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Abstract

The restructuring of electric power industry has become a global trend. As reforms to
the electricity supply industry spread rapidly across countries and states, many political
and economical issues arise as a result of people debating over which approach to adopt
in restructuring the vertically integrated electricity industry. This dissertation addresses
issues of transmission pricing, electricity spot price modeling, as well as risk management
and asset valuation in a competitive electricity industry.

A major concern in the restructuring of the electricity industries is the design of a
transmission pricing scheme that will ensure open-access to the transmission networks.
I propose a priority-pricing scheme for zonal access to the electric power grid that is
uniform across all buses in each zone. The Independent System Operator (ISO) charges
bulk power traders a per unit ex ante transmission access fee based on the expected
option value of the generated power with respect to the random zonal spot prices. The
zonal access fee depends on the injection zone and a self-selected strike price determining
the scheduling priority of the transaction. Inter zonal transactions are charged (or cred-
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ited) with an additional ex post congestion fee that equals the zonal spot price difference.
The unit access fee entitles a bulk power trader to either physical injection of one unit
of energy or a compensation payment that equals to the difference between the realized
zonal spot price and the selected strike price. The ISO manages congestion so as to
minimize net compensation payments and thus, curtailment probabilities corresponding
to a particular strike price may vary by bus. I calculate the rational expectation equi-
libria for several numerical examples and demonstrate that the efficiency losses of the
proposed second best scheme relative to the efficient dispatch solutions are modest.

The rest of the dissertation deals with the issues of modeling electricity spot prices,
pricing electricity financial instruments and the corresponding risk management applica-
tions. The aforementioned global trend of restructuring opens the electricity wholesale
markets worldwide. Modeling the spot prices of electricity is important for the market
participants who need to understand the risk factors in pricing electricity financial in-
struments such as electricity forwards, options and cross-commodity derivatives. It is
also essential for the analysis of financial risk management, asset valuation, and project
financing.

In the setting of diffusion processes with multiple types of jumps, I examine three
mean-reversion models for modeling the electricity spot prices. I impose some structure
on the coefficients of the diffusion processes, which allows me to easily compute the prices
of contingent claims (or, financial instruments) on electricity by Fourier methods. The
jump-diffusion models which I propose have the features of mean-reversion, stochastic
volatility, and regime switching. I derive the pricing formulas for various electricity

derivatives and examine how the prices vary with different modeling assumptions.
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I demonstrate a couple of risk management applications of the electricity financial
instruments. I also construct a real options approach to value electric power generation
and transmission assets both with and without accounting for the operating character-
istics of the assets such as start-up cost, ramp-up time and variable heat rate. The
implications of the mean-reversion jump-diffusion models on financial risk management
and real asset valuation in competitive electricity markets are illustrated. With a dis-
crete trinomial lattice modeling the underlying commodity prices, I estimate the effects
of operational characteristics on the asset valuation by means of numerical examples

that incorporate these aspects using stochastic dynamic programming.

Shmuel S. Oren, Chair Date
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Chapter 1

Overview

The electricity supply industry in many countries has traditionally been a vertically
integrated industry consisting of generation, transmission and distribution sectors. In
recent years, the evolution of various technological factors that are conducive to compe-
tition has caused tremendous changes in this industry. To name a few, the development
of low-cost small-scale power generating technologies such as the combined cycle gen-
erating technology made it possible to build small and medium size power plants; the
advances in telecommunication enables the electric power system operator to closely
monitor the load and supply information. All of these factors have been conducive to
reforms transforming the vertically integrated electric power industry into a competitive
marketplace.

Researchers have long been pointing out the economic inefficiencies in the operating
performance of the existing generating facilities, the productivity of operating labor, and
the long-run investments in generating capacity under the traditional regulatory regime.

