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Abstract

This thesis presents a collection of papers thatbeen published, accepted or
submitted for publication. They assess price, Mdlatand market relationships in
the five regional electricity markets in the Austta National Electricity Market
(NEM): namely, New South Wales (NSW), Queensland}Q South Australia
(SA), the Snowy Mountains Hydroelectric Scheme ($M@d Victoria (VIC). The
transmission networks that link regional systema iiterconnectors across the
eastern states have played an important role indghaection of the regional markets
into an efficient national electricity market. Dugi peak periods, the interconnectors
become congested and the NEM separates into it@nsegpromoting price
differences across the market and exacerbatingbibly problems in regional
utilities. This thesis is motivated in part by tfaet that assessment of these prices
and volatility within and between regional markettows for better forecasts by
electricity producers, transmitters and retailerd te efficient distribution of energy

on a national level.

The first two papers explore whether the laggedepend volatility information
flows of the connected spot electricity markets banused to forecast the pricing
behaviour of individual markets. A multivariate @gealised autoregressive
conditional heteroskedasticity (MGARCH) model i®dgo identify the source and
magnitude of price and volatility spillovers withiintra-relationship) and across
(inter-relationship) the various spot markets. Tésults show evidence of the fact
that prices in one market can be explained by their price lagged one-period and
are independent of lagged spot prices of any otharkets when daily data is
employed. This implies that the regional spot eieity markets are not fully
integrated. However, there is also evidence ofrgelaaumber of significant own-
volatility and cross-volatility spillovers in aliie markets indicating that shocks in
some markets will affect price volatility in otheiSimilar conclusions are obtained
when the daily data are disaggregated into pealofifqueak periods, suggesting that

the spot electricity markets are still rather iseta

These results inspired the research underlyingthivd paper of the thesis on

modelling the dynamics of spot electricity pricaseiach regional market. A family



of generalised autoregressive conditional hetedesitecity (GARCH), RiskMetrics,
normal Asymmetric Power ARCH (APARCH), Student APAIR and skewed
Student APARCH is used to model the time-varyingiarece in prices with the
inclusion of news arrival as proxied by the conterapeous volume of demand,
time-of-day, day-of-week and month-of-year effe@s exogenous explanatory
variables. The important contribution in this papes in the use of two latter
methodologies, namely, the Student APARCH and sHeStadent APARCH which
take account of the skewness and fat tailed cheniatits of the electricity spot price
series. The results indicate significant innovatgpillovers (ARCH effects) and
volatility spillovers (GARCH effects) in the conidibhal standard deviation equation,
even with market and calendar effects includedratigy prices also exhibit
significant asymmetric responses of volatility tee tflow of information (that is,
positive shocks or good news are associated wighehi volatility than negative

shocks or bad news).

The fourth research paper attempts to capturensdi@ature of price hikes or
spikes in wholesale electricity markets. The reswghow that electricity prices
exhibit stronger mean-reversion after a price spii@ the mean-reversion in the
normal period, suggesting the electricity pricec§ly returns from some extreme
position (such as a price spike) to equilibriunis ik, extreme price spikes are short-
lived. Mean-reversion can be measured in a sepergime from the normal regime

using Markov probability transition to identify tiig#ferent regimes.

The fifth and final paper investigates whether ristigte/regional trade has
enhanced the efficiency of each spot electricitykaia Multiple variance ratio tests
are used to determine if Australian spot electriatarkets follow a random walk;
that is, if they are informationally efficient. Thesults indicate that despite the
presence of a national market only the Victoriamkegduring the off-peak period is

informationally (or market) efficient and followsrandom walk.

This thesis makes a significant contribution inireating the volatility and the
efficiency of the wholesale electricity prices bm@oying four advanced time series
techniques that have not been previously explorethé Australian context. An
understanding of the modelling and forecastabditelectricity spot price volatility

across and within the Australian spot marketstigl ¥or generators, distributors and



market regulators. Such an understanding influertbes pricing of derivative
contracts traded on the electricity markets andkesamarket participants to better

manage their financial risks.

Keywords: spot electricity price markets; mean and voltilispillovers;
multivariate  GARCH; normal asymmetric power ARCH RARCH); Student
APARCH; skewed Student APARCH; price spikes; mearersion; multiple

variance ratio tests; market efficiency and ranaatk.
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1 Introduction

This thesis uses econometric or time series tedesiqo model spot electricity
prices in the newly-deregulated Australian elettrimarket. Australia is one of the
more recent economies to embrace deregulationsirelgctricity markets, with
deregulation beginning much earlier in the Unitadg€lom, Norway, Spain and the
United States. The process of deregulation remavedopolistic price controls and
openly encouraged market competition. Under regulain Australia, prices were
set by the states and had little variation as tiwepvas set at marginal cost. Since
deregulation, electricity prices have become irgiregy volatile and various
financial products have emerged as purchasers hgdgerisks and investors search
for new investments. Electricity derivative market® established to implement
hedging strategies where large price spikes areretged in the summer or winter
months. As a result of deregulation, there has lageimcrease in the importance of

modelling and forecasting of electricity prices,igbhis the motivation of this thesis.

The guantitative models used attempt to capturestylesed features of the spot
electricity prices and price volatility of five riemal electricity markets in the
Australian National Electricity Market (NEM), nangelNew South Wales (NSW),
Queensland (QLD), South Australia (SA), the SnowypuMtains Hydroelectric
Scheme (SNO) and Victoria (VIC).

The empirical studies are constructed so as toeaddthe following research
questions. First, with interconnectors joining oegil markets to promote a
nationally efficient market, can the impact of laggprice and volatility information
flows of the connected spot markets be used toawgforecast of pricing behaviour
in individual markets? Second, can the inclusiomedvs arrival as proxied by the
lagged volume of demand, time-of-day, day-of-week aonth-of-year effects be
used as exogenous variables in explaining thedatrgorice volatility process in
each regional spot electricity market? Third, da@ $pikes in wholesale electricity



prices be quantified separately from the normalnreaerting regime? Fourth, has

interstate/regional trade enhanced the efficieriaggdividual spot electricity market?

The thesis itself is structured as follows. Chagtéocuses on the background of
the Australian electricity markets before and aftregulation and how the
restructuring has changed pricing in the electrigitiustry. Chapter 3 illustrates the
different characteristics or stylised features sashseasonality, mean-reversion,
volatility and jumps or spikes, which are inherentieregulated wholesale electricity
prices. This chapter also provides a literaturéergywhich highlights the important

research that has motivated this study.

The published paper entitled “Transmission of praned price volatility in
Australian electricity markets: a multivariate (geslised autoregressive conditional
heteroskedastistic) GARCH analysis” which forms @bka4 presents a multivariate
process to identify the presence of price and piiger-relationship between
Australian regional electricity markets. ChapteisSased on the published paper
entitled “Transmission of prices and volatility the Australian electricity spot
markets”. This chapter extends the research irgadimamics of inter-relationships
across the regional electricity markets by sepagdtie daily data used in Chapter 4
into peak and off-peak periods in order to asseRsther evidence exists of prices
and price volatility relationships between the iotmnected regional electricity
markets.

“Systematic features of high-frequency volatiliim Australian electricity
markets: Intraday patterns, information arrival arxaendar effects” in Chapter 6
employs a range of autoregressive processes tolrtteé&me-varying variance in
electricity prices for each regional electricity tket. News arrival is proxied by the
lagged volume of demand, time-of-day, day-of-weekl anonth-of-year effects.
These variables are used as exogenous variablekeoaccount of the volatility
shocks that may cluster and persist over time amdtaally revert to some normal

level.

Chapter 7 entitled “Stochastic price modellinchafh volatility, mean-reverting,

spike-prone commodities: The Australian wholesdéetacity market” attempts to



capture one of the salient features of price hikespikes in spot electricity market

using a regime switching model.

Chapter 8 investigates if interstate/regional trhde enhanced the efficiency of
each spot electricity market. It employs some &uoltll time series literature to
determine if each spot electricity market followsaadom walk (is informationally

efficient). Chapter 9 concludes the thesis, andiges direction for future research.

In sum, the liberalisation of the Australian elaxty market has changed the
pricing landscape in this essential industry. Th@mtontributions of this thesis lie
in the application of time series quantitative t@ghes to assess the price and price
volatility between and within regional electricitparkets. This may be used to
demonstrate the ability of the NEM in its capadityfoster a nationally integrated
and efficient electricity market. Evidence to datgygests electricity spot prices can
vary according to the time of day, temperature,al@n and various market
conditions. Another observation is that lower psidga the deregulated electricity
industry have also been accompanied by an erratierp of price spikes leading to
greater price volatility. Whether this increasedatibty persists and is likely to be
exacerbated in the future is a matter of interesharket participants who heavily

rely on up-to-date knowledge of electricity pricskr






2 The Australian Electricity Industry

2.1 Introduction

Since the 1990s, Australia has been at the forefoérthe push to introduce
competition into the electricity industry. Wheredricity was once supplied by state
government owned entities, the market is now chearsed by separation of the
generation, transmission and distribution functicexsross commercialised and
privatised companies. The nature of electricityustdies changed significantly as
governments, suppliers and consumers embracedotieept of globalisation and
economic reform. As part of microeconomic reform,important shift resulting in a
move away from the heavily regulated, verticalltegrated state-based monopolies
of the past to more integrated market-based stregtior electricity suppliers in the
present, and towards potentially more competitiuecames for consumers in the

future.

To introduce reform, the relevant Australian eastetates agreed to establish a
National Electricity Market (NEM). The participagnjurisdictions included New
South Wales (including the Australian Capital Twemny), Victoria, Queensland,
South Australia and eventually Tasmania with theerconnector Baselink
connecting Tasmania to the mainland. The objectofethe NEM were to separate
the three vertically integrated operational divisio- generation, transmission and
distribution — and to create a pool or wholesalekeiz in which generators sell
electricity to wholesalers and retailers and ultehato end-users (Quiggin, 2004).
Each jurisdiction in the NEM had to determine theeat of disaggregation and
privatisation of its electricity supply industryndto establish interconnectors linking

its generators to generating systems in otherdiations (Outhred, 2004).

The structure of the electricity supply industryndae functionally divided into
three operational divisions: generation, transroigsiand distribution. Before

deregulation, all electricity supply industriesdach state were vertically integrated,



with generation, transmission and distribution undemmon or state ownership.
There was also a substantial amount of horizomiigration in the industry with
most states operating more than one generation, plaore than one transmission
line and several distribution facilities. The raikthe electricity supply industry was
to manage and operate the divisions as a singiy.eibtis important to differentiate
the technological and economical functions of eatlhe three divisions so as to
understand the regulatory reforms introduced tagijsegate the electricity industry
(Steiner, 2000).

The purpose of this chapter is to examine the Aliatr electricity supply
industry and its reforms as it progressed fromgaleged monopoly to a deregulated
market. There is a need to understand the fundt&nactures of this industry and
the implementation of economic reforms to put thital industry on a more
competitive footing. The deregulation process &sbto pricing reforms that better
reflected the underlying costs and provided sigaiiti savings to end-users
(Australian Bureau of Statistics: Year Book AusaaP002).

2.1.1 Generation

The role of the generator is to use a range ofayrenergy sources (coal, natural
gas and oil) as well as the flow of water (hydro#ie) to produce a secondary
source of energy, electricity. The mechanism oba fired power generator requires
the grinding of coal into a powder and then burningp produce steam in large
boilers at very high pressure. The steam then slri@eturbine coupled to an
alternator, which then converts the mechanicalgnarto an alternating current or

electricity. Electricity is energy in the form oflaw of electrons along a conductor.

Recent policy measures have been introduced toosupipe advancement of
renewable energy technologies such as solar, wwdd and woodwaste, bagasse
(sugar cane waste) and biofuels, such as landfdl and sewage gas (Outhred and
Watt, 2001). The commercial viability of a poweapl depends, inter alia, on the
cost of the type of fuel used in generation. Comiynofossil fuelled generators
supply base-load, while hydro and gas technologjigply peak-load. Varying types
of generating technology and cost structure camorgefficiency by optimising the

use of resources to ensure a balance of supplgemand for electricity in real time.



The associated efficiency gains should ultimatetydpce lower electricity prices to
end-users. In Chapter 8, quantitative techniquesiaed to assess if the deregulated
spot Australian electricity markets have become enararket or informationally

efficient over time.
2.1.2 Transmission

Transmission in the supply industry employs a gsfdhigh tension or high
voltage wires to facilitate the transfer of bulkeegy from the generator to the
location of the end-users. A transformer convdresdenerated electricity from low
to high voltage to ensure efficient transport vie ttransmission wires. In a
contemporary electricity supply industry, the tmamssion function jointly
coordinates the planning and operation with the egeging function. The
transmission coordination function can often beveid as a natural monopoly as one
transmission line can be used to transmit elettricom the generator to the location
of end-users (IEA, 2001).

Transmission investments can be perceived as Bnsunk costs. Once the
transmission lines and switching stations are éstadd they are prohibitively costly
to move and are characterised by increasing ecawwii scale. Such efficiency
gains prevent competitive entries into the transiois division, as these could be
very costly to the company and also to the end-usé&ey feature of deregulation in
the electricity industry is to increase competitioriransmission networks by linking
regions via interconnectors with the goal to esthbkfficiency and stability in
electricity prices across regional markets (Galkarg2004). Chapters 4 and 5 focus
on quantitative models to examine the dynamicsrigiepand volatility relationships
with an increased number and capacity of intercotame linking the Australian

regional electricity markets.
2.1.3 Distribution

The function of the distribution networks is tortsform high voltage electricity
provided by generators to low voltage electriciig transformers in sub-stations for
distribution of electricity to end-users. The oprg costs of transmission and
distribution will be small compared to capital cstmplementing considerable

economies of scale in distribution. The distribotfonction can be considered as a



natural monopoly. The contemporary electricity iswlies often combine the
function of distribution with the retailing busirees/hich then sells the electricity to
end-use customers namely; industrial, commercidldomestic users. Deregulation
has meant that competition is also encouragedardistribution and retailing area
with end-use customers eventually being able tahmse power from suppliers of
their choice (NEMMCO, 2004). This liberalisationtbe distribution and retailing of

electricity will eventually affect the pricing dfis commaodity.
2.2 Economics of the Electricity Supply

The electricity supply industry operates in a ey dynamic manner, primarily
due to the unique economic characteristics of eyt supply and demand. On the
supply side, once electricity is generated it cafmoeasily stored or inventoried for
future use, thus supply must vary dynamically asumaction of instantaneous
consumer demand. In addition, there is an obligatioposed on the industry by
consumers and regulators for a continuous andbtelisupply. The power supply
systems must ensure that electricity supply andswmption be balanced and
matched instantaneously in order to provide eleityrat safe and acceptable quality
standards (NEMMCO, 2004). The electricity supplysinbbe operating at a reliable
frequency and voltage suitable for industrial opers and household appliances
and must also attempt to prevent outages (comgikstekouts) and brown-outs

(drops in voltages due to inadequate transformers).

The demand for electricity, commonly known as loeah be highly volatile due
to fluctuations from the time of day, temperatureeconomic activities. The demand
for electricity varies during the day, with low tbdevels from midnight to 7:00am,
peak-load from 7:00am to 9:00am and again from dfening from 4:00pm to
7:00pm (NEMMCO, 2005a). For a given period, theesif load is strongly
correlated with temperature, especially with thereéasing usage of air-conditioning
during the summer months and heating during theewimonths. The variation in

demand is greater for small or residential consarttean large industrial consumers.

Electricity markets in terms of generation, trarssian and distribution networks
also display many of the characteristics of a r@tunonopoly. Joskow (2000)

defines a natural monopoly as:



A natural monopoly is an industry where supply sokave the
characteristic that it is less costly to supplypautitin a single firm than
in multiple competing firms. In a single productistry, a sufficient
condition for natural monopoly is the presencenair@asing returns to
scale or, equivalently, economies of scale over rdrgge of output
defined by the aggregate demand for the produgireduced by the
industry.

Owing to intensive capital costs, any duplicatioh tbe transmission and
distributions systems would lead to overinvestmantapital and subsequently to
higher costs for consumers. Crew and Kleindorfe986t 3) noted the classic
example that “there are definite cost savings mirfgaonly one water main in the
street”. The presence of natural monopoly has enfbed the regulatory regime for

the electricity supply industry throughout the vdorl
2.21 Regulated Electricity Industry

Prior to the 1990s, the Australian electricity istty was state-owned and
managed by vertically-integrated authorities resgua for the generation,
transmission, distribution and retailing of eledtsi to commercial and domestic
consumers, with limited interconnections betweextest as depicted in Figure 2.1.
Regulation of the electricity supply industry wamtially introduced owing to the
presence of the natural monopoly and public goodrastteristics of its market
structure. The regulation of a natural monopolyoimes strict government oversight,
usually pertaining to the strategic importance leé industry to the welfare and
economy of the state. In the case of the elegtrindustry, this allows for a reliable,
sustained supply of the good to the community @wdgnises the role it plays as a
factor of production in the manifestation of otlgeiods. Traditionally, governments
also play a large role in the administration of thiity industries under regulated

natural monopolistic models.

It was the vast capital cost of power stationsgimeration, the transmission grids
and the distribution networks that was the mairsoeafor the state governments to
manage almost the entire electricity supply industr Australia (Saddler, 1981).
There were also the high costs of transportingtedéy over long distances with a
limited number of interconnectors linking differestiates, such as the connection

between New South Wales and Victoria via the SnRiwer Hydroelectric Scheme.



The electricity industry had been largely the remslality of state governments. As a
result, there was no private capital invested ir firoduction and supply of
electricity in Australia (Saddler, 1981).

FIGURE 2.1 Regulated Electricity Market Structure

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: Botto (1999).
2.2.2 Electricity Pricing Before Deregulation

Although electricity is sometimes erroneously cdesed as a single, uniform or
homogeneous commaodity, the cost of supplying & tmustomer varies according to
the time-of-day and month-of-year in which it igplied, and the quantity which the
customer uses. Supplying authorities competed wither suppliers of close
substitutes, such as gas or oil, but did not coenpth other authorities as they were
publicly-owned monopolies. All the electricity aotities had a statuary
commitment to meet costs and possibly to contrilugearplus to the revenue of each
state government. The authorities were also obltgesupply electricity as cheaply
as possible to their customers; and subject tadmstraints of safety and technical
reliability, to provide a safe, economic and effeetsupply of electricity (Saddler,
1981).

The regulated authorities were obliged to minindsenages to the environment
and promote efficient energy use by such meansgeneration. Cogeneration is the

generation of electricity as a by-product of anoflcess, and usually involves the
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recovery of heat that would otherwise have beentedaRoarty, 1998). Meeting
these two objectives requires complex pricing pesicas each authority has several
power stations to supply the interconnected distiam grid. The operating and
capital costs of each power station can vary sabiaty. The demand for electricity
or load on the grid varies during the day accordmdow or peak-load levels. In
addition, the daily load and peak demand are highethe winter and summer
because additional power is required for coolinghiea summer months and lighting
and heating in the winter months. With these vemmt in load, some power stations
operate only part of each day to meet the interatedind peak-loads; while others
supply the base-load and operate continuously éXoemeriods of breakdown or

maintenance. This is prioritised according to #eest-cost order of merit.

The cost of generation for the whole interconnecgstem is minimised if the
power stations with the lowest operating costsmaoee frequently used. It is noted
that hydroelectric power stations have very lowrapiag costs and have the ability
to start up very quickly. This makes them idealiyted for supplying peak and
intermediate demands. The extent to which hydroetegower stations are reserved
to meet these demands depends largely on the tapzfcihydro stations and
availability of water. The Snowy scheme suppliesulstantial proportion of peak
and intermediate load to New South Wales and Mtobut no base-load. In
Queensland and South Australia where there areydoodélectric power stations,
peak power is provided by gas turbines that areavpe by natural gas. Most
electricity authorities employ large modern coeddi power stations for base-load, as
these power stations are most efficient with theelst fuel requirement per unit of
electricity generated and hence operate at thesibeast. The older and less efficient
coal power stations and also ones that burn oiluaszl for intermediate and peak-
load. With an increasing price in petroleum produtiie ones that burn oil have the

highest operating costs (Saddler, 1981). Therehisge literature in this area.

The literature associated with economic theory easges that according to the
regulation of natural monopoly pricing, the modicéént allocation of resources is
achieved when price is set equal to its marginat.da the electricity industry, off-
peak prices should be lower than average pricespaa prices should be higher

than average. The disadvantage of marginal cosingriis that total revenues
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obtained will not match total costs incurred, beloger (high) when the long run
marginal costs are falling (rising) (Nicholson, 839 Prior to the 1990s, the
electricity supply industry was comprised of pulgliowned, vertically integrated
suppliers operating in separate, extensively regdlastate-owned markets. This
resulted in significant over employment and overestment, and inflated electricity
costs and prices which did not reflect the cossgbplying to different classes of
users. For these reasons, many electricity indisstembraced economic reform.
Because the regulators fixed electricity prices emhgliing on the generation,
transmission and distribution costs, there was il uncertainty, risk or volatility

in electricity prices under regulation.
2.2.3 Regulatory Reformsin the Electricity Supply Industry

The impetus behind economic restructuring in thectekity supply industry is
that “regulatory reform is focused on functionalp@eation of generation and
transmission, introduction of competition in geniera and expanded network
access. More advanced stages of reform tend tadadhe formation of electricity
spot markets for electricity price determinatiord drade, and unconstrained choice
of suppliers” (Steiner, 2000). The economic streetaf the liberalised electricity

supply industry is illustrated in Figure 2.2.

From the generator’s point of view, an additionalt wof kilowatt demanded at
1:00am during the winter months, when the geneiatoperating below capacity, is
a different good compared to an additional unidpiced at 12:00noon during the hot
summer months, when the generator is operatingllatdpacity. To the consumer,
one unit of electricity may be considered to beistidguishable from any other
units. On the other hand, Joskow and Schmalen€88)Argue that:

the [electricity generated] products are in fadeofdistinct from the
customer’s point of view as well; it is likely teelworth more to most
people to be able to turn up an air-conditionenaorery hot day than to
use the same amount of electricity to run a cannepe[thus]
neglect[ing] the multiproduct nature of electricisupply may be
seriously misleading.
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FIGURE 2.2 Deregulated Electricity Market Structure

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: Botto (1999).

The cost of generation can also be differentiated by the type of fuel used. For
example, oil and natural gas operated power plants are generally more expensive
than coal-burning plants. The generation sector should also take full advantage of all
available technologies including cogeneration, hydro, solar, wind and fossil fuel.

There are definite product differentiations in production and cost.

Technological advances have introduced competition in the generation sector by
reducing the minimum efficient scale (Steiner, 2000). Technological changes have
reduced the importance of economies of scale, economies of scope and economies of
vertical integration and have promoted and encouraged competitive markets to
replace regulated monopoly in some divisions in the electricity industry. This
underlying competitive reform process spurring the evolution of global electricity
markets has instigated changes to the structure of the electricity supply industry, and

in the composition of ownership for this infrastructure intensive industry.
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The final reform in the generator function liesl@gal ownership, where many
electricity industries have moved away from statexed to private concerns.
Consequentially, reform initially tends to libessdi generation from the other
functions. This vertical unbundling of utilitiesl@aivs a competitive environment to

be fostered between generators, before furthermef®to take place.

The role of the transmission function is to transgmwwer and coordinate the
efficient supply of power to the end consumers. hdtiproduct produced by cost
differential in separate regions can achieve sulisiaeconomies of scale in
transmission links to connected regional systenevelpments in transmission and
coordination technology have also led to increastgtconnections between regional
areas. This in turn has reduced generation capagirement and provided a more

economical mix of regional generation capacity Kd@sand Schmalensee, 1985).

The foundation of the restructured electricity istty was in the competitive
generation sector with its diverse production tethgy. The introduction of a
wholesale electricity market facilitates competfition wholesale electricity
generation and trade. The wholesale electricityketas also known as a pool where
electricity output from generators is pooled anehtischeduled to meet demand. The
wholesale electricity market also ensures that edale buyers and sellers have open
access to the transmission and distribution netsvatkregulated charges (Roarty,
1998). The pool itself does not buy or sell eledyi rather the pool is a financial
settlement system where generators are paid foelgwricity they provide to the
pool, and retailers and end-users pay for theisgomption. The payments into the
pool must accordingly balance the payments ouhefgool. The method through
which payments are balanced depends on the ope@tithve pool mechanism. The
pool mechanism, irrespective of the pricing regipr@yvides incentive for generators
to be more competitive, with the aim to lower wisale electricity prices for the
end-users (NEMMCO, 2005a).

While the pool operate essentially as a physicat sparket for electricity, the
majority of transactions is covered by hedge catsrdbetween generators, retailers
and large consumers to manage the risks of exireogdlevels of volatility in spot
prices. A one-way contract guarantees that theuwoas will never pay more than

the agreed strike price, while a two-way contracivigles a hedge for both the
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consumer and supplier (Wolfram, 1999). Differentnie of hedge contracts can
provide market participants with a flexible mectsani to ensure future stable

electricity prices.

In terms of distribution, all end-use customersopto electricity reform could
only purchase power from distributors within thieicale. To stimulate competition
in this sector, initially large consumers (industrisers) were permitted to purchase
power from electricity suppliers of their choicehi¥ initiative will eventually

become available to all consumers including regideoustomers.

The process of deregulation has also altered thgpasition of ownership of the
generation, transmission and distribution sectdtsbegan by privatising the
generation sector with the sale of its generatiseets. The main reasons for
privatisation are to encourage competition amomgoreal markets and to promote

improvement in price and service quality to eledyiconsumers.

The restructuring of the electricity industry in #talia began in the early 1990s,
starting with the separation of the generationpgnaission, distribution and retail
components. In July 1991, the eastern Australiatestestablished a National Grid
Management Council to organise the most efficiengnomic and environmentally
sound development of the electricity industry witie principal goals being to
deliver cheaper electricity and to promote a maatonal use of the nation’s
resources. In June 1993, the Council of AustraBawernments (COAG) declared a
firm commitment to have the necessary changesaicepo allow the implementation
of a competitive electricity market from 1 July B99Gallaugher, 2004). These
reforms led to industry restructure, in particullie separation of generation,
transmission and distribution and the foundationaoNational Electricity Market
(NEM) in the eastern and southern states. In ApBB5 these reforms were
reaffirmed and extended under the National ConipatiPolicy (NCP) (Australia

Bureau of Statistics: Year Book Australia, 2002).

