12 2.4 35.79 0 21735 0
Unit 02 12 2.4 35.93 0 21735 0
Unit 03 12 2.4 36.16 0 21735 0
Unit 04 12 2.4 36.34 0 2173.5 0
Unit 05 12 2.4 36.52 0 2173.5 0
Unit 06 20 4 67.08 0 21735 0
Unit 07 20 4 67.28 0 21735 0
Unit 08 20 4 67.48 0 2173.5 0
Unit 09 20 4 67.69 0 2173.5 0

Table 3-2 lllustrative data for calculating thegeriof energy and spinning reserve to meet
demand equal to 2173.5MW

3.6 ANTICIPATING COMPETITORS’ INVESTMENTS

In the generation expansion model presented by Ortega-Vazquez ackeKjr¢he
generating company anticipates its competitor’s investmeategy considering that
its competitor will choose the investment plan that would maperiis overall profit.
The optimization process for each of the competitors requiregtbnation of

what the first generating company and the other competitofist miégide to do. To



avoid this circularity, the anticipating process for the cditgys is performed
assuming that no generation would be built by the first generating ognopahe
rest of the competitors. To overcome this ‘static’ processiew technique to
anticipate competitors’ investment strategy is developed is thodel. The
anticipated investments from other competitors in each decisamnaye modelled as
a scenario. The representation of each competitor's messtscenario consists of
investment options; that is, a list of expected new power plaatsriight be chosen
by the competitor. It is assumed that since all the gengratmpanies are in the
same business, they can make a good guess about their torspetvestment
options. Since investing in power generation requires large ingastmit is also
assumed that the competitors only choose to build a single pleimtyear. The
result of all the competitors’ investment is a scenage structure where each layer
represents the investment options that each competitor hasprdbabilities of
selecting the options are specified individually for each congpetiter the layers of
the scenario trees. This is shown in Figure 3-4 where Compasyexaluating an
investment and Company B, Company C and others are its canpedince all the
competitors’ investment scenarios are obtained and the probalbikigch scenario
is determined, the revenues of the new plant under evaluatiaraleulated for each
scenario’s realization. The average expected revenuerisctmputed considering
the uncertainty in the competitors’ investment strategyusigig this technique the
generating companies are able to consider all the possiblénmergs that might be

taken by the competitors while evaluating their investment.

To simulate the imperfect foresight of the generating compameaking investment
decision, the competitors’ investment expectation is considergdiromalculating
the expected revenue of the new power plant in the currentategesar but not in

the future.
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Figure 3-4 Scenario trees of competitors’ investnesipectation

3.7 DECISION MAKING PROCESS

Decision making is the most important stage in the evaluatiamvestments. This
process consists of determining which investment option is the nuafgable. To
estimate the profit, the generating company must first ezqoé expected revenue
and the cost of each plant. This is done by clearing the nfarkeach year of the
plant’s lifetime. The net revenue of each generating comisaimgen computed using
the following equation:

IDGenCoz (ERj+ SR' Pc{) (36)
u’i‘ J
wherelJ is the set of generating units that belong to a given gemg@mpanyER

is the yearly revenue from the energy markeR is the yearly revenue from

providing spinning reserve amL is the yearly production cost of generating jinit



The yearly energy revenues, revenues from providapgnning reserve and

production cost are given respectively by:

S

ER = ~ pclear,s H,s ds (37)

SR= (psR)(F™- ) d (3.8)
s th,

PC = fm +p% Rs d (3.9)

where ¢earsand srare the market clearing prices for energy and vesat segment
s of the LDC. This approach therefore does take attoount the effect that a new
plant might have on the revenues generated by qgtlerts in the generating

company’s portfolio.

For the example of section 3.5, the revenues flmrstle of energy and reserve, the
cost incurred and the profit obtained by Unit 1@ aalculated for each segment of
the LDC in Figure 3-2. The demand data for eacthefsegments is shown in Table
3-3. The energy and spinning reserve prices whielckeared in each segment of the
LDC are shown in Figure 3-5.
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Figure 3-5 Energy and reserve prices in each segofi¢he LDC



Segment 1 2 3 4 5

Demand (MW) 2173.5 1800.9 1552.%5 1304|1 931.5
Duration (h) 876 1752 3504 1752 876

Table 3-3 Demand data for each segment of the LDC

For the peak and intermediate load segments ot (i.e. segments 1, 2 and 3),
Unit 17 is one of the main energy producers andaips at its maximum output.
During these hours the profit of Unit 17 is depearidenly on the price of energy.
Since the energy market is cleared just above tbdugtion cost of Unit 17 in
segment 2 and 3, Unit 17 only makes a very smaliitpn these segments. On the
other hand, at the lower load segments, Unit 1Aiges more reserve while
producing energy at its minimum output. Althoughe tenergy prices at these
segments are lower than the cost of producing gneirdJnit 17, the revenue that
Unit 17 received from the provision of reserve isrenthan enough to cover its
operating cost. This makes it more profitable tealting energy at segment 2 and 3.
These results are illustrated in Figure 3-6.

Revenues, cost and profit of Unit 17

—_ 3500 A
= — R evenue from
£ 3000 — selling energy
] == Revenue from
e 2500 A the reserve
B e s rrrr——— 44 Energy cost
~ 2000 - &y
=
= 1500 = = = Total profit
e
(4]
g 100 L __
E I eessssscccccccnns
S 500 - |
2 | R
- 0 | L L peeme—e——————

0 2000 4000 6000 8000

Time (h)

Figure 3-6 Revenues, cost and profit of Unit 1ie segments of the LDC

Once the revenues and costs have been computeadbryear of the lifetime of a
given possible new plant and the initial investrseist assumed paid uniformly
throughout the building time, the FWV (the value @dsh in the future) at a



minimum acceptable rate of return (MARR), and the IRR (the o return that
gives a NPV of zera)f the generated cash-flow is calculated. The #RBR FWV are

expressed mathematically as follows:

_' Ck
=0 @+r1)

(3.10)

(3.11)

whereCF; is the net cash-flow at yefrT is the number of years of cash-flow in the
investment’s lifet is the year in which the cash-flo@F; occurs andr is the IRR of

the investment.

If a given generating company is evaluating two power plant&xXpansion, the
selected plant must have positive FWV and IRR higher than MARButh plants
have IRR greater than MARR, the one with the greater FMilVbe selected. If
more than one plant meets these criteria, then the one wethigher expected
increment on the overall profits is selected. On the other hfandne of the plants
meets these criteria, the generating company chooses notidoahything in that

year.

3.8 CAPACITY MECHANISMS

The possibility that the investment cycles may emerge inetbetricity market
mimicking the ‘boom’ and ‘bust’ patterns has always been disdussa@ major risk
in the liberalised electricity market. The cycles whiepresent the uncertainty of
reserve in the system, are a threat to energy secliligse investment cycles are
also a risk to the investors since the cycles could lead to amalde energy prices.
Some capacity mechanisms have therefore been proposed by rggalatmrities
to procure some reserves and to stabilize the prices. Thesamsns also reward

investments in generation capacity to promote a “healthyustof investments.

A perfectly competitive power market should in theory and in the tangprovide
the correct signals to attract investments from generatimgpanies, several
researchers have argued that this might not happen in the oddl [&, 79]. The

difficulties that prevent the practical realization of thiedry may come from both



generators’ and consumers’ sides. [64] suggests that therdraee factors that
discourage generating companies from making investments in tihgy emerket
alone. The first factor is the introduction of price caps in somée reformed
markets to help consumers reduce the risk of high prices. @pshobviously limit
the revenues that the generators receive from the market cheimagds of peak
prices, which is exactly when they collect enough money to pay ithestment
costs. Second, the volatility of electricity market pribes caused the risk adverse
generators to invest conservatively to avoid risks. The factbr is related to the
oligopolistic behaviour of some generating companies in the ehavko under-
invest and use anti-competitive bidding strategy to raissgnvhen the barriers to
entry are high for the potential new entrance. [64] also spedihat the lack of
demand response is also a major contributor to the failure of aptiwvestment in

the perfect competitive market.

Stoft [67] argues that two demand-side flaws exist in eléytmnicarkets that hamper
the market’s ability to operate successfully on its own. Tisé flaw is a lack of real
time metering and billing for the customers that causes #mandd to be
unresponsive to the wholesale market price. Second, the lacal airme control to
specific consumers restricts the physical enforcement of tailatentracts and hence
discourages customers from buying using long-term contracts. ‘dadapacity
mechanisms have therefore been proposed such as capacity pajmcéaritad been
implemented under the old Electricity Pool of England and Wales tdhexsst in
Spain and several Latin American countries, and capacityatsavkhich have been

adopted in the north east of the United States.

Some studies have been conducted to simulate dynamic investinepbwer
generation under the market with capacity payment and capackgtnas described
previously in Chapter 2. However, few tools are available to stuelgombination
effect of these mechanisms and the spot market on the investingtegy of the
generating companies, which will be the focus of the arslgghis chapter. It is not
the aim of this thesis to propose a new design of capacithanesm but to use
some designs that have been proposed in the literature or impldniernte real
market. This is because the study intends to develop a genergtiansion model

that is able to represent the complex interactions of thiiparits in the market and



to develop a tool that can be used to study the dynamic systeamidnghof the

generation expansion under various market designs.

3.8.1 Energy Only Market

In these markets, the generators submit their bid and all dsebeiow the market
clearing price are dispatched and paid the market cleariceg fgihe revenues of the
generators come from selling energy and procuring spinning resertree energy-
only market the incentive for capacity investment is a natpratess with no
centralized administrative direction to drive the investmeéne rationale behind this
approach is that, according to economic theory, the equilibrium of eopalgy
markets in the long-term results in the optimal generationcigpavhere scarcity
payments to the marginal generators when demand exceeds supply ec@aathg

the cost of these generators [5].

The price hikes produced by the scarcity rents in the energy-omketreae a signal
for investment that should attract the right amount of generatipacity.
Unfortunately, these price hikes are not only produced by the tscegnt but also
from some of the generating companies exerting market poweprideehikes can
also be the result of anti-competitive bidding practicesit® e prices. In order to
mitigate these prices hikes some regulators have placednaps market clearing
prices. However this approach has discouraged generating cosfraniemaking
investments. To overcome this issue, regulators have introdoosal incentives to
promote capacity investment by providing generators the opportutttigst extra
revenue. Most of the electricity markets in the OrganizafmnEconomic Co-
operation and Development (OECD) countries rely on the energy-aaryetnfor

capacity expansion [7].

3.8.2 Capacity Payment

Capacity payment pays generators a per MW payment based oravagability
whether they get dispatched or not. Through this incentive, a gegecampany

has the opportunity to get extra revenue and is thus encouraged #b inve



additional generation capacity. In the capacity payment, @dateg administratively
sets the price of the capacity and lets the market detertinén@mount capacity
available. The concept of capacity payment has its origom fhe theory of peak
load pricing. The theory describes that the amount of energgahate produced at
any given time period is dependent on the available capacithdansystem.
According to the theory, the energy is efficiently priced atgmal cost during the
consumption period and the capacity payment that would recoveixéukedost of

the units is imposed during the peak period.

The capacity payment is determined by the LOLP and chargduetocansumers
based on the time varying available capacity. The paymethiet generators comes
from the theory of optimal capacity planning, which suggeststii@gamarginal cost
of incremental capacity should be equal to the marginal casts#rved load. This
can be approximated by multiplying the marginal VOLL with the prditabhat the
load must be curtailed because of the capacity shortage (L@itPalternative
approach to the capacity payment is to pay the generators based owosthaf
peaking technology. However this approach is not considered in desitireng

capacity payment in this thesis. Further reading on this agpoaacbe found in [5].

In this chapter the capacity payment based on the LOLP is dedetopk tested
using the proposed generation expansion model. The now defunct EleEtoicitgf
England and Wales used to make capacity payments at a rate ipragod the
system’s LOLP, which is a function of available generatiapacity relative to the
load in each segment of the LDC. The total capacity paymedttpaa generator

over a year is described by the following equation:
(3.12)

whereVOLL is the system’s value of loss lod€OR is the forced outage rate of

max;

generating unit and P;"*"is the capacity of generating ujit

The VOLL which is the value that customers are willing to fwagvoid interruption
should theoretically be measured based on customer surveys; howresierdlicity,

it is assumed deterministic in this analysis. On the oti@rd, the LOLP is
calculated by first constructing a capacity on outage probataliie (COPT) using

recursive techniquas shown in [80]. The COPT consists of an array of capacity on



outage and probability associated with these outages. The [Odffen defined as
the likelihood that the system load level will exceed the geimgy capacity during a
given period. The LOLP in each segment of the LDC is coadpas follows:

P " #S (3.13)

where AG; is the actual committed capacity at segmenth, is the capacity on
outage for elemerin the COPTpd; is the system demand at segm&m,((ACs —
CA;) < pdy) is the probability of loss of load for elemenivhen the system demand
exceeds the capacity in service, which can be directlyngatdérom the COPT.

3.8.3 Capacity Market

On the other hand, some regulators set the amount of capaailgbés/ to meet a
target reserve and let the market determine its prités Version of capacity
mechanism is known as capacity market. The evolution of capaeitigets in the
United States will be discussed in Chapter 5, where in thateha capacity market
based on the New York Installed Capacity (ICAP) market is medieibr the

analysis. Similar to the capacity payment, a capacityketaalso provides the
generating company the opportunity to collect extra revenues; hoveverdcess is

designed in a competitive way.

In this chapter the capacity market similar to the desigrsgmted in [26] is
developed. The capacity market is assumed to be taking qaae/early basis and
the amount of capacity obligation is set deterministidajlyhe system administrator
at a specified amount above the peak load. The market isnddstg provide
generating units that are neither dispatching energy nor procuring rgpiraserve
the opportunity to collect extra revenue for their unutilized geioeracapacity.
Similar to the pool market, participants in this capacitykeasubmit their bid, and
those with the bid price below the marginal clearing price paiel the market
clearing price for the capacity that they will contradt.id assumed that each
generating unit that can participate in the capacity markedtltioe following price,

which is at the minimum price so that they do not lose money



CMbm — Aevenue m A prod cos t m A

max
Pm

investment m (3 14)

whereArevenue,nS the projected annual revenue of generatingrayrod_cost,nS the
projected annual production cost aBAgesmentmiS the present worth value of the
initial investment which is uniformly annualized and amortized thmoug the
lifetime of the plant with the MARR. These are given a

S

Aevenue m: F’::]ax ’ Uf r,n pexp, Sd (3' 15)
s=1
Asod_cosxm = Pa” MCh; uf 8760 (3.16)
It 1 -1
Anvestment = | (3.17)

e n=1 (1+ MARQH

whereufy, is the utilization factor of generating umit ,sis the expected energy
market clearing price at segmentMCh;, is the bidding cost of generating unitin
the energy markel is the lifetime of generating umt, 8760 is the number of hours

in a year andlpwy is the present worth value of the investment.

3.9 TEST RESULTS

The proposed model has been tested on the IEEE Reliability Syssem [78]
omitting the hydro generation, which consists of 26 generating umitsadotal of
3105MW of installed capacity. The existing technologies in yis¢esn are listed in
Table 3-4. It is assumed that there are three generating n@mspa the system and
the portfolios are as follows: Gencol owns the set of generatitg {1-10},
Genco2 owns the set {11-20} and Genco3 owns {21-26}. The units aréfieldso
that Gencol possesses the peaking units, Genco2 possesses slze maherating
units and Genco3 possesses the base and some of the mid-sizeogenertite
system. Figure 3-7 graphically shows the position of these amitse supply curve
where each generating company’s (Genco) portfolio has been rankedirgdorits
bidding price.



Unit Size, Unit Unit type H;?;éite Heat rate, Fﬁﬁgfﬂg?g
Group| MW Name MBTU/h MBTU/MWh years
Uulz | 12x5 1-5 Oil/Steam 2.81 3.07 15
Oil/Combu
U20 | 20x4 | 6-9 | tionturbine| 13.87 4.49 10
(CT)

U76 | 76x4 | 10 - 13| Coal/Steam| 44.38 8.82 17
U100 | 100x3| 14 - 16| Oil/Steam 24.03 2.23 8
U155 | 155x4| 17 - 20 | Coal/Steam| 64.88 7.28 14
U197 | 197x3| 21 - 23| Oil/Steam 26.59 2.81 15
U350 | 350x1 24 Coal/Steam| 12.12 1.37 25
U400 | 400x2| 25-26| Nuclear 211.27 7.69 33

Table 3-4 Existing units’ technology and costs
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Figure 3-7 Generating companies’ portfolios ongbpply curve

Each generating company considers two plants for expansion everyigedr 1, a
250MW coal base plant and Plant_2, a 25MW oil peaking plant as showhla3Fa
5. The position of these plants on the supply curve according tdotteirice is also
shown in Figure 3-7. Each generating company expects that its corgpeill also

choose to invest in one of these plants.



Heat ratq Heat rate Build

FOR offset, | MBTU/ MA(\)RR, ime, |Lifetime,
Yo years

Name|MW | type Factoll $/kW MBTUMR|  Mwh years
Plant_]250({Coal{0.08] 0.9 | 2700| 22.124| 5.879 12 4 20

Plant_3 25 | Oil {0.02] 0.1 | 900 [ 3.011 | 4.821 12 2 20

Plant | Size| Unit Util. |Invest

Table 3-5 Technology and cost of the plants coms@tléor investment

The LDC has been discretized into 5 segments as shown ireRBg2ir The peak
value is assumed to be 2173.5 MW at year 0 and the magnitudelosegment of
the LDC increases by 25MW every year. The fuel costs arat 231 $/MBTU for

coal, 13.5 $/MBTU for oil and 5.54 $/MBTU for gas [81]. The syste@LY is

assumed to be 2000 $/MWh. Since the demand is inelastic, the Qilto used as
a cap in the energy-only markets. For the LOLP calculatiba, GOPTs were
truncated considering probabilities down to 1X10n the capacity market it is
assumed that the installed capacity obligation passed to thesdoadg entities is
10% of the forecasted peak demand. The expected lifetime ekibteng units and
the new plants are provided as input data. All the existing gérgeranits are
considered sunk costs at year 0. The generation expansion planmegosned

over a time horizon of 12 years. For the competitors’ expectadamt) investment

option on the scenario tree has equal probability to be selected

The system has been tested in different case studies whidesmebed as follows:
In Case |, a study to validate that the model is capableasfting with different
scenarios that could trigger different degrees of investnre@ase Il a case study in
which the generating companies’ strategic investment and téong-generation
expansion behavior in the energy-only market is analyzed, in @asestudy in
which the generation expansion considering capacity payment andtgaparket
incentives are examined. Finally, Case IV presents apadoson of the total

investment amount and investment pattern triggered by eadttiirece

3.9.1 Case I: Various Scenarios to Trigger Investment

Four scenarios are considered over the 12 year planning horizon:ldadNgrowth
and no generator retirement, 2) No load growth but with generaii@ment, 3) 25



MW load growth on each segment of the LDC each yaHr generator retirement
and 4) 40 MW load growth with generator retirem@iite simulations are performed

for the energy-only market.

Figure 3-8 shows the total capacity investmenttlier 12 year planning horizon for
each scenario. As one would expect, no generasidmuilt when there is no load
growth and no retirements. On the other hand,emnt only without load growth
in the system triggers investments from the gemgyatompanies. As expected,
larger investments arise when both load growth egttement are taken into

consideration in the simulation.

Total capacity investment for the 12 year
simulation
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Figure 3-8 Total capacity investments for differsogénarios

3.9.2 Case II: Dynamic Investment and Long-term y&stem Behaviour in

Energy-only Market

Table 3-6 shows the new plant selected by each @&aineach year over the 12 year
planning horizon. The new plants are commissiorfeat ¢he construction time has
been completed as in Table 3-7. At the beginninghef simulation, none of the
Gencos builds new generation; then as time goessimge there is a demand
increase, the Gencos start building smaller plamtthe following years. As the
demand increases, the reserve margin in the systats to reduce and continues to
fall until year 6 although the smaller plants decidearlier by the Gencos are



commissioned in years 3 to 5. This happens because the cayfahige new plants
is less than the growing demand. Figure 3-9 shows this effad. results in an
increase in the energy and spinning reserve prices until yaarsBown in Figure
3-10. These larger prices are interpreted as a positivel dignanvestment by
Genco3, which chooses to invest in a larger plant at year dwkadl by the
remaining Gencos in year 5. Since the base plant has a longgindpuime, the
reserve continues to fall to its lowest value in year 6, wlsalso the peak point of
energy price. The largest capacity commission occurs in 8eehen all the base
plants selected by the Gencos in year 5 come online and causeetigy price to
fall at its lowest price. It can be seen that the boom anddyakt of the capacity
investment appears in the energy-only market and this cycle cestioner the

remaining years.