Enormous economic welfare losses can be related to these inefficiencies. Gilbert and



Henly (1991) have estimated the welfare loss due to electricity pricing deviating from
marginal costs, i.e. operating inefficiency, for Northern California. They find that annual
losses amount to about 7% of costs for the conditions that they examine. Were these
results scaled up to the U.S. industry as a whole, then welfare losses would be about $12
billion annually. In seeking improvements in efficiency, many countries including the
United Kingdom, Australia, Chile, Argentina, New Zealand, Norway and the United
States have been, or are currently undertaking efforts to restructure their electricity
supply industries.

Evidence drawn from the experience in the United Kingdom suggests that the effi-
ciency gain from privatizing and deregulating the electricity sector can be large. The
British government announced the radical electricity market reforms as an effort to pri-
vatize its electricity supply industry in England and Wales in February 1988. In March
1990, the state-owned Central Electricity Generating Board (CEGB), responsible for
generation and transmission, was divided into three competing generating companies
(PowerGen, National Power, and Nuclear Electric) and the National Grid Company
(NGC), responsible for transmission. A wholesale market, the Electricity Pool (UK
Pool), was created to allow loads and generators to buy and sell electricity, while rec-
ognizing the constraints involved in operating an electrical system. It was found that
privatizing the generators and introducing competition in generation resulted in dramatic
improvements in labor productivity by reducing the workforce in half within three years,
and in tighter control over investment costs.

In the United States, the deregulation was preceded by two very influential regula-
tory acts - the Public Utilities Regulatory Policy Act of 1978 (PURPA) and the Energy

2



Policy Act (EPAct) of 1992. Seen broadly, PURPA opened the door to competitively
supplied power but with considerable restrictions. Among other things, PURPA re-
quired utilities to purchase power from independent generation service providers for an
amount equal to the utilities’ avoided cost!. With its major intentions being promoting
environmentally friendly generation facilities and achieving some economic efficiency?,
PURPA brought into existence the independent power producers (IPPs) and made it
clear that successtully owning and operating small-scaled independent power plants is
economically viable. While PURPA stimulated the wave of introduction of new gener-
ation technologies and demonstrated the economic feasibility of IPPs, the EPAct paved
the way for IPPs, or more generally the independent generation service providers, to
compete with the vertically integrated utilities in power generation. The EPAct demon-
strated that it is possible to coordinate transmission and distribution services across
the vertically integrated utilities and IPPs without sacrificing reliability of service. It
greatly extended the powers of the Federal Energy Regulatory Commission (FERC) to
mandate transmission access, in particular, to order open access to regional transmission
networks. In the implementation of the EPAct, the utilities were required to provided
wholesale power wheeling service between IPPs and other utilities at the same terms
with which it provided itself.

The passage of the two regulatory acts and the proven ability to coordinate across
utilities’s transmission networks have been pivotal in the progressive introduction of com-

petition in the electricity industry. However, it is believed that the large gap between

!The intended meaning of avoided cost is that, due to the use of external supply, the utilities would
save a certain amount of money, representing fuel and other variable costs, as well as capital costs if the
external power source resulted in deferment or cancellation of new generation capacity investments.

?There have been questions and complaints about whether PURPA achieves the desired results.
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the wholesale electricity prices and the implicit price of generation services embedded
in the retail electricity prices were the driving forces behind the decisions by the several
states in the Northeast and California to proceed with their deregulations. In 1996,
FERC issued the Orders 888 and 889 which required incumbent utility companies to
make transmission capacity and information pertaining to transmission capacity avail-
able to all parties on equal terms. This action by FERC greatly accelerated the ongoing
deregulation processes in the above states.

As for the electricity market structure and market rules, regulators in different states
have their own preferences. In the Pennsylvania-New Jersey-Maryland (PJM) intercon-
nection, a market structure is organized around an independent “PoolCo” that would
serve as the market maker and also regulate transmission access according to the nodal
spot pricing principles of Schweppe et al. (1988) and Hogan (1992). In California,
two entities are created to separately handle the responsibilities of market-making and
network operations - a Power Exchange (PX) that would perform the market-making
functions, and an Independent System Operator (ISO) that would be primarily respon-
sible for the operation of the grid and, if necessary, the rationing of access to congested
paths.