The very gradual move to an integrated nationatesyswas predated by
substantial reforms on a state-by-state basisydinad the unbundling of generation,
transmission and distribution and the commercitisaand privatisation of the new

electricity companies, along with the establishmanthe wholesale electricity spot
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markets (Dickson and Warr, 2000). For examplewthelesale market for electricity
in Victoria and New South Wales commenced as eady 1994 and 1996,
respectively, though it was not until 1998 that thleolesale market for electricity

began in Queensland.
2.3 The National Electricity Market

The principal goals of the NEM are to promote cotitioe and efficiency in the
production and consumption of electricity; to eneme flexibility and choice of
suppliers to customers; and to ensure no discrimimeon the basis of supply
technologies or on the location of customers ampléers (ABARE, 2004). The
NEM began operating as a wholesale market for tipplg of electricity to retailers
and end-users and currently comprises electricigegators in the eastern state
electricity markets of Australia operating as aiovally interconnected grid. The
member jurisdictions of the NEM thus include theethmost populous states of New
South Wales [including the Australian Capital Temy (ACT)], Victoria and
Queensland along with South Australia. The only -Btete based member that
currently provides output into the NEM is the SnoMpuntains Hydroelectric
Scheme. The Snowy Mountains Hydroelectric Schenregarded as a special case
owing to the complexity of arrangements underlybagh its original construction
and operating arrangements involving both the sgaeernments of New South

Wales and Victoria, as well as the Commonwealttigffal) government.

Each state in the NEM initially developed its owengration, transmission and
distribution network and linked it to another skteystem via interconnector
transmission lines (Truskett, 1999). However, estelte’'s network was (and still is)
characterised by a very small number of participaamid sizeable differences in
electricity prices were found. The foremost objexiin establishing the NEM was to
provide a nationally integrated and efficient eletty market, with a view to
limiting the market power of generators in the satmregional markets (for the
analysis of market power in electricity markets &#ennan and Melanie, 1998;
Joskow and Kahn, 2002; Wilson, 2002; Robinson aadidk, 2002 and Tamaschke
et al., 2005).
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On 2 April 2006, the island state of Tasmania becarmember of the NEM with
the completion of the Basslink interconnector, wahlmks Tasmania’s electricity
supply industry with that of the mainland. The gatien companies in Tasmania are
now able to submit bids to the NEM (NEMMCO, 2006j.the member jurisdictions,
the largest generation capacity is found in NewtSaMales, followed in descending
order by Queensland, Victoria, South Australia &admania as illustrated in Figure
2.3.

FIGURE 2.3 Total Energy Sent Out 2003 - 2004

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: National Electricity Market Management CamypLimited (2005a).

The remaining Australian states of Western Augraliong with the Northern
Territory are unlikely to participate in the NEM tine foreseeable future. This is due
to the economic and physical aspects of intercdiorecand transmission

augmentation across such geographically dispersediatant areas.

At present, the NEM supplies electricity to eightlion Australian customers on
the interconnected national grid that stretchesentioan 4000 km from Port Douglas
in Queensland, through New South Wales, the AuatraCapital Territory, and
Victoria to Port Lincoln in South Australia (NEMMGQ003c). The majority of
commercial, industrial and residential customergylianted the supplier of their
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choice and in some cases they can deal directly té generators (ABARE, 2004).
Peak electricity demand is highest in New South éAalfollowed by Victoria,
Queensland and South Australia. In terms of neteagde capacity and demand,
New South Wales, Queensland, South Australia amd Showy are potentially
overall net exporters of electricity while Victorig a net importer. Some $7 billion
of energy is traded through the NEM yearly withirege jurisdictions, with weekly
trades of up to $500 million (NEMMCO, 2005b).

The NEM currently comprises more than seventy teggsl participants within
the five member jurisdictions which fall into siategories based on the role they
perform in the market. Some participants fill mtvan a single role within the NEM
and therefore belong to more than one category. Citegories are: generators;
Distribution Network Service Providers (DNSP); metricustomers (including both
electricity retailers and end-use customers); Trassion Network Service Providers
(TNSP); Market Network Service Providers (MNSP) #nadlers.

The NEM 1, phase 1, began in May 1997 with a lichileterstate competitive
market between New South Wales and Victoria, enghjoint dispatch and pool
price setting. The NEM became fully operationalDacember 1998, including 60
entities in New South Wales, the Australian Capiwiritory, Victoria, Queensland,
South Australia (and eventually Tasmania with tbmpletion of Basslink) (Roarty,
1998). The NEM is responsible for a common whokesalarket serving the
interconnected jurisdictions. It also operates aglsi controller dispatching
generators in the connected jurisdictions. The NHmBMnNitors the customer
entitlements to purchase electricity from the wkale market or under contract with
a supplier of their choice. The NEM performs a neadettlement role which handles
spot and forward trading and the contractual resuénts of a wholesale electricity
market (NEMMCO, 2004).

In terms of electricity generation, the NEM reltlesavily on fossil fuels. In New
South Wales, Queensland and Victoria electricitydpction is almost entirely coal-
fuelled, while there are gas and wind-powered atatiin South Australia.
Hydroelectricity plants operate in the Snowy Moumaregion. Generators may be
privately or publicly owned and fall into four cgteies according to their obligation

to participate in the NEM. These are: market gdnesa(generators whose entire

18



output is sold through the NEMMCO spot market), inoewrket generators
(generators whose entire output is sold directlg tocal retailer or customer outside
the spot market system), scheduled generatorsvi@udil or groups of generators
with a capacity rating over 30 megawatts (MW), avitbse output is scheduled by
NEMMCOQO's dispatch instructions) and non-schedulesegators (individual or
groups of generators with a capacity rating of kss1 30 MW). All generators or
groups of generators with a capacity rating of 5180V must register with
NEMMCO (IEA, 2001).

231 Operation of the National Electricity Code (NEC), the National
Electricity Code Administrator (NECA) and the National Electricity
Market Management Company (NEMM CO)

The NEM was developed and operates under a nunibbegislative agreements,
memoranda of understanding and protocols betweerpditicipating jurisdictions.
They include a mechanism for uniformity of relevamectricity legislation across
states, implementation of the National Electri€ltyde (NEC) and the creation of the
National Electricity Code Administrator (NECA) aftfte National Electricity Market
Management Company (NEMMCO) to control and implentea NEM.

The NEC is responsible for the market rules whipphato market operations,
power system security, network connections andsacaead pricing for the network
services in the NEM. The code was derived from wateging consultation between
governments, the electricity supply industry anecglcity users as a part of the
government-driven deregulation agenda. NECA is dhganisation charged with
administering the NEC. This entails monitoring mapent compliance with the
Code and raising Code breaches with the NatioredtEtity Tribunal (IEA, 2001).
Other roles of NECA include managing changes to MC and establishing
procedures for dispute resolution, consultative,d areporting procedures
(NEMMCO, 2001). NECA also established the ReliapiRanel in 1997, in order to
“determine power system security and reliabilitanstards, and monitor market
reliability” (IEA, 2001).

The market rules that govern operation of the NE#® embedded in the NEC,

which was developed in consultation with governmendustry and consumers
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during the mid-1990s. NEMMCO (2001: 4) summarisks tationale for the
thoroughness of the NEC:

The rules and standards of the Code ensure theariés seeking to be
part of the electricity network should have access a fair and
reasonable basis. The Code also defines techriqalrements for the
electricity networks, generator plant, and custonm®nnection
equipment to ensure that electricity deliveredhe tustomers meets
prescribed standards.

The implementation of the NEC required authorisatioy the Australian
Competition and Consumer Commission (ACCC). Anyngjes to the NEC are also
under ACCC control. Born from the Hilmer microecaro reforms of the 1990s to
create a more competitive environment for goverrineeterprises, the ACCC is the
Australian body aimed at enforcing competition laka this effect, the ACCC is
responsible for administering the Trade Practices(A974), which was augmented
under the National Competition Policy (NCP) reformig facilitate access
arrangements to network infrastructure and the tmadiof competitive neutrality
provisions, which ensure there can be no discritiinebetween public and private
service providers. Asher (1998) highlights the kbgnge to the Trade Practices Act
(1974) under the National Competition Policy referas “establishing a third party
access regime to cover the services provided hyfsignt infrastructure facilities”
(facilities not economically feasible to duplicated where the access arrangements
would be necessary to promote effective competitioupstream or downstream

markets).

In addition to the administration of this role ggard to market infrastructure, the
ACCC is the organisation responsible for the retijutaof the transmission network
component of the Australian Electricity Supply Isthy. Of the various facets that
this role encompasses, transmission pricing igrthst prominent. This is managed
by the ACCC on a revenue cap basis, in an attetoptdnstrain monopoly pricing
while allowing the business owners a rate of retsufficient to fund network
operation and expansion” (ACCC, 2000: 8). In briie ACCC's price cap
methodology can be described as follows (IEA, 20GBL):

The revenue of transmission companies is regulatethe basis of an
adjusted replacement value of the assets, knovdeasval value, and
its weighted cost of capital. The maximum annuakreie allowed to
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transmission is subject to a CPI-X price cap, fiteda period of at
least five years, that reduces transmission chaoges time in real
terms.

The transmission-pricing role is carried out in jomation with a service
reliability protocol, to promote quality of servicAs noted, changes to the NEC
affecting transmission or any other aspect of tlaeket must be authorised by the
ACCC. As such, the ACCC is responsible for the eatdn of changes to market
operations. It is the role of NEMMCO to implemenidaadminister changes to

market operation.

In 2004, under the reform initiatives of the Mimisal Council on Energy and the
Council of Australian Governments Energy marketsigt two new statutory bodies
were established: The Australian Energy Market Cassion (AEMC) and the
Australian Energy Regulator (AER) (NEMMCO, 2004heEe replace NECA for
administration of Code provisions since the commaerent of the NEM. The ACCC
is not only responsible for the administration bé tTrade Practices Act but also
continues to approve changes to the Code and smtgptevels for transmission
services until the new arrangements are in plabe AEMC is to carry out the
primary functions performed by NECA (including Clgarg the Code) and
eventually other functions performed by the Gaselip Advisory and The Gas
Code Register. The AER is responsible for the ®@gn of electricity transmission
and in the future also gas transmission and et#gtidnd gas distribution and retail
regulation (other than retail pricing). The aimtbé new structure is to streamline
decision making, improve accountability and remalgplication of regulatory
processes. It is constructed to facilitate an gmpate balance between development
and implementation of market rules and also ingus&gulation and general
competition regulation (NEMMCO, 2004).

National Electricity Market Management Company ligdi (NEMMCO) was
established in 1996 to operate and manage NEM,etweldp the market and
continually improve its efficiency. NEMMCO'’s roles ito manage the spot market
and to centrally coordinate the dispatch of eleityri from all generators to
continuously balance supply and demand. It alseegponsible for maintaining
power system security. It operates under Corpardtew on a break-even basis by

recovering cost of operating the NEM and running dinganisation with fees levied
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against market participants. NEMMCO manages theketand power system from
two locations in different states. Both centresrafee continuously and must have
identical communication and information technolaggstems and the entire NEM
selected regions can be operated from either dn bentres. This arrangement
provides a means of managing the risk of loss gplufrom natural disaster or
unpredictable events. This provides NEM with thexitility to react quickly to
dramatic changes in the market or power system. flinetions and scope of
NEMMCO are (NEMMCO, 2003c: 5):

NEMMCO administers and operates a competitive wdad&eelectricity
market where around 165,000 gigawatt hours (GWhglettricity is
traded annually. The value of this wholesale eigtyr varies
considerably [and] in previous years, has been cxqipately $6
billion.

The operating experience and accumulation of sdunmviedge of NEMMCO
since its inception in 1998 enables it to pursueepinitiatives to enhance NEM'’s
efficiency by offering a range of new and improvastvices to meet the changing
needs of its consumers. NEMMCO has been workindi WEM jurisdictional
regulators on amending the NEC to bring about grearmonisation in the energy
market across jurisdictions (NEMMCO, 2003c).

2.3.2 Australian Wholesale/ Spot Electricity Market and Spot Price

The National Electricity Market Management Comp@NiEMMCO) operates the
wholesale market for electricity trade between gatees and retailers (and also large
consumers). From an operational perspective, ofitpot generators is pooled in the
wholesale electricity market or commonly known Bs tpool’, then scheduled to

meet demand. The IEA (2001: 134) summarises the @lements as follows:

The National Electricity Market is a mandatory aoictin which

generators of 30 MW or more and wholesale markettorners

compete. Generators submit bids consisting of sngice-quantity
pairs specifying the amount of energy they are qmeg to supply at a
certain price. Up to ten such pairs can be subdifter day. In
principle, these bids are firm and can only beratteunder certain
conditions. Generator bids are used to construcheait order of
generation. Customer bids are used to construatnaadd schedule.
Dispatch minimises the cost of meeting the actledtacity demand,
taking into account transmission constraints faheaf the five regions

22



in which the market is divided...There are no caggei#tyments or any
other capacity mechanisms.

The two key aspects required for the pool to opeeaie a centrally coordinated
dispatch mechanism and operation of the ‘spot ntagpk@cess. As the market
operator, NEMMCO coordinates dispatch to “balaneetecity supply and demand
requirements” (NEMMCO, 2001: 3), which is requiteelcause of the instantaneous
nature of electricity, and the spot price is théime“clearing price (that) matches
supply with demand” (NEMMCO, 2001: 3).

Electricity pools have several defining charactess how the pool determines
the ‘spot’ price is perhaps the most fundamenthé TEA (2001: 79) summarises the

methodological alternatives:

In most existing pools, pool purchasing prices setteduled supply are
set by auction some time in advance of physicalel. Pool selling
prices are established by adding the costs of iamoals, ancillary
services, and possibly other demand related chasgels as capacity
payments to the pool purchasing price. Since praxes determined
from scheduled supply and demand, these are knewemn antepools.
Alternatively, there areex postpools, like the Australian National
Electricity Market, in which prices are determinexi postfrom actual
generator schedules and demand. In en post pool, the pool
purchasing and selling prices coincide.

2.3.3 Setting the Spot Price

The pool operates as a spot market or more prgcsdhy ahead market where
each day is partitioned into 48 half-hour intervédsr each half-hour, the generators
detail the quantity and price at which they ardimglto supply to the pool. The bids
are stacked in ascending price order. Generat@singt at the least cost are
scheduled to meet demand. A single spot or poaepis the average of the six

dispatch prices and covers all purchases and isatleat half-hour.

The pool rules dictate that generators in the NENh & capacity greater than
30MW are required to submit bidding schedules gwifor supplying different levels
of generation) to NEMMCO on a day before basis.a®se capacity schedules are
submitted for each of the 48 half-hour periodshe tlay. As a result, the industry
supply curve (also called a bid stack) may be seg@deto a maximum extent of ten

times the number of generators bidding into thel. pd&MMCO determines prices
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every five-minutes on a real time basis. This ikiewed by matching expected
demand in the next five-minutes against the bidkstar that half-hour period. The

price offered by the last generator to be dispatdjpéant are dispatched on a least-
cost basis) to meet total demand sets the five4mipuce. The price for the half-

hour trading period (pool or spot price) is thedimeighted average of the six five-
minute periods comprising the half-hour tradingi@er This is the price generators
receive for the actual electricity they dispatctoithe pool, and is the price market

customers pay to receive generation in that hali-fperiod.
2.34 Scheduling and Dispatching Gener ator s

The scheduled generators are required to subMiEEdMCO offers that indicate
the volume of electricity that they are prepar@roduce for a specified price. There
are three types of bids. First, daily bids are sttech before 12:30pm on the day
before supply is required. Second, re-bids canuibengted until five-minutes prior
to dispatch. In a re-bid only the volume of elentyi in the original bid can be
changed and the offered price cannot be changddd, Tdefault bids are standing
bids that apply where no daily bids have been maldeese bids are of a
‘commercial-in-confidence’ nature and reflect thesé operating levels for
generators (NEMMCO, 2004).

There is a separate spot price for each tradirgvat in each region of the NEM.
The price of electricity between regions can vagpehding on the limitations of the
capacity of the interconnectors and the reliancedifierent fuel sources of local
supplies where gas is a more expensive fuel thaharovater. In 2003, the average
spot price was less than $40/MWh for 90 percertheftrading intervals across all
NEM (NEMMCO, 2004: 14). ABARE (2004: 33) illustratethe reduction in

wholesale spot prices for each state over time:

Wholesale spot prices for the 2003-2004 year aesra$31/MWh

(megawatt hour) in Queensland; $37/MWh in New SoWales;

$27/MWh in Victoria; and $39/MWh in South AustralidCompared
with the first full year of the market in 1999-2Q0these prices
represent a reduction of around 40 per cent in Qalaed and South
Australia. Prices in Victoria have fallen for th@rtl consecutive year;
while in New South Wales prices have remained steswace 2001-
2002.
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An illustration of spot market pricing in the NEM drawn from NEMMCO
(2004). Table 2.1 contains offer prices for six grators (in $/MWh) and demand
information (in MW) for the six five-minute dispdt@eriods in the 12:30pm trading
interval. Assuming each of these generators hasMW0 of capacity, Figure 2.4
graphically analyses the least cost dispatch fesdhfive-minute intervals. For
example, at 12:05pm total demand is 290 MW and éetnthis demand the full
capacity of the lowest priced generators 1 ($32/Mfd 2 ($33/MWh) and most of
the capacity of generator 3 ($35/ MWh) is requird&the marginal price for this five-
minute interval is then $35/MWh. This informaticapng with the remaining five-
minute intervals until 12:30pm, is tabulated in EaB.2, which shows the marginal
price for each five-minute interval as a resulttloé plant dispatch mix, which is
primarily dependant on the level of demand. The gpice for the 12:30pm trading

interval is the average of these six five-minutegiral prices.

TABLE 2.1 Generator Offer Prices and Total Electricity Demand per Half-Hour

This table is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: National Market Management Company Limited (2004).

The spot pricing procedure, while bringing balance between supply and demand,
can also expose participants to significant volatility. This is owing to the dependence
of the pool process on generator bidding strategies (for instance, Brennan and
Melanie (1998) highlight the potential for holders of large generating portfolios to
bid non-competitively in order to exercise market power) and the impact of the
complex interaction of supply and demand factors on pricing. As such, the spot price
can be volatile, leading to significant financial exposure. The occurrence of various
phenomena in the NEM has caused instances of high spot prices, and in some cases

the maximum spot price cap for the NEM or Value of Lost Load (VOLL) has been
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FIGURE 2.4 Least Cost Dispatch and Generator Utilisation

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: National Market Management Company Lim{ga04).

TABLE 2.2 Dispatch of Generation and Spot Price Calculation

Graph point Dispatch Time  Total

price $/MWh demand (MW) Scenario

Generators 1 & 2 are fully utilised.
Generator 3 is partially utilised.

Generators 1,2 & 3 are fully
Point B 37 12:10pm 330 utilised. Generator 4 is partially
utilised.

Generators 1,2 & 3 are fully
Point C 37 12:15pm 360 utilised. Generator 4 is partially
utilised.

Generators 1,2, 3 & 4 are fully
Point D 38 12:20pm 410 utilised. Generator 5 is partially
utilised.

Generators 1,2, 3 & 4 are fully
Point E 38  12:25pm 440 utilised. Generator 5 is partially
utilised.

Generators 1,2 & 3 are fully
Point F 37 12:30pm 390 utilised. Generator 4 is partially
utilised.

The spot price iscalculated as: ($35/MWh + $37/MWh + $37/MWHF
$38/MWh + $38/MWh + $37/MWh) / 6 = $37/MWh

Point A 35 12:05pm 290

Source: National Market Management Company Limited (2004).
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triggered. The maximum spot price of $10,000/MWhthe price automatically
triggered when NEMMCO allows network providers tmuce supply in order to
keep the balance of supply and demand (NEMMCO, 2004

Events in the past, that have had a tendency ve 8EM prices toward the upper
end of the price spectrum, are of three typest,Farsces can increase dramatically
when a generation plant ‘trips’ or ‘falls over’ naering it inoperable and forcing the
plant’s contributed capacity to be removed fromhifeestack. This is particularly the
case if the plant provides base-load output. Sdgprabnormal environmental
temperatures drive demand up as customers incdsasand for cooling or heating
technology. Higher demand requires more generdtidmalance the system, which
means plants bidding in at a higher price leveltiom least-cost merit order are
sequentially dispatched to meet the additional dem@ABARE, 2002). Third,
technical constraints or faults with the systensigiecan also lead to higher prices.
These three instances combined to cause an elgciipply crisis for Victoria in
February 2000, as profiled by the IEA (2001: 123):

The Victorian outages reflected a combination of uswal
circumstances, including an industrial dispute,chhhad taken around
20 per cent of generating capacity off line, twglamned generator
outages, and an extremely high peak demand causedheat wave
across southeastern Australia. The situation wascerkated by
Victorian government intervention to introduce aicer cap and
establish consumption restrictions, which prolongfesl shortages and
distorted market responses...The mandatory consumpéstrictions
introduced by the Victorian government over sixsligwered demand
in Victoria and had the perverse effect of elediridlowing from
Victoria into New South Wales and South Australihiles the
restrictions were in place.

The illustration of NEMMCO'’s dispatch and spot jmig methodology highlights
the inherent volatility of the spot price, whicmdaad to large variations in financial
exposure. This is owing to the dependence of th@ pmcess on both generator
bidding strategies and the impact of the complégraction of supply and demand

factors on pricing.

So far the generators offer or ‘bid’ prices arastrated for the calculation of the
spot price or the system marginal price (SMP). Phiee paid to generators per
MWh in the relevant half-hour is referred to as plo®l purchase price (PPP) and is
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defined as: PPP = SMP + CC where CC is the capeb#yge. The capacity charge
iS an incentive to encourage generators to havelahla capacity in case of
unexpected demand or plant outages that could témethe integrity of the
generation system. The capacity charge is also rteagenerators on the basis of the
guantity (in MW) of their bid to the pool irrespea of the capacity dispatch in the
pool. The capacity charge is defined as: CC = LLOQROLL — SMP) where LLOP
is the loss of load probability and VOLL is the walof lost load. The VOLL is the
cost per MWh that customers pay to secure an unimteed power supply. In
Australia the VOLL is set at $10,000/MWh which igtr@ordinarily high as
compared to say the US at $US1,000/MWh ($A1,430/NI\(Eooth, 2004). LLOP
for each half-hour is the probability of creatimgerruptions in power supply when
capacity is insufficient to meet demand. LLOP idecreasing function of the
expected amount of excess capacity for each haif-imithin a given day. A lower
LLOP will produce a lower CC payment per MWh to geators (Wolak, 2000).

2.3.5 Roleof Interconnectors

Historically, each state in the NEM developed mgndransmission network and
linked it to another state's system via intercotoretransmission lines. Power is
transmitted between regions to meet energy dem#matsare higher than local
generators can provide, or when the price of etgtrin an adjoining region is low
enough to displace the local supply. The scheduiihgenerators to meet demand
across the interconnected power system is consettaby the physical transfer
capacity of the interconnectors between the regidoMhen the limit of an
interconnector is reached, NEMMCO schedules thet roost-efficient sources of
supply from within the region to meet the remaindemand. For example, if prices
are very low in Victoria and high in South Austealup to 500 MW of electricity can
be exported to South Australia across the interectmn. Once this limit is reached,
the system will then use the lowest priced genesato South Australia to meet the

outstanding consumer demand.

The limitations of transfer capability within theertrally coordinated and
regulated NEM are one of its defining features. €stand became part of the NEM
in July 2000 with the completion of the interconteedirectlink, which can export
and import 180 MW to and from New South Wales. lebffary 2001,
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interconnection between Queensland and New SouthesMVaas considerably
strengthened with the introduction of the Queertslamd New South Wales
Interconnector (QNI) where Queensland can expddtMB/ to and import 700 MW
from New South Wales. New South Wales can exposOIMW to the Snowy and
import 3000 MW from the Snowy. Victoria can impd@00 MW from the Snowy
and 420 MW from South Australia and export 1100 Mt/the Snowy and 680 MW
to South Australia (as illustrated in Figure 2.5he greatest transfer capacity is
between Snowy to New South Wales and Snowy to Yiatdhat is, Snowy is a
generation region that exports most of its power diher regions. New
interconnectors are being commissioned and upgtadessting interconnectors are
continually being reviewed (IRPC, 2003). There igsrently no direct connector
between New South Wales and South Australia ancel@nd is only connected

directly to New South Wales.

The interconnectors in NEM can be regulated or guleded. A regulated
interconnector is an interconnector that has pagsedCCC devised regulatory test.
A regulated interconnector receives a fixed, annexatnue based on the value of the
asset and set by ACCC irrespective of usage (NEMM@@4). The revenue is
collected from the consumer’s electricity bill aartpof the network charges. An
unregulated (market) interconnector is not requicecheet the ACCC regulatory test
(Roberts, 2003). Revenue of unregulated intercaongeds obtained by trading on
the spot market, buying energy in a lower priceae@nd selling it in a higher price

region.

Presently, Directlink is an unregulated intercoriaecoperating between
Queensland and New South Wales. On 2 September, 2002aylink, between
Victoria and South Australia, was completed as rmmegulated interconnector but in
the following year it successfully applied and waanted regulated status by the
ACCC. A proposed construction of 330 km of hightage transmission line,
Riverlink, between western New South Wales to nadist South Australia was
instigated by an independent review. The revieggsested that this new link would
be significantly cheaper than building and opeaimew power station. Six months
later the South Australian Government abandonedispk® build Riverlink as

NEMMCO advised that the interconnector was notiffest and could have an
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adverse effect on the sale price of other genevat@ann, 1998: 24). Another
unregulated interconnector is Basslink which joifssmania to the NEM. The
unregulated interconnectors operate side by sidd wie regulated ones. The
regulated interconnection reduces the price diffgaés between jurisdictions and the

unregulated interconnectors require price diffeedsto survive (Roberts, 2003).

FIGURE 2.5 Interconnectorsin the NEM

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: National Market Management Company Lim{2aD3Db).
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The illustration of NEMMCO's dispatch and spot pmig methodology highlights
the inherent volatility of the spot price, whichndaad to large variations in financial
exposure. This is because the end-users’ pricgad fand the generation costs vary
according to time-of-day and seasonal factors. Ehaso owing to the dependence
of the pool process on generator bidding strategies the impact of the complex
interaction of supply and demand factors on pricifgrther, while the appropriate
regulatory and commercial mechanisms do exist @ ¢reation of an efficient
national market, and these are expected to hawapact on the price of electricity
in each member jurisdiction, the complete integratof the five separate spot
electricity markets has not yet been realised. antiqular, the limitation of the
interconnectors between the member jurisdictiongests that for the most part the
regional spot markets are relatively isolated, ipaldrly in Queensland and South
Australia. Nevertheless, the Victorian electriaitysis is just one of several shocks
suggesting that spot electricity pricing and vailgtin each Australian electricity
spot market is potentially dependent on pricing ditons in the several other

markets.