Year 1 2 3 4 5 6 7 8 9 10 11 2
Gencol None 2 2 4 1 2 Y 2 p D P 2
Genco2 None 2 2 4 1 2 Y 2 p D P 2
Genco3 None 2 2 1 1 1 ] | l 1 1

1-Plant_1, 2-Plant_2

Table 3-6 New plants selected by the Gencos eanhoper the 12 year planning horizon

Year 1 2 3| 4 5 6 7 8 g 1p 11 12
Gencol None| Nong 2 2 2 Nong 2 | 1,2 2 2 2 2
Genco2 None[ Nong 2 2 2 Nong 2 | 1,2| 2 2 2 2
Genco3 None[ Nong 2 2 | None| None| 1 1 1 1 1 1

1-Plant_1, 2-Plant_2

Table 3-7 New plants get into the system each gear the 12 year planning horizon

In this market, since there is no incentive to encourage tecds to make
investments, Gencol and Genco2 who own small and mid-size gesetaose to
build the smaller plants so that they are able to cover thie cbthe investments. On
the other hand, Genco3 who owns the biggest market share in ket K@ntinues
to build the base plant to increase its profits. The resisibsprove that to leave the

market as it is without regulator intervention will provide tloerect incentives for



capacity investment but that there will be sigmfit variation in the capacity

margin.
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Figure 3-9 System reserve margin over the 12 ygarsing horizon
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Figure 3-10 Average energy and spinning resenemver the 12 year planning horizon

3.9.3 Case llIl: Generation Expansion with Capacit Payment

Table 3-8 shows the new plants selected by thergeéng companies when they
receive capacity payments. With these capacity paysy all the generating
companies choose to build more base plants bechissg/pe of plant receives the

larger revenues, since these are proportionas toapacity (see equation (3.12)).



Year 1 2| 3| 4 5| 6 7 8 9 10 112
GenCol| None|l 2 ] ] 1 NoneNone | Nong 1 1
GenCo2| None| 2 NomeNone | Nongd 1
GenCo3| None| 2 ] 2 NomeNone | Noneg None| 1

1-Plant_1, 2-Plant_2
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Table 3-8 New plant selected by the Gencos in é¢gppayment over the 12 year planning
horizon

By giving a capacity payment as a means for pramgotivestment, the plants with

larger capacities turn out to be more attractiveoog to the generating companies
and the effect of the energy price has a smallgash This effect can be seen in
Figure 3-11 when more new plants are added toybe® during higher capacity

payment and no plant is added between year 7 to9&#en the payment is very

low. The amount of the payment is also proportidoalhe system’s LOLP. When

there is a large amount of capacity available iredatio the load; then the LOLP is

low, reducing the capacity payment. The opposit@shavhen there is a small

capacity margin in the system. The scatter plotFigure 3-12 shows that the

capacity payment is exponentially reduced as therve in the system increases.
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Figure 3-11 Total capacity investment and capgudtyment over the 12 year planning
horizon
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Figure 3-12 Capacity payments as a function ofesygeserve (%)

3.9.4 Case IV: Generation Expansion with Capacity Market

The capacity market incentive triggers investments td §tam year 1 as shown in
Table 3-9. In the capacity market developed in this modelalhtite generators can
participate in the market to serve the capacity obligations &dditional market
gives to the peaking units that are not dispatched in the energyetmahe
opportunity to collect revenue for their unutilized generation. Thisket thus,
influences the investment choices of the Gencos. Gencol tendddanoue base
plants to collect revenue from the energy market; meanwhixigéing peaking unit
can still collect revenue by participating in the capacityketarOn the other hand,
Genco2 that owns mid-size generating plants always gets disgaitctlithe energy
market and building base plants would only displace its existing nitse supply
curve. Because of this, Genco2 prefers to build peaking plantsliectcextra
revenue from the capacity market. Being the biggest base ajleneprovider,
Genco3d also decides to get extra revenue from the capacitgtby building more
peaking units. By doing this also at the periods in which the peagingration is
required, the market clearing price is higher and thus its bais® collect larger

revenues in the energy market.

In this market, the profits received by the generating amgsbased on the clearing

price of the capacity market, which is carried out on a ydmsis. These prices are



also dependent on the available system reserven\Wigesystem reserve margin is
low because of less capacity in the system asadhe §rowth is assumed constant,
most of the generators commit to provide energy laagie generators with higher
marginal cost to participate in the capacity market a result the capacity market
clearing price is higher during the shortage oéres. On the other hand, during the
period of excess capacity, fewer generators ha@piportunity to dispatch energy;
hence many of them participate in the capacity etarkKhis causes the capacity
market to be more competitive and hence reducerites during higher system
reserve. The relative behavior between the systeserve margin and capacity

market prices is shown in Figure 3-13.

Year 1 2 3 4 5 6 7 8 9 10 1p 12
GenCol| 2 2 2 1 1 1 1 1 1 1 1 1
GenCo2| 2 2 2 2 2 2 2 2 2 2 2 2
GenCo3| 2 2 2 2 1 2 1 1 2 2 2 1

1-Plant_1, 2-Plant_2

Table 3-9 New plant selected by the Gencos in égpamarket over the 12 year planning
horizon

Figure 3-13 Annual capacity market prices and systserve over the 12 year planning
horizon



3.9.5 Case V: Comparison of the Different Mechanisms

Figure 3-14 shows the total investment from all the generatimpanies for the 12
years planning horizon by mechanisms at 25 MW and 40 MW load groesiarsos
considered previously. Assuming that the market is competithe,simulation
shows that all the mechanisms succeed in promoting capacgtinent in the
system. Comparing the three incentive mechanisms, capagityent is the one that
results into the largest total investment for both scenafios. is followed by the

capacity market and the energy-only market.

The investment pattern of the generating companies under eablamssg is also
simulated and it is seen that the competitive electricityketaunder all the
mechanisms induce a similar pattern of boom and bust cyclesanipigude of the
cycles is a function of the capacity investments and the bietween the booms and
busts in each cycle vary between the mechanisms. Figure 3-15 shevsystem
reserve, which reflects the investment activity of theegating companies. It is seen
that the capacity payment results in the largest swing®af and bust as well as
the biggest delay between the booms. This is because, the gaqaaeitent attracts
the generating companies to invest more in a bigger size ofagi@meplant which
cause the system reserve to shoot higher when these plantsootime These
bigger plants are able to serve the load growth for a lomgertience delaying the
price hikes that function as signals to the generating compdoiethe next
investment boom. On the other hand, capacity market haswlestl amplitude and
the most frequent of investment cycles. This is because theagagezompanies in
this market tend to invest in the smaller units and cause gtensyeserve to drop
faster in the next few years to cater for the load growtle. boom and bust cycle in

the energy-only market is between the two capacity meahanis



EOM-Energy-only Markets, CM-Capacity Market, CP-&eipy Payment

Figure 3-14 Total investments for various scenagius incentive mechanisms

Figure 3-15 Investment cycles over the 12 yearrptanhorizon for various incentive
mechanisms

3.10 CONCLUSIONS

This chapter has presented a model to solve gémerakpansion planning in a
restructured electricity supply industry using agemsed modeling. The model

consists of multiple generating companies who madegsions on their generation



expansion each year considering the possible investment stsatefjigheir
competitors. The overall framework can be divided into two pdtis first part is

the forecasting period where each generating company estithatpsofit of some
potential investments and makes investment decision. The secdnisd {hee actual
period where each of the generating company makes announcements on it
expansion plans for that year, and then the market clearingfisrped to calculate

the actual energy and spinning reserve prices. Three typespatity mechanisms
have been presented in this model to complement the energy rimapkeimoting

capacity investment.

The case studies presented validate the model with differenketrecenarios and
help study the complex interactions and investment strategieseogenerating
companies under different market mechanisms. Using the agett-basdeling
technique, the imperfect foresight of the generating companiasking investment
decisions and the construction delay can be incorporated in theti@nexpansion
model. By doing this, the dynamic generation expansion in a libedaglectricity
market can be simulated and studied. The analysis confirabsnivestment cycles
could appear in the electricity market, mimicking the boom anddya$ts that have
been observed in other commodities. In the analysis, assumindh¢hatarket is
competitive, all the mechanisms succeed in promoting generatiestinent. It is
seen that the ‘boom’ and ‘bust’ cycles also appear in theebtwe market under
all the capacity mechanisms. However the amplitude anthtieedelay of the cycles
depend on how the market is designed. Since the design of ggpagibent in the
analysis attracts more investments in a bigger sizerggore plant with a longer
lifetime, it results in the largest swings of cycle adlwas the biggest delay between
the booms. On the other hand, the capacity market presented hyHi28] attracts
more investments in a smaller size plant with a shortetirtie has the lowest

amplitude and the highest frequency of investment cycles.

This tool could be used by regulators to analyze generation expansiomeice
and to examine market designs. On the other hand, a generatinghgorop&d use
this tool to understand the complexity of the electricity maded to generate

various system scenarios in formulating an investment plan.

The agent-based generation expansion planning model was not pursued nimech furt



in this thesis because there is not enough room for ‘learningitgdietween the
market players in making investment decisions. An agent-baseélimg concept
that uses a ‘learning by doing’ paradigm is less suitable @ateting an investment
decision of the generating companies who in reality use a ‘tepfoy thinking’
paradigm. The agent-based modeling approach is more suiainedel a decision
that involves short-term operation such as a bidding stratedneimarket. For that
reason, a more comprehensive approach of assessing an invesimansimgle
generating company is developed in the following chapters. In thdelma
framework to represent how the generating company should rationake m
investment decisions in a liberalised electricity marisepresented, rather than

having a myopic view of its competitors’ investment strateg



Valuation Model for
Generation Investment in Liberalised
Electricity Market

Summary

This chapter presents a new explicit approach fgeaerating company to evaluate
power generation investments in a liberalised eleity market. The basic
investment framework consists of two levels of siwent problems. The first
problem is an optimization problem which models e¢xpected future investments
and retirements from all the companies in the miarkeer the lifetime of the
investment plant that the company is evaluating §étond problem corresponds to
the net revenue calculation of the new investméait gor each year against the
prototype schedule obtained in the first problemioTdifferent valuation models
which extend the basic framework are presented. fireemodel (Model 1) is a
probabilistic valuation model with risk analysishd second model (Model 2)
considers risk characteristics of different powegngration technologies in an
oligopoly electricity market. In the presented fesuthe effects of uncertainties on

the profitability of the new investments are exadin

4.1 INTRODUCTION

Prior to the restructuring of the electricity supply industhg utility companies
which used to be operated as an integrated monopoly were able tll gaescosts
of producing electricity to consumers in the form of a fixed ftahifvestments in
power generation were less uncertain as there was no risk fi@naotatility of
market prices. Any increase in the costs associated witprtiiect, such as the fuel
cost and the maintenance cost, could be covered by increasngrite to
consumers. In such a situation there was little incentivéh®icompanies to use a
sophisticated analytical method to take into account the risks absgssing an

investment.



The introduction of a liberalised electricity market expos&asegating companies to
various risks that might compromise their investment return. Géeeration
investments are much riskier in this new market; where thea@mgcompanies are
no longer guaranteed to cover their investment cost from theurmems. As a
consequence, this more uncertain environment has led the gegpem@tpanies to

internalise various risks in their investment decision [6].

Specifically, there are two important factors that affeet investment decision and
technology choice of the generating companies. The first factiei different risk
level posed by different power generation technologies. The i$$w@vao quantify
and internalise the risks effectively into an investment evialuand its effect on
the technology choice has become a main concern of the generatimganies.
Moreover, the traditional levesd cost methodology, which has been widely used as
a costing assessment method for investment, is no longer siiedalase it does not
take risk into account in an effective way. The second factiheistructure of the
electricity market; where most of the electricityrikets are an oligopoly rather than
perfect competition [7]. In an oligopolistic market, generatersl to increase their
profits by raising their bid prices, increasing the market paicg hence favouring
the investment. Furthermore, since there are only a few amieg in the market,
interdependencies exist between the companies, in which thdodscif one

company are influenced by and exert influence on the decisfahe other.

Therefore there is a need for new models that could considabtive factors in the
investment evaluation, which is proposed by the models develogads inhapter.
Unlike the model presented in Chapter 3 where the competitorsstieat
strategies are only considered in the current decision yeawobirto the future, in
this model how the generating companies should rationally evahmievestment
considering the expected future changes in the system is poksEmtestudy can be

represented by the following objectives:

1. First to develop a new explicit valuation model for a generatimgpany to
assess power generation investments considering the rislctehnestecs of

different generation technologies



2. Second to incorporate risk assessment techniques in the investment
evaluation model in order to provide generating companies ar@atsteand

comprehensive methodology to assess a new investment

3. Third to model the prices in the oligopolistic market; so thatvtilae of a
new investment is not underestimated

4. Finally to study the effect of uncertainty in the variousapaeters in the

model on the profitability of different technologies.

4.2 INVESTMENT RISKS IN LIBERALISED ELECTRICITY MA RKETS

The risks associated with the investment in power generatiobecafassified into
two categories: 1) internal risk, which is associated wittabtrs under the control
of the generating company such as the capacity and availadfilitye generating
units, the technical characteristic of the units (heat, ratmnomic lifetime,
construction time), the cost characteristic of the unitse@tment cost, operation and
maintenance (O&M) cost) and the policy of the company. 2) Exteisialwhich
refers to the external factors that influence the investraed which are outside the
company’s control such as the demand for the electricityelénericity prices, the
fuel prices, the regulatory policy, the environmental constraifiation and interest
rate. In order to examine power generation options according to fleeedif risks
posed by different power technologies, the risks associated witbdheologies are

explicitly modelled in the investment valuation model proposetigchapter.

4.3 HOW MARKET LIBERALISATION AFFECTS TECHNOLOGY
CHOICES?

The uncertain future level of prices from the investmentsegthatest risk for the
technologies. Although this risk affects all the generatingrnelogies, it does so in
different ways. Technologies with higher investment costs butrléwed costs such
as nuclear and wind generation are more greatly affected bysthidecause there

is less they can do to respond [6]. The technologies that have &elmhgime are



also affected by this risk. This is because the plants’ econ@recexposed to the

unpredictable future prices for a longer time period.

The cost of fuel is another significant risk for generatorstiquéarly the
technologies where the fuel costs constitute a high relaiveunt of total
generating cost, for example technologies that use natural gasuat Moreover,
the price volatility in the natural gas market adds uncerté&intige investment in the

natural gas technologies.

The action of the regulator in setting a new policy for the etggtninarket is also a
risk to the investor. For example, the introduction of carbon tax orcdhgon
dioxide emissions from burning fossil fuels would affect the tabiiity of coal and
natural gas technology. This scheme which has been implementes Eurthpean
countries, United Kingdom and New Zealand provides an incentiwate the use
of high carbon fuels in generating electricity. On the other hidngdnuclear power
plants are restricted in their emission of radioactive whgtéhe introduction of a
nuclear waste fee. This fee is a charge imposed by theategub the power
company for the disposal of radioactive waste, hence incredsngvestment cost
of the nuclear technology. Some regulators encourage developmentnéh wi
generation by providing incentives such as tax credits in thedJ§tates, Canada
and Germany. In the UK, the Renewable Obligations (RO) wasdinted in 2002
to support generation of electricity from renewable sources. Sdiieme requires the
electricity suppliers in the UK supply a specified percentafgthe electricity that
they produce from eligible renewable sources. A Renewabl@#ioin Certificates
(ROC) is issued to these accredited generators which canadbed in a green
certificate market. The profitability of other technologiesuld be affected by any

increase in the renewable energy generated proportion in thetmark

Table 4-1 shows qualitatively the investment risk charadtist different power
generation technologies based on a study presented by [6]. Theega¢innology
which has relatively low investment costs, short lead tintefexibility in operation
would be the favoured choice of the generating companies in thiserriski
environment. However the high level of uncertainty in natural gaspposes a big
challenge for the investor. The nuclear power plant in contraktthe gas fired

technology has high investment costs, long lead and constructies &nmd hence



provides the largest investment risk. On the other hand, tféapility of coal

technology is more affected by the environmental risks thamyestment in natural

gas technology and nuclear options.

Tech- Unit Construc- Capital Opera- Fuel CcO2 Regula-
nology Size | tion Time Cost ting Cost| Cost Emission tory
kW Risk
CCGT Mediurr Shor Low Low High Medium Low
Coal Large Long High Mediunp  Mediumn High High
Very
Nuclear Large Long High Medium Low Nil High

Table 4-1 Qualitative comparisons of investmerk csaracteristics for different power
generation technologies based on [6]

4.4 INVESTMENT EVALUATION MODEL

This model proposes an approach that a generating company could uskiateeva
investments in a liberalised electricity market, takingo imiccount the future
investments that its competitors might make over therietof the plant that it is
considering. Instead of assuming the future electricity pragsa probability
distribution [31], a trend extrapolation [82] or a stochastic peesh as in real
option theory [38], this model adopts an explicit approach which models the
construction of new plants and the closure of old ones and dakuke electricity
prices by clearing the market at several load levels foh gaar of the expected
lifetime of the investment under consideration. Given the leng-tnature of the
investment in power generation, investment evaluations should be anaaldong-
term basis rather than looking at the short-term behaviour e@léatricity prices [6].
The conventional discounted cash-flow method is therefore stilleffective
approach for power generation investment evaluations and is hersidered in
this model. However the application is extended to take into actbentarious

risks and to incorporate the risk assessment tools.

In the next section of this chapter, a basic structure of thigoped model is first
described, including an overview of the investment evaluatramdwork, the

prototype future system expansion schedule and the market model. tWhen



different investment models which extend the basic model arergess The first
model (Model 1) is a probabilistic investment evaluation modethvig developed
to consider uncertainties and to use the concept of Valuela{\RiR) in measuring
the risk of different investments. The second model (Model dg¢vweloped to take
into account the risks posed by different technologies and to modpfities in an

oligopolistic electricity market.

4.5 BASIC STRUCTURE OF THE PROPOSED INVESTMENT
EVALUATION MODEL

4.5.1 Overview of Investment Evaluation Model Framework

Figure 4-1 illustrates the basic framework proposed in thisstHesiinvestment
evaluation by a generating company, which is referred to asp&@omA. At the
initial stage of the process, it is assumed that Compahgsfaccess to the current
system information such as load, fuel costs and spinning ressEugements. The
investment problem is divided into two stages: i.e. an upper dodex problem.
When evaluating each possible investment, the generating compadyg tee
consider the fact that other plants will be built and retirethe system over the
lifetime of the plant that the company is considering. A ‘psgiet future system
expansion for all the companies is then developed using DynamicaRnming
(DP) in the upper problem. This prototype is based on the assumptidinetimadrket
is sufficiently competitive in the long run to ensure that theral/ system
generation expansion will minimize the total cost of expansion anditapenover
the planning horizon. This prototype schedule is used as a base for Cofpany

evaluate the revenues that investment in a new plant widrgée over its lifetime.

The lower problem calculates the profit that the new investmwéhproduce each
year, assuming that it operates in the context of theotype system expansion
obtained in the upper problem. On the other hand, electricitgpare a by-product
of the yearly market clearing process. In this process, theragfens in the system
are stacked in merit order of bidding price to meet the demandpandng reserve

requirement. Based on the market clearing, the revenue produceatkbymant can



be calculated for every year of its expected lifetime and useétermine the IRR

and FWYV of the investment.

In both the upper and lower problems, the generating company fordwmdtBC,
the future load growth and the fuel cost. Finally, the generatingpany can use the
model to evaluate and compare the profitability of different imvest alternatives

and decides which plant to build in maximising its profit.