With electricity deregulation gradually becoming the dominating trend around the
world, many political and economic issues arise as a result of people debating over
which approach to adopt in restructuring the vertically integrated electricity industry.
Among these issues, we are particularly interested in the ones that concern transmission
pricing, electricity spot price modeling, and risk management and asset valuation in

competitive electricity markets. The purpose of this dissertation is to develop and apply
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methodologies from financial economics to address these three issues. I will provide the
reader with a brief overview and illustrate the pertinent problems for each issue.

The reminder of the chapter is organized as follows. In Section 1.1, I introduce the
role of a transmission pricing scheme in the electricity restructuring and the problems
in designing an appropriate one. In Section 1.2, I explain the needs and complexities in
modeling electricity spot prices. The demands for risk management tools and motiva-
tions for a new methodology for project financing and asset valuation in the competitive
electricity markets are illustrated in Section 1.3. Finally, I summarize the contributions
made by this dissertation to the literature of electricity deregulation and competitive

electricity markets in Section 1.4.

1.1 Transmission Pricing

No matter how the markets for electricity are organized, one of the common goals of
the restructuring is to create an efficient and competitive decentralized market for gen-
eration. The roles of transmission network access rules and associated access prices are
crucial in achieving this goal.

First of all, the transmission access rules and transmission prices should support
efficient competition at the generation level. Historically, the owner or a group of own-
ers who own both the generation and transmission capacity is usually the transmission
network operator, or the so called system operator (SO), who is responsible for the
physical control of the network, balancing loads and supplies in real time, dispatching

generators based on network constraints, and scheduling operations with interconnected



control areas. One can conceivably foresee the potential competitive problems created
by the common ownership of transmission and generation facilities that seek to compete
with independent generation service providers. Basically, owners of the monopoly trans-
mission network have the incentive and ability to discriminate in favor of generators in
which they have a financial interest and against those in which they do not. A natural
approach for solving this problem is to separate the ownership of generation and the
grid operations by creating an Independent System Operator (ISO) who is responsible
for transmission only but has no financial interests in generation capacity. For the SO,
it is very important to design a transmission pricing scheme which ensures open-access
and the nondiscriminatory usage of the transmission network by all network users in
order to support an efficient competitive generation sector.

Besides the consideration of supporting efficient competition in generation, promot-
ing the daily operational efficiency is another key concern in designing a transmission
pricing scheme. In an interconnected transmission network, electricity flows according
to the Kirchoft’s laws instead of the artificially designated contract paths. The actions
by the transmission network users in one region could adversely affect the network users
in a remote region. This is known as the “loop flow” problem. While open access to the
transmission network is essential to a competitive generation sector, it imposes great
challenges on coordinating bilateral or multilateral trades and efficient dispatching by
an [SO. In particular, the ISO needs a set of transmission access rules to perform con-
gestion management in order to maintain system security when congestion occurs. The
associated transmission prices should serve the purpose of rationing scarce transmission

capacity in an economically efficient manner. There is no doubt that the short-term
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operational efficiency of the bulk power system relies on the appropriateness of a trans-
mission pricing scheme and the corresponding congestion management protocol.

Transmission prices are also expected to provide economic signals for new invest-
ments in transmission and compensate the owners of existing transmission assets. Since
transmission investments often serve as substitutes to generation investments, it is intu-
itive to use the transmission prices to guide such investment decisions in the transmission
system. As for compensating owners of transmission assets, a properly designed trans-
mission pricing scheme should provide the owners with appropriate returns on their
investments in order to attract new investments. Without fair compensation to the
current owners, potential investors will see this as the effective expropriation of existing
assets and thus be discouraged from investing in transmission in the future.

It has been suggested that six principles should be followed when designing a trans-
mission pricing scheme (Energy Modeling Forum 15 Meeting, 1996, e.g. Green (1997)).