It is the formation of the pool or wholesale elaxty market that has produced
the inherently volatile spot price in the regioalstralian markets. This situation
has protracted quantitative modelling of the uniquiearacteristics of the spot

electricity pricing and the research papers arkided in Chapters 4 to 8.
2.3.6 Financial Risk Management and Hedging Contracts

One of the main outcomes of economic reform indfeetricity industry is that
spot prices are set by the pool at the equilibrpnces determined by continuous
exchanges between supply by generators and denyasubbliers selling electricity
to consumers. These deregulated prices have begactbrised as being relatively
volatile when compared with financial markets anitheo commodity markets.
Deregulation has introduced elements of uncertaimtgpot electricity prices. To
manage the potential volatility in the spot pricethe electricity industry, financial
risk management, derivative or hedge contractsbeaappropriately implemented.
Since September 1997, the more mature dereguligettieity markets such as New
South Wales and Victoria have had futures and optimarkets where electricity

futures contracts are traded in the Sydney Futbretange (2005).

31



The agreements between the generators and markemuers create the hedge
contracts that operate independently of both markend NEMMCO'’s
administration. These can be long or short-terntrects that set an agreed price or
strike price for electricity traded through the pad®EMMCO, 2004). Hedge
contracts are not factored into the balancing ppsuand demand in the market and
are not regulated in the Code. Under a standardehedntract, the players are
willing to exchange cash against the spot price@ut in the market. Figure 2.6
illustrates a hedge contract where two participadsee to purchase a specified
guantity of electricity at a set a price or theesgt strike price, say, $40/MWh
(NEMMCO, 2005a). If the spot price is lower thae ®trike price, the customers pay
the generators the difference between the spat jancl strike price. If the spot price
is $21/MWh then the customers pay the generato®dMpA/h. Conversely, if the
spot price is above the agreed strike price, theeiggor pays the market customer

the difference required to purchase electricityrfrive pool.

FIGURE 2.6 Hedge Contract in the NEM

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Source: National Market Management Company Lim{g8D5a).

Hedge contracts allow customers to take advantdgieolow strike price to

manage the risk of high spot price. To better mantge financial risk of spot
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electricity price, a body of sophisticated time isgr modelling techniques is
established to assess and forecast the volatile mpee. This thesis is primarily
motivated by these advanced time series methodedogp capture the unique
dynamics of the spot price created by the developroéa deregulated electricity

industry.
2.3.7 The Retail Electricity Market

The retail market purchases electricity from theolghale market to sell to the
end-users or customers namely industrial, commleaoich residential customers. The
role of the retailers is to bill the customers the electricity consumed from the
wholesale market and also the distribution leviearged by the distributors. Those
customers purchasing electricity directly from gheol also have to pay distribution
charges directly to the distributor. There are types of customers in the retail

market: franchise and contestable.

Prior to market reform, all customers were franetesstomers where electricity
could only be purchased from distributors withireithlocation. Initially, large
consumers including heavy industry and smeltereigusnore than 40 GWh per
annum were eligible to choose their own suppli€étés was followed by customers
using more than four GWh per annum, later reduced50 MWh per annum and
160 MWh per annum. Ultimately the plan is that@lstomers including domestic

consumers can choose their own electricity supplier

A contestable customer in the NEM is permitted twchase electricity from a
supplier of their choice, irrespective of from whethe electricity is sourced
(NEMMCO, 2004). Each state has its own time-frameits customers to move to
full retail contestability. By 2005, over one milli contestable customers out of 6.4
million have moved to a supplier of their choiceEMMCO, 2005a). Presently,
domestic customers in all states in the NEM with éxception of Queensland are
contestable customers. Until all customers espgdia¢ small domestic users have
available information on prices from power supg@iencluding the wholesale
electricity market, they will be unable to makeamhed choices about preferred
suppliers. The transfer of end-users large and Isfraah franchise to contestable

customers will ultimately impact on the price andlatility of the regional spot
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electricity markets, hence there is a need to pleWetter models and forecasts for

market participants.

2.4 Ownership of the Deregulated Market Structure in the
NEM

The pace of change in ownership of the deregulatedtricity industry varies
considerably in each state. With the disaggregaiothe single entity monopoly,
many of the electricity businesses became corgam@tiVictoria and South Australia
were more progressive in their restructuring byyfprivatising large components of
their electricity industry in the late 1990s (Rake2004). In New South Wales and

Queensland almost all of the electricity industgnains government owned.

The next section aims to characterise the markettsire ownership of the five
electricity industries on a state-by-state bastsrting with the state that led
electricity reform in Australia, Victoria, then SbuAustralia, New South Wales,
Snowy Mountain Hydroelectric Scheme and finally @usand. The eastern states
approached the ownership restructuring processepgration of some electricity
functional divisions such as generation, transmigsdistribution and retailing with
the goals of improving competition, increasing @fncy and lowering prices for all

consumers.
241 Victoria

Prior to deregulation, the Victorian Electricity sva state government-owned
monopoly, trading as the State Electricity Comnoissaf Victoria (SECV). In 1993,
the Victorian Government proposed plans to disagmee the State Electricity
Commission of Victoria and moved generation, traissiman and distribution into
three separate operating entities. Between Jarlg®¥ and January 1995, the three
separate entities were formed and corporatised. ddrporatised entities from
disaggregation consist of seven generation compapige transmission company,
five distribution companies and a wholesale madgetrator. Since August 1995, the
government has privatised six generation, one mn&gson and five distribution

companies (Evans, 2004).

34



Generation in Victoria is divided into seven separantities with five
independent commercially viable businesses. Tt §ienerating entity consists of
Loy Yang A with a capacity of 2000 MW. In 1997, Ldfang A power assets were
sold to Horizon Energy, a US firm, so it is now @&rcent Australian owned. The
second generating entity, Loy Yang B, with a cafyacf 1000 MW was sold in two
stages, 51 percent in 1992, and the remaining 4&pein 1997 to Edison Mission
Energy, a Californian firm. It is wholly overseawred. The third generating entity
formed by Hazelwood with 1600 MW capacity and Malivee open cut brown coal
mine. In August 1996, 52 percent of Hazelwood wad $ National Power, UK’s
largest generating company, and nine percent remairstralian owned. In May
1996, 49.9 percent of the fourth generation en¥@llourn Energy with a capacity
of 1450 MW, was sold to PowerGen International, skeond largest English and
Welsh generating company, and it remains 40 perastralian owned. In 1997, the
fifth generation power station, Victoria hydroeléct(Southern Hydro), with a 469
MW of capacity, was sold: 50.2 percent to a comgwortof Infratil Australia, 22.1
percent to Unisuper and 27.7 percent to Contactdynef New Zealand. The sixth
and seventh power generating plants consisting eivpdért and Jeeralang (gas
powered station) with 965 MW capacities are nowditrg as Ecogen Energy which
is owned by Generation Victoria (Rann, 1998; Wol2B00; Moran, 2004 and Ward
and Hodge, 2004).

Most of the power stations in Victoria are largéhglled by brown coal from the
LaTrobe Valley with the remaining generation capaéielled by gas turbine and
hydroelectric power (Ward and Hodge, 2004). ThetMian generators are very
competitive as brown coal deposits are easy to .n8o# deposits are found close to
the surface and do not involve the extensive bilgstequired to extract New South
Wales black coal. Peak demand in the Victorian miaik approximately 7.5 GW,
and the maximum generating capacity that can beligapto the market is 9 GW.
With this low peak demand, of the five generatiom$ at least three of the largest
base-load generators have sufficient generatingaigpto meet at least 80 percent
of peak-load. More than 80 percent of the genegapitant is brown coal fired,
although some capacity does have fuel switchinglo#ipes. Brown coal has very
low sulfur and ash content and high moisture cdanté#nalso has very low heat

content relative to black coal. The brown coal [daare located close to large strip
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mines. In spite of its low heat content, low costpsmining makes these plants
efficient to operate (Roarty, 1998). These genesatoe seldomly shut down as they

require more expensive fuel sources to restart.

In October 1993, the Victorian Power Exchange (VRU&s formally created to
manage the first wholesale electricity businesaustralia trading as VicPool. The
initial function of VicPool was to provide weeklyds and centralise commitment of

power stations (Gallaugher, 2004).

The Victorian transmission grid was operated by GRiwernet Victoria which
owned and maintained the high voltage grid. Inyed898, it was sold to a US

energy service company GPU Inc and is now renanfad Bowernet.

Five (three urban and two regional) geographichged distribution businesses
have been established from 18 business units aftriflity Service Victoria and 11
Municipal Electricity Undertakings. These businessevn and operate the low
voltage distribution wires and a retail section. 1895, these five distribution
businesses were privatised. First, United energg w@ld to a US consortium,
UtiliCorp. Second, Solaris Power was sold to a Wsnpgany, AGL and Energy
Initiatives. Third, Eastern Energy was sold to assdiary of Texas utility. Fourth,
PowerCor was sold to a US company Pacificorp anallfi Melbourne’s CitiPower
was sold to another US consortium, Ent Energy Cdkp. five distribution
companies were privatised by the end of 1995 (R4888 and Roarty, 1998).

In December 1994, contestable customers using nivae 40 GWh were
permitted to purchase power from suppliers of tilice. In July 1995, customers
using more than four GWh were granted their chatesuppliers. A year later,
customers consuming more than 750 MWh entered ahéestable market. In July
1998 the level of electricity consumption was loggeto 160 MWh for consumers to
become players. Finally, by January 2002, all re@ngi customers were given
choice of supplier provided there were no significdechnical or economic
constraints (Roarty, 2004; Gallaugher, 2004 andy@ioj 2004).
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2.4.2 South Australia

Prior to deregulation, electricity in South Austaalvas supplied by a vertically
integrated monopoly known as the Electricity Truisbuth Australia (ETSA).
Substantial restructuring commenced in 1993 and 1995, the ETSA was
corporatised and became a holding company, ETSAdation, with four wholly-
owned subsidiary corporations: ETSA Generation, ATHansmission, ETSA
Utilities (distribution, network and retail busirses) and ETSA Energy (an energy
trading entity incorporating gas) (Roarty, 1998 afidodward, 2004). In 1997, the
generation entity of ETSA Corporation was separated new corporation trading as
Optima Energy. Optima Energy oversaw the generaifgrower from a wide range
of local generation plants from base-load station®ort Augusta through to mid-
range load and natural gas-fired plant at Torrestent and a gas turbine peaking
plant at Mintaro and Dry Creek (Rann, 1998). Thealgenerators included Flinders
Power (Port Augusta), Energy Electricity, Pelicanin® Synergen Power and AGL
Power Generation and two wind farms, Tarong En€gsporation and Babcock and
Brown Windpower. In addition to local generatiomu$ Australia also imported
approximately one third of its electricity via int@nnectors from Victoria. In order
to privatise the electricity industry, legislatidn enable the sale of Optima by
December 1998 and ETAS by December 1999 was intemtunto the South
Australian Parliament by March 1998. Once the lagisn was passed, in August
1999, Flinders Power was leased for 100 years tG ERergy, a US-based company
(Woodward, 2004).

The transmission network ETSA Transmission remaiagdgulated monopoly.
The network connecting South Australia to Victowas operated and managed by
ElectraNet. The NEC established the ACCC as thela¢gyr of pricing and access for
transmission networks in South Australia from Japu2001. South Australia had
been fortunate to be able to import cheap brown power from Victoria via the
680 MW interconnector linking South Australia toctria and a reverse linkage of
420 MW (NEMMCO, 2003a). South Australia had a veigh peak-load especially
during the hot summer months with high air condiéibusage (Roarty, 2003). South
Australia traded in the Victorian wholesale markét an interconnection to the

Victorian transmission grid. The South Australiamv@rnment expected power
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shortages by 1999-2000, so another interstate coneector, Riverlink, was
proposed. In 1998, the government abandoned ptaosristruct Riverlink based on
the advice from NEMMCO that the construction was jastified (Rann, 1998). In
August 1997, the state government signed a $lobil3-year lease of ETSA’s
transmission assets to a US-based company, Ediapiial; while ETSA retained
operational control over the assets. This lease ial®lved other generating assets
such as the Northern and Playford coal fired p&rfPort Augusta, the Leigh Creek

coal mine, and a rail linking the coal mine andpbgver stations (Spoehr, 2004).

ETSA Utilities, a regulated monopoly distributionudiness, operated and
managed the distribution network and was respoadids the transport of power
from the transmission network to the end-users. &880 oversaw the reliability
and safety of the network (Roarty, 1998). In Decenit999, the government leased
ETSA's distribution network to a Hong Kong-basedtéhson Whampoa group for
200 years (Spoehr, 2004).

In April 1998, the contestable customers using ntben 40 GWh per annum
were permitted to choose their own suppliers. By 1998, consumers in excess of
four GWh per annum were able to choose where and tw purchase their
electricity. In January 1999, industrial and comaomdrcustomers using more than
750 MWh per were able to choose their supplier famally by January 2003, all

customers were able to enter the market (Rann, 488&poehr, 2004).

In 1999, a single retailer, AGL, was given an esola licence to sell electricity
to small consumers. Two new retailers entered tlaeket to sell electricity to
consumers and they found it very difficult to congavith the dominant retailer,
AGL (Spoehr, 2004). This trend is contrary to thmsaof a deregulated electricity

industry.
2.4.3 New South Wales

Initially the Electricity Commission of New South aks controlled the power
stations and sold electricity at government deteediprices through council owned
distributors which owned the poles and wires thandgmitted electricity to
consumers. In 1992, the Electricity Commission eaNSouth Wales was renamed

Pacific Power and restructured into six businessmssisting of three generating
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groups, one pool trading, one network business ared service unit. In addition,
there were 25 separate distribution businesses @viel} 2004). The separation of
Pacific Power enabled the New South Wales generatud retailers to participate in
NEM1 which began in May 1997 and was a trial operafor trading of wholesale
electricity between New South Wales (including Aalan Capital Territory)
Victoria and South Australia. The main feature loé twholesale electricity market
rules of Victoria and New South Wales associatedeurNEM1 was to generate
interstate trade where each state retained itsvaloiesale electricity market (Rann,
1998).

In terms of generation, Pacific Power was restmactuto create two additional
corporatised generation businesses, Delta Elegtrimnd Macquarie Generation.
Delta Electricity with a capacity of 4240 MW - cdstgig of Mount Piper and
Wallerawang (near Lithgo) and Munmorah and ValesntP¢Central Coast) —
provided 40 percent of New South Wales electrisipplies. Macquarie Generation,
with a capacity of 4640 MW — consisting of Baywatard Liddell in the Hunter
Valley — provided 40 percent of electricity withcapacity of 4640 MW. Pacific
Power’s generation also included Eraring Generationthe NSW central coast with
a capacity of 3270 MW (Rann, 1998; Roarty, 1998 lsictDonell, 2004).

New South Wales is similar to Victoria in havinglpone transmission business
the Electricity Transmission Authority, trading &sansgrid, and is responsible for
the control of high voltage systems. Transgrid bae of the largest transmission
networks in the world interconnecting the Snowy Hyadectric Scheme, Victoria
and South Australia via Victoria. The Transgridwatks consist of 73 substations
and switching stations and approximately 11,500 &niigh voltage transmission
lines (Rann, 1998).

Since deregulation, the 25 former distribution aethiling businesses have been
amalgamated and into six individual businesses,ehafBnergy Australia, Integral
Energy, North Power, Advance Energy, Great SoutHemergy and Australian
Inland Energy. The distribution companies were oofised in 1996. The Transgrid
network introduced an interim wholesale market imikd the producers to the end
consumers (Rann, 1998 and McDonell, 2004).
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There are about twenty retailing businesses in NBWding the retail arms of
the three generators and six distributors. In &ldigenerators and distributors from
other states operate in NSW. Furthermore other N&Mdilers buy and sell
electricity through the NEM without owning any iaftructure (Roarty, 1998). Few
analysts believe that the NSW distribution busiaessperate independently of the

retailing businesses. This underlies some of tteg Empirical results.

From 1997, New South Wales progressively deregdldhe retail markets. In
April 1997, customers using more than 40 GWh pewanwere able to choose their
suppliers; then in July 1997, customers consumingr /50 MWh; in 1998
customers using more than 160 MWh; and finally bpuary 2002 all customers

were able to choose their own suppliers (Roart@420
2.4.4 Snowy Mountain Hydroelectric Scheme

The Snowy Mountain Hydroelectric Scheme, whichoisated in southern NSW,
is one of the most complex water and electricityjguts in the world. It is owned
and managed by the Snowy Mountains Hydro-electriathArity (SMHA),
established under the Snowy Mountains Hydro-EleityriPower Act in 1947. The
Snowy Mountains Council consisting of the CommonitigeaNew South Wales,
Victoria and the Authority oversaw the storage aslease of water, and electricity
generation. The Authority essentially generated sold electricity to New South
Wales, Victoria and The Australian Capital Termtoon a cost recovery basis
(Roarty, 1998).

To conform to the electricity restructuring progabe Commonwealth Parliament
in late 1997 passed the Snowy Hydro Corporatisaiicinto prepare the Authority to
operate as an independent commercial entity. Thew$rHydroelectric Scheme
highly depended on the availability of water forngeation. Therefore lengthy
periods of drought could reduce the Scheme’s dglieé saleable water and ability
to generate electricity. The Snowy Hydroelectrihh@&@uoe was corporatised on 28
June 2002. This generation business had transform@ modern high technology
business dealing in complex derivative energy aatewproducts such as insurance

contracts to cover other generators’ outages aetterate additional electricity to
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meet increased demand and to prevent price spikdeeideregulated and real time

electricity market.
2.45 Queendand

In 1995, the Queensland Electricity Commission (QEB@s separated into two
government owned corporations. The Queensland GeoerCorporation trading as
AUSTA Electric was responsible for generation. Theeensland Transmission and
Supply Corporation (QTSC), which was responsible tfansmission, distribution
and retail, was a holding company for eight sulasids. The Queensland Electricity
Transmission Corporation, trading as Powerlink, wesponsible for the state’s high
voltage transmission network (Roarty, 2004). Theamming seven subsidiaries were
responsible for distribution which oversaw the lealtage networks and retailing in

their regions.

In December 1996, a special task force, Queendtdextricity Industry Structure
Task Force, was established to recommend institatiand regulatory changes to
the electricity supply industry to the Queenslamav&nment. The reform strategy
aimed at strengthening Queensland’s competitivétipnsn the NEM. Queensland
began its electricity restructuring in January 198Rich was significantly later than
in the other states. The key reform strategiesuded the separation of the state
generator into three independent and competingocations and retained the seven

existing distribution corporations (Roarty, 2004).

In 1997, AUSTRA Electric (formerly Queensland Getiem Corporation)
became three independent generating corporatioasiely CS Energy, Tarong
Energy and Stanwell Corporation together with agireering services organisation
AUSTA Energy (Roarty, 2004).

The Queensland Transmission and Supply Corpora#ownerlink, and the seven
subsidiaries were established as independent govgriiowned transmission and
supply corporations. These included Capricorniactlgty (CAPELEC), Far North
Queensland Electricity (FNQEB), Mackay Electric{MEB), North Queensland
Electricity (NORQEB), South East Queensland Eleitiri (SEQEB), South West
Queensland Electricity (SW Power) and Wide Bay-BtirrElectricity (WBBEC)
(Rann, 1998).
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In 1998, the seven distribution companies were gamted into three retailing
corporations. First, Northern Electricity Retail@oration Pty Ltd (NERC) traded as
Omega Energy consisting of Far North Queenslanatitgy (FNQEB), North
Queensland Electricity (NORQEB) and Mackay (MEBgc8nd, Central Electricity
Retail Corporation Pty Ltd (CERC), traded as ErgBnergy, encompassing
Capricornia Electricity (CAPELEC), Wide-Bay Burneilectricity (WBBEC) and
South West Queensland Electricity (SW Power). Th#8duthern Electricity Retalil
Corporation Pty Ltd (SERC), known as Energex, wasnéd as a wholly state
government owned subsidiary of South East Queedstdectricity (SEQEB). In
February 1998, Ergon Energy and Omega Energy medrgdihg as Ergon Energy
which covered 97 percent of Queensland and bechenéfth largest power retailer
in Australia (Rann, 1998 and Roarty, 2004). In AgA06, it was announced in the
press that the Queensland government intendsvatjse the retail arm of electricity

supply in the future (Williams, 2006).

In February 1998, customers with power bills of entinan 40 GWh per annum
were permitted to purchase electricity from ger@rabmpanies via retailers from an
electricity pool. In January 1999, the second grafpcontestable customers,
consuming more than 4 GWh per annum, was able dosehtheir own electricity
supplier. In January 2000, the third stage of cditipe for those customers, using
more than 200 MWh per annum, was able to partieifjRbarty, 2004). Residential

customers have yet to enter the contestable market.
2.5 Concluding Remarks

Electricity plays a vital role in all developed @owmnies, including Australia.
However, the Australian economy’s reliance on eieity generation, transmission
and distribution has for the most part (and in camnwith most other economies)
been largely taken for granted. The overall reBak been that until comparatively
recently the electricity supply industry has assdiraelesser role in the economic
agenda when compared to many other industries.impertance of electricity in
Australian economic development has promoted th&trAlian electricity industry as
one of the most important sectors of the Austratieonomy, with over $86 billion in
assets, the electricity industry ranks as one oftralia’s largest, making a direct

contribution of 1.5 percent of Australia’s grossmstic product. Compared with
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1989-90, the industry in 2001-02 delivered moreteieity (up 45 percent), to more
customers (up 26 percent) with less than half thalrer of employees (ABARE,
2004).

Globally, where electricity restructuring has talg@ace, it has been the view that
competition should take place in the electricityply industry wherever it is
technically feasible. Only those sections of prdotuc process most efficiently
supplied by a single firm should remain regulated well noted that the generation
and retailing sections are where competition cée f@ace. Usually, economies of
scale in generation are exhausted well below ctrkevels of industry output.
However, assuming that all retailers have equaksses to the transmission and
distribution of network from the wholesale genaratmarket, significant increasing
returns to scale are unlikely to exist. Also contmat in the transmission and
distribution of the supply of electricity would neige duplication of the existing
network so it is best for these sections to renaaim natural monopoly or regulated
to varying degrees. Although privatisation has lbeecan important part of this
restructuring process, various countries have eitoenpletely privately owned or

state-owned or a combination of both to compethénelectricity generation market.

The introduction of the NEM has resulted in swegpthanges in the electricity
industry with the generation, transmission andiliatp sectors acting as separate
businesses. The operational responsibility for MEM lies with the National
Electricity Market Management Company (NEMMCO), athimanages the system
in accordance with the governing market rules,Nlagonal Electricity Code, which
is in turn administered by the National Electric@pde Administrator (NECA). The
National Electricity Code is granted authority dyetAustralian Consumer and
Competition Commission (ACCC) which must also au® any subsequent
changes to give effect to the code. The illustratd NEMMCO'’s dispatch and spot
pricing methodology highlights the inherent vol#ilin the spot price, which can
lead to large financial exposure. The NEM has isifeed price competition in the
wholesale electricity market by lowering prices ftre deregulated electricity
industry but this has also been accompanied byrgatie pattern of price spikes
leading to higher price volatility. Price compaetiii has also been introduced in the

retail market with progressively large businessesiadustries taking advantage of a
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choice of electricity suppliers and benefiting fréamnge price reductions. Over time
the small businesses and residential consumersatsan benefit directly as the
contestable market expands; and indirectly from téduction in costs as the

electricity markets become more efficient.
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3 Literature Review

3.1 Introduction

The description of the electricity industry is preted in this section and in the
following section; it provides a background whishdiesigned to give guidance as to

the areas of the literature that are relevantigthesis.

Twenty years ago there was essentially no competitwithin the electricity
industry in Australia or anywhere else in the wadskow, 2000: 476 and Wolak,
2000: 92). In more recent times, there has beererntowards deregulation on a
global scale. The rationale behind the change was\e to a more competitive and
efficient power industry. It is believed that a quetitive structure is the only way to
provide uncertainties such that firms are encouwtageminimise costs and improve
guality. On the other hand, it is argued that whdferent providers of goods and
services are intensively engaged in a competitreegss, it becomes difficult to
ensure that an adequate level of coordinationkisagaplace in order for the industry
to benefit from economies of scale which are exktm the firms but internal to the
industry (Boyer and Robert, 1997). While the lattiéew has been sufficiently
pervasive in the academic debate on whether theentowards a competitive
structure is justified, the recent trend suggesés the former view has been more
persuasive among those who have been active icypatiaking with respect to
network industries such as electricity. This hatuged transformation in the market
structure which in turn has motivated studies aflgeemerging price and volatility

relationships in electricity markets.

With the introduction of competition in the enemparket, a wholesale electricity
market has been established whereby wholesale atr edpctricity prices have
become more volatile, thus inaugurating the vatuatind management of energy
derivatives. Energy producers and users have sindeaced the concept of ‘risk’

whereby they have to hedge their bets against taiosr in the future by entering

47



into futures and options contracts. Energy has mecthe most recent market to be
governed by derivatives and risk management imfirsd markets (Pilipovic, 1998;
Kaminski, 1999 and Clewlow and Strickland, 2000).

Many empirical studies on energy dynamics have lmreated to forecast spot
electricity prices and ultimately are used to farbasis for the valuation of energy
derivatives. The energy industry is the most receatket to enter the derivatives
and risk management arena and unlike the finanoalket, it displays a more

complex pricing behaviour.

Fundamentally, there are many differences betwéenfactors that drive the
financial markets and those that drive the eleityrimarkets. The financial market is
relatively simple with few determinants or forceslaan be easily incorporated into
guantitative models. The final good for the finaheharket is presented as a piece of
paper or an electronic form that can be easilyest@nd transferred and is unaffected
by weather conditions. The energy markets presembr@ complex scenario. Energy
markets often involve the dynamic interplay betweproducing and using;
transferring and storing; buying and selling — aftdnately burning actual physical
products (Pilipovic, 1998). Storage, transportatide@chnological advances and

weather conditions are important factors in modglipot electricity prices.

The issues of storage, transport, weather and adsan technology play a vital
role in the electricity industry. The supply sidetbe electricity industry concerns
not only the storage and transfer of coal but dlew to get the coal out of the
ground, whereas the end-user is concerned witkdhsumption of the end product.
Residential users require energy for the day toagsgrations of household activities
together with heating in the winter and coolingtire summer. Industrial users
require power to maintain continuous operationheiirt plants and to avoid the high
costs of stopping and restarting the process (Riigq 1998).