4.5.2 Prototype Future System Expansion Using Dynamic Programing

In estimating the revenue of the investment plant over @sriie, Company A needs
to consider the generating plants that will be built by its congustover the lifetime
of the plant that it considers building. A potential new plantstrtherefore be
evaluated against a “prototype future system investment schefdulehe entire
sector because these future investments will affect the pfielectricity and hence
the profitability of the new plant. In this model, the prototypeestmnent schedule
for all the companies is determined using a DP-based optionizaan expected
retirement schedule of the existing plants in the systepravided as input data to
the DP. The generating company uses this expected systemmawmésand
retirement schedule as a base to calculate the revenue mftdrgial new plant for
every year of its lifetime. Uncertainties on the prototgpstem investment schedule
can be explored by varying the parameters used in its calcul@tamging the input
parameters provided to the DP optimization gives different sosnaf future
investment. This future prototype system schedule considensfthence of load
growth, fuels escalation, regulatory policy and the new plzeit the company is

evaluating.

DP is applied over a time horizon to find a set of optimalsi@es to minimize the
objective function subjects to several constraints. It wabtiee most widely used
algorithms in generation expansion planning before the restructuringheof
electricity supply industry [83, 84]. Some commercial packagesAlien Automatic
System Planning (WASP) [85] use DP to find the “optimal” germaragxpansion

planning strategy.



This model uses a similar technique for finding a prototype msystvestment
schedule. In developing the prototype, it is assumed that gemeetpansion by
Company A and its competitors will approximately minimize tb&al cost of
generation expansion while meeting a minimum reserve capagityrement for the
system. In other words, it is assumed that the industry willvgelra a rational
manner in the long term and will not let the reserve capacidsedse below a level
that might endanger the security of supply and hence triggeventeon by the
regulator or the government. This assumption is supported by thetliEkx [7] of
seven reformed markets which concluded that substantial investimavesbeen
made since market liberalisation and the OECD electrititykets are generally
reliable, with the exception of the California crisis. Howetkis minimum reserve
capacity requirement constraint will be replaced by introducapgcity mechanisms
in Chapter 5 of this thesis. The assumption of cost minimizanade in DP-
optimization is in line with the objective of electricityanket liberalisation to
improve the economic efficiency of electricity supply industriyere is evidence to
suggest that the introduction of competition in the electricidustry has reduced
the operating costs by improving labour productivity and fuel choiak reshucing
maintenance costs [86]. As pointed out previously in Chapter 2, prafitmisation
is usually used as an objective for an individual company in aalised market,
however it is not suitable to represent the objective of futxpmansion from the

whole system perspective.



Figure 4-1 Basic framework of the investment eviduramodel

The DP is an approach that transforms a complekl@mo into a simpler sub-
problem. Its main characteristic lies in the wagttthe optimization is solved in
multiple-stages. Using DP reduces the dimensignafithe problem. For example,
suppose that there akefeasible states at interv&tl of a problem as shown in
Figure 4-2. Each state h&paths from stagk-1 to stagek. At intervalk, the DP



only selects and saves the cheapest path, fonoestine yellow path in Figure 4-2.
Each of the other states at stkg@so has its cheapest path from stedeto stagek
as depicted in green and pink. Thus, at most tasFeonlyP paths and states that

need to be saved at each stage.

In this prototype investment schedule, a path iBndd as the schedule of new
investments that might be chosen by the generatingpanies and a state is defined
as the existing units plus the new units. The D&sHaoptimization selects the
investment options each year among the set of ggoertechnologies until it

reaches the optimization horizon. Since the ingtate (the existing units and system
information) of the problem is known and the cobtempansion is the functional

equation in the following year (stage), thereforéomavard DP approach has been

chosen in developing the prototype system investiseredule.

Figure 4-2 States and paths of DP-based optimizatio

The total system generation expansion cost is eefas follows:

.
TC=min {PC, (X,), +ICU,)} (4.1)

t=1
whereTC is the total cost of expansion over the simulationizon,PG is the total
production cost of all the generating units in Hystem at yeat, IC; is the total

investment cost of the new investments at ye4ris the cumulative capacity (MW)



vector in yeat, U; is the capacity addition vector in ygaandT is the lifetime of the
new plant that the company considers building. Multiplying the margos by the
energy produced gives the production cost of each unit as shown ifordBaR) in
Chapter 3. The energy produced each year is computed by cldaimgatket for
each segment of the LDC.

This optimization is subject to several constraints:
X=X, +tU -K,"tT 4.2)
R™MERX)E R "tiT (4.3)

whereR is the reserve margin resulting from the generation capAgikK; is the
capacity retirement andl is the optimization horizon. Equation (4.2) indicates that
the cumulative capacity at yeiais equal to the capacity at the previous year, plus the
new capacity built at yedar minus the capacity retirement happening at ye&or
each year, equation (4.3) constrains the installed capadity within the minimum
and maximum reserve requirements allowed in the system. Thenannreserve
constraint is enforced as it is assumed that the industrynailllet the reserve
capacity decrease below a level that might endanger thetgemfusupply. On the
other hand the maximum reserve constraint is set in theufation to reduce the

state space that the DP must search and hence reducenetation time.

4.5.3 Market Representation

A similar electricity market design as presented in Chaftes used in the
investment evaluation model. The market clearing process lisdett both in the
upper and lower problem of the investment framework as shown previously
Figure 4-1. In the upper problem, the market clearing is pertbtmealculate the
energy production of the generating units, and then used to computethetion
cost for the DP-optimization. In the lower problem, the energye psbtained by
clearing the market in each year over the lifetime of tlve ingestment with respect
to the expected future system’s expansion from the DP. The predlses used to

calculate the expected revenue of the potential new plant.



4.6 MODEL 1: PROBABILISTIC MODEL FOR GENERATION
INVESTMENT UNDER UNCERTAINTY

In this probabilistic investment evaluation model i.e. Modeh&, iasic investment
model presented in the previous section of this chapter is extgndeonsider
uncertainty in the evaluation. The probabilistic valuation modehtidduced to

provide the generating company a wider analytical frameworlwel as to

incorporate risk assessment in the evaluation. The new frakesgosists of: 1)
defining a statistical distribution for future load and fuel sosthich are the
uncertainties considered, 2) anticipating future system gemeraXpansion using
DP, 3) generating future cash-flow for the new plant by cleatiegmarket every
year with respect to the anticipated system expansion, 4) compgbé plant’'s net
revenues and IRR over its lifetime, 5) performing a Monte Csirlwulation to

capture the statistical fluctuations of the IRR and 6)yairad the IRR distribution
using a risk assessment technique to make a decision. Howewearcéwainties in
the future load and fuel costs are only considered in the lower pratflErgure 4-1

but not in the DP-optimization. This is because the objedfvthis model is to
generate the profit distribution of the investment and to preseethmitue to
measure the distribution using a risk analysis. In theoryertaioty could be
considered in the DP-optimization by using stochastic dynamic pnogirsg but

this would require an unreasonable amount of computing time.

4.6.1 Uncertainty in Load and Fuel Costs

When assessing a generation expansion option, the future load aodstsahust be
predicted. Since these forecasts are subject to uncedaititey are modelled as
normal probability distributions function as shown in Figure 4-3. The doadtion

curve (LDC) is modelled with uncertainties not only on the aonidi but also on the

duration of each segment. The magnitude of segméntgiven as\ = N(/m, s2)
with durationd, = N(m,, s?); Where is the expected value andis the standard

deviation. Since the LDC has a length of 1 year, theviollg equality must hold:

S
d, =8760 (4.4)

s=1



Similarly the uncertainty on the fuel cost is atsodelled by a Gaussian distribution,

f_=N(m, s2) where ¢ is the expected fuel cost andis its variance.

Figure 4-3 Demand distribution considering uncetsai

4.6.2 Investment Decision Considering Uncertairgs

The yearly energy revenues, revenues derived fnamviging spinning reserve and
production costs are obtained as described in @ha&htOnce all these quantities
have been computed over the life time of a givessjide new plant, the IRR of the
generated cash-flow is calculated. The IRR of thsheflow for each scenario is
calculated for randomly selected load demands aetl dosts using the specified
probability distributions. This Monte Carlo simutat makes possible the
characterization of the probability distribution IBR. The resulting IRR probability

distribution provides an investor with a much ricl@alytical framework to assess
power generation investment. Figure 4-4 and Figdbeshow an illustrative example

of IRR probability and cumulative distribution furen for a power plant.

In order to quantify the risk in this model, thelda at Risk (VaR) which is a tool
from financial risk theory for risk assessment ppleed. The VaR is a technique
used to measure the potential loss of a portfolierca time period at a given
confidence level. Instead of finding the VaR withgizen probability as usually
considered in financial analysis, the confidenaell@t VaR equal to the minimum
acceptable rate of return (MARR) of the investméntcalculated. From the
distribution, for a given value of MARR, the proliap of getting an IRR less or

greater than MARR can be computed. In other wottiis, answers the following



guestionConsidering all the risks involved, what is thenfaence level associated
with investing in a project with an IRR of x%The example shows that the project
provides a confidence level of 95% of getting IRR%. The decision to accept or
reject this project depends on the investor's patpe towards the risk. The risk-
averse investor may accept a project with lowembaotte probable IRR, while a risk-
taking investor may prefer a higher return despiterobability distribution with a
high standard deviation. A different project maywda different risk distribution,
which lead to different IRR distributions. With tlagd of this IRR distribution, the
management of the company may decide how much mastethe company is

willing to take before any investment decision iade.

Figure 4-4 IRR probability distribution function tiviconfidence level of 95% of getting IRR
12%

Figure 4-5 IRR cumulative distribution function tvitonfidence level of 95% of getting
IRR 12%



4.6.3 Test Results

A case study has been carried out using the proposed probabilist&tni@nt
evaluation model on the IEEE RTS presented in Chapter 3. Comdpaoysiders
investing in one of two possible generating plants for the duyesr. Both are coal
power plants with 155 MW (Plant_3) or 250 MW (Plant_4) capacitigeotisely.

Table 4-2 shows the technical and cost characteristitesé ttwo plants.

Plant Size | Unit | Invest | Build Heat rate | Heal rate MARR E.Xp(.eCtEd
name | MW | type | $/kW | time offset MBTU/ % lifetime
MBTU/h MWh years
Plant 3| 155| Coal 100( 3 64.881 7.2892 1P 25
Plant_ 4| 250 Cojl 100(¢ 3 70.124 6.679 12 25

Table 4-2 Investment plant’s technology and cost

The characteristics of the investment technologies thateaerlbcted by the DP for

the prototype system expansion are given in Table 4-3.

Unit Size Unit type Hgf?;er?te Heat rate, | Investment, Lifetime,
MW MBTU/N MBTU/MWh $/kW years

PGF_17] 155 Coal/Steam 64.881 7.9044 1000 25
PGF_10| 76 Coal/Steam 44.386 8.8288 1000 25
PGF_21| 197 Oil/Steam 26.597 2.8134 500 25
PGF 01 12 Oil/Steam 2.8099 3.0774 500 25
PGF 24| 350 | Coal/Steam 70.124 6.679 1000 25
PGF_06| 20 Oil/Steam 13.871 4.4939 500 25
PGF_14| 100 Oil/Steam 24.029 2.2303 500 25

Table 4-3 Available investment technologies for DP

The LDC has been discretized into 5 non-optimised segments. Thevaeakis
assumed to be 2577.2 MW at year 0 and it is assumed that tmitudeagof each
segment of the LDC increases by 2.3% per year. In this amalys market is
assumed to be perfectly competitive where the units bid &trtfagginal cost. The
uncertainties in the LDC are modelled as Gaussian distributithsa mean value

equal to the magnitude of the segment times the demand pealavdl@estandard



deviation of 1% of the mean value. Similarly, the fuel c@sts modelled with a
Gaussian distribution with the following mean values: 2.31 $/MBdtJcbal, 13.5
$/MBTU for oil and 5.54 $/MBTU for gas and a standard deviation ofaf%he
mean value of the fuel. The LDC used for the prototype calonlasing DP has the
same values and increases at the same rate. The miramdirmaximum reserve
requirements in the DP are set at 18% and 30% respectivédyassumed that all
the existing generating units are sunk costs at year 0. At 1€a¢ trials of the
Monte Carlo simulation are performed.

Figure 4-6 shows 12 of the 28 years of the prototype future systesstinent
schedule resulting from the DP calculation. The new plant bewatpaed by
Company A (Plant_3) comes on line after construction is completeelaa 4. The
DP is carried out for the lifetime of Plant_3 i.e. 25 yealse upper block of Figure
4-6 shows the plants built by all the companies in the systemtlogesimulation
horizon, while the lower block shows the retirement of the unés lthve reached
their expected lifetime. For example, it is expected that RGRvill be built in year
6 followed by PGF_14 in year 7 and so on. More plants will be buylears 9 and
11 to replace some of the existing units that are retiredn\Whant_4 with a bigger
capacity but similar build time and lifetime as Plant_3 isleated, the DP gives a
different solution of prototype system expansion; where less itapélt be built to

cater the same load growth and plants retirement considetieel tlase of Plant_3.

PGF_06 | PGF_06 PGF_14
Plant PGF_01 || PGF_24 PGF_10
PGF_01
.. Plant_3 —
additon

PGF_10| PGF_14|

Plant_3 get into the Unit 14, 15,|| Unit 6, 7,
If’lant system after 16 8,9
retremen construction complete

Figure 4-6 Prototype future system investment scleedlsing DP over the lifetime of
Plant_3



The average energy price over 28 years resulting from thdaded market clearing
process with respect to the expected changes in the systene(&gliis show in

Figure 4-7.

Expected average energy price over the lifetime of
Plant_3
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Figure 4-7 Expected average energy price oveiifigtane of Plant_3

Figure 4-8 and Figure 4-9 show the IRR probability density and curailat
distributions function of Plant_3 and Plant_4 respectively withlaimncertainties
applied to both investments. The IRR distribution of Plant_3 ésvek to the left
compared to the distribution of Plant_4. This indicates that the prdpaifijetting

a smaller rate of return is greater with Plant_3. Assurttiagthe plants bid at their
marginal cost, Plant_4 with a lower marginal cost has a betterce to be selected
to dispatch energy in the market than Plant_3, hence in avdrags a higher IRR.
If the VaR of the investments is assumed to be equal to thieRviof both of the
plants (i.e. 12%), then the plot of IRR cumulative distribution foncof Plant_3
gives a confidence level of 63% to get a return greaterB&m On the other hand
Plant_4 provides a confidence level of 98.9%. The lower confidemetassociated
with Plant_3 indicates that investing in Plant_3 represents a higgierthan
investing in Plant_4. Both of the IRR distributions are spreadstlmqually since

they arise from uncertainty on the same fuel and demand.

By comparing the two plants, Company A may thus decide to inmeBlant_4

which is less risky and guarantees a higher return. Howevedea@iions depend on



the acceptable confidence level of Company A and the fiahmisk that the
company is prepared to take. This probabilistic analysis combintd avrisk
assessment technique gives the generating company a walgtical approach to
assess an investment by providing the confidence level akohess of the

investment under uncertainty.

IRR Probability Distribution of Plant_3
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Figure 4-8 IRR probability distribution of Plant_3
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Figure 4-9 IRR probability distribution of Plant_4



4.7 MODEL 2: GENERATION INVESTMENT EVALUATION IN AN
OLIGOPOLY ELECTRICITY MARKET CONSIDERING RISK
CHARACTERISTICS OF DIFFERENT TECHNOLOGIES

In this section another model that also extends the basic investwadnation model
in Figure 4-1 to consider investment in an oligopoly electricitykat is presented.
In modelling the oligopolistic market, a price duration curve (PB&m the PIJM
market is used to estimate the bid prices of the generatussmbdel also takes into
account the different technologies’ investment risk profile sucth@snvestment
cost, the fixed and variable O&M cost, the plant lifetirtine, construction period, the
fuel escalation rate, the carbon emission tax and the nucleae Vemstinto the
investment evaluation. Since the expected profitability rof mvestment plant is
very dependent on the shape of the LDC, a technique to disdretit®C based on
the minimization of a penalty function [87] is introduced prior te ihvestment

evaluation.

4.7.1 Optimal Step-Function Approximation of LDC

When considering generation investments, the LDC is usually apmtednusing a
step function. This approximation is usually produced by sketchingsamie other
ad hoc manner. However, because the expected profitability aheestment plant
is very dependent on the shape of this discretized LDC (as wshden later in the
analysis), it is necessary to use a more rigorous techniquee ®mimniques have
been developed to find a step function that optimally fissltBC. The first attempt
was proposed by Loney [88] who used Dynamic Programming with a egix st
approximation. The authors of [87, 89] extended Loney’s algorithm tonwtide
application. In this model, the algorithm proposed in [87] to diswetie LDC
based on the minimization of a penalty function is used prior doirthestment
evaluation. In this section, a brief explanation about the coreeptormulation of
the algorithm is presented. A more detailed description of algsrithm can be

found in Appendix B.

Figure 4-10 shows the three-step approximation of a typical LDCighased to

illustrate the methodology.
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Figure 4-10 Typical LDC with a three step approXimms (source:[87]

The LDC is denoted bl andT is the number of hours being considered. The three
segments are defined by the break padingsdt, and the corresponding heiglis

g2 andgz. Since the area under the LDC is equal to the total elaicreneration in
the period, the area under the step-function approximation sheuétjiml to the
area under the LDC for each step. Eacltan be expressed mathematically as a

function oft; andt, as follows;

& —( 1)) (4.5)
& —( ) (4.6)
& —(, 1)) (4.7)

+ o+

In Figure 4-10, are&; above the first segment and under the LDC can be interpreted
as representing a deficit of electrical generation and tteeBarabove the LDC but
below the first segment as representing an excess of genefaeash,, B,, A3and

Bs can be interpreted in the same way.



The authors of [87] also introduce a penalty functipfe(x)) to solve the
optimization problem wherp(e(x))is the penalty to be paid per unit of mismatch at
x ande(x)is the amount of mismatch at From Figure 4-10e(x) can be expressed

as F(x-g(x)|. The total penalty for the step-function approximation is given by:

H

P= pe)éxd (4.8)

0

The goal of this optimization problem is to find the valu¢;@ndt, in such a way
that the total penalty of the mismatch is minimized. This probéan be solved
using backward Dynamic Programming where the solution is sehrelearsively
for each intervalX,)j defined for the LDC until the total penalty of all theysents
is minimized. The functional equation for the minimal pend}{i) from ann-stage

process given that the starting point for the process lieatdintx is shown below:
g ) 012 543 5 45’656) 76) ., 8 7n=1,..,S-1 (4.9)

whereS is the number of segments of the LDC argj[is the interval where the

solution of then-stage process lies.

The simulations were carried out for a six steps approximatioheoEDC using a
penalty functionp(e(x))=1. The hourly load data is from the PIJM RTO regions [90]
for the load from 1st January 2008 to 31st December 2008 with 8784 Raguse
4-11 shows the six steps approximation of the LDC from the PJM matrketjiven
starting point for each intervak,)j where the break point lies. These intervals are
first defined by the user according to the desired shape afisheetized LDC, for
example to have more segments at the peak load. Thesalsitare shown by the
top arrows in Figure 4.11. The break points and the total errorkarated in Table
4-4.



Optimal Six Step-Functions of LDC in PIM
Market
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Figure 4-11 Optimal six step-functions approximatid LDC in PJM market at a given
interval

Steps Break Points  Total Error
300
6 step- 1511
function 3416 0.03218222
of LDC 6001
7672

Table 4-4 Break points and total error of six di@petions approximation of LDC in PIJM

market

4.7.2 Modelling an Oligopoly Electricity Market

As mentioned previously in this thesis, the existing electrimiirkets behave more
like oligopoly than perfect competition. This is because the raligt supply
industry has some special features such as a small numlien®tbmpeting in the
market, a long construction period and a huge capital investment of plamés that
introduce barriers to the new entrants in the market, and traiemisonstraints
which isolate consumers from generators. In such a situatioeraggng companies
can increase their profits by exercising market power throughugkeof various

bidding strategies that raise the market price.