The transmission prices should:

1. promote the efficient day-to-day operation of the bulk power system;

2. signal locational advantages for investment in generation and demand;

3. signal the need for investment in the transmission system;

4. compensate the owners of existing transmission assets;

5. be simple and transparent; and

6. be politically implementable.



Transmission pricing schemes in different jurisdictions have different emphases in
terms of the above principles. In the UK, the transmission company NGC imposes two
kinds of transmission charges for recovering its own costs. One is for network connec-
tion to the Regional Electricity Companies and generators; the other charge is for use
of transmission system by generators and suppliers. The transmission use of system
charges send signals about the appropriate location for new generation and demand al-
beit not strong enough. However, the present transmission charges in UK almost do
nothing in promoting the efficient day-to-day operation of the bulk power system. In
New Zealand, as a comparison, there is a single state-owned utility, Trans Power, re-
sponsible for transmission and grid operation, including purchase of ancillary services.
The transmission pricing framework adopted there mainly consists of the nodal spot
pricing approach ( Schweppe, et al. (1988) and Hogan (1992)) for promoting short term
efficiency and a “fixed charge” approach for recovering sunk investment costs. The nodal
spot pricing approach determines the dispatch of generation and load using an explicit
system model which includes transmission losses and constraints. A system coordinator
runs the system model to produce an operating schedule and spot prices based on gener-
ators” bid-in marginal generation costs. Generators and loads face the same nodal spot
price at each node. Such a system should lead to fully efficient day-to-day operation
unless generators possess market power to manipulate their bids. Transmission prices,
or nodal price differentials, are also used by Trans Power to make investment decisions
for transmission. System expansions are justified if the difference in nodal spot prices
with and without a scheme equals the cost of the scheme.

Some recently adopted transmission pricing systems are based upon spot prices sim-
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ilar to the New Zealand system because of the promising aspect of short-run efficiency.
However, as noted earlier, the short-run efficiency of the nodal spot pricing approach
relies on generators and loads revealing their true marginal costs or willingness-to-pay.
Therefore, the day-to-day efficient operation of a power system depends on the incentive
effects by the generators and loads, which are not addressed by the nodal spot pricing
approach. From the implementation point of view, one other difficulty of the nodal spot
pricing approach is that it impedes trading and price discovery due to low liquidity at
the nodal markets, lack of transparency in how prices are determined, and the fact that
exact prices are only known ex post. In practice, some jurisdictions divide their trans-
mission networks into zones and assign transmission prices to zones rather than nodes as
a means of simplification and increasing liquidity. For example, California is divided into
two major congestion zones for the purpose of transmission pricing, northern California
and southern California, which are connected by a major often-congested transmission
link (Path 15).

In designing yet another transmission pricing scheme which implements open access, [
shall mainly focus on the aforementioned principles 1, 2, 5 and 6. I propose an incentive-
compatible network access pricing scheme in an electric power system which can be
divided into zones according to one or several hub markets such as the California system.
I will contrast it with some existing alternative schemes and examine the trade-offs

between economic efficiency and simplicity of implementation in Chapter 2.



1.2 Modeling Electricity Spot Prices

The unique physical attributes of electricity, and the heavy regulation of its supply and
sale, have in the past prevented it from being traded in open markets. This scenario has
been changed completely since 1990. Electricity markets emerge as a consequence of the
restructuring of electric power industries around the world. I shall briefly describe the
electricity market forms in several Organization for Economic Cooperation and Devel-
opment (OECD) member countries according to the chronological order of the opening
of their electricity markets.

Among the OECD countries, the United Kingdom was the first country to restructure
its electricity supply industry and introduce a spot market for electricity in England and
Wales. Since April 1, 1990, almost all the electricity generated and consumed in England
and Wales must be bought and sold through the day-ahead spot market (E&W Pool).
The E&W Pool exists as a set of procedures and rules that enable the most economic
generating sets to be operated to meet national demand at any one time. It sets a
market price for electricity for each half-hour of each day.