Each of these market participants, either producgrend-users, deals with
different sets of fundamental determinants whictum will affect electricity pricing
behaviour. Some important characteristics undeglyire predictable components of
power price behaviour are volatility clustering;rgistence; mean-reversion; jumps

and spikes; and seasonal effects.
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It is vital to be able to quantify the predictablgmponents of the spot electricity
price. These then can be utilised to calculatevidiae of the derivative contracts.
The risk-adjusted discounted expected value ofréuslectricity contingent payoffs
dictates the price for final consumers and thesesapongly dependent on the future
level of spot electricity prices (Lucia and Schwa®00?2). It is the aim of this thesis

to quantify some of the intrinsic features in thghly volatile spot electricity price.

A body of time series or quantitative techniques been widely used to measure
and understand the price and volatility or risk dabur of the well-established
financial markets. There is a need to extend thiese series techniques to capture
the more complex behaviour of spot electricity gsicThe aim of this chapter is to
present the intrinsic spot pricing behaviour andrditative techniques that can be
used to model spot electricity prices. This fornme tbasis for valuation and

management of energy derivatives.

In what follows, some of the issues specific tackleity markets that shape the

basis of our modelling approaches are presented.
3.2 Stylised Featuresof Spot Electricity Prices

Some of the fundamental characteristics of the sfemttricity price arise because
of the non-storability of this commodity where slypjpas to be instantaneously
balanced with demand. Electricity markets repretfemextreme case of this storage
limitation issue as once the generation plantshréahe maximum allowable base-
load and marginal capacity, there can be no exiveep from that generating plant
(Goto and Karolyi, 2003). Excess demand for eleityrican be accommodated at
prices several times higher than normal price kv&he non-storability problem
which causes volatile day-to-day behaviour can bacerbated by extreme
weather/seasonal conditions, or problems with geier plant failures or
interconnectors for transferring power. Another eissting characteristic of
commodity markets is mean-reversion: that is, howeldy the shocks are dissipated
or the supply and demand are returned to equitibriRilipovic, 1998). Similar to

the financial markets, the energy market is founbd strong in mean-reversion.
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Electricity is a unique and complex industry thpermtes on a real time network
with collaboration and coordination to deliver gaviservice. Demand for electricity
is inelastic. When consumers are faced with veg lelectricity prices, they cannot
simply switch to a close substitute. Supply is alselastic (Mount, 1999). New
generators and transmission lines cannot be imnedgiarected. There are several
factors that explain the inherently volatile spletcéricity prices. The most important
one is that once produced, electricity is extrenualgtly to store. Electricity cannot
be physically stored in a direct way whereas thedsfguch as water for hydroelectric
scheme or coal can be used to generate electanilycan be indirectly stored. As
generation and consumption of power have to beirmamisly balanced, the supply
and demand shocks cannot be easily smoothed outvieptory and will have a

direct impact on the equilibrium prices.
3.2.1 Seasonality

Demand for electricity is influenced by seasonalctilations. There are
significant differences in the spot prices due ltanging climate conditions such as
temperature and the number of daylight hours (Barér et al., 2003). There is a
need to differentiate the time-of-day, day-of-weekli month-of-year effects on daily

spot prices.

Demand for electricity can also fluctuate accordiogveather conditions within
each regional market in the NEM. Recently, in Viidand South Australia there has
been increased conversion to gas for heating imih&er months, thus moving the
peak electricity demand to the summer months. Ré&adtricity consumption is also
evident in summer for Queensland because mild vérde not require electricity for
the purpose of heating. In New South Wales, maxinelaatricity consumption can
occur in both summer and winter. With increasingmdsetic air-conditioning,

electricity demand is expected to increase siggnifity in summer.

The systematic behaviour of electricity prices dam explained by periodic
patterns of demand arising from seasonal fluctoati@<nittel and Roberts, 2001;
Lucia and Schwartz, 2002; Escribano et al., 20@R@uthrie and Videbeck, 2002).
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3.2.2 Mean-Reversion

Spot electricity prices also exhibit a certain @sgof mean-reversion. A mean-
reversion process has a drift term which brings gpet price series back to the
equilibrium level. Basically, the spot price seriestillates around the equilibrium
price. Every time the stochastic term pushes tlé ppce away from equilibrium,
the deterministic term acts in such a way as tbipback to the equilibrium position
(Pilipovic, 1998). Spot prices are mean-revertisgweather is a dominant factor
influencing the equilibrium price, through changeslemand. The cyclical nature of
weather conditions tends to pull price back tonisan level (Knittel and Roberts,
2001 and Escribano et al., 2002). Electricity pi@xhibit strong mean-reversion
which suggests a quicker return of the price frame extreme position such as a
price hike or spike to equilibrium; thus extreme&erspikes are generally short lived
(Bierbrauer et al., 2003 and Huisman and Mahie0320

3.23 Volatility, Jumpsand Spikes

Volatility is one of the defining characteristicé spot electricity prices. This
represents the magnitude of randomness or dayytcldanges to the spot price over
time. At times when supply exceeds demand, eldtris sold at marginal cost.
When demand exceeds supply, the electricity prasejump to the VOLL which is
$10,000 per MWh (Booth, 2004). Volatility is measdiin the stochastic component
of most modelling processes. Volatility is an inpot aspect of spot electricity
prices and is also an import input to valuation askl management (Walls, 1999;
Lucia and Schwartz, 2001; Robinson and Baniak, 20@2Bystrom, 2003).

Supply and demand characteristics and scheduleslsoeresponsible for the
observed volatility in spot prices. Electricity dand is highly inelastic in the short-
run. Electricity is a necessary good thereforeamsts cannot reduce consumption
at times of high demand due to extreme temperatugenerator failure. The result
is large price hikes or spikes. The characterisifcthe supply stack of each market
can also contribute to spot price spikes. The pomles are set by market forces
balancing supply and demand. During off-peak pesiggnerators supply electricity
at base-load units produced at low marginal cdstsime of increasing demand or

peak-periods, generators with higher marginal casésstacked in order of rising
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prices and scheduled into production. The inelagtmf demand to price changes,
and the binding transmission capacity, includingabdown of interconnectors
between regions at peak times can exacerbate thglityp of short-term spot prices.
In markets with steep demand and supply curvese@ses in demand result in sharp

increases in price (Escribano et al., 2002 ancddg and Huisman, 2002).

The inherent volatility in spot prices also exhsbipersistence. Volatility is
persistent, “if today’s electricity return has agla affect on the forecasted variance
many periods in the future” (Hadsell et al., 20@milar to asset return volatility,
periods of high and low volatility tend to clustever time. The assumption of
constant variance is violated for spot price seridse autoregressive conditional
heteroskedastic models are devised to take acaduhe time-varying variances in
the spot price series (Knittel and Roberts, 200icriBano et al., 2002; Solibakke,
2002; Goto and Karolyi, 2003 and Hadsell et alQ40

News innovation may have an asymmetric impact dati¥ity. The asymmetric
volatility responds to negative and positive shosksh that volatility tends to rise in
response to ‘bad news’ and fall in response to dgnews’. Solibakke (2002) and
Hadsell et al. (2004) introduce the asymmetricdad¢o capture the negative and

positive news on volatility of spot prices.

Finally the volatility of spot prices depends om tmarket structure and market
power. Where there are only a small number of genes to meet the high levels of

demand, generators could exercise market powéntbdupply and increase prices.
3.3 Modelling Electricity Price Behaviour

Unfortunately, despite the key importance of markgting within each spot
market and the integration of the separate stageebalectricity markets within a
single national market, very few empirical studasrently exist in Australia or
elsewhere concerning the pricing behaviour of teesegulated electricity market.
This is important, not only because “...the spotg@strongly influences the contract
price which, in turn, largely dictates the finalgar for consumer [but also] because
the spot price represents a considerable elemerbsif for direct purchasers of

power, such as large industrial companies” (Rolin20®00: 527). The short life of
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the Australian electricity spot market is the magparent, though not the only,
reason. In actual fact, very little work has beerdartaken in any context that
provides a detailed understanding of electriciticgorbehaviour and almost none
using the advanced econometric techniques so isiogig widespread in work on,
say, financial markets. The few studies that deteare especially noteworthy and

are presented below.

Electricity supply and demand are subject to ecao@nd business activities and
weather conditions. Demand of this essential gedughly inelastic. At times of low
demand, electricity is supplied using the base-loaits with low marginal costs. At
times of high demand during summer and winter moothweek days as compared
to week-ends, generators at higher marginal costsaheduled into the pool. Knittel
and Roberts (2001), Lucia and Schwartz (2002),iE360 et al. (2002), Guthrie and
Videbeck (2002) and Hadsell et al. (2004) haveudetl seasonal factors in their

studies.

Further increases in demand due to weather condigmsh up prices, as more
expensive generators enter the pool. This leadsrite degree of mean-reversion in
prices. A mean-reversion process has a drift termchv brings the time series
variable of interest back to the equilibrium levBhe stronger the mean-reversion the
quicker is the return of the variable from somerexie position away from
equilibrium back to it. Studies profiling mean-resien models include Deng (2000),
Knittel and Roberts (2001) and Escribano et al0Z20Some studies also show the
interaction of the degree of mean-reversion witltepispikes that can occur after
unexpected outages of generators or transmisgies.liDeng (2000), Huisman and
Mahieu (2003) and Bierbrauer et al. (2003) incoap®ijumps, regime switching and
stochastic volatility in the mean-reversion modelscapture the uncertainty in the
load due to forecasting errors.

The move towards liberalisation of the electricétypply industry has lowered
electricity prices but has made pricing more vi#atvith features of persistence and
volatility clustering. The measures of volatilitiustrate the degree of randomness or
risk in the spot electricity prices and it is anpontant variable in the valuation of
risk management models. Possible models — suchtasegressive moving average

(ARMA), autoregressive conditional heteroscedastiqiARCH) or generalised
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autoregressive conditional heteroscedasticity (GAR@rocesses — allow volatility
shocks to cluster and persist over time and tortégesome more normal level and
so may offer potentially interesting insights ore tholatility observed in the
electricity markets. Robinson and Taylor (1998),ittéh and Roberts (2001),
Escribano et al. (2002), Solibakke (2002) and Gutd Karolyi (2003) use ARMA
and GARCH models to investigate the conditional maad volatility characteristics
of spot electricity markets while Solibakke (20@2)d Hadsell et al. (2004) extend
the ARCH process to the Exponential ARCH (EARCHXY ahreshold ARCH
(TARCH) processes to take account of asymmetripaiese in the spot electricity

prices.

All the above mentioned studies investigate theainglationship of each regional
electricity market whereby univariate time serieshiiques are used to encapsulate
the dynamics of spot electricity prices. Thereagy few studies on the integration
or inter-relationship of regional electricity matkgsee, for instance, De Vany and
Walls, 1999a). These two researchers use cointegranalysis between pairs of
regional markets to assess market integration,ewBystrom (2003) applies the
constant correlation bivariate GARCH model to thersterm hedging of electricity

spot prices with electricity futures.

The literature review is divided into two sectiomsultivariate versus univariate
models to depict the behaviour of the spot eletyrjgrices characterised by several
distinguishing features. The multivariate models amployed to capture the inter-
relationship among spot electricity markets and tiogveffects of its own and other
markets can be used to forecast the price movepofeitd own market. Modelling
multivariate time series models involving more tltare market depends on whether
the series are stationary or non-stationary. If hdes are non-stationary and an
interesting feature concerning the series is cgratén or whether the series move
together in the long-term, then cointegration téghes are used. If the series are
stationary, regression or GARCH models can be apaely employed to model
the series. The univariate time series models sed to profile the ‘stylised facts’ or
components that explain the intra-relationship lué spot electricity price series
itself. All studies in the univariate context doeind to be stationary and a family of

GARCH and mean-reversion and regime switching n®dsl widely used to
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investigate the reliability of the underlying priggocess in forecasting the spot

electricity prices.

Since all data used to model spot electricity @iege time series data, it is
important to determine initially whether the serigsstationary or non-stationary.
The result of this test determines the appropgatentitative methods to assess the
dynamics of the series. The study by De Vany antis\f8999a) finds the electricity
pool prices to be non-stationary and hence usesegpation analysis, while all other
studies employ stationary techniques which invavimily of ARCH or GARCH
and stochastic processes relating to regressibmitpees. The stationary techniques
encompass two components; the deterministic aruthastic parts. The deterministic
part of the stationary quantitative analysis exrabe predetermined information
from the spot price thus leaving the volatile comgruts in the residuals. These are
then used to capture the volatility or risk of ot electricity prices. Within the
broad scope of modelling spot electricity pricégre are basically three quantitative
techniques: cointegration, a family of GARCH modatsd stochastic models. As
detailed in Table 3.1, these include multivariatedels (De Vany and Walls, 1999a
and Bystrom, 2003), univariate in terms of a fanofyGARCH processes (Robinson
and Taylor, 1998; Knittel and Roberts, 2001; Esunib et al, 2002; Solibakke, 2002;
Goto and Karolyi, 2003 and Hadsell et al., 20049 atochastic models including
jumps and mean-reversion and spikes (Deng, 2000jnRBon, 2000; Knittel and
Roberts, 2001; Escribano et al., 2002 and HuismanMahieu, 2003). Even though
most research in terms of modelling the dynamicselgctricity markets are
summarised in Table 3.1, the section that follols table discusses some of the
well-cited papers in each of the multivariate, amigte and stochastic techniques

that have inspired research in the Australian ocdnte
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TABLE 3.1 Quantitative Modelling of Spot Prices

Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Helm and Analyse pool Daily average pool Log daily average Log daily demand; Dickey-Fuller (DF) The DF and ADF tests on the
Powell (1992) pricing price in the British ~ pool price dummy variable to take and augmented pool price regressed on
behaviour electricity supply account of structural break Dickey-Fuller demand reveal the non-
with reference  industry from April when contract for (ADF) stationarity stationary series are strongly
to underlying 1990 to August differences a form of tests; cointegration  cointegrated even with the
hedging 1991 options contract expired; analysis; and error inclusion of a dummy
contracts lagged log daily demand;  correction model variable to take account of
and lagged log daily pool structural break. When the
price lagged price is included, the
error correction model
exhibits evidence of ARCH
effect.
Robinson and Use Daily stock price Stock price changes Two dummies for Autoregressive The conditional variance
Taylor (1998) conditional changes in 12 UK for conditional unexpected interventions  Conditional equations indicate that 10 out
variance to regional electricity =~ mean equation and by electricity regulator in Heteroskedasticity of 12 regional markets
measure the companies from 10 volatility for March 1995 process of order exhibit significant persistence
effects of December 1990 to  conditional variance one - ARCH(1) and eight markets show
regulatory 11 March 1996 equation increased volatility after

intervention in
12 UK
regional
electricity
companies

regulatory intervention.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Walls (1999) Measure Daily data on Volatility measured  Model (1) Log of maturity ~ Philips and Perron The volatility and log volume
volatility of electricity futures by the high/low being the number of unit root test; are both stationary. Model (1)
electricity contracts traded on  variance trading days until the regression shows that the results are
future the New York futures contract expires; consistent with the
contracts as Mercantile Model (2) Log of maturity Samuelson hypothesis that
future Exchange and log of volume being price volatility increases as
contracts (NYMEX) for the number of futures the future contract
approach California-Oregon- contracts traded on the approaches maturity. The
maturity Border (COB) and particular day for seven results of Model (2) illustrate
Palo Verde Nuclear different maturity dates strong evidence of increasing
Switchyard (PV) for each market volatility as contract maturity
from 29 March approaches even with the
1996 to 26 inclusion of volume of trade.
November 1996
De Vany and Examine the Peak and off-peak  Price of own market Price of other Augmented All electricity series are non-
Walls (1999a) behaviour of daily electricity interconnected market Dickey-Fuller unit stationary with the exception
peak and off-  prices from root test; of one market. All 55 off-
peak December 1994 to cointegration peak market pairs are
electricity spot  April 1996 for 11 analysis between 55 cointegrated, while eighty-
prices for regional markets in pairs of markets seven percent of the peak
evidence of western US demand market pairs are
market cointegrated.

integration
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings

De Vany and Estimate Peak and off-peak  First difference of Lagged price of own Vector A larger proportion of peak

Walls (1999b) dynamic daily electricity spot price market Autoregressive period shocks than off-peak
equations of prices from (VAR) models; and  period shocks transmit from
wholesale or December 1994 to Choleski the originating market node
spot prices April 1996 for five decomposition to to other more distant
over five regional markets in identify impulse interconnecting market

Deng (2000)

decentralised
state regions

Examine a
broad class of
stochastic
processes to
model the
electricity spot
prices and
how these
processes can
impact on the
value and
optimal timing
of investment
opportunities

western US

US markets

Natural log of spot
electricity price and

spot price of a

generating fuel such

as natural gas

Jumps; and stochastic
volatility

responses

Mean-reversion;
jump-diffusion; and
regime-switching

nodes. The damped responses
of the price shocks and the
stable forecast errors suggest
five regional markets in west
US are efficient.

The mean-reversion jump-
diffusion models are reliable
to model the volatility in the
market prices of the traded
electricity options in the US
markets.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings

Robinson Model the Daily average pool Pool purchase price Pool purchase price Autoregressive The nonlinear model is

(2000) behaviour of price from 1 April lagged one period; and regression superior in estimating the
spot electricity 1990 to 31 May lagged six periods including a non- pool price behaviour. The
prices which 1996 for the linear logistic term estimated parameters imply
caninfluence  English and Welsh that prices are less mean
the contract wholesale reverting the further they
prices electricity markets deviate from the

mean.
Wolak (2000) Forecastability Half hourly spot The mean of all 48  Eight lags of this price; Autoregressive The dynamics of the within-

of daily vector
of prices in
England and
Wales;
Sweden and
Norway;
Victoria in
Australia; and
New Zealand
spot electricity
markets

prices for all
markets with the
exception of hourly
prices for the
Sweden and
Norway electricity
market

half hour spot prices
and the mean of all
24 hourly spot
prices for the

Sweden and Norway

market

and all other half-hourly
prices

models; and
eigenvalues of the
residual covariance
matrix from the
autoregressive
model to forecast
the daily pool
selling prices

day variation in prices is
more complex in the
Victorian market, while the
Nordic market has the least
complexity. The NordPool
prices are the most
forecastable.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Knittel and Model the Hourly electricity Change in half Demand; time-of-day; Mean reversion Electricity prices exhibit a
Roberts (2001)  degree of prices from 1 April  hourly prices day-of-week; and seasonal model; time varying high degree of persistence
persistence, 1998 to 30 August effects mean reversion; with a significant relationship
intraday and 2000 for one jump diffusion between demand, intraday,
seasonal Californian process; univariate  day-of-week and seasonal
effects in electricity market Markov process; effects. The EGARCH model
electricity exponential demonstrates a significant
prices GARCH inverse leverage effect
(EGARCH) indicating positives price
shocks increase price
volatility.
Lucia and Model the Daily spot prices Log of spot prices Demand and seasonal Diffusion stochastic = The seasonal patterns are
Schwartz (2001) predictable from 1 January for the deterministic  factors for the processes significant in modelling the

component in
the dynamics
of spot
electricity
prices and its
implications
for derivative
securities

1993 to December
1999 for the
Norwegian spot
electricity market

component and the
random fluctuation
for the stochastic
component

deterministic component;
Brownian motion in the

one factor model and the
inclusion of a short-term

mean reverting

component; and a long-
term equilibrium price in

the two factor model

dynamics of spot electricity
prices with different volatility
between the summer and
winter seasons and the
models exhibit a significant
mean reverting diffusion
process.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings

de Jong and Estimate a Daily spot prices Daily log returns Mean-reversion; and Regime switching The options pricing model

Huisman (2002) model to value for the Dutch spot regime switching to model with normal  can be used to predict an
options on market (APX) incorporate jumps and and lognormal explicit value for the spike
electricity spot  spanning 2 January spikes in spot electricity spike regimes component of the value of

Escribano, Pena

and Villaplana
(2002)

prices to take
account of two
main features
such as mean-
reversion and
spikes.

Estimate a
general and
flexible model
to take
account of the
interaction
between
jumps,
GARCH and
mean
reversion
behaviour of
electricity
prices

2001 to 30 June
2002

Daily electricity
prices in five
deregulated
markets, namely:
Argentina;
Australia (Victoria);
New Zealand
(Heyward);
Scandinavia
(NordPool) and
Spain

Conditional mean
and conditional
variance

prices

The stochastic component
consists of seasonality;
mean reversion; jumps

Six nested GARCH
models are
estimated with the
inclusion of
sinusoidal functions
to capture the
deterministic

seasonal behaviour.

A Poisson
distributed random
variable takes
account of jumps
with the possibility
of time-dependent
intensity in the spot
prices

options on electricity spot
prices where spikes have
made the sale of options
highly risky.

The electricity prices for the
five international markets
indicate mean-reverting with
strong volatility with jumps
of time-dependent intensity
even after adjusting for
seasonality.



Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Guthrie and Assess the Half-hourly data Spot electricity price Lagged prices of its own Periodic Forty-eight PARs are
Videbeck high from two sections:  of each half hour half-hour and lagged autoregression estimated and the spot price
(2002) frequency 1 March 2000 to 28 prices of the other half models (PAR); and s highly correlated within
electricity spot  February 2001 and hours; and daily and state space models these markets. The dynamic
price 1 March 2001 to 28 monthly dummies structure is maintained by
dynamics by February 2002 for a introducing restricted number
treating key New Zealand of lags. The state space
electricity node models using intraday prices
delivered at are found to reliable in
different half- estimating the electricity
hour of the market structures.
day as
different
commodities

Robinson and
Baniak (2002)

lllustrate that
generators
with market
power may
have
incentives to
create
volatility in
the spot
market to
benefit from
higher risk
premia in the
contract
market

Daily average pool
prices from 1 April
1990 to 31 May
1996 for the
English and Welsh
electricity industry

Rank of the change
in the logarithm of
the spot price

Shifts in pool price
volatility at expiry of coal
contract and during the
period of two year price
cap

Non-parametric
tests on densities
corresponding to
the normal; logistic;
double exponential;
and Cauchy
distributions

At the expiry of the coal
contract, the generation
companies have the
opportunity to exert market
power to increase the level
and volatility of the pool
prices. The volatility of the
pool price also increased
during the two year price cap.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Solibakke Model the Daily spot price in Log first difference  Day-of-week and month-  Three Student t The truncated GARCH and
(2002) conditional the Nordic spot of the daily spot of-year effects in the GARCH processes  asymmetric GARCH

mean and electricity market price conditional mean are estimated: (AGARCH) processes out

Bystrom (2003)

variance of the
spot electricity
price as it is
the underlying
instrument for
derivatives in
the electricity
market.

Alternative
estimation of
different
minimum
variance
hedge ratio
which
determines
how many
futures
contracts
should be
bought or sold
for each spot
contract to
minimise the
variance of the
return
portfolio

from October 1992
to January 2000

Daily spot and
future prices from
NordPool from 2
January 1996 to 21
October 1999

Daily spot and
futures returns

equation; and also in the
conditional variance
equation

Lagged spot and futures
returns in the conditional
mean; and conditional
variance equations

asymmetric
GARCH
(AGARCH);
truncated GARCH,;
and exponential
GARCH
(EGARCH)

A naive or one-to-
one hedge ratio
where one spot
contract is offset by
exactly one futures
contract; OLS-
hedge ratio where
the spot returns is
regressed on futures
returns; bivariate
constant conditional
correlation

GARCH; and
Orthogonal

GARCH with time
varying correlation

performed the exponential

model and these processes
were significant in modelling
the electricity dynamics.

The out-of-sample forecasts
show that the simple OLS-
hedge ratio is more
successful in reducing the
portfolio variance than the
more complex conditional
GARCH or Orthogonal
GARCH hedge ratios.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Goto and Examine Daily average Returns in the Demand; seasonal effects GARCH(1,1) The ARCH model with time-
Karolyi (2003) volatility prices for the US (8 conditional mean without jumps and dependent jumps best
dynamics markets), NordPool equation include seasonality; explains the price volatility
across hubs (9 markets) and GARCH(1,1) with features in all regional
within each Australia (5 jumps but no time markets across three
market markets) of varying dependent intensity; countries. The degree of
lengths and GARCH(1,1) persistence; implied
with time- probabilities; and jump
dependent jumps intensities are similar in spite
of different factors
influencing supply and
demand.
Huisman and Model spot Daily electricity Natural log of spot ~ The deterministic equation Mean reversion; The results show that the
Mabhieu (2003)  electricity prices for the Dutch prices for the is explained by dummy and Markov regime  mean reversion is stronger
price spikes APX, German LPX  deterministic variables for Saturday and switching models to after the periods in which the
using a regime and UK markets equation and the Sunday. The stochastic separate the normal spikes occur than during the
switching with different time stochastic changes equation is a function of and spike periods normal period. This implies
model spans in the spot prices for mean reversion; volatility; that the spikes are short-
separate from the stochastic jumps and spikes lived.
the mean equation
reversion

process
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings
Hadsell, Measure Daily spot Log of the Monthly seasonal effects;  Threshold There is a steady decline in
Marathe and regional electricity prices difference of the and an asymmetric factor autoregressive the ARCH term in all
Shawky (2004)  similarity and  spanning May 1996 pool prices (returns) to take account of the conditional markets with a less consistent
differences in  to September 2001 in the conditional different effects of heteroskedastistic increase in the GARCH
volatility for five major mean and volatility  positive errors (good (TARCH) model effect. The asymmetric effect
between five American markets, in the conditional news) and negative errors incorporating an is negative and significant for
US spot namely: California-  variance (bad news) on the asymmetric factor the entire period in all
electricity Oregon Border conditional variance to take account of markets, indicating a strong
markets (COB); Palo Verde; equation the different effects  market response to negative
Cinergy; Entergy; of positive errors news. There are regional
and Pennsylvania- (good news) and differences in persistence of
New Jersey- negative errors (bad volatility season patterns
Maryland (PJM) news) on the across the five markets.
conditional
variance equation.
Li and Flynn Examine Daily average Average power NA Diurnal patterns; Britain and Spain show
(2004) patterns in prices for 13 price for each period filtering; and electricity price patterns that
prices of the deregulated markets is normalised correlation are predictable and

deregulated
electricity
markets and
show whether
these
predictable
patterns can
shape future
actions of the
consumer

- Canada, US (3
markets) Germany,
Britain, Spain,
Scandinavia,
Australia (4
markets) and New
Zealand

against the average
weekday price and
similarly for
weekend prices;
ratio maximum to
minimum prices for
weekday and
weekend; and ratio
of average weekday
to average weekend

consistent, therefore
consumers can plan their
consumption behaviours. In
South Australia the price
patterns are irregular and
inconsistent, so customers
have to manage their risks
through hedging
mechanisms.
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Author(s) Objectives Sample Dependent Variable  pedelent Variables Techniques Main Findings

de Jong (2005) Capture the  Hourly spot prices  Log spot prices Deterministic and Five different Regime switching models out
spike in the for six European stochastic components stochastic perform GARCH(1,1) or
spot electricity and two US components: Mean- Poisson jump models in
markets electricity markets reverting; stochastic capturing the dynamics of

with one market
starting from
January 2002 and
another April 2002
and the remaining
six starting from
January 2001 with
all markets ending
in March 2004

Poisson jumps;
regime switching
with stochastic
Poisson jumps;
regime switching
with three regimes
and stochastic
Poisson jumps;
regime switching
with independent
spikes

electricity prices.