The word oligopoly is derived from the Greek words “oligos”, whicranse“few”,
and “politi”, which means “seller”. There are three chanasties of an oligopoly
market. First, an oligopoly market is dominated by a few lagyepanies, resulting
in a high degree of market concentration, i.e. the leading @oiegp dominate a large
share of the market. The second characteristic is that & hagh barrier to entry due
to the large capital investments required. Finally, sinceather only few companies
in the market, interdependencies exist between the comparites sense that each
company is very much aware of the actions of the other comp&@vese studies
show that generators in an oligopoly market tend to adjust their bidthagpgies
and learn to reach tacit collusion in order to profitably increlgentarket prices
[91-93].

The strategic bidding of the generating companies in the elgctriarket is usually
modelled using game theory. The method can be classifiedwntol) the matrix
game based in [94, 95] and 2) oligopoly games based such as Cournot model,
Stackelberg model and Supply Function equilibrium model in [96-98]. Howibeer
game theory in the works presented above only considers a singlgashetwhich
does not take into account the repeated nature of the interactimsebethe
generating companies. The authors of [99] combine the conceptnefthaory with
a genetic algorithm to include “learning” in searching for annagitbidding strategy
of a generating company. On the other hand, [100] combines game thitlory
conjectural variations to model the dynamic bidding behaviour ofctimepanies
over time. Another approach is to develop a bidding strategy oDehnerating
company based on the estimation of the bidding behaviours of its ¢turgasing

possibility theory [101] and probability theory [102].

Lucas and Taylor [103] in their “strategy curve” found that genegatinits with

lower running costs are bid at their marginal cost, whilartbee expensive ones are

bid higher than their marginal cost. Generators that are tadhnflexible can start

and shut down quickly when needed. However they tend to be more expensive.
These generators command a premium for their flexibility, foerewners of these
plants can afford to bid high and still expect the plants taibeRurthermore, these
generators have less competition in setting the price &igher loads since most of

the generators with lower marginal cost have been committedpply energy at



lower loads. This provides them an opportunity to bid high but g€t the plants

to be committed.

In this thesis, an empirical approach has been adopted to medptitkes in the
oligopoly market considering the oligopolistic behaviour of the gé¢ingra
companies. This approach assumes that generators bid at thginahaost when
the load is light (i.e. the lowest segment of the LDC) huonst bids higher than
their marginal cost at higher load segments. This assumptioaldeabeen used by
[104] in modelling a price duration curve (PDC) using probability thelbris not
the aim of this thesis to model the interaction of the gemgrabmpanies in setting
the prices in the oligopoly market as usually developed using teeoey. However
the model proposed in this chapter uses the findings presentedlitertieire that
the prices in the oligopoly market are usually higher than whatdvarise from
perfect competition as a result of oligopolistic behaviour of gemerating
companies in modelling the prices. The objective of modellingithgrices of the
generating units as in the oligopoly market is to have a tiegtisce in calculating
the revenues from a new investment, so that the new ineettis not
underestimated. It is also beyond the scope of this thesisatgsanother issues

related to oligopolistic markets such as tacit collusion.

In modelling the bidding behaviour of the generating units in an oligapatket, it
is assumed that the bid price of the units will imitateliteling behaviour in a real
market such as PJM. Since the shape of PDC is resuliadlfie bid prices that clear
the market, the PDC from the PJM market is used to extragbkateid price of the

generating units.

An ideal PDC (from market clearing simulation) where the gapes bid at their
marginal cost is first built. A bid factor is then introducedstale up the marginal
cost to actual bids. The bid factor is determined by comparPigG obtained from
weighted average real time locational marginal price ofatiae PIJM market with the
PDC that would result from perfect competition. The PDC froemRJM market is
discretized using the optimal break points obtained for the LDCgur&i4-11 and
shown in Figure 4-12. The bid factor at each of the higher load esggms

computed in such a way that the shape of the PDC with thgimahcost follows the
trend of the PDC in the PIJM market, but the price at the lolwadt segment is



unchanged. In order to calculate the bid factogesit is assumed that the generators
submit bids higher than their marginal cost at bigloads, the ratio of the prices at
the higher load segments (segment 1 to 5) to thedbload segment (segment 6) of
PJM market i.e. Rumas shown in Table 4-5 is first calculated. Simitathe PDC in
PJM market, these price ratios are also computeth&®PDC with the marginal cost
i.e. Ruc as shown in Table 4-6. The bid factor at eactheflbad segments is then

calculated by dividing RmWwith Recas in Table 4-7.

Figure 4-12 Optimal six step-functions of PDC fr&édM market

Segment 1 2 3 4 5 6
(Hours) 0-300 301-1511 1512-3416 3417-6001 6002-7672 76838
Price in

PIM market 184.13 112.64 72.76 48.38 35.36 21.18
Price to the

lowest price| 8.69 5.32 3.43 2.28 1.67 1
ratio, Rejv

Table 4-5 Prices in each segment of PDC in PIM etark



Segment 1 2 3 4 5 6
(Hours) 0-300 301-1511 1512-3416 3417-6001 6002-7672  7GB*8
Price with
marginal 108.14 43.27 24.36 24.2 17.6 17.52
cost
Price to the
lowest price| 6.17 2.47 1.39 1.38 1 1
ratio, Ruc
Table 4-6 Prices in each segment of PDC with maitgiost

Segment 1 2 3 4 5 6
(Hours) 0-300 301-1511 1512-3416 3417-6001 6002-7672  7GB3*§
Bid factor

1.41 2.15 2.47 1.65 1.66 1
(Rpam/Puc)

The new PDC in the oligopoly market is obtainednyitiplying the marginal cost
of the generating unit that clears the market ahs2gment of the LDC with the bid
factors. Figure 4-13 shows the PDC under an olibopwarket at year 0, which has

Table 4-7 Bid factor at each of the load segments

higher prices at higher load segments than the RECthe marginal cost.

Figure 4-13 PDC in oligopoly market and PDC withrgimaal cost




4.7.3 Prototype Future System Expansion Considering Tkoologies’ Risk
Characteristics

In order to consider the investment risk profiles of different powtant
technologies, some factors that contribute to the investméstaighe technologies
are included in the investment evaluation model. These inchedsvestment cost,
the construction time, the plant life time, the fixed and Wei®&M costs, the fuel
cost, the fuels escalation rate, the carbon emission tax amditkear waste fee. The
risk profiles of the technologies affect not only the profitabidf the technologies
that the company is evaluating but also the future technologyeshoit all the
generating companies and hence the future technology mixes in @ siyssuch a
situation, the risk profiles of different technologies need tocdasidered while
developing the prototype future system expansion schedule using DEvanigly
presented in the basic structure of the investment evaluation .mbaoledee the
effects of the risk characteristics of the plant technekgn the future system
expansion, the fixed and variable O&M costs, the cost of carbdssiem and the
nuclear waste fee are included in the formulation of the protdiypge system
expansion. These risks are added in the formulation as they contalibte overall
cost of generating electricity. The total cost of futwstem expansion considering
the risk profiles of different technologies is given by the foitapequation:

9 ,< >> 9 @ >> >> A
B (4.10)

where TC is the total cost of expansion over the simulation horiB&y,; is the
total production cost of all the generating units in the systeraat C; is the total
investment cost of the new investments at ye&OM;,; is the total fixed O&M
cost of all the generating units at yeavOM,,; is the total variable O&M cost of all
the generating units at year NWG is the total nuclear waste cost of nuclear
technologies at yearandCGC is the total carbon emission cost of coal and combined
cycle technologies at yearThe mathematical description BOM, VOM, NWCand

CC of the individual generating units in the system are simidahé formulations

shown in equation (4.12) to equation (4.15) in the next section aftthfser.



4.7.4 Net Revenue Considering Technologies’ Risk Charandtgtics

To see the effects of the risk characteristics on thdtadity of the investment
technologies under consideration, the risk profiles of diffetestinologies are also
included in the net revenue calculation. The annual revenue atthgower plant
as shown in equation (3.6) of Chapter 3 is refined in this model kadethe fixed
and variable O&M costs, cost of a carbon emission tax and theotasnuclear

waste fee as shown in the following formula;
icoe  F G " " " "A " (4.11)

The yearly fixed and variable O&M cost, nuclear waste feecarbon emission cost

are given by:
HIJ (4.12)
Hy $ (4.13)
KA $ (4.14)
.9 $ (4.15)

whereFognm, is the annual fixed O&M cost per MW capacity of the new getiney

unit, Vogwm, is the variable O&M cost per MWh of energy produced by the new
generating unit at segmesf the LDC,WF is the nuclear waste fee per MWh of
energy produced using nuclear technology at segmerftthe LDC, CO; is the
amount of carbon dioxide emission per MWh of energy produced by coal and
combined cycle gas turbine (CCGT) technologies at segswdrthe LDC andCT is

the carbon tax set by government for every tonne of carbon.

Once the revenues have been computed over the lifetime of the ysder
consideration, the IRR, the NPV and the FWV of the generagst-flow are
calculated. If the generating company is comparing sevavakiment alternatives,
with the intent of building only one, the alternatives are calletually exclusive
[105]. In some cases inconsistent ranking problems can occur wRsmofRinequal

lifetime among the alternatives are used as a basis for cismparhis is because



when using the IRR method, the best alternativadymes satisfactory functional
results and requires the minimum capital investm@ritis is true unless the
incremental investment of a larger investment carustified [105]. Therefore, the
IRR should be used when evaluating a unigue investrproject and can only be

compared with the MARR of the investment.

If the lifetimes of various investment alternativae® not equal, all the monies must
be projected to the largest lifetim#é.(y), since it is assumed that the cash-flow
generated by the unit with shorter lifetime will l@nvested by the company up to
the Ifmax at MARR as shown in Figure 4-14. By doing thise thlternatives are
compared over the same evaluation period. In sushuation, the FWV method
which calculates the value of the cash-flows atethe of the investment's lifetime in

the future is more suitable for comparing the akitives.

Figure 4-14 Net cash-flow of an alternative reitedsat MARR (source: Ortega-Vazquez
[26])

4.7.5 Comparing Investment in Different Power Plat Technologies

The analysis has been carried out on the IEEE RWiting the hydro generation,
which consists of 26 generating units and a tot881®5MW of installed capacity.

The existing technologies in the system are ligtethble 4-8.



Heat rate Heat | Remaini Invest Fix Variable
Size | Unit | Unit offset rate, ng Cost o&M o&M,
MW | Name| type | \\orin MBTU/ | lifetime kW $IMW/ $/
MWh year yr MWh
12x5 1-5 oil 2.81 3.07 15 800 21500 3.17
20x4 6-9 oil 13.87 4.49 10 800 2150D 3.17
76x4 | 10-13| Coal 44.38 8.82 17 1175 20630 3.0p3
100x3 | 14-16| Oil 24.03 2.23 8 800 21500 3.1y
155x4 | 17-20| Coal 64.88 7.28 14 1175 206380 3.0p3
197x3| 21-23] OQil 26.59 2.81 15 800 21500 3.1y
350x1 24 Coal 12.12 1.37 25 1176 20630 3.063
400x2 | 25-26| Nuc 211.27 7.69 33 1810 57140 0.3p5

Table 4-8 Existing units’ technology and costs

Company A assumes that nine generation technologies can btedddy the DP

each year for the prototype system expansion schedule. Thectehatics of these

technologies are given in Table 4-9.

Heat . Fix .

one | Size | unit | TGRS rate | TCoR | ume | OEM | Oghy

MBTU/h MWh $/KW | years v $/MWh
PGF_17| 155x2| Coal 64.881 7.9044 1175 25 20630 3.043
PGF_10| 76x2 [ Coal 44.386 8.8288 117 25 20630 3.063
PGF_21| 197 Qil 26.597 2.8134 800 25 2150D 3.17
PGF 01 12 Qil 2.8099 3.0774 800 25 21500 3.17
PGF_24( 350 Coal 70.124 6.679 117% 25 20630 3.063
PGF_06( 20 0]] 13.871 4.4939 800 25 21500 3.17
PGF_14{ 100 Qil 24.029 2.2303 800 25 2150D 3.17

Table 4-9 Available investment technologies for DP



The three possible investment technologies that are considel@dnbgany A are
shown in Table 4-10. The technical and cost characteristic of tzesbdates are
given in [31]. The position of these possible investments on the supplhg c
according to their marginal cost is shown in Figure 4-15 which indidhai® the
nuclear plant is a base load plant, the coal plant produces/eatetge medium load
level and the CCGT plant serves as a peaking unit. Thealpsix step-functions of
LDC as obtained and previously shown in Figure 4-11 is used in tlestingnt
evaluation. It is assumed that the magnitude of each seghém LDC increases
by 2.3% every year. The NPV of each investment is calculated 0% of discount
rate and the MARR is set to 12%. In this analysis, the pymofuture system
expansion schedule from the DP is obtained considering the installettity is
within the 18% minimum and 30% maximum of reserve requirem&hesspinning

reserve requirement in the market is set at 4% eveny ye

Parameters Units Nuclear Coal CCarT
Technical Parameters
Net capacity MW 300
Heat rate MBTU/MWh 10.4 8.6 7
Construction period years 5 4 2
Plant life time years 40 30 20
Carbon intensity tC/MBTU 0 0.025§ 0.0145
Cost Parameters
Overnight cost $/kW 1810 1175 452
Fixed O&M $/KWlyr 57.14 20.63 14.29
Variable O&M $/MWh 0.365 3.063 0.476
Fuel cost $/MBTU 0.55 2.06 5.24
Fuel escalation rate % 0.5 0.5 1.2
Nuclear waste fee $/MWh 0.95 0 0
Financing Parameters
Discount rate | % | 10
Regulatory Action
Carbon tax | $/tC | 63.5

Table 4-10 Technical and cost characteristic oéstment plants
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Figure 4-15 Position of the investment technologiesording to their marginal cost on the
supply curve

Figure 4-16 shows the first 15 years of the 44 years of the ppetéuture system
expansion resulting from the DP calculation. The nuclear plant lesialyated by
Company A comes on line at year 5 after its construction is etetplThe DP is
carried out for the lifetime of nuclear investment plant, 4@ years. It is expected
that PGF_01, PGF_10 and two units of PGF_17 will come on line in y&ar dew
plant will be added to the system at years 6 and 7 asuttiear plant considered by
Company A would enter the market at year 5 and would be enough tdaraties
load growth for the following years. As mentioned in the previousiosecsince
each investment technology enters the system at a differenttijeaDP gives a
different optimal solution for the prototype system expansion and fdiffeeent

expected energy prices for each plant under evaluation.

Figure 4-17 shows the expected cash flow for the nuclear investoven its
expected lifetime. In this system, the plants collect revérame selling energy and
by providing spinning reserve. The revenues collected by thespéach year are
based on the energy and spinning reserve prices resulting fromattet clearing
process with respect to the expected changes in the systerthrddi® calculation.
Being a base unit in the system, the revenue of the nymbaardepends mostly on

the price of energy. This is shown in Figure 4-17 and Figure 4hE8enthe expected



revenue of the nuclear plant follows the trend of the enelggpover its lifetime.
On the other hand, the revenues of the coal and CCGT plants, whiciteamediate

and peaking units respectively, depend on both the energy and spins@mngere

prices.
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Figure 4-16 Prototype future investment scheduileguSP for nuclear investment plant
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Figure 4-17 Expected cash-flows of nuclear investnpéant



Average Energy Price over the Expected Lifetime
of Nuclear Investment Plant
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Figure 4-18 Average energy prices over the expdiftetime of nuclear investment plant

Since the investment alternatives have different economies,livt is more
appropriate to compare the alternatives using the FWV. The B¥Mke coal and
CCGT are calculated considering that the plants are reed/et to the lifetime of
the nuclear plant. Comparing the three technologies, the CCGIT phich has
lower investment and O&M costs and a shorter lifetime, ples/higher FWV than
nuclear and coal technologies. On the other hand, the coal plant kndsch high
investment and O&M cost as well as high cost for carbon emissiors less
desirable investment. Although the nuclear plant has a high investognbeing a
base unit in the system and providing clean energy makes it tbaedsecost
profitable investment after the CCGT plant. Table 4-11 shbe/dRR, the NPV and
the reinvested FWV of all the investments. In this exanthke jnconsistent ranking
problem does not arise because the ranking of the alternativeshssiiRRt method
is similar to the NPV and FWV methods. It is seen that tigopblistic market
structure which has higher prices favours investment in the muateh CCGT;
where the IRRs of the investments are greater than the MaRRhe NPVs and the
FWVs are greater than zero, therefore the investments shewdcepted. Although
the investment in the nuclear and CCGT plant would be profit@olepany A may
expect a higher level of return from the nuclear since investitigat plant is much
riskier. In such a situation, if Company A only decides to baoild plant, Company
A may choose to invest in the CCGT which has shorter lifetime ia more

profitable, and hence is a less risky investment.



IRR (%) NPV ($) FWV (%)
Nuclear 12.41 1.39E+08 3.25E+0¢
Coal 8.4767 -3.21E+0f *-1.10E+10
CCGT 32.705 2.66E+08 *3.33E+1

D

*Reinvested up to the lifiedi of nuclear investment plant

Table 4-11 IRR, NPV and projected FWV of the inwesit plants in the base case

The analysis is extended to see the effect of differemtasices of forecasted load
growth on the future system expansion from the DP. Figure 4-19 showshe
installed capacity, as calculated by the DP, varies ower with 2.7%, 2.3% and
1.5% load growth.

The expected average energy price fluctuates but increaskhe demand increases
over the planning horizon. A higher load growth in the system proérpensive
generators the opportunity to dispatch energy and hence leadsher mgrket
clearing prices. This is shown in Figure 4-20 where the 2.7% laadlyin general
results in higher energy prices than the smaller load growthfiemzk provides a

higher rate of return for the nuclear plant (Table 4-12).

Installed Capacity (MW) each Year at Different Load
Growth
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Figure 4-19 Installed capacities in the systemaaious load growth scenarios
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Figure 4-20 Expected average energy prices atuataad growth scenarios

Load Growth IRR (%)
2.70% 12.58
2.30% 12.41
1.50% 11.58

Table 4-12 IRR of nuclear investment plant at uasitbad growth scenarios

4.7.6 Sensitivity to the Shape of Load Duration Curve

As mentioned previously in this chapter, the expected profitalofiin investment
is dependent on the shape of the discretized LDC i.e. tlyhthef each segment
(which indicates the average load for that period) and the widtiheosegment
(which indicates the duration for which this load occurs). In thalyais, three
different shapes of LDC obtained from the optimal step-foncgsimulation by
varying the interval where the optimal breaking points lie tasted using the
proposed investment evaluation model. Then, their effects on thdapilify of

different investment alternatives are compared.

The first LDC denoted as Case 1 in Figure 4-21 is simulatedavathaller period in
segments 2 and 3 and a bigger period in segments 4, 5 and 6¢HaDA denoted
as base case as shown previously in Figure 4-11. The breaking pbit these
LDC cases are shown in Table 4-13. Reducing the duration of segfend 3 in



Case 1 increases the load in those segments. Similarlgasicg the duration of

segments 4, 5 and 6 also increases the load. These are shdvablen4-14.

Although reducing the duration of segments 2 and 3 increased theatahtience

the prices in those segments, the generating companies argbtmly make profit

from these higher prices for a shorter period of time. Thises the NPV of all the

investments to be lower in Case 1 (Table 4-15) compared to tkechas (Table

4-11) particularly for the coal and the CCGT plants which hee rhedium and

peaking units. In this analysis, the NPV of the investmemtsised, as the analysis

does not intend to select the best alternative but only to studypaet of the shape

of the LDC on the investment plants.

Break Points Case]l Case|2 Case3
T1 300 100 100
T2 1000 1000 808
T3 2500 2500 2153
T4 5315 5315 4158
T5 7255 7255 7001

Table 4-13 Break points of the optimal discretiz&{ for all the LDC cases

Base Case Casel Case 2 Case 3
Segment Load | Duratio | Load | Duration| Load | Duration| Load | Duration
(p.u) | n(h) (p.u) (h) (p.u) (h) (p.u) (h)
1 0.895 300 0.895 300 0.936 10( 0.936 140
2 0.772 1211 0.795 700 0.813 90( 0.825 708
3 0.680| 1905 0.713 1500 0.713 1500 0.128 1345
4 0.609| 2585 0.637 2815 0.632 2815 0.654 2005
5 0.537 1671 0.559 1940 0.559 1940 0.582 2843
6 0.464| 1112 0.4771 1529 0.417 15j9 0.484 1783

Table 4-14 Height and duration of each segmertt@bptimal discretized LDC for all the

LDC cases



Optimal Six-step Functions of LDC: Case 1
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Figure 4-21 Optimal six-step functions approximataf PJM LDC in Case 1

In case 2, the duration of segments 3, 4, 5 and 6 are simiiartlle Case 1. On the
other hand, segment 1 (peak load) is made shorter than in Cagere &22). This
situation impacts the profitability of the CCGT which is opieaat the peak load. It

has a lesser impact on the NPV of the coal and nuclear .pldr@se are also shown

in Table 4-15.

Optimal Six-step Functions of LDC: Case 2
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Figure 4-22 Optimal six-step functions approximatas PJM LDC in Case 2

Finally, in Case 3, the break points are obtained by first afiiindiscretizing the
PJM PDC (Figure 4-23) using the same interval defined foCdse 2. These break



points are then used to discretize the LDC in Case 3 as showguire B-24. By
doing this, the duration in segment 1 is kept similar as ie @asd bigger durations
of segment 5 and 6 (base load) are obtained (Table 4-14). Since tliendofa
segment 1 remains the same as in Case 2 the impact onthef e CGGT plant
as a peaking unit is smaller. On the other hand, a bigger duratsegmient 5 and 6
in the Case 3 than in Case 2 gives a greater impact tdRKkeof the coal (medium

unit) and particularly for the nuclear plant which is the hasein the system.

Optimal Six-step functions of PJM PDC: Case 3
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Figure 4-23 Optimal six-step functions approximataf PJM PDC in Case 3

Optimal Six-step functions of LDC: Case 3
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Figure 4-24 Optimal six-step functions approximataf PJM LDC in Case 3



NPV
Casel Case 2 Case 3
Nuclear| 4.41E+07 | 4.50E+07 1.53E+Qf7
Coal -1.31E+08| -1.33E+0B -1.73E+(8
CCGT | 1.86E+08| 1.60E+08 1.46E+(8

Table 4-15 NPV of the investment technologies fbthe@ LDC cases

4.8 SENSITIVITY ANALYSIS WITH A TEST SYSTEM BASED O N GREAT
BRITAIN'S 2010 SEVEN YEAR STATEMENT

In this analysis, the proposed investment evaluation model ingopoly electricity
market (Model 2) is tested and verified with a bigger tgstesn based on Great
Britain’s 2010 Seven Year Statement [106]. The system corfistS generating
units (the wind and hydro generations are aggregated) and a total of M¥\2 15t
installed capacity. It is assumed that some of the laggergting units will be closed
over the next 15 years to meet more stringent air quality s@ésddroduced by the
European Union’s Large Combustion Plant Directive (LCPD) schehetélchnical
and cost data of these units are provided in Appendix A of thisstHégsmpany A
assumes that six generation technologies can be selected Dl #wch year for the
prototype system expansion schedule. The three possible techaosbgien in
Table 4-10 are considered in the analysis. However the capacéscbf plant is
modified to suit the bigger test system. More realistibrieal and cost data for the
existing units and the potential investment as presented in [8Qlso used. The
characteristics of the plants for the DP and the possibéstiment technologies are

also provided in Appendix A.

A thorough sensitivity analysis of the profitability of the thr@evestment
technologies to the uncertainties of the various parametettsei model has been
performed. Two types of sensitivity analyses are: 1) toyk&m uncertainties such
as the carbon emission tax, the nuclear waste fee, the developingind power
plant and the system reserve margin, 2) to the technical ahdmcertainties of the
investment technologies such as the heat rate, the overnightneo§&M cost, the

construction time and the discount rate which is used to ctedhia NPV.



The LDC is also optimally discretized into six segments. Thelyhdoad data is
from the National Grid [National Grid 2010] for the load from 1st day2008 to
31st December 2008. Figure 4-25 shows the six-step approximatiohe aDC
used in this analysis.

Optimal Six-step Functions of LDC from National Grid
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Figure 4-25 Optimal six-step functions of LDC frdwational Grid

4.8.1 The Base Case

The sensitivity analysis is performed by first creating selizase as a benchmark for
the other case studies. The base case assumes that no caigsionetax or nuclear
waste fee is imposed by the government to control the emissionrlmincand
nuclear waste from the power plant to the environment. The |laawttyrthe fuel
cost and the discount rate are similar to the analysis peesansection 4.7.5. On
the other hand, the minimum system reserve margin for the ypetaystem
investment schedule from DP is set higher i.e. 30% to conthéemterruptible

energy from the wind and hydro generation.

In the base case, the coal plant which has a capacity,pacsmeters (i.e. the
overnight cost, the fixed O&M cost and the fuel cost) as waslllifetime and
construction time in between the nuclear and the CCGT plariis imadst profitable
option followed by the nuclear plant and the CCGT plant. This is showable 4-
16 where the NPV per megawatt capacity and the reinvested p&VVvhegawatt



capacity of the coal plant are the highest among the pthsts. It is seen that the
‘inconsistency ranking problem’ exists when the alternatives@rgared using the
IRR, where the CCGT plant turns out to be the most profitablestimant.
Therefore, it is more appropriate to compare the alternatisggy the FWV. The
FWYV of the coal and CCGT are calculated considering tleapldints are reinvested
up to the lifetime of the nuclear investment plant as previodsistiated in Figure
4-14. In this simulation, it is expected that all the investnadtetnatives under the
higher prices of an oligopoly market would be profitable investmétdas/ever the
acceptance of the investment is also dependent on the feviek @osed by the
technology i.e. how sensitive it is to the various changes igytstem, which is the

focus of the analysis in the following section.

IRR NPV/MW | FWV/MW
Nuclear| 15.498 1.03E+0q 7.98E+0f
Coal 19.892 1.25E+06 *1.23E+(Q8
CCGT 22.621 6.70E+0% *7.18E+(Q7
*Reinvested up to thetiihe of nuclear investment plant

Table 4-16 Expected NPV and FWV of the investmeahhologies in the base case

Figure 4-26 shows the expected future technology mix over the kfetimthe
nuclear investment plant under consideration as determined by theypeototure
system expansion. The technology mix indicates that more C@f&Texpected to
be built in the earlier years to replace some existing aodl oil-fired generating
plants that will be closed under the Large Combustion Plants tbee.CPD)
scheme. However, since the gas prices are expected tosecpeigker than the coal
and uranium prices, the operating cost of CCGTs will tbezencrease faster, fewer
CCGTs and more nuclear and coal power plants will be built towhedsrtd of the
period considered. The expected energy prices resulting fronexpected future

technology mix are shown in Figure 4-27.



Figure 4-26 Expected technology mix over the lifegiof an investment in a nuclear plant
for the base case

Figure 4-27 Expected average energy price ovdifdiene of an investment in a nuclear

plant for all cases

4.8.2 Sensitivity to the Carbon Emission Tax

Two scenarios of carbon tax have been tested tb®edhe system reacts. The coal
power plant, which has the highest carbon intepngtyhe most affected technology
followed by the CCGT and the nuclear plant. Thefifability of the coal and the

CCGT plant are severely affected under the extrease i.e. when the carbon tax is



set at 63.5$/tCO2 as shown in Table 4-17. Although the nuclear powehpkzero
carbon emission, the revenue of this plant is also affectedebynplementation of
the carbon emission tax. This is because when the carbon tayadsedcin the
system, the generating companies tend to build more nuclear p@ants, pthich are
less affected by the carbon emission tax. This is shown ine=@28 and Figure
4-29. The installed capacity of coal and CCGT shrink more undexxtheme case,
with the coal-fired capacity shrinking faster than the C@&gacity.

When nuclear dominates the system, the energy price drops bedobaske case
because the nuclear plants have a lower operating cost. Bhisvis in Figure 4-27.
This answers why the profitability of the nuclear plant is atsduced when the
carbon emission tax is introduced in the system. Figure 4-30 shevdsfference in
the FWV between the base case and the other cases for alhvigtment
alternatives. This also illustrates how sensitive the techissl@ge to these uncertain

exogenous factors.

Carbon tax = 18.3 Carbon tax = 63.5
FWV*/MW FWV*/MW
Nuclear 5.81E+07 7.40E+06
Coal 8.26E+07 -4 . 79E+07
CCGT 4.96E+07 -1.99E+07

*Reinvested up to the lifetime of nuclear investment plant

Table 4-17 Expected FWV of the investment technelgnder evaluation in the case of
carbon emission tax



Figure 4-28 Expected technology mix over the Iifegiof an investment in a nuclear for the
case of carbon emission tax = 18.3$/tCO2

Figure 4-29 Expected technology mix over the lifetiof an investment in a nuclear for the
case of carbon emission tax = 63.5$/tC0O2



Figure 4-30 Impact of system changes on the FWi®investment technologies

4.8.3 Sensitivity to the Nuclear Waste Fee

The third analysis is performed to study the effeca nuclear waste fee on the
profitability of the various technologies. In thasalysis the generating companies
that owned nuclear power plants are assumed tohbeged for their radioactive

waste. In order to see the effects clearly, thbaaemission tax is not considered in

this analysis.

Figure 4-31 shows the expected system technology awer the lifetime of an

investment in a nuclear plant when a nuclear wésteis imposed. This nuclear
waste fee discourages generating companies in yeers from building more

nuclear plants. The coal power plant is expectedbdothe favoured investment
followed by the CCGT plants. This scenario is mehith the results in Table 4-18
where under this situation, the nuclear investnptant that is being evaluated by
Company A has the smallest FWV followed by the CCtad@ the coal plants.

In this case, the energy price is slightly higherawerage than the base case because
the coal plants that dominate the system havelehigperating cost than the nuclear
plants. This results in a very small rise in thefpiof the coal and the CCGT plants.

It is also seen that the nuclear waste fee hasya lenpact on the nuclear plant and



very little impact on the coal and the CCGT plafiigyure 4-30), which indicates
that investing in nuclear plants is much riskiedemthis scenario.

Figure 4-31 Expected technology mix over the lifetiof an investment in a nuclear for the
case of nuclear waste fee

FWV/MW
Nuclear| 4.65E+07
Coal | *1.24E+08
CCGT | *7.19E+07
*Reinvested up to the lifetime of nuclear investingant

Table 4-18 Expected NPV and FWV of the investmeahhologies under evaluation in the
case of nuclear waste fee

4.8.4 Sensitivity to the Development of Wind Gemnation

Wind generation has been increasing rapidly in thdted State and several
countries in Europe. The increase in wind genematidll affect the system’s
generation mix, then the price of electricity anente the profitability of the
investment technologies under consideration. Ineor see the effect of the
development of wind generation on the system amedngw investments, in this

analysis it is assumed that wind generation ine@®d®% each year as in Figure



4-32. As the energy from the wind is essentialgefrit is assumed that the wind
generator bids at zero price. In this situatioe, whind power plants will displace the
position of nuclear plants in the supply curve ahit the plants in the supply curve
to the right. As a consequence some of the expergants that were previously
scheduled to produce energy during the peak hautsibase case are not be able to
do so under this scenario. As a result the markeairiog price is lower than in the
base case. This is seen in Figure 4-27 where theg® energy price in the case of
increasing wind generation is slightly lower thhe base case and hence reduces the
profitability of all the technologies being evaledt(Table 4-19). The nuclear and the
coal plants which are the base and intermediates umithe system are the most

affected technologies under this scenario (FiguB@y

Figure 4-32 Expected technology mix over the Iifetiof an investment in a nuclear for the
case of increasing wind generation

NPV/MW | FWV/MW
Nuclear| 8.78E+05| 6.13E+07
Coal | 1.05E+06| *9.98E+O0J
CCGT | 5.95E+05] *6.33E+0)
*Reinvested up to the lifetime of nuclear investingiant

Table 4-19 Expected NPV and FWV of the investmeahnologies under evaluation in the
case of increasing wind generation



4.8.5 Sensitivity to the System Reserve Margin

In this analysis, the sensitivity of the new inveehts to the system reserve margin
is tested. The minimum system reserve margin fer ghototype future system
expansion using DP which was previously set at 30%he previous analyses is
lowered to 20% in this analysis. Figure 4-27 shalagt a 20% minimum reserve
margin results in higher energy prices than the lcase. As a result, the profitability
of all the investment technologies increases asvshiao Table 4-20. Being a peak
unit in the system, the CCGT plant benefits thetrfrosn the decrease in the system
reserve margin, followed by the coal and the nughdents. This is shown in Figure
4-33 where the expected installed capacity of CC@dnts over the nuclear

investment plant being evaluated is slightly higthem in the base case.

Figure 4-33 Expected technology mix over the lifetiof an investment in a nuclear for the
case of 20% expected minimum reserve margin

NPV/MW | FWV/MW
Nuclear| 1.16E+06| 9.19E+07
Coal | 1.45E+06| *1.46E+0B
CCGT | 9.28E+05] *1.05E+0B
*Reinvested up to the lifetime of nuclear investingiant

Table 4-20 Expected NPV and FWV of the investmeahnologies under evaluation in the
case of 20% expected minimum reserve margin



4.8.6 Sensitivity to Technical and Cost Charactéestic of the Technologies

The sensitivity analysis presented in this chapgernot limited only to the

uncertainty on exogenous factors (external risk) éxiends also to the effect of
internal risk i.e. technical parameters such ahta rate and the construction time,
and cost parameters such as the overnight coghar@d&M cost of each technology
on its own profitability. As previously explained this chapter, the changes in the
various parameters in the model result in a diffeflerecasted prototype system
expansion from the DP. Therefore, in this analysisrder to see the effect of the
technology’s characteristic effectively, the prgfm system expansion obtained for
each investment technology in the base case optbeious analysis is used to

calculate the NPV of the technology considerin@% Xhange in the parameters.

The economics of a nuclear investment depend greatthe overnight cost and the
construction time. As an intensive capital invesimaith a medium operating cost,
the nuclear plant is also sensitive to the discoate but less sensitive to the heat
rate. Figure 4-34 shows the impact of a 10% changéhe various costs and

technical characteristics on the NPV of the nucieaestment.

Figure 4-34 Impact of 10% change on the variouarpaters to the NPV of nuclear plant

The sensitivity analysis of the CCGT plant shoveiferent pattern than the nuclear

case as shown in Figure 4-35. The CCGT plant ig sensitive to changes in the



heat rate. It is however much less sensitive thatiear to the overnight cost, the
construction time, the discount rate and the fix®M cost. This is because the
CCGT is a less capital intensive than an investnremiuclear, but has higher fuel
cost and operating cost.

Figure 4-35 Impact of 10% change on the variouampaters to the NPV of CCGT plant

On the other hand, the sensitivity of a coal investt is in between the nuclear and
the CCGT. Having a large investment cost, longding time as well as quite high
operating cost, the economics of the coal planeddg on all the parameters i.e. the
heat rate, the overnight cost, the constructiore tand the discount rate. These are
shown in Figure 4-36. Figure 4-34, Figure 4-35 d&igure 4-36 also show that
smaller heat rate, overnight cost, fixed O&M casinstruction time and discount

rate increase the profitability of the technologies



Figure 4-36 Impact of 10% change on the variouampaters to the NPV of coal plant

4.9 CONCLUSIONS

This chapter has presented a new explicit apprdacta generating company to
evaluate an investment in a power plant under &uasred electricity supply
industry. In the beginning of the chapter, the basamework for investment
evaluation which consists of two stages of investnproblems is first introduced.
The first stage is an optimization problem which deis the expected future
investments and retirements from all the compainiethe system (the prototype
system investment and retirement schedule) usingrdic programming (DP) over
the lifetime of the investment that the main getiegacompany is evaluating. The
second stage calculates the revenue of the newtmeat in each year of its lifetime
against the prototype system investment scheduleinga in the first stage. The
basic investment evaluation model is then extendedtwo different models. The
first model (Model 1) is developed to consider utaiaty using a probabilistic
valuation technique. A Monte Carlo simulation israguced in the second stage of
the problem in order to get the rate of returnritistion of the investment. The
uncertainty in the load and the fuel cost are mledelas normal probability
distribution functions. The risk analysis is alsodrporated in the model to measure
and compare the risks associated with differenéstments. The second evaluation
model (Model 2) takes into account the risk prafilef different power plant

technologies (nuclear, coal and CCGT) in the investt model. An oligopoly



electricity market is modelled using an empirical approacthabthe investment is
evaluated under a realistic environment. Since the profitalfithe investment is
very dependent on the shape of the discretized LDC, an optimafusiejon

approximation of the LDC is also presented prior to the investrevaluation.

Sensitivity analyses show that, being a base unit in thensyttie profitability of the
nuclear plant is mostly affected by the changes in the shaje &DC at the base
segments. It is also sensitive to the uncertainties in thiearuwaste fee and the
development of wind generation in the system. As a capital iméeimvestment, the
economics of the nuclear plant are also very dependent on themewestost, the
construction time and the discount rate. On the other hand, askegeinit, the
change in the shape of the LDC at the high load segment anel system reserve
has a great impact on the profitability of a CCGT plant. d$® very sensitive to the
heat rate. However, having a low capital cost and a short gotistr time, it is
much less sensitive than the nuclear to the uncertainty in thaigivecost, the
construction time, the discount rate and the fixed O&M cost. Orotier hand,
having lower carbon intensity, it is less affected by the carbmission tax
compared to a coal power plant. The sensitivity analysis otadlaé plant shows
result somewhere in between the nuclear and the CCGT.hbugver much more
affected by changes in the carbon emission tax than the nucleahear@CGT.
Meanwhile, the heat rate, the overnight cost, the construtttienand the discount

rate are also important parameters to the economics ob#tglant.

The probabilistic evaluation model (Model 1) proposed in this chaptaides
generating company a wider analytical framework and a systeway to compare
the risks of different investments under uncertainties. Thethisfribution which is
graphically presented is useful for a project manager to deratnghe riskiness of
an investment to non-economical people in the company as it givettea picture
and the confidence level of investing in the power plant. Onother hand, the
second model (Model 2) proposed in this chapter helps a generatimampro
assess investments in an oligopoly electricity market and €yaht risks of
different investment technologies. It also can be used to pedensitivity analysis
to study the effect of different system scenarios and vauogsrtainties on the

profitability of the technologies.



Generation Investment
Evaluation Model in Oligopoly Market
with Capacity Mechanisms

Summary

This chapter extends the investment evaluation m@dedel 2) presented in
Chapter 4 to consider investment in an oligopoBcticity market with a capacity
mechanism. The capacity mechanism is includedibdtie formulation of prototype
future system expansion and revenue calculationtha investment under
consideration. In the prototype system expansitwe, t¢apacity mechanism is
considered as an additional cost to the total aufssystem expansion, but is extra
revenue for the new plant that the company is e@lg. Two types of capacity
mechanisms have been modelled: 1) capacity paymimtlinear representation
and with payment proportional to the loss of loashability (LOLP), and 2)
capacity market with various slopes of a demand&uin the analysis, the effects of
capacity mechanisms on the future system exparaidnon the profitability of

different technologies are presented.

5.1 INTRODUCTION

There are on-going debates among economists about whether energy prices in
competitive electricity markets are high enough to stimulatécgnt investments

from the generating companies to meet the required capacig isystem. This is
especially true in the aftermath of the California crisi@D0. This has become a
main concern of regulators in some of the countries that haweiatesed their
electricity industries since the availability of eledtsids essential to the well-being

of the economy.

As previously discussed in Chapter 3, a perfectly compepibveer market should,
in theory and in the long run, provide the correct signals to attraestments from

generating companies, but this might not happen in the real worklh@kiled to the



emergence of various capacity incentives such as cagsyjtyents and capacity
markets to provide the generating companies with additional incomavén their

fixed cost and hence encourage them to invest in powerajemer

Modelling generation investment decisions in a market withpaaty mechanism
are even more complex because the potential investor hasetas$t the expected
revenue that the new investment will generate not only fronerleegy market but
also from the capacity mechanism. Moreover interplay ekistareen the market
and the mechanism. The exact form of the capacity mechansm@anheffect on the
investment decision and technology choices made by the generatirgganies. It is
also important to know whether the capacity mechanism givebitasignal to invest

and serves its objective to help generators to coveritiveistments and fixed costs.