Notes: ARCH - Autoregressive Conditional Heteraisticity, DF - Dickey-Fuller, ADF - Augmented DiFuller, GARCH - Generalised Autoregressive Ctianal

Heteroskedasticity, OLS - Ordinary Least Squares.



3.4 Multivariate Studies of Spot Electricity Prices

The earlier study by De Vany and Walls (1999a) rsa#te interesting starting
point as this is the only study that examines therirelationship between two
regional spot electricity markets by questioningetiter the highly complex western
electricity transmission grid in the US has led aomore integrated electricity
industry. This grid interconnects the entire westds, from Canada to Mexico and
east as far as Montana, Utah and New Mexico undg#ruature of decentralisation

and deregulation.

De Vany and Walls (1999a) take a multivariate apphoto understanding
electricity pricing ehaviour between regional powearkets in eleven regional
markets by examining evidence of integration ovex period December 1994 to
April 1996. These eleven regional markets are Gadiad/Oregon, Four-Corners,
Central Rockies, Inland Southwest, Mead, Mid-ColianMidway/Sylmar, Northern
California, Northwest/Northern Rockies, Palo Veradal Southern California. Using
daily spot prices collected from the day ahead -tlwercounter market, De Vany and
Walls (1999a) employ Augmented Dickey-Fuller (ADF)jit root tests to first detect
the presence of non-stationarity in both peak affigpemk series for each market.
The presence of unit root or non-stationarity isdemt in all series with the
exception of off-peak prices in the Northern Catia market. There is evidence of

stationarity in the first differences of the preeries.

De Vany and Walls (1999a) also apply cointegratioalysis of order one to test
for price convergence between each of 55 pairsarkets during peak and off-peak
periods. The random walk analysis is used to testtlie strength of market
integration between two markets; that is, how glprand also perfectly two
markets are integrated. Finally, the existencerof toots in eigenvalues of vector
autoregressive processes is used to examine pstagity in wholesale electricity
markets. The results indicate a high degree of etarkegration between markets
that are not necessarily physically connected: wibintegration being found for
peak prices in forty-eight of the fifty-five markeairs (87 percent); and all fifty-five
market pairs for off-peak prices. De Vany and W&ll899a) argue that the lack of

cointegration in several markets was evidence arisfier constraints within some
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parts of the Western Electricity Grid, though oe tvhole the study findings are
suggestive of an efficient and stable wholesalegvawarket. This is a noteworthy
study as it is the only empirical analysis thatlesgs the inter-relationship of spot
electricity prices among pairs of regional markagplying the Augmented Dickey-
Fuller and cointegration techniques. These metlogile$ are appropriate as the spot

price series are non-stationary.

Bystrom (2003) examines the short-term hedginggperdnce of the Nordic spot
electricity price with electricity futures usingfidirent ways of estimating the
minimum variance hedge ratio. The hedge ratio altive investor to determine how
many futures contracts can be bought or sold fahesgpot contract in order to
minimise the variance of the returns of the poitfol he logarithm of the daily spot
and futures price series from 2 January 1996 t@2tbber 1999 are stationary at
levels. Five different hedge ratios are estimatbd: naive one-to-one hedge ratio
where one spot contract is off-set by one futu@#ract; the time invariant OLS-
hedge ratio; the dynamic moving average hedge (&fiodays back in time); the
constant conditional bivariate GARCH model to captthe time varying variance;
and the orthogonal GARCH using principal componeatgenerate the number of
orthogonal factors. Based on the out-of samplec&sts on their ability to reduce the
portfolio variance, the first two simpler hedge ratsdperform better than the more
sophisticated models. This study examines the -nelationship between the spot
and futures electricity markets rather than therin¢lationship between two regional

markets as explored by De Vany and Walls (1999a).

The papers by De Vany and Walls (1999a) and Bys{i2003) have inspired the
research into inter-relationships between Austnatiegional electricity markets as
highlighted in Chapters 4 and 5. These chaptersenfakther contributions by

examining inter-relationships between more thanrveokets.
3.5 Univariate Studies of Spot Electricity Prices

The remainder of this literature review is basedstationary time series and
univariate techniques to profile the intra-relagibip of spot electricity markets. The
main feature is an appraisal of research usingrigtyaof stationarity tests, vector

autoregressive (VAR), autoregressive conditionaktefuskedasticity (ARCH),
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generalised ARCH (GARCH) models to explain volatilustering and persistence
in the spot electricity price series. This is felked by a summary of works involving
mean-reversion, jump-diffusion and regime-switchimgodels. Such studies
investigate the speed of mean-reversion and tlee pumps/spikes that result from

supply and demand of a commodity with virtuallystorage.
3.5.1 Vector Autoregressive (VAR), ARCH and GARCH Models

Initially, a group of papers is presented that empDickey-Fuller (DF),
Augmented Dickey-Fuller and various non-linear medglelm and Power, 1992;
Walls, 1999; DeVany and Walls, 1999b; Robinson,@0¥olak, 2000; Guthrie and
Videbeck, 2002; Robinson and Baniak, 2002 and ld &tynn, (2004). This is
followed by a collection of well-cited papers invimlg various ARCH or GARCH

processes.

Helm and Power (1992) produce one of the firstagde papers that attempts to
provide an explanation of the pool pricing behaviddelm and Power (1992) use
Dickey-Fuller (DF) and Augmented Dickey-Fuller (ADé&nit root tests on the daily
pool price and demand in the British supply indugtom April 1990 to August
1991. They include a dummy variable to take accofitiie initial expiry date of the
first contract for differences on the 22 March 1981l series are found to be non-
stationary and strongly cointegrated. A simple rerorrection model, with the
inclusion of lagged prices, produces a reliablatrehship between pool price and
demand. The results indicate that, in the long-rtirere is a change in the

relationship between pool price and demand.

Walls (1999) produce the seminal work on electrifittures markets. The paper
examines the effects efading volumeandtime to maturityon spot price volatility
for fourteen futures electricity contracts. Theadatvolves daily data on electricity
futures contracts traded on the New York Mercankbechange (NYMEX) for
delivery at California-Oregon-Border (COB) and Pa&lerde Nuclear Switchyard
(PV) from 29 March 1996 to 26 November 1996. RBpslIPerron (PP) unit root tests
reject the hypothesis that volatility and log oflurae of trade are non-stationary,
therefore standard regression techniques can Heedp these series. The results

show that volatility and the estimated coeffici@itmaturity for a majority of the
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electricity contracts are significant and negatiteus are consistent with the
Samuelson hypothesis that price volatility increzse the future contract approaches

maturity, even with the inclusion of the log volumitrade.

Walls teamed with DeVany (DeVany and Walls, 1998lsp use the Augmented
Dicky-Fuller (ADF) and Choleski variance decompiositto show daily electricity
prices converge between interconnected marketsiiver decentralised regional
markets in western United States spanning Deceffi#f to April 1996. The results
suggest that the decentralised markets and lobétage are able to produce a near
uniform/stable price over the transmission netwainkis indicating that the markets
are informationally efficient. The main contributiof this paper is that it is the
seminal research implementing stationarity testk @integration with applications

to a complex deregulated commodity.

Robinson (2000) explores autoregressive models eravithe pool price is
regressed on lagged pool prices of period one andgsix and a non-linear logistic
term — to model the behaviour of pool prices in Breglish and Welsh wholesale
electricity markets. Robinson and Baniak (2002eedtthe research by introducing
non-parametric tests involving distributional deiesi — such as the normal, logistic
double exponential and Cauchy — to forecast packprin the English and Welsh
electricity markets. Wolak (2000) also employs aedoession with eight lags and
eigenvalues of the residual covariance matrix tedast spot prices in the English,
Welsh, Swedish and Norwegian, Victorian and Newl&®é markets. Guthrie and
Videbeck (2002) introduce high frequency, half-hputata, in the autoregressive
model which also encompassed daily and monthly diesirto assess electricity
prices in New Zealand. Li and Flynn (2004) use miipatterns to determine if there
are differences between average weekday and weeal@rsdimption patterns in 13
deregulated markets involving Canada, US, GermBnyain, Spain, Scandinavia,
Australia and New Zealand. The daily pool prices mormalised against the average
weekday price for weekday data; and the averag&emekprice for weekend data.
North American markets exhibit a monotonic weekgagk while all other markets
exhibit more than one price peak. Britain and Sghiow patterns that are consistent
and predictable thus enabling consumers to maregedlectricity consumption. By

contrast, other markets such as South Australiav gteiterns that are inconsistent
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and it is difficult for consumers to predict pric€onsumers in such markets have to
manage their risks through hedging mechanisms. mam contribution of these
research papers lies in the application of autessive time series techniques to

model the pricing behaviour of deregulated eleityrimarkets.

The following papers employ a family of autoregress conditional
heteroskedastistic models (ARCH). To begin withpiReon and Taylor (1998) use
daily returns of electricity company share pricesnf 10 December 1990 to 11
March 1996 to measure volatility changes in twel& regional electricity
companies (RECs) before and after an unexpectedvarition by the electricity
regulator, on 7 March 1995. A simple autoregressimaditional heteroskedastistic
(ARCH) model includes a dummy variable to refleleé ttime of the regulator’s
intervention on 7 March, 1995 (spike) in the meauation and also a dummy
variable to represent the subsequent period fravia@h 1995 (shift in volatility) to
the conditional variance equation. In the condd@lomean equation, the impulse
effect of the regulatory intervention on the 7 Maf®95 is negative and significant
in all twelve markets. This indicates a large fallshare prices of the RECs on the
announcement of the intervention. For the conditiomariance equation, the
estimated coefficients for the ARCH term demonstrat significant level of
persistence in ten of the RECs. The results ineliaatignificant estimated coefficient
of the dummy variable for eight of the twelve mdskeTrhis demonstrates that the
conditional variance has found a new level. Themtaintribution of this study lies
in the inclusion of dummy variables to take accaafrtegulatory intervention in the
conditional mean and variance equations of the AR@dtess. This research is the
leading work using the ARCH process to measuretibfain the spot electricity

market.

Solibakke (2002) studies the characteristics of dhdy price changes of the
System Price of the Nordic spot electricity powearket, spanning October 1992 to
January 2000. This study is motivated by the fhat the electricity price series is
the underlying instrument for derivatives in theveo industry. This is the first study
that analyses the conditional mean and variancat®ems by taking account of the
deviation from the normal distribution in spot g@riseries. Solibakke (2002) initially

estimates the conditional mean equation using dhefifst difference of the daily
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spot price in the Nordic spot electricity marketnigeadjusted for day-of-week and
month-of-year effects. The log of the squared resl from the conditional mean
equation is used to estimate the conditional vagagqguation, which once again is
adjusted for calendar effects. The results of theditional mean show significant
price change patterns over the week with high pawage on Mondays and lower
usage on Saturday but with no significant monthéytgrns. By contrast, there is
evidence of both day-of-week and month-of-yearafféen the conditional variance

equation. Volatility increases on Mondays and Sktys; and during May to July.

In addition, Solibakke (2002) employs a family ofivariate autoregressive and
moving average ARMA-GARCH-in-Mean models to meadie dynamics of the
adjusted daily spot price changes and volatilitystdring. Three GARCH models are
employed: asymmetric GARCH (AGARCH), truncated GARCGJR) and
exponential GARCH (EGARCH). To take account of Kuetosis and skewness of
the spot electricity prices, a maximum likelihooldgaaithm based on a Student t
distributed log-likelihood function with the degeeef freedom to be estimated by

the model is incorporated in the GARCH process.

The estimated coefficients of the autoregressive phthe conditional mean
equations exhibit dependence on price changes ug tlags for all three models.
The estimates of the in-mean parameter are ingignif in all three models,
suggesting a rejection of the mean-variance tokt model. The conditional
variance equation indicates significant ARCH andR&M effects with the ARCH
effect being larger in magnitude. The asymmetriefficient is insignificant for all
three models implying equal reaction patterns tsitp@ and negative shocks in the
spot market. The degrees of freedom of the Stutielgtribution are significant;
representing that the spot price series have diiig-t Using the Schwarz Information
Criterion (SIC), Solibakke (2002) finds the truremit (GJR) and asymmetric
(AGARCH) processes out-performed the exponentiadlehand these processes are
significant in modelling the electricity dynamic$his main contribution of this
paper lies in the incorporation of asymmetric aadtdiled characteristics to assess

the spot electricity prices.

Hadsell et al. (2004) model the volatility of théalesale electricity prices of five

major American markets, namely: California-Oregoord®r (COB); Palo Verde;
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Cinergy; Entergy; and Pennsylvania-New Jersey-Mexyl (PJM), covering the
period from May 1996 to September 2001. The maitivaton of this paper is to
estimate the dynamics of the volatility of the dprdated spot price to forecast the
future spot prices. A threshold autoregressive itimmél heteroskedastistic
(TARCH) model which incorporates an asymmetric dadb take account of the
different effects of positive errors (good news)l aregative errors (bad news) on the
conditional variance equation is used to investight volatility dynamics of these
markets. It is hypothesised that the occurrenceegfative return (bad news) will
increase volatility more than positive return (goavs) of the same magnitude. All
five markets are traded on the NYMEX and only ditietween markets in the size
of contract and the delivery location. The marke&se fully deregulated in spring
1998. It was noted that after deregulation the C&Rl Palo Verde electricity
markets were more volatile. Initially, The TARCH d®& is employed to estimate the
conditional variance equations for the daily resuover the entire period for all five
American electricity markets, then sub-periods spa;n 1996 to 1997, 1998 to 1999
(full deregulation) and 2000 to 2001 (periods ajhar volatility in spot prices) and
also individual years from 1996 to 2001.

Hasell et al. (2004) discover that the ARCH and @AReffects are significant
for all five markets and for each period. The AREHects declined soon after full
deregulation thus suggesting that market partic¢gpdrase decisions on the day-
before returns rather than long-run expectationghvare new and not yet available
for the recently deregulated participants. The higgdue for ARCH effect
immediately after deregulation implies unstableatitity characterised by slow price
adjustments under the new regime. The majority afdefs dealing with the
asymmetric effect is significant and negative firnaarkets over the entire period
thus implying that ‘good news’ has a positive impai volatility which is contrary
to the expectations for financial markets. For wdlial years, in the case of COB
and PV, the asymmetric effects were not significhefore deregulation but
significant in years after deregulation. Over thdire period, volatility is quite
persistent for COB and PV and less persistent tier dther three markets. The
persistence estimates in volatility are greaten thiae for the COB and PV markets
suggesting the shocks are permanent. After derggultne persistence estimates are

found to be less than one implying the shocks weran-reverting.
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Hadsell et al. (2004) also incorporate seasonactffto take account of the
monthly variations in the conditional variance etipra of the TARCH model. No
consistent seasonal patterns are found in the sglasfiects. This paper examines
the important differences in the wholesale prickatiity of five American electricity
markets not only with respect to the ARCH, GARCHl alegree of persistence but
also asymmetric properties and seasonal effeces péper uses the TARCH process
including asymmetry and month-of-year effects tadeldhe daily spot returns. The
paper differs from Solibakke (2002) who adjusteé tbriginal price series for

seasonalityrior to the GARCH modelling process.

Goto and Karolyi (2003) employ univariate jump neévey and GARCH
processes with and without time dependency to aedlye multiple regional trading
areas in the deregulated electricity markets, namés, NordPool and Australia.
Daily peak spot prices for eight trading areashie US span from 24 April 1998 to
December 2002. The NordPool data cover nine tradirgs spanning January 1993
to December 2002. The Australian data for fiveitrgdireas is from December 1998
to December 2002. Goto and Karolyi (2003) show that GARCH models with
seasonally time dependent jumps are significamhadelling price volatility in all
regional markets for the US, Nordic and Austral@ectricity markets. This study
differs from the previous studies by including adi dependent component in the
GARCH process.

The research, using GARCH processes to model tmandigs of univariate
electricity price series, inspired the researc@lwapter 6, which explores a family of
GARCH processes to assess the dynamics of the alNastrelectricity spot prices.
Chapter 6 extends the above studies by taking atamt only of the skewed and
fat-tailed characteristics; but also the non-liitganf the conditional variance

component of the spot price series.
3.5.2 Stochastic Models with M ean-Rever sion and Jumps and Spikes

Some researchers argue that models for electgaityng should encompass time-
varying volatility and jumps in the electricity pas (Deng, 2000; Knittel and
Roberts, 2001 and Escribano et al., 2002). As Goi Karolyi (2003) point out,

when demand for electricity increases, which imtpushes up prices, there are
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greater incentives for more expensive generatorsnter into the supply side, so
some degree of mean-reversion is expected. Thewioly collection of research

takes account of jumps, spikes and mean-reversitmeispot electricity markets.

Deng (2000) extends the commonly used Ornsteinsifilek mean-reversion
process, which is borrowed from financial economcassess the dynamics of spot
electricity prices. Deng (2000) observes that thet prices can be considered as a
state variable or as a function of several statebkes and can be suitably modelled
by jumps and stochastic volatility processes. Thenge in price is a function of the
deviation of the price from equilibrium (which casts of the long-run average price
and the rate of mean-reversion) and a random \igladi jump intensity component
(involving a standard Wiener process). This basmdeh is extended to a time-
varying model by including systematic variationgtsias seasonal effects in the

mean-reversion component.

Another variation to the mean-reversion process allow the jump intensity to
vary over time by including time-of-day and seasdhactuations. In addition, the
regime-switching model is also used to capturesystematic fluctuation between
‘abnormal’ and ‘normal’ equilibrium states of supplnd demand for this
commodity. Several stochastic models of energy codiiy price behaviour are
specified in the context of a deregulated US dalgttrindustry. Using a number of
models and assumptions (including mean-reversiompidiffusion and regime-
switching), Deng (2000) aims to more accuratelfertfthe physical characteristics
of electricity in commodity spot price behaviour dets as a first step in applying a
real options approach to valuing physical assetthén electricity industry. Deng
(2000) demonstrates that the mean-reversion jurfipstbn models of the energy
spot prices can be used to explain the high leskimplied volatility in the market

prices of traded electricity options in the US nedsk

The study by Lucia and Schwartz (2001) uses theames of spot prices to
calculate the valuation of a contract price. THisdg is important as it aims to
predict the systematic behaviour of electricitycps over time by incorporating
changes in demand (due to economic activity) andiogie behaviour of
consumption (due to climatic conditions as explanatwariables). The spot price

model is made up of two components. The first camepo represents the systematic
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behaviour as demand and seasonal fluctuations rdreduced as explanatory
variables to the deterministic function. The secoathponent consists of a diffusion
stochastic process, which incorporates the timghvgrvolatility and jumps in the

price series.

Lucia and Schwartz (2001) apply one and two faotean diffusion stochastic
process models in the context of the deregulatedvdigian spot electricity market
with an emphasis on the relationship between spdtderivative electricity prices.
The one factor model is represented by the detéstitrfunction over time and a
diffusion stochastic process. The two factor magdéends on the one factor model
by adding a short-term mean-reverting componentaalothg-term equilibrium price.
An important implication of adding the second faasthat changes in prices of the
future contracts at different maturities are nafealy correlated. This is in contrast

with the one factor model.

Using a sample of daily spot prices from 1 Jand&®93 to December 1999, Lucia
and Schwartz (2001) evaluate the parameters adeterministic functions then use
these parameter estimates to value electricityvdeve contracts. The results
generally reveal that the seasonal patterns playnaortant role in evaluating the
spot pricing behaviour. There is different vol#ilbetween summer and winter
seasons. The models also exhibit a significant mnea@rting diffusion process.
Their study differs from that of Deng (2000) by lumiing a second factor in the

stochastic process.

Knittel and Roberts (2001) use various models e the Northern California
electricity market, such as: the mean reversiangtvarying mean reversion; jump
diffusion; time varying jump diffusion processes; @aitoregressive moving average
(ARMA) model; and an exponential autoregressiveddonal heteroscedastistic
(EGARCH) model. A sample of 21,216 half-hourly aotvsdions, spanning 1 April
1998 to 30 August 2000, is used to examine theiloigional and temporal (peak,
off-peak, weekday, weekends and four seasons) rpattef the deregulated
electricity prices. A mean-reverting process cagduthe autocorrelation present in
the price series but ignores the temporal pattérhe. time-varying mean-reverting
model which includes the intraday, weekend or wegkdnd seasonal effects

improves on the previous model but still fails twefcast the erratic nature of the
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price series. The jump diffusion model which attésmp incorporate the leptokurtic
nature of the price series and the jump diffusionet varying model show a
significant increase in the probability of a jumptlthe reliability of these models

according to the root mean squared forecast eilsaesry poor.

The ARMA model improves forecast accuracy due @ iticlusion of higher
order lags. Finally, the EGARCH process is estithatetake account of how news
innovations could have an asymmetric impact orptinee volatility. The ARCH and
GARCH effects are significant thus indicating ahidegree of persistence. The
estimated asymmetric effect is significant and fesi thus suggesting the process
of an ‘inverse leverage effect. This implies thidie positive shocks to spot
electricity prices exacerbate the conditional vaze&amore than negative shocks. The
novelty of the Knittel and Roberts (2001) studlie the introduction of a GARCH

process to replace the stochastic component imdan-reversion models.

Escribano et al. (2002) employ a general and flexibodel to encompass the
main features — such as interaction between ju@#RCH and mean reversion
behaviour of electricity prices — in six dereguthtemarkets, namely: Argentina,
Australia (Victoria), New Zealand (Heyward), Scaraliia (NordPool), Spain and
the US (Pennsylvania-New Jersey-Maryland; PJM)lyDaices, expressed in local
currency, cover different sample periods, which a stated in the paper.
Escribano et al. (2002) employ six models: Moded Gaussian model with constant
variance and without jumps; Model 2, a GARCH(1,Bu8sian model without
jumps; Model 3, a Poisson-Gaussian model withoutps; Model 4, a Poisson-
Gaussian model with time-varying intensity for jusnModel 5, a GARCH(1,1)-
Poisson-Gaussian model with constant intensity; Blatlel 6, a GARCH(1,1)-
Poisson-Gaussian model with time-varying intendity jumps. The sinusoidal
functions of the Wiener process are included in thedel to capture the
deterministic seasonal behaviour of spot elecyripiices. The stochastic volatility
and mean-reversion are represented in the GARCEepso A Poisson distributed
random variable is introduced to take account ofga with the possibility of time-
dependent intensity in the spot prices. Six GARCH(Gaussian or Poisson-

Gaussian models are investigated.
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The results for all six deregulated markets shothed the models with increased
complexity produced improved goodness of fit (adoay to Schwartz Criteria) as
compared to the results of the basic GARCH(1,1) ehothe results reinforce that
the probability of observing jumps is not constamer time. The most complex
GARCH model, encompassing time-varying jumps, poeduthe best results for
Australia, New Zealand, NordPool and PJM. Thersigsificant seasonal pattern in
jump behaviour, with a higher probability of obsegra jump in June, July or
August. In addition, various unit root tests inamgtting jumps and GARCH errors
are used to test the null hypothesis of nonstatighagainst the alternative of
stationarity or mean-reversion. The optimal modetsall markets are found to be
mean-reverting. The main innovation of the Escribah al. study is to estimate a
general and flexible model to take account of thteraction between jumps,

GARCH and mean reversion behaviour of electricriggs.

Huisman and Mahieu (2003) aim to capture the meaarting and the extreme
jumps or spikes in spot electricity prices. Thetgpece at any point in time can be in
any one of the three different regimes: a normaime with a mean-reverting
component; an abnormal regime with price jumps mikes also with a mean-
reverting component; and a regime which measueesaturn to normal regime from
the abnormal regime. Huisman and Mahieu (2003)rasstihat spikes return to the
normal regime after one day. A regime switching elod used to identify price
spikes separately from the normal regime for thecBDWAPX, German LPX and the
UK markets. The results show that the mean-revergostronger just after the
periods in which the spikes occur, than duringrtbemal period. This shows that the
spikes are short-lived. This study adds to the iptevstudies which use stochastic
jumps to model spikes in that previous studies atatake account of the fact that the
price spikes are short-lived.

Bierbrauer et al. (2003), de Jong and Huisman (@828 de Jong (2005) extend
on the research by Huisman and Mahieu (2003) whielkes no allowance for
consecutive spikes that may arise. Bierbrauer .e(28003), de Jong and Huisman
(2002) and de Jong (2005) propose a two-regime matiech permits a spike

regime of log-normal prices with consecutive spikes
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These papers based on stochastic models of thgulieied electricity markets
gave impetus to the research in Chapter 7 wher@uls&alian spot electricity prices
and volatility are assessed using a regime swiichnodel to take account of the

spike/abnormal regime separately from that of thenal regime.
3.6 Concluding Remarks

From the literature review, only two out of 21 (fircent) research papers use
multivariate analyses to assess the dynamics obplo¢ electricity markets, while
eight out of 21 (38 percent) of the univariate gsa$ employ stochastic techniques
and the majority of research (52 percent) invohe tinivariate ARCH and GARCH
processes. This thesis is undertaken within a gobrae little empirical research
concerning market pricing within each spot markedl @ahe recent integration of

separate state-based markets to form a natioratieiy market in Australia.

Better understanding of the dynamics of electripitiging is likely to throw light
on the efficiency of pricing and the impact of mttennection within the centralised
markets which still are primarily composed of comomdised and corporatised
public sector entities. A fuller understanding be tpricing relationships between
these markets enables the benefits of intercororetdi be assessed as a step towards
the fuller integration of the regional electricitgarkets into a national electricity
market. This provides policy inputs into both tlemstruction of new interconnectors

and the preparation of guidelines for the reformexaéting market mechanisms.

3.7 References

Bierbrauer, M., Truck, S. and Weron, R, (200&)delling electricity prices with regime switching
models WWW site:http://www.econwpa.wustl.edéccessed November 2005.