In this chapter, a technique that a generating company could usealuate its
investment options in an oligopoly electricity market with cagamiechanism is
presented. The proposed model extends the investment model in an gligaplodt
(Model 2) presented in Chapter 4 to consider capacity mechanismmlbe upper
problem i.e. the prototype system expansion schedule and thedmidem i.e. the
revenue calculation of the new plant under consideration. Itmjgortant to
understand that the effects of capacity mechanisms on the apghéower problem
are considered from different perspectives. The capa@thenism in the prototype
future system expansion is looked at from the overall systespgeive in which its
implementation is seen as an extra cost of system expansione ©tnér hand, from
the perspective of the generating companies, the capaciyamem is additional

revenue to cover their investment costs.

Two types of capacity mechanisms are included in the modebfgcity payment
either as a linear capacity payment or as a paymeedlas the LOLP, and 2) a
capacity market similar to the ICAP market organised byNine York Independent
System Operator (NYISO). The objectives of this study ar

1. First, to develop a model that can be used by a generabtimgpany to
calculate the expected revenues that a new investmemansidering would

earn from both the energy market and the capacity mechanis



2. Second is to analyse the interrelated dynamics of the spot @iw the

capacity mechanism

3. Third is to study the effects of capacity mechanism on theersysnd

profitability of the plants under evaluation.

This type of analysis is important not only for the investors, ket &r the
regulators who are trying to design a robust electricity nmatkés not the aim of
this thesis to propose a new capacity mechanism but insteacstigate how some
of the designs that have been proposed and applied in actual nankietsaffect
investment decisions. However the architecture of the proposed nsodehde

flexible so that it can be applied to any design of capae#ghanisms in the future.

5.2 PROTOTYPE FUTURE SYSTEM EXPANSION UNDER THE MARKET
WITH CAPACITY MECHANISM

Since the payment from the capacity mechanism is priced asehe available
system capacity relative to the load, the implementatioth@fmechanism in the
market will affect the investment strategy of the getirgacompanies, the expected
future energy prices and hence the expected profitability afi¢aeinvestment that
is being evaluated. In order to take into account these efiedtse investment
evaluation, the formulation of the prototype future system expansiog D®-based

optimization has to be redefined.

As [5] argues, there is a price to pay by the consumersidogeneration adequacy
assurance that a capacity mechanism provides. In a marketapitlcity payments,
the amount paid to the generators for the available capacitythéa provide is
shared among the consumers. On the other hand, in the capadist,ntais the
responsibility of the Load Serving Entities (LSES) to contveith the generators to
meet the prescribed level of reserve capacity. Assaltrehaving the generation
adequacy assurance in the system adds an uplift to the owestlbfcgenerating
electricity. This is reflected in the objective functiontloé prototype future system
expansion using DP by adding a capacity mechanism term in theoeq(#ai) in
Chapter 4. The new objective function is shown in equation) (below. As

previously pointed out, the payment from the capacity mechanisnfuaction of



the system reserve capacity (i.e. installed capaeigtive to the load). A lower
reserve capacity means a higher payment is required fonelcbanism. Since the
objective of the prototype system expansion is to minimize taédost, the DP will
choose to build more plants to reduce the cost of the capacity msohand hence
keep the reserve capacity at an optimal level. By doing tifs minimum reserve
requirement constraint no longer needs to be included in the fdaiomulaf the

prototype optimization.

The total system generation expansion cost under the capacity nseclver the
lifetime, T, of the investment plant that the company is evaluating idinedeas
follows:

.

TC=min {PC, (X,), +ICWU,), + FOM,,(X,), +VOM,, (X,), +CMy (X;, ).}

(5.1)

whereCMg,; is the total payment from the capacity mechanism as aidunot the
system available capacityf;, and the peak loadiax; at yeart to all generating units

in the system.

Similar to the investment evaluation model that is presente@himpter 4, the
prototype future system expansion schedule under the capacity mechanism
developed to provide generating companies a possible scenarimbmay happen

in the system regarding the future investments and the retitsmof other
generating units over the life time of the new plant thatctimapany is evaluating.
This scenario is used as a base for the generating compamayctlate the future
energy prices and capacity prices and hence the expectetueewoé the new
investment.

5.3 NET REVENUE FROM ELECTRICITY MARKET WITH CAPACI TY
MECHANISM

As pointed out in the introduction, a capacity mechanism ishi@ense that provides
generating companies the opportunity to collect extra money. Whiesidering

investment decisions, all the revenues streams generatéae gt plant must be



considered such as the revenues from the sale of energysi@mosf reserve and
also the capacity mechanism. The net operating revenue mathe mew plant

under the electricity market with this mechanisraomputed as follows:
coe  F G ! " " (5.2)

whereCM, is the revenue collected by the new plant from the capacithaném in
yeart.

Since the model developed in this chapter focuses on thetsefié the capacity
mechanism on the system and the profitability of a new investrogr regulatory
interventions such as the carbon emission tax and the nuclste feg are not

considered in the analysis.

5.4 CAPACITY PAYMENT
5.4.1 Design of Capacity Payment

Two types of capacity payments have been modelled and includedinveisement
evaluation model. The first model is a linear capacity paymbere the payment to
the generators is inversely proportional to the system resapacity. The second
model is a capacity payment that is based on the LOLP ahdsisimilar to the one
that had been used under the old Electricity Pool of England ates\W

5.4.1.1 Linear Capacity Payment

In this model, the linear capacity payment is a functiomefreserve capacity in the
system and is paid to the generators on a yearly basis. Fiduiristrates this form
of capacity payment. The capacity payment is paid to the a@nemwhen the system
reserve capacityCF; which is the ratio of the available generation capasityo the
peak loadmax; Only in the years when it drops below a preset margin thredRgid,
The amount paid per MW of available capacity increases linedrén the system
reserve capacity decreases. The revenue of the newfrplanthe capacity payment,
CPrhew Over the year equals the capacity of the pl&it” times the capacity

payment prices in that yeaCP. This type of capacity payment is similar to the one



presented in [40]. The system reserve capacitythadevenue made by the new
plant at yeart from the linear capacity payment are describedherastically by
equation (5.3) and equation (5.4):

= 5.3)

“NOPEM

Q /coe ER ) )STUV (5.4)

The total cost of capacity payments to all genegatinits in the system at yeafor
the prototype future system expansion formulatisnshown in the following

formula:

SSESWICXE 10 ER ). )STUV (5.5)

where Z is the number of generating units in tretem.

Figure 5-1 Linear capacity payment

5.4.1.2 Capacity Payment Based on the Load of Posbability (LOLP)

Similar to the linear capacity payment above, thpacity payment based on the
LOLP is also a function of available capacity ire teystem relative to the load.
However, in this model the capacity payment prisecalculated in a more
sophisticated way based on the expected probaHiléy the system load level will

exceed the generation availability in a given pariand is paid to the generators in



each segment of the LDC. The capacity payment based on thié inQhis chapter
is modelled like the capacity payment presented in Chapiétis thesis. The total
cost of capacity payments paid to all generators in the systan year for the

prototype system expansion formulation is described by the eqbeafimn:

SSEYHYZE 1 Lo (5.6)

5.4.2 Test Result

The proposed investment model with capacity payment has beed testhe test
system based on the Great Britain’s 2010 Seven Year Staterasahfad in Chapter
4. The list of generation technologies that can be selected DPttier the prototype
future system expansion and the three possible investment tecksdiogi nuclear,
coal and CCGT) are shown in Appendix A. The system parametdrasuhe LDC,
the load growth, the initial system reserve margin, the spynréserve requirement

and the plants’ retirement are similar to those usedciose4.8.1.

Four analyses have been performed using the proposed model. In thadiysis it

is assumed that Company A is comparing the investment ditesavhen a linear
capacity payment mechanism is in place. The second analyseerisrmed

considering that the capacity payment based on the LOLP isrusieel system. The
third analysis is carried out to see the effect of VOLL onsystem and on the
profitability of the investment alternatives. Finally, thielsl effect of having the
capacity payment proportional to the LOLP on the total cost mdrgéing electricity

is studied.

5.4.2.1 Scenario 1: Investment with Linear Capaeayments

In the first scenario, it is assumed that the paymentsade only when the reserve
capacity drops below 20% (i.Bim). The steepness of the curve is such that when
the reserve capacity is equal to zero, the capacity paypnieetis 34900$/MW/yr.
This curve is shown in Figure 5-2 as a base case. Figursh6¥8s the expected
revenue that would be collected each year from the enerdgyetraand the capacity

payment if a nuclear plant were built. Such a plant makes mach money from



the energy market than from the capacity paymertis. expected annual capacity
payment paid to the generators and the systemveesapacity resulting from the
prototype future investment schedule over theilifet of this nuclear plant are
shown in Figure 5-4. This figure also shows that thwer the system reserve

margin, the higher the capacity payment paid tagémeerators.

Figure 5-2 Linear capacity payment curves forfal tases

Figure 5-3 Expected revenues from energy marketiaadr capacity payment scheme for
an investment in a nuclear plant (Base case)



Figure 5-4 Expected average system reserve ardt lig@acity payment over the lifetime of
an investment in a nuclear plant (Base case)

Under this scenario, which is denoted as the base ; Table 5-1, coal power
plants are the most profitable investment follovisdnuclear then CCGT. In this

revenue evaluation the effects of carbon emissarasnot included. It is seen that
the ‘inconsistency ranking problem’ exists if tHematives are compared using the
IRR. Therefore, it is more appropriate to compée alternatives using the FWV.

The FWV of the coal and CCGT plants are calculatusidering that the plants are
reinvested up to the lifetime of the nuclear pldhtis also shown that under the
implementation of linear capacity payment, all giernatives are profitable and the

investment should be accepted.

A less steep capacity payment curve (Figure 5-2)nasase 2 results in fewer

investments in the prototype plan (this is showntly system reserve margin in
Figure 5-5), and hence an increase in energy priEegre 5-6) and capacity

payments (Figure 5-5). When this happens, alltkestment alternatives considered
by Company A collect more revenue than in the bzsse. However, in such a
situation Company A may decide not to invest altfiothe investment alternatives
that the company are evaluating are expected tproktable. This is because by
doing this, the system will lack capacity, and atgsting portfolios of generating

plants will collect more money from higher energyces and capacity payments.
This behaviour can lead to gaming and manipulatiothe capacity payments in an

oligopoly market. On the other hand, when a steeagiacity payment curve is



considered such as in case 3 (Figure 5-2), the Bfdigis more investments,
bringing down the energy and capacity payment pria@d hence less expected net
revenue for the alternatives (Table 5-1). This adengives more impact to the
nuclear plant which has a longer economic lifetene a riskier investment. In this
situation, the CCGT plant becomes more profitahkntthe nuclear after the coal

power plant.

Figure 5-5 Expected average system reserve arat lga@acity payments over the lifetime
of an investment in a nuclear plant (Case 2)

Figure 5-6 Expected average energy prices ovdifétigne of an investment in a nuclear
plant in the base case and case 2



Case 1-Base Case Case 2 Case 3

IRR FWV/MW IRR FWV/MW IRR FWV/MW

Nuclear | 16.56 1.09E+08 | 16.89 | 1.33E+08 | 15.90 9.46E+07
Coal 20.96 1.43E+08 | 21.15 | 1.60E+08 | 20.03 1.31E+08

CCGT | 28.18 1.05E+08 | 28.18 | 1.05E+08 | 28.16 1.05E+08

Table 5-1 IRR and FWV of the investment alternaiuader various cases of linear
capacity payments

5.4.2.2 Scenario 2: Investment under Capacitynitayt Proportional to LOLP

Figure 5-7 shows the expected revenue from the energy markletapacity
payments when these capacity payments are proportional to LOBR flovestment
in a nuclear power plant with a VOLL of 6000$/MWh. Similar to lihear capacity
payment, more payment will be made to the generators underCthB scheme
when the reserve capacity is lower. This relationship is showhe scatter plot of
Figure 5-8. Comparing the three investment alternatives, @LLVequal to
6000$/MWh, the coal power plant turns out to be the most profitablstmeat
followed by the nuclear and CCGT plants (Table 5-2), which islairto the trend
in the linear capacity payment. Under this type of capacity paymall the

alternatives are also expected to be profitable and the inmettnshould be
accepted.



Figure 5-7 Expected revenue for a nuclear investrinem energy market and capacity
payment proportional to LOLP

Figure 5-8 Scatter plot showing the relationshifmeen the annual average capacity
payment price and system reserve at VOLL=6000$/MWh

VOLL
FWV/MW(S$/MW) | 1000 6000 | 12700
Nuclear 1.08E+08| 1.14E+08| 9.68E+07
Coal 1.43E+08| 1.51E+08| 1.34E+08
CCGT 1.07E+08| 1.04E+08| 1.09E+08

Table 5-2 FWV of the investment alternatives ungeious VOLL for the LOLP capacity

payment scheme



5.4.2.3 Sensitivity to Value of Loss Load (VOLL)

The value of VOLL and LOLP are important in detarng the capacity payment
prices. The VOLL should theoretically be measuresingi customer surveys;
however it is difficult to define because it varesong consumer categories. On the
other hand, the LOLP which is usually calculatedngissimple models of
probabilistic failure might overestimate the chanoé power failure [107]. In this
study the value of VOLL is varied to see how th&ggmeter affects the expected
system reserve margin, the energy prices, the tgpaeyments and the expected

profitability of the investment alternatives.

Figure 5-9 shows the expected system reserve margiar the various VOLL over
the lifetime of an investment in nuclear capacitiie prototype future investments
from the DP increases as the system VOLL increablesvever this capacity
payment is also a function of LOLP. When there itage amount of capacity
available relative to the load, the LOLP is low ahd capacity payment prices are
lower (Figure 5-10). Hence the capacity paymentgsido not exhibit wide

variations as a function of VOLL.

Figure 5-9 Expected system reserve capacity un@&PLcapacity payment scheme for
various VOLL over the lifetime of investment in aakear power plant



Figure 5-10 Expected annual average capacity paypnees under LOLP capacity
payment scheme for various VOLL over the lifetinienwestment in a nuclear power plant

If VOLL is given a low value (e.g. 1000 $/MWh), nehough capacity is built and
load shedding is necessary for peak loads duriagsy25 and 26. Since the Energy
Not Served (ENS) is assumed to have a value egus&IQLL, this significantly
increases the average energy prices in those {feiguee 5-11). Figure 5-9, Figure
5-10 and Figure 5-11 also demonstrate that, aswangd expect, a lower system
reserve capacity results in higher capacity payrmpenes and higher average energy

prices.



Figure 5-11 Expected average energy prices undePL&pacity payment scheme for
various VOLL over the lifetime of investment in aakear power plant

The profitability of the investment alternatives fifferent VOLL was shown in

Table 5-2. Since the energy and capacity paymeoepiare interrelated with the
available system capacity relative to the load thiedtechnology mix, it is difficult to

clearly see the effect of VOLL on the profitabiliof the investment alternatives.
However, comparing the three alternatives, the @arcpower plant, which has a
bigger capacity and longer lifetime, is more sévesito the various changes in both
capacity payment schemes followed by the coal. @n dther hand, unlike the
nuclear and the coal, the profitability of CCGTmsre sensitive to the uncertainty of
the LOLP capacity payment mechanism than to liregpacity payment scheme
because it operates more often as a peaking umé.simulation also shows that
under optimal conditions, both the capacity paynsafiemes succeed in promoting
investments from the DP for the prototype futurestegn expansion without

enforcing a minimum reserve requirement constiaitite formulation.

5.4.2.4 Global Effect of Having Capacity Paymesased on LOLP

Figure 5-12 shows the total payment to all genesdtothe system over the planning
horizon (i.e. from both the energy market and #ngacity payments) as a function of
VOLL. This total payment decreases when VOLL insesafrom 1000$/MWh to



9000$/MWh because this results in more investmemsce an increase in the
system reserve margin and a reduction in the enangycapacity payment prices.
However, for a further increase in VOLL, the tofziyment to the generators
saturates and VOLL has a smaller impact on thestmvents and the capacity
margin. This is because the capacity payment sroed by the product of VOLL
and LOLP. At some points, a further increase iresysVOLL is compensated by a

decrease in system LOLP and thus has no more ndéuen the capacity payments.

Figure 5-12 Total payment from energy and capgiatyment and system reserve margin as
a function of VOLL

5.5 CAPACITY MARKET
5.5.1 Evolution of Capacity Markets in the UnitedStates

In a capacity market, the Load Serving Entities EEp are obligated to buy a
specified amount of capacity above their peak foach resource providers to meet
some minimum reserve capacity requirement. Thesimgs money’ phenomenon,
which arises when the prices from the energy maskabt high enough to provide
sufficient revenue to cover the total cost of @rgsior new units, has been observed
in several electricity markets in the United Stete388]. As a consequence, some
Independent System Operators (ISO) in the NortteeadJnited States electricity
markets, for example New York ISO (NYISO), PIJM dB8@® New England (ISO-



NE) have introduced additional incentives to promote generatiotabiidy and

investments through Installed Capacity (ICAP) markets.

Initially, the ICAP market was designed to deal with theilakdity of generating
units in the short term. However, generating companies wekengean incentive
such as forward contracts that guarantee them the salemgfyein the long run to
cover the cost of building new plants. Several issues ahsa the functions of the
ICAP market are revised to consider new investments for leng generation
adequacy. [109] discusses three issues of contention about theffess of ICAP
market in providing incentives for new investment: 1) the difficto set the time
horizon that is far enough for the ICAP to remunerate the newstmeat, 2)
whether it is appropriate to put the responsibility of ensuring geoer@dequacy on
the LSEs, and 3) how to design an attractive ICAP marketahsiires enough
revenue for the new investments. The initial ICAP market® wharacterized by a
vertical demand curve that fixed the planning reserve maegiget and a near
vertical supply curve to set the prices. This arrangement csitisised for its
vulnerability to exercised market power [54]. This is becausg eapacity
withholding in the market will shift the supply curve to the lefini A to B (Figure

5-13) and cause a large increase in the capacity price.

The drawbacks of the early ICAP designs led to the first attday the NYISO to
refine its ICAP market by proposing a downward sloping demand ctitvs. is
particularly to solve the third issue discussed above anditweehe use of market
power by the generating companies in setting the capacity pdsexy the sloping
demand curve, the capacity price becomes less sensitive ehanges in the supply
curve that might result from capacity withholding. A simitancepts to the NYISO
ICAP market was then proposed by ISO-NE, but with two downward ngjopi
segments and by the PJM market with a ‘kinked’ demand curve knoWareble
Resource Requirement (VRR) [110]. Another solution to the issueadfetpower
is to conduct ICAP auction in advance to allow new entry to ocdus. Will extend
the supply curve in Figure 5-13 to the right and make it lesp ste@ thus reduce
the effect of market power. This concept has been proposed Bylthenarket in its
Reliability Pricing Model (RPM) where the ICAP auction isdhe three years in
advance prior to the delivery year i.e. the year whereutiits that clear the ICAP

auction must make their capacity available.



Figure 5-13 Vertical demand curve in ICAP marketjree: Chandley 2003 [54]

The reformed ICAP markets in those regions comliive concepts of capacity
payments and capacity markets. In this approaeh|Sf defines a sloping demand
curve as a function of installed reserve marginJRwhich describes the payment
to be paid to the generating units for their unéorcapacity (i.e. capacity derated for
expected force outages). On the other hand, thelysaprve is constructed from the
bid prices that the generating units submit in AP market for the available

capacity that they are willing to commit. The ICA¥ces and the quantity of the
capacity obligation are determined by the inteisecbf these two curves. The
objective of the downward sloping demand curvdsse o align the capacity pricing

with the system reliability requirement in the gmt Similar to the initial ICAP

market, there is a target reserve, when there isxaassive capacity in the system,

the price is zero; otherwise a higher capacityepiscpaid to the generators.

A more detailed description of the reform of theARCmarket in the North-eastern
United States can be found in [54, 55, 109].

In this study, a general ICAP market model has lmmloped and included in the
investment evaluation framework shown in Figure df Chapter 4. In order to see

the effects of the ICAP market on the prototypaifeitsystem expansion using DP,



the ICAP market is incorporated in the upper level of the invedtframework. The
ICAP model is also considered in the lower level of the imest model to
calculate the expected revenue that the investment willed&owm the ICAP market.
A demand curve based on the NYISO ICAP market is modelled amtlingbe

analysis. A sensitivity analysis has been performed tolsearpacts of changing
the parameters of the demand curve on the system as wellts mvenue of the

investments.