Booth, R. (2004 oo much volatility is bad for yoWWW site:http://www.bardak.com.alAccessed
November 2005.

Boyer, M. and Robert, J. (199Qompetition and access in electricity markets: ECBobal price
cap, and auctionsCIRANO, Montreal.

Bystrom, H.N.E. (2003) The hedging performance tfcteicity futures on the Nordic power
exchangeApplied Economics35(1), 1-11.

Clewlow, L. and Strickland, C. (200@nergy derivatives — pricing and risk manageméesicima
Publications, London.

de Jong, C. (2005)he nature of power spikes: A regime-switching apph Rotterdam School of
Management, Erasmus University Rotterdam, WorkiageP, ERS-2005-052-F&A.

de Jong, C. and Huisman, R. (20@ption formulas for mean-reverting power priceshnsipikes
Rotterdam School of Management, Erasmus UniveRsityerdam, Working Paper.

79



De Vany, A.S. and Walls, W.D. (1999a) Cointegraténalysis of spot electricity prices: Insights on
transmission efficiency in the western UEBergy Economic1(3), 435-448.

De Vany, A.S. and Walls, W.D. (1999b) Price dynasriita network of decentralized power markets,
Journal of Regulatory Economic¥5(2), 123-140.

Deng, S. (2000)Stochastic models of energy commodity prices amdr thpplications: Mean-
reversion with jumps and spikddniversity of California Energy Institute Workirfgaper No. 73,
Los Angeles.

Escribano, A., Pena, J.I. and Villaplana, P. (20@@yeling electricity prices: International evidence

Working Paper 02-27, Economics Series 08, Depamd¢mnde Economia, Universidad Carlos Il
de Madrid.

Goto, M. and Karolyi, G.A. (2003Jnderstanding electricity price volatility withinnd across
Markets, Working Paper.

Guthrie, G. and Videbeck, S. (200Rjgh frequency electricity spot price dynamics: iitra-day
markets approachiNew Zealand Institute for the Study of Competitamd Regulation.

Hadsell, L., Marathe, A. and Shawky, H.A. (2004}iBating the volatility of wholesale electricity
spot prices in the UEnergy Journgl25(4), 23-40.

Helm, D. and Powell, A. (1992) Pool prices, contseend regulation in the British electricity supply
industry,Fiscal Studies13(1), 89-105.

Huisman, R. and Mahieu, R. (2003) Regime jumpsléttdcity prices,Energy Economi¢s25(5),
425-434.

Kaminski, V. (1999Managing energy price risiRisk Books, ed. by Kaminski, V., London.

Knittel, C.R. and Roberts, M.R. (2008n empirical examination of deregulated electrigityces
University of California Energy Institute, WorkirRaper.

Li, Y. and Flynn, P.C. (2004) Deregulated powercesi Comparison of diurnal patteri&nergy
Policy, 32(5), 657-672.

Lucia, J.J. and Schwartz, E.S. (2002) Electriciiggs and power derivatives: Evidence for the Nordi
power exchangeReview of Derivatives Researd{1), 5-50.

Mount, T. (1999) Market power and price volatility in restructured arkets for electricity
Proceedings of the 32Hawaii International Conference on System Sciences

Pilipovic, D. (1998)Energy risk: Valuing and managing energy derivajvielcGraw- Hill, New
York.

Robinson, T. (2000) Electricity pool series: A casady in non-linear time series modelidgplied
Economics32(5), 527-532.

Robinson, T. and Baniak, A. (2002) The volatilifypsices in the English and Welsh electricity pool,
Applied Economics34(12), 1487-1495.

Robinson, T.A. and Taylor, M.P. (1998) Regulatorycertainty and the volatility of regional
electricity company share prices: The economic egusence of Professor LittlechilBulletin of
Economic Research0(1), 37-44.

Solibakke, P. (2002) Efficient estimated mean amdatility characteristics for the Nordic spot
electricity power marketnternational Journal of Businesg(2), 17-35.

Walls, W.D. (1999) Volatility, volume and maturitin electricity futures,Applied Financial
Economics9(3), 283-287.

Wolak, F.A. (2000)Market design and price behavior in restructurectodficity markets: An
international comparisonNBER-East Asia Seminar on Economics, vol. 8. &picand London:
University of Chicago Press.

80



4 Transmission of Prices and Price
Volatility in Australian Electricity
Spot Marketss A Multivariate
GARCH Analysis

This chapter was subsequently published as: “Wogtin, A.C. Kay-Spratley, A. and Higgs,
H. (2005) Transmission of prices and price volstilin Australian electricity spot markets: A
multivariate GARCH analysis, Energy Economics, 27337-350".

Abstract

This paper examines the transmission of spot éégtprices and price volatility
among the five regional electricity markets in tAastralian National Electricity
Market (NEM): namely, New South Wales, Queensl&uljth Australia, the Snowy
Mountains Hydroelectric Scheme and Victoria. A nwaltiate generalised
autoregressive conditional heteroskedasticity madesed to identify the source and
magnitude of price and price volatility spillovefe results indicate the presence of
positive own mean spillovers in only a small numioérmarkets and no mean
spillovers between any of the markets. This appéarke directly related to the
physical transfer limitations of the present systefmregional interconnection.
Nevertheless, the large number of significant owtatlity and cross-volatility
spillovers in all five markets indicates the presenof strong autoregressive
conditional heteroskedasticity and generalised ragtessive conditional
heteroskedasticity effects. This indicates thatckhoin some markets will affect
price volatility in others. Finally, and contrarg evidence from studies in North
American electricity markets, the results alsodatk that Australian electricity spot
prices are stationary.
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4.1 Introduction

The Australian National Electricity Market (NEM) waestablished on 13
December 1998. It currently comprises four stateeddgdNew South Wales (NSW),
Victoria (VIC), Queensland (QLD) and South Aus@aliSA)] and one non-state
based [Snowy Mountains Hydroelectric Scheme (SN€gjonal markets operating
as a nationally interconnected grid. Within thiglgthe largest generation capacity is
found in NSW, followed by QLD, VIC, the SNO and Sahile electricity demand is
highest in NSW, followed by VIC, QLD and SA. The macthan 70 registered
participants in the NEM, encompassing privately adblicly owned generators,
transmission and distribution network providers amdders, currently supply
electricity to 7.7 million customers with more th&8 billion of energy traded
annually (for details of the NEM'’s regulatory baodgnd, institutions and operations
see NEMMCO, 2001 and 2002; ACCC, 2000 and IEA, 2001

Historically, the very gradual move to an integdatstional system was predated
by substantial reforms on a state-by-state basisluding the unbundling of
generation, transmission and distribution and thraroercialisation and privatisation
of the new electricity companies, along with theaBkshment of the wholesale
electricity spot markets (Dickson and Warr, 20@ch state in the NEM initially
developed its own generation, transmission andiligion network and linked it to
another state's system via interconnector trangmidies. However, each state’s
network was (and still is) characterised by a v@nall number of participants and
sizeable differences in electricity prices were nidu The foremost objective in
establishing the NEM was then to provide a natignaitegrated and efficient
electricity market, with a view to limiting the mkaat power of generators in the
separate regional markets (for the analysis of etgvkwer in electricity markets see
Brennan and Melanie, 1998; Joskow and Kahn, 2000w, 2002 and Robinson
and Baniak, 2002).

However, a defining characteristic of the NEM i® thmitations of physical
transfer capacity. QLD has two interconnectors tbgether can import and export
to and from NSW, NSW can export to and from the SiNf@ VIC can import from
the SNO and SA and export to the SNO and to SAreTle currently no direct
connector between NSW and SA (though one is praf)ased QLD is only directly
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connected to NSW. As a result, the NEM itself i¢ yet strongly integrated with
interstate trade representing just seven percetutalf generation. During periods of
peak demand, the interconnectors become congestetha NEM separates into its
regions, promoting price differences across markatd exacerbating reliability
problems and the market power of regional utiliffsA, 2001; ACCC, 2000 and
NEMMCO, 2002).

While the appropriate regulatory and commercial ma@tsms do exist for the
creation of an efficient national market, and thase expected to have an impact on
the price of electricity in each jurisdiction, & argued that the complete integration
of the separate regional electricity markets hds/ebbeen realised. In particular, the
limitations of the interconnectors between the membrisdictions suggest that, for
the most part, the regional spot markets are velgtiisolated. Nevertheless, the
Victorian electricity crisis of February 2000 issjuone of several shocks in the
Australian market that suggests spot electricitgipg and volatility in each regional
market are still potentially dependent on pricimmditions in other markets. These
are, of course, concerns that are likely to begsstmportant in any other national or

sub-national electricity market comprised of intemeected regions.

In the US, for example, De Vany and Walls (1999s9ducointegration analysis to
test for price convergence in regional marketheWS Western Electricity Grid. On
the whole the findings were suggestive of an edfitiand stable wholesale power
market, though De Vany and Walls (1999a) arguetltti@lack of cointegration in
some markets provided evidence of the impact ofsfex constraints within the grid.
Later, De Vany and Walls used vector autoregressieglelling techniques and
variance decomposition analysis to examine a smsdieof these regional markets.
They concluded “...the efficiency of power pricing thre western transmission grid
is testimony to the ability of decentralised maskand local arbitrage to produce a
global pattern of nearly uniform prices over a cterpand decentralised

transmission network spanning vast distances” (Beyvand Walls, 1999b: 139).

Unfortunately, no comparable evidence exists carngrthe interconnected
regional electricity markets in Australia, or indeglsewhere outside the US for that
matter. This is important for two reasons. Firstlike the US the Australian NEM

represents the polar case of a centrally coordinatel regulated national market. It

83



is, therefore, likely to throw light on the efficiey of pricing and the impact of
interconnection within centralised markets still inparily composed of
commercialised and corporatised public sector iestit Second, a fuller
understanding of the pricing relationships betwixase markets enables the benefits
of interconnection to be assessed as a step towheds$uller integration of the
regional electricity markets into a NEM. This prde@s policy inputs into both the
construction of new interconnectors and guideliioeghe reform of existing market
mechanisms.

At the same time, the manner in which volatilityosks in regional electricity
markets are transmitted across time arouses ihiaresodelling the dynamics of the
price volatility process. This calls for the applion of autoregressive conditional
heteroskedasticity (ARCH) and generalised ARCH (@&&R models that take into
account the time-varying variances of time seria& dsuitable surveys of ARCH
modelling may be found in Bollerslev, et al.,, 19%ra and Higgins, 1993 and
Pagan, 1996). More recently, the univariate GARCbtlet has been extended to the
multivariate GARCH (MGARCH) case, with the recogmit that MGARCH models
are potentially useful developments regarding theameterisation of conditional
cross-moments. Although the MGARCH methodology Ibesn used extensively in
modelling financial time series (see, for instaridanne, 1999; Tai, 2000; Brooks et
al., 2002 and Tse and Tsui, 2002), to the autHarsivledge a detailed study of the
application of MGARCH to electricity markets hast t@en undertaken. Since this
approach captures the effect on current volatilftpoth own-innovation and lagged
volatility shocks emanating from within a given tketr and cross-innovation and
volatility spillovers from interconnected marketspermits a greater understanding
of volatility and volatility persistence in thesatérconnected markets. It is within

the context of this limited empirical work that theesent study is undertaken.

Accordingly, the purpose of this paper is to inigete the price and price
volatility inter-relationships between the Austsaliregional electricity markets. If
there is a lack of significant inter-relationshipetween regions then doubt may then
be cast on the ability of the NEM to overcome tkereise of regional market power
as its primary objective, and on its capacity tetéo a nationally integrated and

efficient electricity market. The paper itself ivided into four sections. Section 4.2
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explains the data employed in the analysis andeptessome brief summary
statistics. Section 4.3 discusses the methodologl@ed. The results are dealt with

in Section 4.4. The paper ends with some brief lkemiieg remarks in Section 4.5.

4.2 Dataand Summary Statistics

The data employed in the study are daily spot prfoe electricity encompassing
the period from the date of commencement of the NEEM.3 December 1998 to 30
June 2001. The sample period is chosen on the thegist represents a continuous
series of data since the establishment of the Alistr NEM. All price data are
obtained from the National Electricity Market Maeagent Company (NEMMCO)
originally on a half-hourly basis representing 4&ding intervals in each 24-hour
period. Following Lucia and Schwartz (2001) a seé daily arithmetic means is
drawn from the trading interval data. Although sutiratment entails the loss of at
least some ‘news’ impounded in the more frequeadtitg interval data, daily
averages play an important role in electricity nessk particularly in the case of
financial contracts. For example, the electricityps traded on the Sydney Futures
Exchange (SFE) are settled against the arithmegiannof half-hourly spot prices.
Moreover, De Vany and Walls (1999a and 1999b) aokif&on (2000) both employ
daily spot prices in their respective analyses e tvestern US and UK spot

electricity markets.

Table 4.1 presents the summary of descriptivessizgi of the daily spot prices for
the five electricity markets. Samples means, meglianaximums, minimums,
standard deviations, skewness, kurtosis and tliypidéBera statistic angtvalue are
reported. Between 13 December 1998 and 30 June B®highest spot prices are
in QLD and SA averaging $42.71/MWh and $57.92/MWéspectively. The lowest
spot prices are in NSW and the SNO with $33.02/Maid $32.56/MWh,
respectively. The standard deviations for the sgettricity range from $27.84
(SNO) to $92.15 (SA). Of the five markets, NSW dinel SNO are the least volatile,
while QLD and SA are the most volatile. The valdeh® coefficient of variation
(standard deviation divided by the mean price) messthe degree of variation in
spot price relative to the mean spot price. Redato the average spot price, NSW

and the SNO are less variable than SA and VIC. guali perspective on the
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volatility of spot prices can be gained from thetplof daily spot prices for each
series in Figure 4.1.

TABLE 4.1 Summary Statistics of Spot Prices in Five Australi&lectricity

Markets

NSW QLD SA SNO VIC
Mean 33.0244 427055  57.9171 325624  35.5077
Median 26.4246  30.4117  38.9352  26.5121  25.3052
Maximum 388.2060 1175.5260 1152.5750 366.1698 01D
Minimum 11.6533  13.2871 115225  11.0992 4.9785
Std. Dev. 29.6043  60.8140  92.1549  27.8366  58.5227
cv 0.8964 1.4240 1.5912 0.8549 1.6482
Skewness 6.8871  11.6290 7.6208 6.8653  12.0381
Kurtosis 66.2028 187.4572  69.3994  69.0835  179.8255
Jarque-Bera 127447 1052805 141362 138754 970003
JB probability  0.0000 0.0000 0.0000 0.0000 0.0000
ADF test 55564  -7.6672 -8.8834  -6.1225  -8.2235

Notes NSW — New South Wales, QLD — Queensland, SA —tiSdustralia, SNO -Snowy
Mountains Hydroelectric Scheme, VIC — Victoria. ABFAugmented Dickey-uller tes
statistics; CV — coefficient of variation; JB — dae-Bera. Hypothesis for ADF testy:Hinit
root (non-stationary), £ no unit root (stationary). The lag orders in ABF equations ai
determined by the significance of the coefficiemt the lagged terms. Only intercepts
included. Critical values are -3.4420 at 0.01,68%8at 0.05 and -2.5691 at the 0.10 levels.

The distributional properties of the spot priceiegenerally appear non-normal.
All of the spot electricity markets are positivedigkewed and since the kurtosis, or
degree of excess, in all of these electricity mrkexceeds three, a leptokurtic
distribution is indicated. The calculated JarqueaBstatistic and corresponding
value in Table 4.1 is used to test the null hypstisehat the daily distribution of spot
prices is normally distributed. Alp-values are smaller than the 0.01 level of
significance suggesting the null hypothesis camepected. These daily spot prices
are then not well approximated by the normal dstibn. Lastly, each price series is
tested for the presence of a unit root using thgmented Dickey-Fuller (ADF) test.
Contrary to previous empirical work De Vany and W#l1999a and 1999b), which
found that spot electricity prices contain a ulibtr this study concurs with Lucia
and Schwartz (2001) that electricity prices aréatary.
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FIGURE 4.1 Daily Spot Electricity Prices for Five Australian lrkets,
13/12/1998 — 30/6/2001
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4.3 Methodology

A MGARCH model is developed to examine the joiraqasses relating the daily
spot prices for the five regional electricity maskeThe following conditional
expected price equation accommodates each mauketisprices and the prices of
other markets lagged one period.

R =a+AP_ +e¢ (4.1)

where P; is ann x 1 vector of daily prices at tim¢ for each market and

el t_l~N(O,Ht). Then x 1 vector of random errors; is the innovation for each

market at time with its corresponding x n conditional variance-covariance matrix,
H:. The market information available at time 1 is represented by the information

setl.1. Then x 1 vector,a, represent long-term drift coefficients. The eletsey; of

87



the matrix A are the degree of mean spillover effect acrosskemsr or put
differently, the current prices in markethat can be used to predict future prices
(one day in advance) in markefThe estimates of the elements of the ma&jgan
provide measures of the significance of the own arm$s mean spillovers. This
multivariate structure then enables the measureofaie effects of the innovations
in the mean spot prices of one series on its oygdd prices and those of the lagged

prices of other markets.

Engle and Kroner (1995) present various MGARCH nfodéth variations to the
conditional variance-covariance matrix of equatiof®r the purposes of the
following analysis, the BEKK (Baba, Engle, KraftdaKroner) model is employed,
whereby the variance-covariance matrix of equatidegends on the squares and
cross products of innovatios and volatility H; for each market lagged one period.
One important feature of this specification is thabuilds in sufficient generality,
allowing the conditional variances and covarianoéshe electricity markets to
influence each other, and, at the same time, doeequire the estimation of a large
number of parameters (Karolyi, 1995). The modeb assures the condition of a
positive semi-definite conditional variance-covada matrix in the optimisation
process, and is a necessary condition for the asiinvariances to be zero or
positive. The BEKK parameterisation for the MGAR@tédel is written as:

H, =B'B+C's¢, ,C+G'H_,G (4.2)

whereb; are elements of amx n symmetric matrix of constan®, the elements;

of the symmetrian x n matrix C measure the degree of innovation from market
market j, and the elementg; of the symmetricn x n matrix G indicate the
persistence in conditional volatility between markeand market. This can be

expressed for the bivariate case of the BEKK as:

{Hm Hia } —BB+ |:C.|.1Cl2:| 512t—1 Ey1€91 |:C.I.1C.|.2:| + |:gllg12:| |:Hl:II—lH12t—l:| |:g11g12:|
HoxHox CCo | | Exabia Eri_l CCpy 02192 | | HoxsHoaa | 92192

(4.3)
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In this parameterisation, the parametefsc; andg; cannot be interpreted on an
individual basis: “instead, the functions of thegraeters which form the intercept
terms and the coefficients of the lagged variamozariance, and error terms that
appear are of interest” (Kearney and Patton, 286Q: With the assumption that the
random errors are normally distributed, the logditkood function for the MGARCH
model is:

T

L(9)=—T—Zn+In(Zn)—%Z(In|Ht|+e't‘H{1‘et) (4.4)

whereT is the number of observationsjs the number of marketg,is the vector of

parameters to be estimated, and all other varisdnlesas previously defined. The
BHHH (Berndt, Hall, Hall and Hausman) algorithmused to produce the maximum
likelihood parameter estimates and their correspondsymptotic standard errors.
Overall, the proposed model has 25 parametersiman equations, excluding the
five constant (intercept) parameters, and 25 ief@rc25 white noise and 25
volatility parameters in the estimation of the odamace process, giving 105

parameters in total.

Lastly, the Ljung-Box (LB)Q statistic is used to test for independence of érigh
relationships as manifested in volatility clustgrioy the MGARCH model (Huang
and Yang, 2000: 329). This statistic is given by:

P

Q=T(r+23,(T-j)"r*(i) (4.5)
j=1
wherer(j) is the sample autocorrelation at Jagplculated from the noise terms and
is the number of observation® is asymptotically distributed ag® with (p - K)
degrees of freedom arkds the number of explanatory variables. This tesisic is
used to test the null hypothesis that the modéhdependent of the higher order

volatility relationships.

4.4 Empirical Results

The estimated coefficients and standard errors tfi@e conditional mean price

equations are presented in Table 4.2. All estimatiare made using the S-PLUS®
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statistical software with the GARCH add-on modwter the five electricity spot
markets only QLD and SNO exhibit a significant omean spillover from their own
lagged electricity price. In both cases, the mqgalfogers are positive. For example,
in QLD a $1.00/MWh increase in its own spot pricél @ranger cause an increase
of $0.51/ MWh in its price over the next day. Likes, a $1.00/MWh increase in the
SNO lagged spot price will Granger cause a $0.70iMivitrease the next day.
Importantly, there are no significant lagged mepillavers from any of the spot
markets to any of the other markets. This indicéte$ on average short-run price
changes in any of the five Australian spot marlats not associated with price
changes in any of the other spot electricity markdespite the connectivity offered
by the NEM.

TABLE 4.2 Estimated Coefficients for Conditional Mean Priceggations

NSW(i = 1) QLD (i =2) SA{ =3) SNO{ = 4) VIC ( =5)

Estimated Standard Estimated Standard Estimated Standard Estimated Standard Estimated Standard
coefficient error coefficient error coefficient error coefficient error coefficient error

CONS."12.8966 6.8610 16.0313 11.350016.18667 18.8600 12.2740 5.5630 11.2951 20.7400

a 0.0497 0.7556 -0.0135 0.0951 -0.0237 0.0844 0.5977 0.8215 0.0248 0.1749
3 0.0410 2.04707°0.5118 0.1291 -0.0658 0.2296 0.2046 2.2010 0.0321 0.4654
a3 -0.1159 5.5800 -0.0529 0.3520 0.2493 0.1946 1.0097 5.6880 -0.0344 0.6905
B -0.0548 0.2984 -0.0131 0.0778 -0.0265 0.0557 “0.7001 0.3884 0.0318 0.1425
85 -0.1641 4.0450 -0.0049 0.3352 0.0310 0.1113 0.4664 4.0390 0.3102 0.5095

Notes NSW — New South Wales, QLD — Queensland, SA stiSdustralia, SNO -Snowy Mountain
Hydroelectric Scheme, VIC — Victoria. Asterisksicate significance at0.10, 0.05, 0.01 level

The conditional variance-covariance equations ipo@ted in the paper’s
multivariate GARCH methodology effectively captutiee volatility and cross-
volatility spillovers among the five spot electticimarkets. These have not been
considered by previous studies. Table 4.3 pregbertestimated coefficients for the
variance-covariance matrix of equations. These ftifyathe effects of the lagged
own- and cross-innovations and lagged own- andsevofatility persistence on the
own- and cross-volatility of the electricity markefThe coefficients of the variance-
covariance equations are generally significantden- and cross-innovations and
significant for own- and cross-volatility spillowerto the individual prices for all
electricity markets, indicating the presence obrsfr ARCH and GARCH effects. In
evidence, 68 percent (17 out of 25) of the estithad®CH coefficients and 84
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percent (21 out of 25) of the estimated GARCH dogfits are significant at the

0.10 level or lower.

Own-innovation spillovers in all the electricity rkats are large and significant

indicating the presence of strong ARCH effects. Tdven-innovation spillover

effects range from 0.0915 in VIC to 0.1046 in SN@.terms of cross-innovation

effects in the electricity markets, past innovasiam most markets exert an influence

on the remaining electricity markets. For exampte,the case of VIC cross-
innovation in the NSW, SA and SNO markets are §icant, of which NSW has the
largest effect. The exception to the presence raingt cross-innovation effects is
QLD. No cross-innovations outside of QLD influent®t market, and the QLD

market does influence any of the other electrinigrkets, at least over the period in

guestion. This is consistent with the role of QuUDthe NEM in that it has only

limited direct connectivity with just one other regal market (NSW).

TABLE 4.3 Estimated Coefficients for Variance-Covariance Ediens

NSW({ =1)
Estimated Standard Estimated Standard Estimated Standard Estimated Standard Estimated Standard

coefficient

error

QLD (=2)

coefficient

error

SA{=3)

coefficient

error  coefficient

SNO | =

4)

error  coefficient

VIC ( =5)

error

e

by " 80.2657 16.6300 18.7260 59.5500 120.9672124.3000™ 71.398612.8500 75.8586 78.8900
by  18.726059.5500™ 336.6956 99.0900 41.16808332.7000 17.126666.2000 31.8362285.4000
by 120.9672124.3000 41.1680332.7000 635.0478853.4000'120.033988.1800 229.863819.7000
by 7 71.3986 12.8500 17.1266 66.2000°120.0339 88.1800 67.667911.7500 ~75.3265 41.9500
by  75.858678.8900 31.8362285.4000 229.863819.7000" 75.326541.9500™ 295.1421 62.2100
cj 0.0985 0.0140 0.0997 0.1735 770.0989 0.0278 7 0.1013 0.0043 " 0.0992 0.0221
C 0.0997 0.1735 7 0.1008 0.0198 0.1232 0.2944 0.0993 0.2777  0.0834 0.3979
c; 7 0.0989 0.0278  0.1232 0.2944 " 0.0991 0.0216 7 0.1021 0.0126 ™ 0.0937 0.0211
c; 01013 0.0043  0.0993 0.2777 770.1021 0.0126 ~0.1046 0.0105 " 0.0978 0.0175
G 0.0992 0.0221  0.0834 0.3979 7 0.0937 0.0211 7 0.0978 0.0175 7 0.0915 0.0249
g; 0.8047 0.0133 "0.8412 0.3192 7 0.7839 0.0959 7 0.8080 0.0001 " 0.8034 0.0447
g;  0.8412 0.3192 7 0.8051 0.0416 0.6520 1.3560 ~0.8413 0.4615  0.8234 1.0580
g5 0.7839 0.0959 0.6520 1.3560 0.8107 0.0309 ™ 0.7868 0.0961 " 0.8148 0.0263
g4 0.8080 0.0001 70.8413 0.4615 0.7868 0.0961 ~0.8098 0.0128 " 0.8056 0.0316
gs  0.8034 0.0447 0.8234 1.0580 ~0.8148 0.0263 " 0.8056 0.0316 " 0.8119 0.0233

Notes NSW — New South Wales,
Hydroelectric Scheme, VIC — Victoria. Asterisksiicate significance aD.10, 0.05, 0.01 level

QLD - Queensland, SA —tiSdwstralia, SNO -Snowy Mountain

In the GARCH set of parameters, 84 percent of thténated coefficients are

significant. For NSW the lagged volatility spillaveffects range from 0.7839 for SA
to 0.8412 for QLD. This means that the past vatatdhocks in QLD have a greater

effect on the future NSW volatility over time th#re past volatility shocks in other

spot markets. Conversely, in QLD the post volagtishocks range from 0.6520 for
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SA to 0.8413 for SNO. In terms of cross-volatiliy the GARCH parameters, the
most influential markets would appear to be NSW &ND. That is, past volatility
shocks in the NSW and SNO electricity spot marketge the greatest effect on the
future volatility in the three remaining electricinarkets. The sum of the ARCH and
GARCH coefficients measures the overall persisteinceach market’s own and
cross conditional volatility. All five electricitymarkets exhibit strong own-
persistence volatility ranging from 0.9032 for NS@/0.9143 for SNO. Thus, SNO
has a lead-persistence volatility spillover effestthe remaining electricity markets.
The cross-volatility persistence spillover effecage from 0.7751 for SA 0.9409 for
QLD.