5.5.2 Design of Capacity Market
5.5.2.1 Overview of the ICAP Market Model

The ICAP market is modelled as a general auction procésspdrticipants in the
market are from both the demand and supply sides. Unlike the ICAP model
presented in Chapter 3 of this thesis where participationim#ed to units that did
not provide energy or reserve, it is assumed that all theaereunits in the energy
market can participate and are willing to join the ICAP miar@s the other hand,
the LSEs are aggregated to buy capacity from the energy resaiaraneet their
installed capacity obligation. The capacity payments arerdeted by the crossing
point of the supply curve and the demand curve administrativelyatehy the 1SO.
It is assumed that the ICAP payments received each ye#lrebgenerating units
result from an ICAP auction that has been performed eaflieg. plants whose
capacity clears the auction receive the ICAP marlegtritig price for their unforced

capacity.

5.5.2.2 Plotting Downward Sloping Demand Curve

The demand curve that is used in the analysis is similar t8YIeO demand curve
which has one downward sloping segment as shown in Figure 5-14. Thne® poi
with several key parameters are required to construct this.cine first point is the
intersection of the net Cost of New Entry (CONE) and theetali§@M. The net
CONE is the levelised capital and fixed O&M cost of a benckrmait minus the

gross margin that it would receive from the energy and ancglkmice market. This



benchmark unit is assumed to be the lowest costtwayld capacity. It is usually a
simple combustion turbine. This point is the breakn point for the investment. If
the capacity is at this target reserve, the paysnémtthe generating units would
exactly equal to the cost of building a simple castion turbine. The second point
is the zero crossing point where the capacity piscequal to zero. Beyond this
capacity level no payments are made to the gensrawthe system is deemed to
have excess capacity. On the other hand if thevesevel is to the left of this point,
some payment is made to the generators. The cardeaivn by connecting these
two points. The final point is the price cap foe ttapacity and is defined differently
in each ISO’s region. For example in the origindISIO demand curve, the price
cap is equal to 1.5 times the net CONE; on therdthad in the ISO-NE the value is
set at 2.0 times the CONE [54].

Figure 5-14 NYISO downward sloping demand curve

The slope of the curve affects the incentive tesiin the new capacity. Moving the
zero crossing point to the left while keeping tleéenp where the target reserve and
the net CONE intersect results in a steeper dernange. A steeper demand curve
gives more incentive to the generating companieswest when the reserve margin

is below the target reserve as the price increemadly when the system shortage



increases. On the other hand, a steeper curve adds morévimtenttire the plants
as the price drops faster when the system reserve is dimvarget. The steeper
demand curve increases the risk to investors because théopriagacity fluctuates
more and a small overbuilding above the target reserve resultee generating
companies receiving only a small revenue (or none at all) thenhiCAP market. On
the other hand, moving the zero crossing point to the right makekethand curve
flatter. Although a flatter demand curve reduces the incentiventest as the
capacity price increases slowly when the reserve destethseprice fluctuates less
and thus provides generating companies more constant revenues amtegsussky
investment environment. Moreover a zero crossing point further taghiewould
increase investments because the generating companies wibiidvgtia chance to

receive some payments although the capacity is far beyonargest reserve.

5.5.2.3 Supply Curve in ICAP Market

The supply curve is constructed from the bid prices submittetlebpdrticipants in

the ICAP market. Similar to the energy market, these bielsaaked in merit order.
In this ICAP model, it is assumed that the existing unitseretiergy market bid at a
lower prices, while the new units that are willing to m#k&ir capacity available in
the future might bid higher [60]. These new capacities araressio be the plants
that are chosen by the DP each year for the prototype futurensggpansion. Since
there is no article available in the open literature regartiagffer price strategies
versus technologies in the ICAP market, it is assumedhbatuclear power plants,
which have a lower marginal cost, bid at a lower price follobsethe coal and the
CCGT plant. The formulation of the bid prices of the units inl@®&P market are

simple, with the bid prices ranging from zero for the existinglear units to about
two thirds of the CONE for the new peaking units [60]. Figure 5-15 shbess

supply curve resulting from the prices and capacities badti@ auction.



Figure 5-15 Bid prices of existing units and nevitaim ICAP market

5.5.2.4 ICAP Clearing Mechanism

The capacity and the ICAP clearing price is deteadifrom the intersection of the
capacity payment demand curve and the supply cumvbe event where the supply
curve does not intersect with the demand curve ctbaring will be set along the
demand curve by extending the supply curve velyicgdward until it intersects with

the demand curve [110]. This is shown in Figures5-1

Figure 5-16 ICAP clearing process



All the units with the bids below the ICAP clearing price pa@d the clearing price
for their unforced capacity (i.e. capacity derated for expefte outages). The
total cost of having the ICAP market in the system (i.e. ghgment to all the
generating units) each year for the prototype system expansiarulétion is

described by the equation below:

0,

S pwc VI (5.7)

whereCMyiice is the ICAP clearing price and it is assumed that thaagpof each
unit is derated 10% from their installed capacity (unforcedcaciy) to take into

account the expected forced outages.

5.5.3 Test Results

The analysis has been carried out on a test system based oredhéB@ain 2010
Seven Year Statement. The system parameters such as théheD@ad growth, the
system retirement and the spinning reserve requiremeninaitargo the analysis
presented in section 4.8.1 of Chapter 4. The CONE and the p@éé>cap are set to
49000$/MW and 120000$/MW respectively. The bid prices of the existing imit
the ICAP market are set to zero for nuclear, wind and hydro gemes,a0.05 x
CONE for the coal, 0.10 x CONE for the CCGT and 0.15 x CONEhroil-fired
generation. Meanwhile, the new installed capacity in that igeassumed to submit
higher bids in the last auction, i.e. 0.12 x CONE for the nucteaf x CONE for
the coal and 0.40 x CONE for the CCGT. The target systeenveesnargin for the
demand curve is set at 20% and the zero crossing point is at 8% oeserve

margin.

5.5.3.1 Investment in ICAP Market with Variougggig Demand Curves

Figure 5-17 shows the expected revenue that the nuclear powewplaldt collect

each year from the energy and ICAP market over its lifetlseone would expect,
such a plant makes more revenue from ICAP market when theveasapacity in the
system is low but receives no remuneration when there is eggstsm reserve.

This is shown in Figure 5-18 where at a lower system restreelCAP price is



higher. This ICAP price is also dependent on thistexy technology mix in the
system that participates in the auction. On theroktand when the reserve exceeds
the zero crossing point of the ICAP demand curvéchviis set at 25% in the base
case (Figure 5-19), the prices drop to zero. Thilsition also shows that under the
optimal condition, adopting the ICAP market wouttteurage investments from the
DP for the prototype future system expansion witrenforcing a minimum reserve

requirement constraint in the formulation.

Figure 5-17 Expected revenue for a nuclear investrinem the energy and ICAP markets

Figure 5-18 ICAP clearing prices and system resetaggin over the lifetime of an
investment in a nuclear power plant



The analysis is extended by moving the zero crgsgoint from 25% reserve
margin in the base case to 24% in case 2 whileikgdpe breakeven point (i.e. the
point where the target reserve and the net CON&tgatt). This results in a steeper
demand curve as shown in Figure 5-19. A steeperaddnturve on average
increases the investments from all the companiethénprototype future system
expansion, where more power plants will be builerothe lifetime of the nuclear
power plant under evaluation. This is shown in €3 where the average system
reserve margin is higher in case 2 than in the base. A higher average reserve in
the system results in a lower average energy jamcka lower average ICAP price.
As a consequence, a steeper demand curve providesiexating company with
lower total revenues for the nuclear plant thaitsiders building. It is also shown
that investing under the steeper demand curveriskér investment because the
ICAP prices and the energy prices fluctuate moaa thith the flatter demand curve.
This is shown in Table 5-3 where the standard diewiaof the prices from the
energy market and the ICAP market over the lifetioieghe nuclear plant under
evaluation are higher under the steeper demanca c a result, the total revenue
that would be received by the nuclear plant from #mergy and ICAP market is
uncertain under this environment.

Figure 5-19 Demand curves with zero crossing p@hb% and 24% reserve margin



Base Case Case 2
Average Standard Average Standard
9 deviation 9 deviation
Avera_lge System reserve 18.45 567 18.97 6.36
margin (%)
AverageEnergy price:
($/MWh) 76.34 6.27 75.78 6.65
Average ICAP price
($/MW) 8994 3640 7881 3904
(A$‘;erage Total revenue | ) ooe. 0ol 3.390E+08 1.01E+09| 3.393E+08

Table 5-3 Average reserve margin, energy price&API@rices and total revenue of the
investment in a nuclear power plant

All the investment alternatives being considered have posiiV¥ kh both cases
which indicate that the investments should be accepted. Comptménghree
alternatives, with no carbon tax imposed in the system, tHgouweer plants are the
most profitable investment followed by the nuclear and then th€TCThis is
shown in Table 5-4. Having a longer economic lifetime, the ptufitya of the
nuclear investment plant is more sensitive to the uncert@anthe slope of the

demand curve followed by the coal and the CCGT plants.

Demand Curve

FWV/IMW ($/MW) | Base case Case 2

Nuclear 3.42E+11| 3.27E+11
Coal 3.70E+11 3.66E+1]
CCGT 1.48E+11 1.47E+1]

Table 5-4 FWV of the investment alternatives ungeious slope of demand curve in ICAP
market

5.6 CONCLUSIONS

The model described in this chapter extends the previous invesevaio@ation
model in oligopoly electricity market presented in Chapter 4otsicler capacity
mechanism used to promote generation investments. The gapaxhanism is
included both in the prototype future system expansion formulation haiel the

net revenue calculation of the plant that the company isiaizg. In the prototype



formulation, the implementation of a capacity mechanism ossidered as an
additional cost to the total cost of system expansion. Sinkcaver reserve in the
system increases the payment from the mechanism, thd@lDfhoose to build more
plants in order to minimize the total cost, hence keeping seve at the optimum.
Modelling this incentive thus removes the need to include thenmami reserve
requirement constraint that was enforced in the previous DP-gpetébrmulation.

On the other hand, the capacity mechanism is the extra ref@nie plant that the
company is evaluating. Two types of capacity mechanisms lbese modelled: 1)
the capacity payments with linear payments and with paynbastsd on the LOLP;

2) capacity markets with various slopes of the NYISO dencanee.

The analysis shows that a less steep curve for the liagacity payment induced
fewer investments in the prototype plan than a steeper ddrvéhe other hand, in
the capacity payment proportional to the LOLP, a higher VOLL orageeincreases
the investments from all the companies in the prototype syestpansion. However,
when the VOLL increases further, the effects of VOLL on tiistesn reserve,
energy and capacity payment prices become less significhi#t.id because the
capacity payment paid to the generators is determined bythkimation of system
VOLL and LOLP. An increase in the VOLL is compensated by aedese in the
LOLP hence reducing the impact to the capacity payment priee.ahalysis also
shows that a lack of reserve in the system would increasejleeted future energy
prices and the capacity payment prices; hence a higher prfjtatar the

investment that the company is evaluating would be expectetiough such

situation would attract investments, for a better profitc@pany might decide not
to accept the project. This is because by keeping the systara Wewer reserve, its
existing portfolio would receive greater revenue from higher gnargl capacity
payment prices. Such behaviour may lead to the manipulation of gapagient to

raise the price.

Similar to the linear capacity payment, a steeper demamne ¢or the ICAP market
results in more investments in the prototype expansion schechdeeriergy and
ICAP prices for the steeper demand curve are more vothtle a flatter curve,
hence increase the risk to the investors as the revenughthatwill receive is

uncertain.



Comparing the three investment alternatives, a nuclear pplaat which has a
longer lifetime is the most exposed to the risks and the mosttedf by the
uncertainty in capacity payment and capacity market mechanlsis followed by
the coal and the CCGT plants. On the other hand, as a peaiinthe CCGT plant
is more sensitive to the changes in the capacity paymentl asehe LOLP

calculation than the linear capacity payment.

The investment evaluation model with a capacity mechanism pdpiws this
chapter is useful for the generating companies to evaluate astnverg in a market
with a capacity mechanism. It also provides generating coiepa framework to
calculate the expected revenues that they will receive tilherenergy market and the
capacity mechanisms with regards to the various designs afidéetive schemes.
Using this explicit investment model, it is also possible toyeeathe interrelated
dynamics of the energy prices and the capacity prices, and effieats on the
profitability of the investment under evaluation. Such analyse important for
investors to plan an expansion and for regulators to design a eeédddtricity
market.



Conclusions and Suggestions
for Further Research

Summary

This chapter summarizes the main achievement of this obsdtalso identifies the
main contributions of the models developed in this thesis. Fiitatlyggests some
improvements that could be made to the existing models and aledeaics that

might be interesting to carry out in the future.

6.1 INTRODUCTION

The introduction of competitive electricity markets exposes géngreompanies to
various uncertainties in making investment decisions. Since theno centralized
decision-making authority in this new environment, each generatingany has to
formulate its own generation expansion plans based on its own judgehment
creates the need for a new model that is able to take iotmmtcmarket risks and
uncertainties in assessing investments. Since investingsméw environment is
much riskier, generating companies might be tempted to investrvatisely. This

has raised concerns from regulators. As a result various mddsgns and
incentives have been implemented to try to ensure the sectistypply. However,
due to the long-term nature of generation investments, it is inp®wde wait for

several investment cycles to be completed in the actual mdmdetre the

performance of a market design can be evaluated. Therefose, rirerket designs
need to be appraised using a simulation model. This thesis in gpragyakes three
techniques in the scope of modelling generation expansion planninghfeasygtem
perspective and developing an investment assessment model ficiadual

company’s perspective.

The first model is generation expansion planning using agent-basedingpaéich
consist of multiple generating companies in the market. In oodeedresent the

dynamic investment cycles, the construction delays of theimezgtment and the



imperfect foresight of the generating company in making decisi@ave® been
modelled. Various capacity mechanisms have been tested hsipgoposed model
to study their effects on the investment decision of the geneimganies and the
dynamic cycles of investments. The model was first valilateth different
scenarios that could trigger investment. The analysis shioats’boom and bust’
cycles could appear in the electricity market. Assuming that market is
competitive, it was shown that all the capacity mechasisotceed in promoting
investments. The investment cycles also appeared under tketmath capacity
mechanisms. However the amplitude and the time delay ofcyloées vary

depending on the design of the capacity mechanism.

The investment model in Chapter 4 is built for a generatimgpany to calculate the
expected revenue that a new investment would collect overdtsrid considering
risk and uncertainty. The revenue of the new investmenttesrdmed each year
assuming a “prototype” future investment and retirement schefdute all the
companies in the system. This prototype plan is capable oéseing future
generation mixes in the system resulting from investmentegtess of generating
companies under different scenarios. Two different models hega Hdeveloped
within this framework to take into account risk and uncertainty iretta¢uation. The
first model is a probabilistic analysis using Monte Cartoutation. The Value at
Risk (VaR) has been set equal to MARR of an investment in #gtabditions to
determine the confidence level for an investment in a spemibject. The second
model takes into account the different risk characteristics pogetifferent power
generation technologies i.e. nuclear, coal and CCGT in the ¢éwvaluiihe expected
revenues of the new investment are calculated based onit¢ks pr an oligopoly
market, which are higher than those that would be obtained fronodel that
assumed perfect competition. The results show that all thedkgies considered
would be profitable under the oligopolistic prices. A sensitigitalysis shows that
the profitability of a nuclear plant is mostly affected by tineertainty on the shape
of the LDC at the base segments, the nuclear wastehialevelopment of wind
generation in the system, the investment cost, the constrdithe and the discount
rate. On the other hand the CCGT is sensitive to changhe shape of the LDC at
the high segments, the system reserve and the heat hatseisitivity analysis of

the coal plant shows a result somewhere between the nucleatherndCGT.



However, coal is much more affected by the uncertainty indhgoa emission tax
than the CCGT and nuclear.

The investment model in Chapter 5 is built considering that thesiment to be
evaluated takes place in a market with a capacity mechaiisen effect of this
incentive in the prototype schedule has been modelled in sucly thataa lower
reserve capacity in the system increases the capacithamem payment to the
generators hence more plants (more investments) will be cligbe prototype
plan by the dynamic programming to reduce the total cost aérayskpansion. On
the other hand, a capacity mechanism would provide additionaluesdo the new
plant. Two types of investment incentives have been modelled: dgpacity
payment (either linear or based on the LOLP), 2) a capaarkean with various
demand curves. The results show that all the capacity anesths succeed in
promoting investments in the prototype system expansion plan withoutiagfarc
minimum reserve requirement constraint in the formulation. arfedysis shows that
a steeper curve for the linear capacity payment results in imegstments in the
prototype plan because larger payments would be made to the generiar
reduces the energy and capacity payment prices, hence a lowiir for the
investment plant under evaluation. On the other hand, a higher ¥@lthe LOLP
capacity payment increases the investments in the prototypeHbavever further
increases in VOLL have less impact on the capacity paymenthemk on the
system reserve margin. A steeper demand curve in theigapsarket exhibits a
similar impact as in the linear capacity payment scheBue this steeper demand
curve creates bigger variations in the energy and capactgspaind thus provides
uncertain profits to the companies. In comparing the investmesrnatives, the
result shows that the nuclear investment alternative which lawer lifetime is the

most affected by the uncertainty of all the mechanisms.

6.2 MAIN CONTRIBUTIONS OF THE THESIS

In general the main contribution of this thesis lies on its ekpépresentation of the
elements in the models and the process involved in power investeterities
which provide system regulators and generating companies dicdadimework for

studying investments in a liberalised electricity marketthe models, rather than



assuming the future electricity price as an exogenous varthklenodels calculate
the price based on the expected system expansion and retiremédtimgdsom

investment strategy of the companies in the market. By mogdelhis, the electricity
price can be simulated under various system scenarios. Tkglégt eanodels are
also useful to study the effects of various uncertaintieshé market on the

profitability of an investment and on the reliability of {@wer system.

Furthermore, this thesis uses a multi-disciplinary approachvelai@ng the models.
Economic theory, agent-based modelling, dynamic programming, praiabili
analysis, and financial risk analysis have been combined twededn original

contribution to the state of the art.

Specific contributions of the model presented in each chapter ofththéss are

described in the following sections.

6.2.1 Agent-based Generation Expansion Planning Model

The contributions of the agent-based generation expansion modehtegesin

Chapter 3 are described as follows:

1. Agent-based modelling that uses a bottom-up approach where the individua
decisions of the generating companies are first specified taamd linked
together to form a larger system provides a framework thalbles to study
the complex interaction between the generating companies in the raadket

its effect on the overall system expansion.

2. The investment signal is modelled based on the mix informatiotheo
simulated spot prices and the capacity mechanism prices.pidwgles a
model that can be used to study the combined effects of thenspket and
capacity mechanism on the investment strategy of the gemecampanies

and the dynamics of investments in power generation.

3. The incorporation of delay in the construction and the generatingartas’
lack of perfect foresight on the future market prices enadidentodel to
simulate the dynamic of generation expansion and provide a decision

framework that is actually being practised by the companiehénraal



4.

market. Such models could be used by the regulator to study the dynami
investments behaviour in the system and to make assessmentsiem a

market design.

The step by step approach of the generation expansion is useftiefor t
generating company to understand the complex processes involved in t
market and to generate various system scenarios in formulatingestment

plan.

6.2.2 Valuation Model for Generation Investment in a Liberaked Electricity
Market

The contributions of the valuation model for generation investmentiberalised

electricity market presented in Chapter 4 are describéollaws:

1.

In this model, in evaluating revenue of an investment, a prototyfetwe
investment and retirement schedule from all the companie#rstreefined.
This prototype plan is a function of the future demand, the fud| twos
investment under evaluation and the various regulatory uncestintithe
market. The market prices and the revenue of the invesitoesidered by
the company are calculated based on this prototype plan. By modwithg
explicit framework allows the simulation of future electrigiyce scenarios
under different technology mixes, and can thus be used to study tbeoéffe

various uncertainties on the profitability of the investment.