Finally, the LBQ statistics for the standardised residuals in Tdblereveal that
all electricity spot markets are highly significgatl havep-values of less than 0.01)
with the exception of SNO (avalue of 0.1166). Significance of the L@ statistics
for the electricity spot price series indicatesdin dependences due to the strong
conditional heteroskedasticity. These Ljung-Boxtist&s suggest a strong linear
dependence in four out of the five electricity spuoarkets estimated by the
MGARCH model.

TABLE 4.4 Ljung-Box Tests for Standardised Residuals

NSW QLD SA SNO VIC
Statistic 27.0100 32.4600 44.7000 17.9700 50.8700
p-value 0.0077 0.0012 0.0000 0.1166 0.0000

4.5 Conclusions and Poalicy I mplications

This paper highlights the transmission of priced grice volatility among five
Australian electricity spot markets during the pdril998 to 2001. All of these spot
markets are member jurisdictions of the recentigldshed NEM. At the outset, unit
root tests confirm that Australian electricity spoices are stationary. A MGARCH
model is then used to identify the source and ntadaiof spillovers. The estimated
coefficients from the conditional mean price equadi indicate that despite the
presence of a national market for electricity, tbgional electricity spot markets are
not integrated. In fact, only two of the five makexhibit a significant own mean

spillover. This also would suggest, for the most,pthat Australian spot electricity
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prices could not be usefully forecast using laggede information from either each
market itself or from other markets in the natiomalrket. However, own-volatility

and cross-volatility spillovers are significant foearly all markets, indicating the
presence of strong ARCH and GARCH effects. Coneaally, this is used to

indicate that markets are not efficient. Strong oeumd cross-persistent volatility are
also evident in all Australian electricity marketis indicates that while the limited
nature of the interconnectors between the sepaegfienal markets prevents full
integration, shocks or innovations in particularrkeds still exert an influence on
price volatility. Thus, during periods of abnornyahigh demand for example, the
NEM may be at least partially offsetting the akildf regional participants to exert

market power.

Nonetheless, the results mainly indicate the iitgbdf the existing network of
interconnectors to create a substantially intedr&dEM and that, for the most part,
the sizeable differences in spot prices betweent miothe regions will remain, at
least in the short-term. This provides validati@m hew regional interconnectors
currently under construction and those that arepgsed, and the anticipated
inclusion of Tasmania as a sixth region in the NB&d.a general rule, the less direct
the interconnection between regions, the less faignit the cross-innovation and
volatility spillover effects between these regionShis suggests that main
determinant of the interaction between regionattelgty markets is geographical
proximity and the number and size of interconnextdgkccordingly, it may be
unreasonable to expect that prices in electricigrkmts that are geographically
isolated market will ever become fully integrated¢hwg-core’ or geographically
proximate markets.

The results also indicate that volatility innovasoor shocks in all markets persist
over time and that in all markets this persistaagaore marked for own-innovations
or shocks than cross-innovations or shocks. Thisigtence captures the propensity
of price changes of like magnitude to cluster metiand explains, at least in part, the
non-normality and non-stability of Australian eléoty spot prices. Together, these
indicate that neither the NEM nor the regional metskare efficiently pricing
electricity and that changes to the market mechammsy be necessary. It may also

reinforce calls for the privatisation of some elity market participants to improve
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competition, given that the overwhelming majority these remain under public

sector control.

Of course, the full nature of the price and volgtilnter-relationships between
these separate markets could be either under ostated by misspecification in the
data, all of which suggest future avenues for nefeaOne possibility is that by
averaging the half-hourly prices throughout the,dhg speed at which innovations
in one market influence another could be undemtdter instance, with the data as
specified the most rapid innovation allowed in thiigdy is a day, whereas in reality
innovations in some markets may affect others wifst a few hours. Similarly,
there has been no attempt to separate the diffeanditions expected between peak
and off-peak prices. For example, De Vany and Wal®9a and 1999b) found that
there were essentially no price differentials bemvdrading points in off-peak
periods because they were less constrained byalionits in the transmission system.
Another possibility is that the occurrence of tidependent conditional
heteroskedasticity could be due to an increasednwelof trading and/or variability
of prices following the arrival of new informationto the market. It is well known
that financial markets, for instance, can stilldfcient but exhibit GARCH effects
in price changes if information arrives at unewvetervals. One future application of
modelling would then include, say, demand volume aseasure of the amount of
information that flows into the electricity markethis would provide definitive
proof of whether the GARCH effects are really evice of market inefficiency, or

the result of the irregular flow of market inforroat.

Research into Australian electricity markets cobél extended in a number of
other ways. One useful extension would be to exameiach of the five electricity
markets individually and in more detail. For exaeypthile the sample for this study
is determined by the period of tenure of the NEMblebale electricity spot markets
in the separate regions predate this by severatsyedn examination of the
connection between the long-standing electricitpt smarkets in NSW and VIC
would be particularly useful. Another suggestiomna@rns the electricity strip
contracts offered by the SFE (2002) on several witfalia’s NEM jurisdictions. An
examination of the relationships between Austrapot and derivative electricity

prices would then be interesting.
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7 Stochastic Price Modelling of High
Volatility, Mean-Reverting, Spike
Prone Commodities. The Australian

Wholesale Electricity Market

This chapter has been submitted as: “Higgs, H. &drthington, A.C. (under editorial review)
Stochastic price modelling of high volatility, memverting, spike-prone commodities: The
Australian wholesale electricity market, Resourod &nergy Economics”.

Abstract

It is commonly known that wholesale spot electyiciarkets exhibit high price
volatility, strong mean-reversion and frequent exte price spikes. This paper
employs a basic stochastic model, a mean-revertingel and a regime-switching
model to capture these features in the Australetional electricity market (NEM),
comprising the interconnected markets of New Sodihles, Queensland, South
Australia and Victoria. Daily spot prices from Indary 1999 to 31 December 2004
are employed. The results show that the regimechimigg model outperforms the
basic stochastic and mean-reverting models. Etégtrprices are also found to
exhibit stronger mean-reversion after a price spil@n in the normal period, and
price volatility is more than fourteen times higherspike periods than in normal
periods. The probability of a spike on any givey danges between 5.16 percent in
New South Wales to 9.44 percent in Victoria.

7.1 Introduction

The restructuring and deregulation of electricitgrkets in Australia has brought
about fundamental changes in the behaviour of velatdespot prices. As in like
economies, these prices are invariably charactelgenigh volatility (the variance of

prices is very large), strong mean-reversion (grimnd to fluctuate around a long-
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term equilibrium), and abrupt and unanticipated aggyprice jumps or spikes which
quickly decay (associated with shocks to priceas#t demand and supply)
[electricity prices technically ‘spike’ rather thomp’, since they do not move to a
new level and remain there, instead quickly reverthe earlier level (Blanco and
Soronow, 2001)]. In turn, these reflect the inherelmaracteristics of competitive
electricity markets: seasonality, low marginal protbon costs, the impact of system
breakdowns or outages, constraints on intercororedbetween markets, limited
storability, and even market manipulation [for netgting perspectives on market
power in electricity markets (see Brennan and Melah998; Joskow and Kahn,
2002; Wilson, 2002 and Robinson and Baniak, 200%]a result, major participants
in these markets, including generators, retailacslarge industrial users, are exposed
to significant market risks and are obliged to utale costly risk management

measures.

In point of fact, the Australian electricity markstregarded as significantly more
volatile and spike-prone than many comparable systeTo start with, it is well
known that electricity is among the most volatifecommodities. A report by the US
Federal Energy Regulatory Commission (2004) compatine annualised historical
volatility of the electricity market (Cinergy hubyith natural gas prices (Henry hub),
oil (NYMEX) and the stock market (S&P 500) foundedticity volatilities
approaching 300 percent of its average price, nevae than 100 percent in other
energy commodities, and 20 percent or lower in tgquiarkets. In Australia, and
using similar techniques, Booth (2004) calculatedtonical volatilities in the
Australian market in excess of 900 percent. Attlgast of this volatility is a direct
result of price spikes, with 20-30 percent of agerannual pool prices in the
Australian National Electricity Market (NEM) comirfigom price spikes occurring for

less than one percent of hours in a year (Boott R0

Observing fewer spikes in the US (Pennsylvania-Nlksey-Maryland pool),
Bushnell (2003) explained it as a consequence ofdd8lators being more willing to
modify the behaviour of suppliers, while Australfa,.which also uses a uniform
price auction, places fewer restrictions on supgli@nd [as a consequence] price
spikes, are a standard feature” (Mount et al., 263§. Moreover, half-hourly spot

prices in Australia can and do approach the prige of $10,000/megawatt-hour
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(MWh), as compared to a cap of US$1,000/MWh inUise a feature Booth (2004: 1)
links with generators exploiting “...the freedom affed them under the National
Electricity Code to arrange their price bids, and¥dhhold capacity in various ways,
causing a small number of very large price spikesl increasing the annual average

pool prices to more acceptable levels”.

Clearly, knowledge of the dynamics of spot prigeiticularly the spike process,
is of importance for real and financial asset viatuaand risk management for
electricity generators, retailers and end-users. éxample, modelling price spikes
accurately is important for generation assetsjqaatrly peaking plants, whose value
is entirely dependent on the existence of pric&kespthat facilitate the recovery of
high marginal costs and the recouping of fixed €a@ster very short running periods
(Blanco and Soronow, 2001). Large industrial useesalso concerned with the better
modelling of prices because of cost efficienciemamted with load shedding during
peak periods, while retailers can benefit from ioverd forecasting of volatility and
price spikes to hedge against upside price riskWAite Paper issued by the
Australian Government (2004) highlights the ecororimpact of price spikes:
“These peaks in demand, while generally being @irtsturation, can impose high
costs on the supply system...peaks lasting for orlyp@rcent of the annual duration
of the market accounted for 36 percent of totalt sparket costs”. More realistic
appraisals of the volatility of spot prices canoaie used to determine the financial
value of electricity derivatives. For instance, eveith deep out-of-the-money
options, it is still necessary to model price spikiEectly in order to price and hedge

effectively (Blanco and Soronow, 2001).

Accordingly, the purpose of this paper is to moflestralian spot electricity prices
with allowances for high volatility, strong mean«eesion and frequent price spikes.
While a nascent literature is already concernetl Witstralian electricity prices (see,
for example, Higgs and Worthington, 2003; Worthorgand Higgs, 2004; Higgs and
Worthington, 2005 and Worthington et al., 2005) e¢ras yet fully addressed these
stylised features of contemporary electricity méskén this regard, past studies in the
US and elsewhere have attempted to capture someactéiastics of electricity spot
prices with mean-reverting specifications (see, iftstance, Lucia and Schwartz,

2002). Unfortunately, while these models are usefimi modelling storable
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commodities, such as oil and gas (Schwartz, 1997Pandyck, 1999), they are less
useful for electricity, where there is little opparity for direct or indirect storage to
smooth price spikes (except in the presence oftantial hydropower capacity) (de
Jong, 2005).

A common solution is to add a stochastic jump psecw® the mean-reverting
specification to allow for spikes (see, for exampleng, 2000 and Knittel and
Roberts, 2001). The mean-reversion component isethraodels is used to force
electricity prices back to the normal level aftgump or spike has occurred: that is,
mean-reversion is directly associated with the jymnpcess (Huisman and Mabhieu,
2003). However, mean-reverting stochastic jump @sees are limited in two
respects. First, while these models are well suitedbreign exchange and equity
markets where jumps are ordinarily sustained awérteslowly to some long-run
equilibrium, the spikes in electricity markets &pically short-lived and die out in a
matter of days or even hours. This can only beeaghu with an unrealistically high
mean reversion parameter (de Jong, 2005). Sedwmmgymp process is assumed to be
constant over time, whereas in electricity markees typically observe alternating
periods of high and low jump frequency. If the meawversion exists only in the
‘normal’ price process, Huisman and Mahieu (20033)4argue that a “...stochastic
jump process with mean-recession [may] lead toreoneous specification of the true

mean-reversion process”.

In response, Deng (2000), Huisman and de Jong J280&brauer et al. (2003),
Huisman and Mahieu (2003) and de Jong (2005) speaifime-switching models to
disentangle the mean-reversions from the spikesigD@000) and Huisman and
Mahieu (2003), for example, propose a three regmiéching model to
accommodate a first (or normal) regime with moderaean-reversion and volatility,
a second (or spike) regime when prices suddenlyease, and a third (or jump-
reversal) regime when prices are forced back totrenal regime. The main benefit
of this model is that the prominent features oteieity spot prices, mean-reversion
and spikes are included, with the spikes treatedufsindependent disruptions from
the (normally) stable price process. One limitatiblwwever, is that there is no
allowance for the multiple consecutive spikes tla¢ sometimes observed in

electricity markets.
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The remainder of the paper is structured as folldextion 7.2 explains the data
employed in the analysis and presents some bridrigidive statistics. Section 7.3
discusses the methodology employed. The resultsleat with in Section 7.4. The

paper ends with some concluding remarks in Se@tbn

7.2 Data and Descriptive Statistics

The data employed in the study are daily spot prigiethe Australian National
Electricity Market (NEM) comprising the (partially)terconnected regional markets
of New South Wales (NSW), Queensland (QLD), Soutistfalia (SA) and Victoria
(VIC) (for details of the NEM'’s regulatory backgmul institutions and operations
see NEMMCO, 2001; ACCC, 2000; IEA, 2001 and NEMMQD05). The sample
period is from 1 January 1999 to 31 December 28@4price data is obtained from
the National Electricity Market Management CompdN¥EMMCO) originally on a
half-hourly basis representing 48 trading intervalsach 24-hour period. A series of
daily arithmetic means is drawn from the tradingeimal data, yielding 2,192
observations for each market. While Deng (2000gid@and Schwartz (2002), Knittel
and Roberts (2001) and Huisman and Mahieu (20@8) ehploy daily prices in their
respective analyses of the western US and UK spattrizity markets, this
specification invariably involves some loss of imf@tion on price spikes. For
example, price-spikes are sometimes most pronouincpdak hourly prices, but are
usually averaged away in weekly and monthly datailyDobservations are a good

compromise given the unwieldiness of intraday data.

Table 7.1 presents summary of descriptive stasigiicthe daily spot prices for the
four markets. Samples means, minimums, maximumandatrd deviations,
coefficients of variation, skewness, kurtosis ahd tlarque-Bera and Augmented
Dicky-Fuller statistics and thep-values are reported. Between 1 January 1999 and
31 December 2004, the highest spot prices are b @nd SA averaging
$38.66/MWh and $42.71/MWh, respectively. The lowsstan spot prices are in
NSW ($33.82/MWh) and VIC ($32.74/MWh). The standdediations range between
$47.23 in VIC to $66.08 in QLD. Of the four markéd§W and VIC are the least
volatile, while QLD and SA are more volatile. Theefficient of variation measures
the degree of variation relative to the mean. Om Hasis, SA and VIC are less
variable than either NSW or QLD. A visual perspeeton the volatility of the spot
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prices can be gained from the plots of each senethe left-hand side of Figure 7.1.
These plots clearly indicate the strong mean-rémerand infrequent and the price

spikes so characteristic of electricity spot prices

TABLE 7.1 Selected Descriptive Statistics of Daily Spot Psi¢¢/MWh) and
Natural Logarithms of Spot Prices, 1 January 1998*December 2004

New South Wales (NSW) Queensland (QLD) South Auat(®A)  Victoria (VIC)

Statistic Price InPrice Price InPrice Price InPrice Price InPrice
Mean 33.822 3.301  38.660 3371 42707 3.515  32.743 .2903
Minimum 11.653 2456  11.171 2413  10.607 2.362 4.9791.605
Maximum 1293.003 7.165 1379.269 7.229 1152.575 7.0239.197 7.122
Standard deviation 57.275 0.497 66.077 0.583 67.6300.529 47.234 0.499
Coefficient of variation 1.693 0.150 1.709 0.173 1.584 0.151 1.443 0.152
Skewness 14.560 2.482 11.801 2.058 10.066 2.228 1344. 1916
Kurtosis 271.672 13.846 190.617 9.504 123.466  BL.7282.539  11.145
J-B statistic 6.67E+06 1.30E+04 3.27E+06 5.41E+036H+06 8.79E+03 7.21E+06 7.40E+03
J-Bp-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 000.0
ADF t-statistic -33.350 - -24.814 - -33.347 - -31.034 -
ADF p-value 0.000 - 0.000 - 0.000 - 0.000 -

Notes: ADF — Augmented Dickey-Fuller; coefficierftwvariation is standard deviation divided by mean;
J-B — Jarque-Bera. Hypothesis for ADF tesf: tthit root (non-stationary), 41no unit root (stationary).

All of the spot electricity markets are significgnpositively skewed, and since the
kurtosis, or degree of excess, in all of these tet#ty markets exceeds three,
leptokurtic distributions are indicated. The fated distributions are also very
characteristic of electricity spot prices, whilesjiive skewness indicates that the
upward jumps are more intense than the jump relgefdaisman and Mahieu, 2003).
The null hypothesis of distributional normality rigjected at the 0.01 level for all
series using the Jarque-Bera statistic. Finallgheprice series is tested for the
presence of a unit root using the Augmented DidkeNer (ADF) test. Contrary to
some earlier empirical work (see, for example, Zayand Walls, 1999a and 1999b
in the US context) which found that spot electyigirices contain a unit root, this
study concurs with Worthington et al. (2005) thpbtselectricity prices, at least in
Australia, are stationary. Table 7.1 presents thmes statistics for the natural
logarithms of the prices, with the series plottedfwe right-hand side of Figure 7.1.
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FIGURE 7.1 Daily Spot Prices ($/MWh) and Natural Logarithms &pot Prices,
1 January 1999 — 31 December 2004
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7.3 Mode Specification

The dynamics of Australian electricity spot pricenprise of two components.
The first is the totally predictable component aisdrepresented by a known
deterministic functiorf(t). The second is a stochastic component and igsepted
by X(t). Let P(t) be the natural logarithm of the daily spot pri¢dimet and is the

sum of the two components given by:

P(t) = f(t) + X(t) wheret =1,2,...,T (7.1)
7.3.1 The Deterministic Component

The deterministic component aims to capture anydiptable variation in
electricity price behaviour arising from regulagi over time. The simplest
deterministic function is a constant function ahé, t, which reflects a constant
mean-reverting process for the daily spot pricetljer natural logarithm of the daily
spot price). This implies that a linear trend forlog spot price variable is an
exponential trend for the spot price itself. A titmend was initially included in the
deterministic function, but while the estimated fliognt was significant it was very

small in magnitude and was excluded from the farallysis.

It is more likely that important spot price varatiis reflected in day-of-week and
month-of-year effects. In this paper, it is hypaised that spot electricity prices are
higher during weekdays and during warmer and cafdenths. Solibakke (2002), for
example, found that price volatility in the Nordipot electricity market increased
strongly on Mondays and Saturdays, especially duktay, June and July. Herbert
(2002: 34) also presented evidence that “...therseasonality in (electricity) price
risk. Not surprisingly, price risk increases in gwanmer...power prices also increase
in the winter”. Finally, Higgs and Worthington (Z&)0also concluded that Mondays
and peak winter and summer months were associatiid higher spot electricity

prices.

Seasonal behaviour can be incorporated in theselsiad either dummy variables
(Lucia and Schwartz, 2002 and Huisman and Mahi®03p or sinusoidal cosine
functions (Lucia and Schwartz, 2002). However, dymvariables are generally

preferred as they are intuitive and relatively etssynterpret (Lucia and Schwartz,
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2002). Three sets of dummy variables are includ@iée. first captures the variation in
spot prices between working and non-working daysjera second reflects seasonal
fluctuations throughout the year. A final dummy igate is included to incorporate
the inception of two new interconnectors betweenrttainland regional markets: the
QLD and NSW Interconnector (QNI) began operatioril8ri-ebruary 2001 while the
Murraylink interconnector between SA and VIC comgeshon 2 September 2002 (a
third interconnector, the Basslink between Tasmdna@ included) and VIC, was
completed in 2006). The inclusion of interconnettdummy variables draws upon
evidence by Worthington et al. (2005) that the @nese and size of regional

interconnectors plays an important role in Ausaralelectricity price dynamics.

The deterministic componefit) is then specified as:
12
f(t) = ko + BD, + 2 BM; + yINT (7.2)
2

whereD; are dummy variables for the day-of-the-week havialgies of one whehis

a holiday or weekend and zero otherwise (weekdaydhee reference categoryj

are eleven dummy variables for each month withlaevaf one foM, (February) and
zero otherwise, having a value of one ks (March) and zero otherwise, and so on
(January is the reference categofMT is an interconnector dummy variable having a
value of one after 18 February 2001 for QLD and N&W after 2 September for SA
and VIC and zero otherwiseand & for i = 1, 2,..., 12 andy are parameter

coefficients. Parametep represents the mean spot price.

7.3.2 The Stochastic Component

The change in the stochastic component of the @ is defined as:
dX(t) = dP(t) — df (t) wheret =1, 2,...,T (7.3)

The operatod measures the change in the value of the varidlaliei$ dX(t) = X(t)-
X(t-1). In the current analysis, three alternativeswsed to measure the dynamics of
the stochastic component of electricity spot pri¢gsa basic stochastic model; (ii) a
mean-reverting model; and (iii) a Markov regime4siing model. To start with, the
basic stochastic model is a simplistic approachre/lieassumed that the stochastic
change in the spot price is normally distributed;sthat:
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dX(t) =0, é(t)  where&(t) ~ N(0,1) (7.4)

In this model, the volatility of changes in the sptectricity price is measured by the

parametew .

The mean-reverting model reflects findings by Rilig (1998), Clewlow and
Strickland (2000), Lucia and Schwartz (2002) andshhan and Mahieu (2003),
amongst others, that spot electricity prices temductuate around some long-term
equilibrium price level,ip in equation (7.2), which reflects the marginal tcog
producing electricity. The rate of mean-reversisnintroduced as prices are forced
back to their long-run equilibrium after the actyamice has deviated from this
equilibrium; negatively if the spot price is highthian the mean-reversion level and

positively if lower. The mean-reverting model idided as:
dX(t) = —a,X(t-1) +0g,é(t) where&(t) ~ N(0,1) (7.5)

where ayp is the rate of mean-reversion and all other véemlare as previously
defined.

Finally, the unique behaviour of spot electricitycps can be thought of as being
divided into separate regimes with different ungiag processes where a spike can
be considered as a change or temporal level ghidintabnormally high price. This
potentially arises from a number of factors, in@hgd generator breakdowns or
abnormally high or low temperatures. In these imsta, the price will return to the
equilibrium level very quickly when the generatsrrepaired or supply is obtained
from another generator or temperatures return teemmmrmal levels. Since the
sudden up-jump in spot prices is followed rapidly & down-jump, it assumes that

mean-reversion forces high prices back to the lomgequilibrium price.

This paper follows Huisman and Mahieu (2003) whoppise a Markov regime-
switching model to separate mean reversion in trenal (non-spike) and spike price
periods. The regime framework assumes that on agythee electricity spot price lies
in one of three regimes: (i) a normal (regime O)ewhprices follow ‘normal’
electricity price dynamics; (i) an initial jump gene (regime +1) when prices
suddenly increase (decrease) during a price saite{iii) a downturn regime (regime

-1) when electricity prices revert to normal aftar spike has occurred. The

150



deseasonalised stochastic compondH(t), of the regime-switching model used to

capture the three regimes is specified as:
dX(t) =—a ,X({t -1 +0,(t) in regime0  wheres(t) ~ N(0,1)  (7.6)
dX(t) =y, + 0,é(t) in regime+1 wheref(t)~ N(0,1) (7.7)
dX(t) =—a_X({t-1)+0_4£(t) inregime-1 wherei(t)~N(0,1) (7.8)

The mechanism that allows the price level to mawenfone regime to another is
achieved through a Markov transition matrix whicbntains the probabilities of
jumping from one regime on a given day to anothegime on the next day.
Maximum likelihood estimates are used to deterntime parameters and regimes

given the conditions for each regime.

The switches between the regimes are assumed ® draa+period transmission
probabilities. Let7(i,j) be the probability that the electricity priggocess switches
from regime j in periodt to regime i in perioct + 1. Let 7£0,0) represent the
probability that no spike will occur and+1,0) = 1 -7£0,0) be the probability of a
spike. As there cannot be a process of switchiognfthe normal regime to the spike
reverting regime, ther-1,0) is set to zero. Being in the spike regimeatflayt, the
model assumes that spikes are only short-lived, tealay, and the reverting regime
begins tomorrow. This is represented IK1,+1) equals one andf0,+1) and
7£+1,+1) are zero. Being in a mean reverting regifhat dayt, the price process is
expected to be back in the normal regime the nayt thus7£0,-1) equals one and
7£+1,-1) and 7£-1,-1) are equal zero. Given these combinationghef different
regimes, only the Markov probability£0,0) is estimated. To keep the Markov
probability estimates between 0 and 1, the Markabability is calculated as:

__exp(p)
77(00) = T-exp(0) (7.9)

wherep is the parameter to be estimated, exp is the eeqg@t and all other variables

are as previously defined.
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7.4 Empirical Results

The estimated coefficients and standard errorgh®three different models (basic
stochastic, mean-reverting and regime-shiftingjhis study are presented in Table
7.2. All models share a deterministic componenttaislis included in the uppermost
panel of Table 7.2. The stochastic component isesmted in turn by a basic
stochastic function (next-to-uppermost panel), raeserting function (next-to-

lowermost panel) and regime-shifting function (lomest panel).