The probabilistic assessment model in Chapter 4 provides a tjegera
company with a probabilistic approach in assessing investmentsieongi
risks. A risk assessment technique which is incorporated inddelrenables

a generating company to determine the confidence level oftinges a
power plant. The profit distribution which is graphically presentegggia
better picture and is useful for a project manager to demansgtetriskiness

of the investment to non-economical people in the company.

The investment evaluation model in an oligopoly electricity mahiaips

investors to determine a realistic price in an oligopoly mavikeich is



usually higher than the perfect competition. By doing this thaevaf the
new investment that the company is evaluating is not underagetimThe
model also considers risk characteristics of different technaloigiethe
financial model. This is useful for the investors to quantiiy tisks and to

compare investment alternatives with different technologies.

. A similar sensitivity analysis presented in Chapter 4 coulpds®rmed by a
generating company using this model to study how sensitive the pildjita
of the new power plant in which the company is considering iimgess to
the various uncertainties in the system. By performing such sisaly
generating company could gain more information before investmentatecis

could be made and could thus reduce the investment risk.

6.2.3 Generation Investment Evaluation Model in Oligopoly Markt with

Capacity Mechanisms

The contributions of the generation investment evaluation model ligopoly

electricity market with a capacity mechanism as predant€hapter 5 are described

as follows:

1. The explicit representation of the capacity mechanisms imtigel is useful

for the generating company to study the effects of uncertaintthen
mechanisms on the profitability of the investment.

. The effect of capacity mechanisms is also modelled in the ppetdtiture
system expansion. By doing this, the prototype plan is generatedttisom
combined effect of the spot prices and the capacity mechamises. Hence,
this provides a generating company a more realistic futuregeremd
capacity mechanism prices in calculating the expectechuevef the new

investment.

. This model could also be used by the system regulator to study agd desi
capacity mechanism that is fair enough to give an incerdivieet generators

while providing a lower price to the consumers.



6.3 SUGGESTIONS FOR FURTHER RESEARCH

The suggestions for further research are divided into two grougsig@jestions that
focus on some possible refinements to the models proposed in this ®esis
suggestions of new directions for research related to generaiiestments in a

liberalised electricity market.

Some improvements that could be made to the models and analys=gquien this

thesis are:

1. The business strategy of a generating company involves not oelstiments
in new plants but also the retirement, mothballing, sale orhpsec of
existing plants. In this thesis the retirement of generatinitg is modelled as
an exogenous input. It would be interesting to consider these othegissat

as decision variables that a company could use in maximizsimpgdfit.

2. In the agent-based generation expansion model, it was assurhed tha
generating companies have access to sufficient capitallftre investment
options. However, the financial structure of the company mighientie its

investment decisions.

3. In the probabilistic investment model of Chapter 4, the uncéytairihe load
and fuel costs are only considered in the revenues calculdtitre cew
plant but not in determining the prototype system expansion. Futonie w
could use stochastic dynamic programing to consider the umtgriaithe
prototype plan. Other uncertainties such as investment caststraction
times and regulatory actions that might differentiate thefitpbility
distributions of different technologies could be modelled. Furthernaotiner
coherent risk measures such as Conditional Value at Risk (Ca@aR) be
used.

4. The sensitivity analyses performed in Chapter 4 examine tleetefbf
various uncertainties in the model on the profitability of different
technologies. However, a technique that could summarize a# thgsacts
on the technologies for investment choice is not presented. Therifre
suggested for future work to conclude the sensitivity analysiadmpting

Utility Theory which is a technique that can be used for decisiaking.



This technique calculates an expected monetary value for ectutolegy
under all the uncertainties and suggests the alternative hathhighest
expected utility. Using this approach the risk preference ofgdrerating

company can also be considered in the investment decision.

5. The optimal prototype future investment schedule is made under the
assumption that the system expansion will minimize the tmsis. Other
objective functions such as maximizing social welfare could leel @nd

compared with the cost minimization.

Some other research topics that might be interesting to carig the future in

the context of generation investment are described asvil|

1. Development of a new capacity mechanism to promote investmerntsa

liberalised electricity market

A key problem of concern to the regulator in a restructured rigliggt
industry is how to ensure sufficient generation to meet the deraadd
system reliability in the long-term. Incentives such as dappayments and
capacity markets have been implemented in some markets. Hothege
capacity mechanisms have been criticised for their ptltsare much too
dependent on engineering calculations, either using VOLL in thacitgp
payment or by capacity obligation in the capacity market [64]. Hinglish
capacity payment that was based on the system LOLP was mé#siphia

the generating companies to raise the capacity priceshéather hand, the
operation of capacity markets is disconnected from the eneagyetn The
drawback of these mechanisms is also due to no real productedtdsy
customers for the price that they have to pay. Thereforewacapacity
mechanism that could solve the problems needs to be proposed. The
effectiveness of such a new mechanism in promoting sysigansion and

in incentivizing new investments could be examined using the models

proposed in this thesis.



2. Valuation model for investment in a liberalised electriciy market using
real options theory

A new trend to appraise investments is the use of real optiensy. This
approach adds two important aspects in the evaluation: 1) opiimiad) tto
make the investment, 2) representation of uncertainties usstgcaastic
process. Some researchers argue that the profitability kinggalants which
operate for a few hours at the peak load should be valued using timi)tex
to account for the volatility of the fuel and electricity pscé&hus, it is
suggested that future work adopt real option theory within the meest

model framework proposed in this thesis.



System Data

The sensitivity analysis in section 4.8 of Chapter 4 and thé&/sis in Chapter 5
were performed using a test system based on Great Brit2{8 Seven Year
Statement. The system consists of 75 generating units (the widdhydro
generations are aggregated) and a total of 74212 MW of instdleality. It is
assumed that some of the large generating units will bectloger the next 15 years
to meet more stringent air quality standards introduced by the Eurdgeion’s

Large Combustion Plant Directive (LCPD) scheme.

The technical and cost data of these units are presentadblim A-1 as follows:

Uni Yoff, | Slope, ITife- Histo Invest Ut'ilizat
¢ Fuel | Bin| Pnax | MBT | MBTU | time, ry, FOR Cost. ion
U/h | IMWh | years| years ' Factor

01 | gas 5 23.2 2.7% 6.68 24 3 0.08 1.05E+07 0J85
02 | gas 10 50 2.89 6.95 25 1 0.08 2.26E+07 085
03 | gas 10 60 2.8 6.95 25 9 0.08 2.71E+07 085
04 | gas 30| 229 281 7.07 25 5 0.08 1.04E+08 0]85
05 | gas 50| 245] 281 7.07 25 4 0.08 1.11E+08 0]85
06 | gas 50| 260 2.83 7.06 25 3 0.08 1.18E+08 0]85
07 | gas 50| 340] 2.8¢ 7.06 25 3 0.08 1.54E+08 0]85
08 | gas 50| 395 2.84 7.06 25 5 0.08 1.79E+08 0]85
09 | gas 50| 401 2.86 7.06 25 9 0.08 1.81E+08 0]85
10 | gas 50| 405 2.81 7.05 25 5 0.08 1.83E+08 0]85
11 | gas 50| 408 2.81 7.04 25 2 0.08 1.84E+08 0]85
12 | gas 50| 420] 2.8( 7.03 25 2 0.08 1.90E+08 0]85
13 | gas 50| 420] 2.8( 7.02 25 (6 0.08 1.90E+08 0]85
14 | gas 50| 425 2.84 7.02 25 7 0.08 1.92E+08 0]85
15 | gas 50| 425 2.84 7.02 25 8 0.08 1.92E+08 0]85
16 | gas 50| 505 2.81 7.01 25 5 0.08 2.28E+08 0]85
17 | gas 50| 552 281 7.0 25 1 0.08 2.50E+08 0]85
18 | gas 70| 665/ 2.85 7.0 25 3 0.08 3.01E+08 0]85
19 | gas 70| 665 2181 6.97 25 4 0.08 3.01E+08 0]85
20 | gas 70| 700| 26.4 6.63 25 4 0.08 3.16E+08 0]85




. Y off, Slope, ITife- Histo Invest Ut.ilizat
Unit | Fuel | Ryn | Pmax | MBTU | MBTU | time, | 1y, FOR Cost. $ ion
/h IMWh | years| years ' Factor
21 gas | 70| 715 26.5¢ 6.67 25 ] 0.08 3.23E1+08.85
22 | gas | 70 | 73t | 26.4¢ 6.61 25 2 0.0¢ | 3.32E+0¢| 0.8t
23 gas | 100 800, 26.4% 6.7( 25 1 0.08 3.62E+08.85
24 | gas | 10C| 80C | 26.4t 6.6¢ 25 8 0.0¢ | 3.62E+0¢| 0.8t
25 gas | 100 805 26.44 6.69 25 5 0.08 3.64E+08.85
26 | gas | 10C| 81C | 26.4« 6.6¢ 25 2 0.0¢ | 3.66E+0t| 0.8
27 gas | 100 850, 26.40 6.68 25 § 0.08 3.84E+08.85
28 | gas | 1C0| 88C | 26.3¢ 6.6¢ 25 6 0.0¢ | 3.98E+0¢| 0.8t
29 gas | 120 900, 26.64 6.64 25 3 0.08 4.07E+08.85
30 | gas | 12C| 90C | 26.6¢ 6.62 25 4 0.0¢ | 4.07E+0t| 0.8
31 gas | 120 905 26.60 6.61 25 4 0.08 4.09E+08.85
32 | gas | 15C| 100C | o0.0C 6.73 30 8 0.0¢ | 4.52E+0¢| 0.8t
33 gas | 150 110( 0.00 6.7( 30 1 0.08 4.97E+08.85
34 | gas | 15C| 123<¢| 0.0C 6.62 3C 7 0.0¢ | 558E+0¢ | 0.8F
35 gas | 150 128% 0.00 6.61 30 4 0.08 5.81E+08.85
36 | gas | 15C| 138C | 0.0C 6.5¢€ 30 1 0.0¢ | 6.24E+0¢| 0.8t
37 gas | 200 150( 0.00 6.52 30 3 0.08 6.78E+08.85
38 | gas | 20C | 152¢ | 0.0C 6.51 3C 10 | 0.0¢ | 6.89E+0¢| 0.8t
39 gas | 200 1875 0.00 6.5( 30 g 0.08 8.48E+08.85
40 | coal | 40| 363| 44.29 10.01 3( q 0.02 4.27E1+08.8
41 | coa | 50 | 42C | 44.3% | 10.1¢ 3C 5 0.0z | 4.94E+0¢{| 0.8
42 | coal | 100 964 44.3f 10.66 30 1 0.02 1.13E+09.8
43 | coa | 15C | 101¢ | 44.57 | 10.7: 30 17 | 0.0z | 1.20E+0¢| 0.8
44 | coal | 150, 1102 44.32 10.64 30 1 0.02 1.29B+09.8
45 | coa | 15C | 1131 | 44.21 | 10.5¢ 3C 22 | 0.0z | 1.33E+0¢| 0.8
46 | coal | 150 16927 64.88 10.39 30 3 0.02 1.99E+09.8
47 | coa | 15C | 194C | 64.3C | 10.3¢ 40 12 | 0.02 | 2.28E+0!| 0.8
48 | coal | 150, 1966 64.0( 10.3n 40 2 0,02 2.31E+09.8
49 | coa | 15C | 198¢ | 63.0C | 10.3] 40 25 | 0.0z | 2.33E+0¢| 0.8
50 | coal | 150 1987 63.11 10.30 40 3 0.02 2.33E+09.8
51 | coa | 15C| 1987 | 63.1z | 10.3( 40 21 | 0.0z | 2.33E+0¢| 0.8
52 | coal | 250 200Q 70.94 10.4p 40 2 0.02 2.35E+09.8
53 | coa | 25C| 2021 | 70.8¢ | 10.4( 40 22 | 0.0z | 2.37E+0¢| 0.8
54 | coal | 250 2109 69.13 10.41 40 2 0.02 2.48E+09.8
55 | coa | 25C | 228¢ | 69.1f | 10.4: 40 10 | 0.0z | 2.68E+0!| 0.8
56 | coal | 300] 3906 68.11 10.59 40 2 0.02 4.59E+09.8
57 | nuc | 50 | 470.¢| 250.6¢ | 17.3( 45 43 | 0.1z | 8.51E+0{| 0.
58 nuc | 100, 980| 255.6p 19.99 45 4 012 1.7768+09.9
59 | nuc | 10C | 1074 | 245.6f | 19.7¢ 45 10 | 0.1z | 1.94E+0!| O0.S
60 nuc | 100 1081 241.23 19.71 45 1 0,12 1.96B+09.9




Uni Yoff, | Slope, | Life- | Histo Invest g::gﬁ
¢ Fuel | Byn | Pmax | MBTU | MBTU | time, ry, FOR Cost. $ | Facto
/h /MWh | years| years ’ "
61 | nuc | 10C | 120C | 240.5f | 19.7( 45 9 0.1z | 2.17E+0¢ | 0.¢
62 | nuc | 100 1207 239.45 19.50 4 12 012 2.18E+099
63 | nuc | 10C | 121f | 211.0¢ | 19.7¢ 45 5 0.1z | 2.20E+0¢ | 0.¢
64 | nuc | 100 1261 211.00 19.73 4 14 012 2.28E+099
65 | nuc | 25C | 240¢ | 211.0C | 21.0( 45 4 0.1z | 4.35E+0¢ | 0.¢
66 | gas 10| 49.9 15.88 7.0% 4 1 0.08 2.26E1+07 (
67 | gas | 10 | 10C | 15.8¢ 7.04 40 4 0.0¢ | 4.52E+0" | 0.8t
68 | gas 10| 140f 15.8¢ 7.04 4 3 0.08 6.33E+07 (
69 | gas | 10 | 144 | 15.8i 7.0 40 5 0.0¢ | 6.51E+0" | 0.8t
70 | gas 10| 145 15.87 7.0( 4( 5 0.08 6.55E+07 (
71 oil | 10C| 103¢ | 13.9i 4.9t 25 2C 0.1 | 1.39E+0¢ | 0.1
72 oil | 100| 1245 13.94 4.95 25 27 0.0 1.67E+09
73 oil |10C| 135% | 13.9] 4.9t 25 21 0.1 | 1.82E+0¢ | 0.1
74 | wind | 100 893| 37.20 12.00 5( 2 0.04 1.25E+09 (
75 | hyd | 100 1743 150.00 4.59 5( 2 0.02 6.97E+09 (

0.

Table A-1 Technical and cost characteristics ofekisting system
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The six generation technologies that can be selected by theaBiPyear

prototype system expansion schedule are presented in Table A-Bas:fol

. . Yoff, Slope, Lifetime
Unit Fuel Pmin| Pmax| MBTU/ | MBTU/M '
h Wh years
P17 nuclea | 25C | 240¢ | 211.0( 21.0C 4C
P10 coal 250 2284 64.88 10.39 30
P21 gas 15C | 110 0.0C 6.7C 2C
P13 nuclear| 250 2406 211.00 21.00 40
pP2s coa 25C | 228¢ 64.8¢ 10.3¢ 3C
PO: Gas 15C | 110 0.0C 6.7( 2C
oud | st | e | o | Utz

5 4.35E+09, 0.12 0.08 0.85

4 2.68E+0¢| 0.1Z 0.0¢ 0.8t

2 497E+08 0.12 0.08 0.85

5 435E+0!| 0.1 0.0¢ 0.8t

4 2.68E+09 0.12 0.08 0.85

2 497E+08 0.12 0.08 0.85

for the

Table A-2 Technical and cost characteristics ofttiodnologies for prototype system

expansion using DP



The three possible investment technologies that are considetbd analysis are

shown in Table A-3.

Yof, Slope, Lifetime
Unit Fuel Pmin Pmax| MBTU/ MBTU/M !
h Wh years
101 Nuclear 250 2406 211.00 21.00 40
102 coal 250 2284 64.88 10.39 30
103 ga: 12C 110C 0.0C 6.7C 20
Build Invest Utilization
time Cost, $ MARR FOR Factor
5 4.35E+09 0.12 0.08 0.85
4 2.68E+09 0.12 0.08 0.85
2 4.97E+08 0.12 0.08 0.85

Table A-3 Technical and cost characteristics ofitivestment technologies

The carbon intensity for the coal and the CCGT technologies.@268C/MBTU
and 0.0145tC/MBTU respectively. The nuclear waste fee fontleéear technology
is 0.95 $/MWh. The fixed O&M cost for the nuclear, coal af@3T technologies
are 57.14%/kW/yr, 20.63%/kW/yr and 14.29%$/kW/yr respectively. Thialiar O&M
costs for the nuclear, coal and CCGT technologies are 0.365%/IA\WB$/MWh
and 0.476%/MWh respectively.



Optimal Step-Function
Approximation of Load Duration Curve

The optimal step-function approximation of LDC is developed using thes st

presented as follows:
Step 1: LDC from hourly load data is constructed

Example 13 hours of 8784 hourly load data from PJM market from 1st ya20G8
to 37 December 2008 is shown in Table B-1 below:

Original Hourly Data
Set Duration Curve Data
Sorted .
Time Value | Count Value (Y per-unit
Axis) (X Axis
01/01/2008| 73,126 1 130,100 1.00
01/01/2008| 71,001 2 129,84p 1.00
01/01/2008| 68,954 3 129,481L 1.00
01/01/2008| 67,977 4 129,394 0.99
01/01/2008| 67,842 5 129,09/ 0.99
01/01/2008| 68,925 6 128,91p 0.99
01/01/2008| 70,402 7 128,68[L 0.99
01/01/2008| 71,302 8 128,624 0.99
01/01/2008| 72,514 9 128,40(7 0.99
01/01/2008| 74,604 10 128,390 0.99
01/01/2008| 76,861 11 128,387 0.99
01/01/2008| 77,862 12 127,954 0.98
01/01/2008| 78,147 13 127,938 0.98

Table B-1 Sample of hourly load data

The hourly load data is sorted from maximum to minimum value and thenfe
value of each sorted load data is obtained. Figure B-1 showsethenit of LDC
from the PIM market.



Figure B-1 LDC from PJM market

Step 2: The load data is normalized

The normalization is carried out so that the ame@eu the curve equal to one. This is
performed by dividing the per-unit load data by tb&l area under the curve. This

total area is calculated using the trapezoidal rule
Step 3: The interval where the optimal break pointf the LDC are defined

For example, a six-step function of LDC has fivedk points. The five intervals (Int
1 to Int 5) where these break points lie are fiefined as shown in Figure B-2.



Figure B-2 Five intervals where the break pointa six-step function of LDC lie

Step 4: The optimal break points is computed usingBackward Recursion

Dynamic Programming

The optimal break points can be solved using badkwizynamic Programming
where the solution is searched recursively for eatdrval [x,)] defined for the LDC
until the total penalty of all the segments (from T) is minimized. The functional
equation for the minimal penaltfs(x) from ann-stage process given that the starting

point for the process is at the paxis shown below;

) 012 343 5 *$56) 76) ., 87 n=1..,S1 (B.1)

whereSis the number of segments of the LDC argj[is the interval where the
solution of then-stage process lies. The normalized area obtainedeais used as a
function of LDC denoted b (x).

The procedure begins with=T - 1 in interval Int 1shown in Figure B-2. The value

of gyas in Figure B-3 is calculated using:

& 5——3° (B.2)



The total penaltyf(T - 1) which is stored is equal to:
9" ‘ 6 9" 6 9" (B.3)

Where p(e(x))is the penalty to be paid per unit of mismatchx ande(x) is the

amount of mismatch at
If P(e(T-1)) = 1.0,
9" ‘ 9" "& (B.4)

Next a value ok =T — 2 is used to find a value aof.g

&, =) 9 9 (B.5)

from which the penaltyf(T — 2) is calculated and stored.

Figure B-3 Optimal break point in interval Int learomputed using Backward Recursion

Dynamic Programming

This is continued fox =T - 3,. . ., 2, 1land the corresponding values f@f) are
stored for the next stage (Int 2) of the dynamiogpamming calculation until the

total penalty of all the stages are minimized.

The optimal six-step functions of LDC are showirigure B-4.



Figure B-4 Optimal six-step functions of LDC fromdN® market
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