To start with, the estimated coefficients, standeartbrs andp-values of the
deterministic functiorf(t) are presented in the uppermost panel in Talfe The
average log price levepy) is 3.3319 for NSW, 3.3536 for VIC, 3.7156 for SAd
3.7615 for QLD. This indicates that average equiim prices range from
$27.99/MWh (NSW) [i.e. $27.99 = exp(3.3319)] to3®U/MWh (QLD). The
weekend and public holidays’ effec3) is significant and negative in all four
markets indicating that Saturday, Sunday and pufdiiday electricity prices are
lower than weekday prices. In dollar terms, prioasweekends and public holidays
are generally lower by $0.73-$0.74/MWh in QLD, SAdaVIC and $0.85/MWh in
NSW. Most monthly effects are also significant. &etly (and relative to January),
prices are higher in most regional markets (ex¢@pD) in February and the peak
winter months of May-August and lower in SeptembBecember. The highest
(lowest) monthly prices by state are June (MarohN&W, January (April) in QLD,
February (March) in SA and June (April) in VIC. Timerconnector dummy variable
(INT) is also significant for all markets excludingC. The respective negative and
positive INT coefficients for QLD (-0.2313) and NSW¥.0544) suggest that after the
introduction of the QNI interconnector, spot price€QLD have fallen ($0.79/MWh),
while those in NSW have increased ($1.06/MWh). Tin&roduction of the
Murraylink interconnector appears to have reducecep only in SA (-0.3336) by
($0.72/MWh) with no significant change in VIC.

The next-to-uppermost panel in Table 7.2 presdmsestimated coefficients and
standard errors of the basic stochastic model. 83tenated volatility of the daily
changes in the spot price is significant in all rfonarkets, with daily volatilities
ranging from 0.0140 for VIC to 0.0179 for QLD. Asdicated, daily prices are most
volatile in QLD (0.0179) and NSW (0.0171) and leaslatile in SA (0.0161) and
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VIC (0.0140). The next-to-lowermost panel of Tale contains the parameter
estimates of the mean-reverting model. This extehdsbasic stochastic model by
including mean-reversion in the dynamic price pssceThe mean-reversion
parameteny is significant and positive for all spot marketedlaanges from 0.3213

for VIC to 0.4115 for SA. Electricity prices exhiinig strong mean-reversion

suggests that the spot price returns rapidly frames extreme position, such as a
price spike, to equilibrium. That is, price spikasee short-lived. In terms of a

comparison with international spot prices, the rgjth of mean-reversion (short-
lividness of spikes) in Australian electricity matk is less than the Dutch APX
market (0.473) but higher than either the GermaX [(@.284) or the UK Telerate

(0.206) markets (Huisman and Mahieu, 2003).

TABLE 7.2 Estimation Results for Basic Stochastic, Mean-retieg and

Regime-Switching Models

New South Wales Queensland South Australia Victoria
(NSW) (QLD) (SA) (VIC)
Coefficient Std. error Coefficient  Std. error Coefficient  Std. erro Coefficient  Std. error
Ho 3.331¢™ 0.036¢ 3.76157 0.043: 3.715¢™ 0.036¢ 3.353¢™ 0.035¢

Eq.Pr 27.9902 43,0137 41.0829 28.6063
B. -0.14947 0.0217  -0.25997 0.0254  -0.2694" 0.0222  -0.2634" 0.0215
B, 0.0082 0.0500  -0.1380° 0.0584 0.1200" 0.0510  0.1162" 0.0493
Bs -0.20377 0.0490  -0.0741 0.0572  -0.1110" 0.0498  -0.1127" 0.0482
B, -0.18897 0.0494  -0.29717 0.0577  -0.0918 0.0502  -0.1744" 0.0486
. PBs 0.13587 0.0490  -0.1282" 0.0572 0.1004" 0.0498  0.1805™ 0.0482
Deterministic ok * ok
component  Ps 0.2635*“ 0.0494  -0.0130 0.0577 o.1128* 0.0502 0.262§“ 0.0486
B, 0.17127 0.0490  -0.0812 0.0572 0.1049" 0.0498  0.1797" 0.0482
Bs 0.041: 0.0490  -0.202170.0572  -0.0063 0.0498  0.1044" 0.0482
Bo -0.12947 0.0494  -0.37137 0.0577  -0.1065 0.0504  -0.0948 0.0487
Bio -0.1018" 0.0490  -0.1973" 0.0572 0.0211 0.0499  -0.0657 0.0483
Bu -0.1092" 0.0494  -0.2666  0.0577 0.0791 0.0504  -0.0449 0.0487
B -0.1166° 0.0490  -0.1608” 0.0572  -0.0537 0.0499  -0.1237" 0.0483
Vi 0.054<7 0.021:  -0.2317 0.024" -0.333¢7 0.021!  -0.000¢ 0.020¢
Stgfﬁécsﬂc 0o 0.01717 0.0021 0.0179™ 0.0038 0.01617 0.0028  0.0140™ 0.0022
componer LhL -1102.0470 -1435.7030 -1396.1200 -939.6626
Mear- do 0.362:" 0.016¢ 0.346¢™ 0.016: 0.411:™ 0.017: 0.321:™ 0.015;
gfg’fgggﬁc o 0.0127" 0.0046  0.01367 0.0039  0.0156" 0.0055  0.0102" 0.0026
component LNL  -883.1969 -1227.3200 -1140.6150 -748.4933
Qn 0.3747" 0.016¢ 0.280:" 0.023: 0.384:" 0.017¢ 0.385:" 0.016¢
0o 0.0023" 0.0011 0.0046" 0.0008 0.0046" 0.0011 0.0008™ 0.0002
_ H 0.916970.0285  0.57997 0.0687  0.8273" 0.0247  0.5878" 0.0226
Regime- 5 0.0605 0.0319 0.0981" 0.0319 0.0638" 0.0235 0.0574™ 0.0213
;Vg'éfggt?c o_, 04803700276  0.2961" 0.1241  0.5146" 0.0268  0.4514" 0.0332
component O-1 0.0058 0.0032 0.0400" 0.0131 0.0278" 0.0129  0.0201" 0.0082
p 2.91187 0.1792 2.4505" 0.4951 2.4379” 0.3763 2.31477 0.5444
T 0.9484 0.9206 0.9197 0.9056
LnL -209.916: -913.836! -410.854 -290.993

Notes: Asterisks indicate significance at the **00, ** 0.05 and * 0.10 level. LnL — Log-likelihoo&gPr —

equilibrium price.
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The estimated volatility coefficient of price chasgis again significant for all
markets. The daily prices are more volatile in $0156) and QLD (0.0136) and
least volatile in NSW (0.0127) and VIC (0.0102).w&ver, the volatility estimates
are lower than in the basic stochastic model, hisdsuggests that at least some of the
volatility in prices (about 25 percent) is linkedthvthe strong mean reversion. Put
differently, if spikes (read mean-reversion) arelesded from prices, daily volatility
is lower. Moreover, the volatility ranking of theamkets has changed, with SA, for
instance, moving from the second least volatilmast volatile. This suggests that SA
has a higher level of normal-period volatility, wlhas volatility in NSW, QLD and
VIC owes much to the presence of volatility in spiferiods. The log likelihoods for
the mean-reversing models are lower than the tsshastic model for all series,

indicating a better fit.

Finally, the lowermost panel of Table 7.2 presehésestimated parameters of the
Markov regime-switching model. The probability ofspike is low for all markets
with the parameterq0,0), being the probability of the process in ttiemal regime
today will again be in the normal process tomorane 0.9056 (VIC), 0.9197 (SA),
0.9206 (QLD) and 0.9484 (NSW). The probability of@ike therefore varies from
9.44 percent (VIC), 8.03 percent (SA), 7.94 per¢@itD) and 5.16 percent (NSW).
In the normal regime (regime 0) the mean-revergiarameten, is significant and
positive for all Australian electricity markets amdnges from 0.2802 (QLD) to
0.3854 (VIC). Once again, this reveals the imparéaof mean-reversion in electricity
price dynamics and the quicker the return of pritesn some extreme position to
equilibrium. The estimates of mean reversion in ti@mal regime are also
substantially smaller in magnitude than the meaenteng models, suggesting that
failure to account for price spikes as independkgartures from the normal price
process significantly overestimates the strengtth sgeed of return to equilibrium
prices. The estimated volatility coefficients ofiger changes dy) in the normal
regime range from 0.0008 (VIC) to 0.0046 for bothDQand SA. This indicates that
volatility in electricity markets, once price spgkare excluded, is actually quite low.

In the spike regime (regime 1), the size of a pjisap (t4) is significant for all
markets being the lowest for QLD (0.5799) and VIC5878) and the highest for SA
(0.8273) and NSW (0.9169). That is, the averagenimade of price spikes is greatest
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in SA and NSW. However, the standard error of tize sf the spikes in the spike
regime is greater in QLD (0.0687) than in any & ¢ther markets. This suggests that
the size of price spikes in QLD is more uncertdime mean-reversion coefficients in
the spike regime are much higher than those imémmal regime indicating the more
rapid the return of the spike price to equilibriudrice spikes are clearly short-lived.
The estimated volatility of price changes)(is significant for all markets and ranges
from 0.0574 for VIC to 0.0981 for QLD. These volitits as expected are somewhat
magnified as compared to the estimated volatiltyneates in the normal regime. The
volatilities in the spike regime as compared totthmma the normal regime are
respectively 0.0605 and 0.0023 for NSW, 0.0981 @46 for QLD, 0.0638 and
0.0046 for SA and 0.0574 and 0.0008 for VIC. Brgasibeaking, daily volatilities
exceed seven percent in spike periods, but argHasshalf of one percent in normal

periods.

In the back-to-normal regime (regime -1), the mearersion coefficients are
significant for all markets ranging from 0.2961 ([@Lto 0.5146 (SA) and are
stronger than the mean-revision coefficients in leemal regime. While all prices
return to the equilibrium position more rapidlyeafts spike than in the normal regime
in all markets, the adjustment to equilibrium isotpest and the spikes generally most
short-lived in SA. Finally, since the log-likelibd is lower again, the mean-reverting
model with regime jumps has the highest explangoryer for all four spot markets

as compared to either basic stochastic or meantmeyenodels.

7.5 Concluding Remarks

This study uses basic stochastic, mean-revertirty Markov regime-switching
models to examine the price dynamics in the Ausinalvholesale electricity spot
markets. While all of these models are useful indelling spot prices, only the
regime-shifting model fully accounts for the higlolatility, mean-reversion and
spike-prone behaviour so characteristic of eleityrimarkets. A number of salient
features are found in this model and these areuus$ef understanding the price

dynamics in the Australian market.

First, the probability of a price spike on any partar day ranges between five

percent in NSW to nearly ten percent in VIC. Howewshile these spikes are
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frequent, they are short-lived. In fact, prices eyafly revert faster when returning
from spike periods than in normal periods. Sec@nite spikes account for much of
the volatility in electricity spot prices. Daily Aadility in normal periods is actually
quite low, and appears to cluster closely arourel rtiarginal cost of production.
Third, there is great variation in the magnitudespikes in the Australian market,
with spikes being generally largest in SA and sesilin QLD. However, price spikes

are less uniform in the QLD market, suggestingghéi degree of uncertainty.

Finally, apart from stochastic variation, thereasgreat deal of deterministic
disparity among the various regional markets, incWhequilibrium prices, seasonal
and day-of-the-week effects and the impact of negfionterconnectors diverge. All
other things being equal, equilibrium prices arghkst in QLD and SA, the
differential between weekday and weekend pricdsviest in NSW, and prices are
lowest in autumn in NSW, SA and VIC, highest in temin NSW and VIC, highest
in summer in QLD and SA and lowest in spring in QLChe presence of new
interconnectors appears to have most benefited @hd SA with lower prices, but

prices have risen in NSW and are unchanged in VIC.

The main limitation of this study is the rathertrigsive assumption regarding
spike behaviour and this suggests possible reseaxtensions. First, the
methodology employed follows the three regime s$tmecproposed by Huisman and
Mahieu (2003): that is, a normal regime, a jumpmegcreated by the spike and a
jump reversal regime where the price returns tonibrnal level. Accordingly, there
is no allowance for consecutive spikes that magearOne solution is a two-regime
model following Huisman and de Jong (2003), Bieuleraet al. (2003) and de Jong

(2005) which permits a spike regime of log-nornratgs with consecutive spikes.

Second, through the use of daily data, this metloggoalso sets the shortest
duration of a spike to one day. In many instansbésrt-duration spikes may also
occur in half-hourly prices, but these are ofteeraged away in daily prices. This is
especially important because the spiking behaviowelectricity markets appears to
exhibit strong time variation, with spikes beindatezely more common in peak
daylight times. Specification of intraday data wbyrovide a logical resolution to

these as yet unexplored features.
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9 Conclusion

9.1 Summary

This thesis comprises a series of publicationsnthe findings of which appear
within each submitted or published paper. This Ificlaapter includes an overall
summary of the main findings and contribution ofdé@ papers, their policy
implications and limitations. Some suggestions figure research are also made.
The first publication presented in Chapter 4 attemipto answer the question
whether lagged prices and volatility informatioavils of the interconnected regional
markets could be used to improve forecasts of ngidiehaviour in the Australian
spot electricity markets, namely, New South Walsuth Australia, the Snowy
Mountain Hydroelectric Scheme, Queensland and Y&to A multivariate
generalised autoregressive conditional heteroskiedgs(MGARCH) model was
used to identify the source and magnitude of meangvation and volatility
spillovers between these five markets. Evidenceedbamn the MGARCH model
suggests very little integration between the fivegional markets, despite the
presence of the National Electricity Market (NEMyjth only two of the five

markets exhibiting significant own mean spillovers.

This suggests that spot electricity prices in Aalsgircannot be reliably forecasted
using lagged price information from either the cegil market itself or from other
markets in the NEM, and that spot electricity psic® not follow a random walk;
that is, they are not conventionally efficient. Tiesults also show the presence of
strong ARCH and GARCH effects for all regional metskand that the volatility
shocks are persistent over time. This persistemggests that high (low) volatility of
price changes is followed by high (low) volatilifgrice changes; that is, like
magnitudes of price changes cluster over time. pfhice clustering captures the non-

normality and non-stability of Australian electticspot prices.
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While the limited nature of the interconnectorswestn the separate regional
markets prevents full integration, shocks or inrimres in particular markets are still
found to exert an influence on price volatility. g periods of abnormally high
demand, for example, the NEM may be at least plgricdfsetting the ability of
regional participants to exert market power. Thespnce of market power indicates
that neither the NEM nor the regional markets dfieiently pricing electricity and
that some changes to the market mechanism may dessary. It also reinforces
calls for the privatisation of some electricity retr participants to improve
competition, given that the overwhelming majoritly these remain under public
sector control.

The paper presented in Chapter 5 extends thissiadly separating the daily data
into peak and off-peak spot electricity prices aheé multivariate generalised
autoregressive conditional heteroskedastistic (MGAR model is once again used
to examine the transmission of prices and pricatilty among the five Australian
regions. Similar conclusions are reached in thaptér, with the finding that most of
the electricity markets are not fully integratediaxhibit strong persistence in price

volatility.

The paper included in Chapter 6 departs from thgest and modelling of the
earlier work in that it examines the price and tibtg relationshipswithin spot
electricity market rather thavetween regional spot electricity markets. This analysis
guestions whether the inclusion of news arrivalpaxied by the contemporaneous
volume of demand, time-of-day, day-of-week and rhenftyear effects, can be used
as exogenous explanatory variables in explainitrgudiay price volatility process in
spot electricity markets. Four Australian spot netsk - New South Wales,
Queensland, South Australia and Victoria - and fidéferent univariate
Autoregressive Conditional Heteroskedastic (ARCHlgtility processes consisting
of the Generalised ARCH (GARCH), RiskMetrics, notnfssymmetric Power
ARCH (APARCH), Student and skewed Student APARCHdet® are estimated

using half-hourly prices.

The results indicate that the skewed Student APARGdtess outperforms the
other four ARCH processes in modelling the intrapgage relative volatility in these

markets. Based on the results of the skewed StullBARCH process, there is
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strong evidence of autocorrelation within each raadad similarly strong evidence
of ARCH and GARCH effects in almost all markets.wéwer, contrary to stock
markets, the asymmetric responses are detectechwshmw that volatility rises in
response to ‘good news or positive spikes’ ands fadl response to ‘bad news or
negative spikes’. One of the main innovations @ thodel is that it accommodates
both the right-skewed, fat-tailed properties of tiserved data and the role of high-
frequency market information and seasonality igm@nd volatility determination.
Accordingly, news arrival such as readily-availabiarket information and defined
calendar effects can be useful in forecasting ebigt price volatility. This paper
(Chapter 6) was the first to use these innovatehiqgues to model spot electricity

prices in Australia.

The paper in Chapter 7 employs a basic stochastiteina mean-reverting model
and a Markov regime-switching model to capture dtydised features of electricity
markets. The features so characteristic of deréguiectricity markets — high price
volatility, strong mean-reversion and frequent artteme price spikes — are used to
explore the question of whether inherent and uagextharacteristics such as price
spikes can be quantified. The results indicate dadlyy spot price volatility can be
best captured by a Markov regime-switching modeictviincludes in the stochastic
component three regimes — a normal regime, araipitimp or spike regime and a
downturn regime. The results show that for all retskthe spot prices exhibit
stronger mean-reversion following a price spikenthrathe normal period, indicating
that the mean-reversion found in models withoutvedince for a jump regime may
be overestimated. While price spikes account fochmof the volatility in the spot
prices, they are short-lived as they return fasighe equilibrium price in the spike
period than in the normal period. Accordingly, imntrast to simple models
formulated without a spike regime, daily volatility normal periods is actually quite

low, and appears to cluster closely around the-toimgmarginal cost of production.

The paper in Chapter 8 attempts to answer the fesdarch question to be tested
here, whether interstate/regional trade has enldatiee informational efficiency of
each spot electricity market, or alternativelyedich spot electricity market follows a
random walk. Multiple variance ratio (MVR) teststiwiboth homoskedastic and

heteroskedastic variances are used to test foonanealks in both peak and off-peak
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periods. The MVR tests produce two test statistiise for the null hypothesis of
homoskedastic increments random walk and anotheth® null hypothesis of a
heteroskedastic increments random walk. The rejeatif the random walk under
homoskedasticity could result from heteroskedagtiand/or autocorrelation in the
spot electricity price series. The rejection of theteroskedastic random walk

suggests there is evidence of autocorrelationarsfiot electricity price series.

For peak and off-peak periods, MVR tests show #llafour regional markets,
with the exception of the Victorian market in tH&peak period, are informationally
inefficient and it cannot be assumed that theyfela random walk. Autoregressive
modelling techniques are also found to be usefulassessing Australian spot
electricity prices, especially in New South Wal@sjeensland, and South Australia
during the peak and off-peak period but for Vican the peak period only. Despite
the presence of a national market for electriatyly the Victorian off-peak period
market follows a random walk or is informationadfficient. As is conventional in
the literature of liberalised markets, the resaftshis paper are interpreted as being
indicative of market power as opposed to competitibhis paper used pioneering
techniques never previously employed in evaluatiigrmational efficiency in the

Australian electricity market.

9.2 Contribution

The main contribution of this thesis lies in theligation of state-of-the-art time
series techniques to model the behaviour of Auatrabpot electricity prices.
MGARCH and a family of univariate GARCH models amployed to assess price,
volatility and market relationships. In additiohetMVR tests are used to determine

if each spot electricity market follows a randonikaar is informationally efficient.

In Chapters 4 and 5, the MGARCH model is used taneme the inter-
relationship across five regional spot markets.s€hgapers are based on the studies
by De Vany and Walls (1999) and Bystrom (2003) \Whicse cointegration and
bivariate GARCH models to examine the inter-reladitip between two regional
spot electricity markets. These chapters make durtdontributions by examining

inter-relationships across more than two markets.
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In terms of univariate GARCH processes, the impareantribution in Chapter 6
lies in the application of Student APARCH and skdv&tudent APARCH models to
explore the intra-relationship of each regionateleity market. Chapter 6 extends
on most existing research that uses the GARCH probg taking account not only
of the skewed and fat-tailed characteristics; biso ahe non-linearity of the

conditional variance component of the spot priceese

In Chapter 8, the MVR tests are used to deternfideustralian spot electricity
markets follow a random walk; that is, if they andormationally efficient. The
MVR tests extend on the standard unit root testh @18 Augmented Dickey-Fuller
(ADF), Phillips-Perron (PP) and Kwiatkowski-Philigschmidt-Shin (KPSS). These
MVR tests with the null hypothesis of homoskedasticrements random walk
together with the null hypothesis of a heteroskedascrements random walk,

present a more stringent alternative.

9.3 Policy Implications

This thesis evaluates spot pricing behaviour irtaldty markets using state-of-
the-art modelling techniques to examine price aaldtility relationships between
and within Australian regional markets. The stuflypehaviour of the spot price has
economic importance. First, the spot price stromgfljyences the wholesale contract
price which, in turn, dictates the long-run refaice for consumers. Second, the spot
price is a large component of cost for direct pasgrs such as industrial and
commercial consumers (Robinson, 2000 and Robinsuh Baniak, 2002). The
models presented in this thesis can be used tssags&Ee and price risks in the
supply industry and can assist producers, diswisutnd consumers to manage their
risks. Using information obtained from modellinggimg of the electricity industry,
the optimal price for electricity can be set to nuntihe market price in a competitive
industry with a number of non-colluding businesaad minimum barriers to entry.
This price has several desirable properties. Hirgfives businesses the signals and
timing of new investment opportunities. As busimsssannot influence the market
price, they have an incentive to produce outpuhi@imum cost and can only earn
high profits by cost reducing innovations not aalié to competitors (Wolak, 2000).
The deregulation of the spot electricity markets peven rise to new sets of policy

challenges in the supply industry with the aimsathieving economically efficient
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prices. Deregulation has lead to the ability ainrto cause a significant increase in
the market price and to profit from this price e&se by price spikes or exercising
market power. There are differences in observedketastructures in the regional
markets. These differences in market structure® hed to the implementation of

markets rules that allow firms to exercise markat/gr.

9.4 Limitations

There are three main limitations in the empiricesaarch undertaken in this
thesis. First, the averaging of the half-hourlyad&t a daily frequency in some of the
papers necessarily results in a loss of informatimdeed, the question arises
whether daily prices are relevant given that madt-lourly contracts to supply and
demand are at prices that may be, but are not setlys significantly higher or
lower than the average half-hourly price. Througblraging there may be smoothing
of some defining features in electricity pricesie®respecially price spikes which
tend to be extremely short-lived. For example,dfiects of price spikes in a shorter
time frame can reach the Value of Lost Load (VOldgt at a maximum of
$10,000/MWh and can return to normal within a femats. Nonetheless, it is equally
common that the analysis of financial time sergeal$o usually undertaken at a daily
frequency or longer, and it is only recently thethniques have been developed to

take advantage of intra-day and tick-by-tick data.

Second, two of the papers presented examine tladilitglinteractions between
regional electricity markets with no allowance fgystematic influences on
electricity price volatility. A natural extensios fo include news information such as
contemporaneous demand and seasonal effects is thedels. The MGARCH
model employed in these papers assumes that theation or random error term is
normally distributed. It would be more appropri&eintroduce a skewed Student
MGARCH process to take account of the highly skewstl non-normally
distributed features of spot electricity priceseTtumber of parameters estimated in
a multiple modelling context can increase dramé#yicdt would be advisable to

explore two or three interconnected regions ane ti

Third, the main limitation discussed in the papeiChapter 7 is that reliance is

placed on a three regime structure includes a rlamgame, a jump regime created
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by the spike and a jump reversal regime where tlee peturns to the normal level
after the spike has occurred. In this model novadlices are made to accommodate
consecutive spikes. Another direction is to exandliferent regime structures such
as a two regime-switching model following Bierbraeeal. (2003), Huisman and de
Jong (2003) and de Jong (2005) which permits aespagime of log-normal prices
with consecutive spikes. The results of the thesgme-switching model could be
compared with the two regime-switching model inasrtb better explain the stylised

features of spike behaviour in the electricity nedsk

9.5 Suggestionsfor Future Research

The limitations of this study indicate a numberaséas where future research
could be usefully applied. First, the frequencylafa has a bearing on the estimation
of the price and volatility relationships in the dtalian electricity markets. In this
regard, the price and volatility relationships be#w and among the regional markets
could be under or overstated through misspeciticain the data. Future research
should take account of high frequency data by eympdpthe half-hourly rather than
daily data, with the objective of improving the ustness of the MGARCH, regime-

switching and market efficiency models.

Second, the current analysis shows that nearly split markets are not
informationally efficient. As additional data corteehand, further privatisation of the
electricity industry may be advocated in order tohance efficiency. These
efficiency gains would ultimately benefit consumeesulting in lower prices and
higher quality output. As the market mechanism icoes to change where states
further embrace privatisation to promote compaetitia natural extension over time
is to include ownership or market structure of eamffional market to investigate

spot price trends.

Third, another extension would be to compare pend volatility relationship
between electricity markets in the NEM and Ausamalielectricity jurisdictions
outside the NEM such as Western Australia (WA) &taithern Territory (NT).
Even though these jurisdictions are not linked htericonnectors with the NEM,
mainly because of geographic and physical conssiaihey too have embraced

competition in their electricity supply industrie$he application of univariate

187



GARCH or Markov regime-switching models would beefu$ to compare how
deregulation has improved efficiency of energy besses in all Australian regional

markets.

Finally, another extension would be to examineceditions whereby generators
are argued to exercise market power through incrgagrices by withholding
capacity at times of high demand. Market power rhayused to explain at least
some of the large increases in the wholesale preslectricity at some times.
Empirical evidence to support a presumption of tpghkes relating the withholding
of supplies from the market by suppliers can betas the competitive benchmark
analysis similar to that of Joskow and Kahn (20@2the Californian spot electricity
market. The competitive price benchmark is the tshor marginal cost of supplying
electricity from the last unit that clears the merkn each hour. Comparing the
realised price with the marginal supply cost is mlely acceptable method of
measuring the presence of market power. This isuli$er examining prices in
commodity markets with homogenous products suclspat electricity markets.
Some departures from ideal competitive conditionsndt necessarily imply that
there is market power that is of policy concernnylanarkets that are not subject to
price controls are imperfectly competitive. Any engal analysis of pricing
behaviour is subject to some degree of uncertaifitg price may depart from the
observed marginal cost even in a perfectly conmpetinarket to reflect real capacity
constraints and opportunity costs associated wi#ritemporal production limits on
generators. However, this approach quantifies ttient¢ to which realised market
prices can depart from the competitive benchmaikeprand provides a useful
metric, along with the analysis of withholding betwaur that policy makers can use
to judge whether the gap between the competitiveeti@ark prices and the actual

prices is so large that regulatory interventiojusified (Joskow and Kahn, 2002).
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