Following the lead of UK, several other OECD countries have implemented similar re-
structuring plans and formed wholesale markets for electricity. Norway started its rapid
two-year transition from a highly centralized electricity supply industry to a market-
based system in 1991. A Norwegian futures market for electricity began to operate in
the fall of 1992. Beginning January 1, 1996, an international power exchange (Nord
Pool), which integrates the Norwegian and Sweden electrical systems, opened in Olso,

Norway. Denmark, Finland and Russia each have one participant in this international
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Nordic power market. Nord Pool is composed of two markets - one market is the Daily
Power Market or Spot Market where electricity is traded on a day-ahead basis for 24
hourly periods; and the other market for within-day electricity is called the Regulation
Power Market in Norway and the Balancing Market in Sweden. In addition, weekly
financial futures contracts with maturity time ranging from one week to three years are
traded in the futures market.

In Australia, the first established wholesale electricity market is the Victoria Power
Exchange (Victoria Pool) which commenced operation on July 1, 1994. Another state-
level wholesale market for electricity recently started its operation in New South Wales
on May 10, 1996. In the Victoria Pool, the electricity prices are set on a half-hourly
basis using bids submitted on a day-ahead basis by generators and demand-side bidders.
However, the Victoria Pool prices are ex post prices, which are based on the actual
demand served in each half-hour, rather than ex ante prices as is the case in E&W Pool,
which are based on estimated demands prepared on a day-ahead basis. Due to this ex
post nature, there is no need for a balancing or real-time market in the Victoria Pool.

On October 1, 1996, a wholesale electricity market in New Zealand began operation.
Generators submit bid functions specifying the amount of capacity they are willing
to supply as a function of the price for all half-hours during the following day. The
offers and bids may be freely changed up to four hours before the intended dispatch
time. Similar to the Victoria Pool, electricity prices are determined ex post by using the
generator supply bids as of the beginning of each half-hour trading period to meet the
actual metered load.

Although the United States has been slow to undertake the radical restructuring pro-
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cess in general, several states have already established their own electricity markets for
generation similar to those in the OECD countries and many other states are planning to
follow suit. In California, an electricity wholesale market known as the Power Exchange
started its operation on March 31, 1998. Electricity is also traded in the hour-ahead
and real-time markets managed by the California [SO. In PJM, there is only one market
for electricity and market participants settle trades according to ex post nodal prices
published by the PJM ISO. Running in parallel with the spot markets, there is a futures
market for electricity at the New York Mercantile Exchange (NYMEX). Monthly futures
contracts on electricity at four major delivery points in US, two in the east and two in
the west, are traded with maturity time ranging from one month to eighteen months.

As I just described, most of the electricity markets take the form of forward markets,
either day-ahead or hour-ahead, complemented by real-time markets. This is mainly
due to a key feature of electricity which is the near non-storability and the complexity
of operating an interconnected electric power network. The term “spot price” hereafter
refers to not only the real-time spot prices but also a broad range of market prices such
as the day-ahead and hour-ahead forward prices.

With more and more countries and states joining force in restructuring their elec-
tricity supply industries, electricity markets in these jurisdictions have been growing
rapidly. In US, for instance, the volume of trade for electricity reported by US power
marketers has surged from 27 million MWh (Megawatt-hour) in 1995 to 1,195 million
MWh in 1997 (Source: Edison Electric Institute). The trend of deregulation inevitably
exposes the portfolios of generating assets and various supply contracts held by various

market participants to market price risk. It has so far changed and will continue to
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change not only the ways in which the traditional electric power utility companies and
the IPPs operate and manage their physical assets such as power plants, but also the
ways in which they value and select potential investment projects. The needs of trading
electricity, performing risk management and asset valuation, and financing new invest-
ments require in-depth understanding of the price behaviors and sophisticated modeling
of electricity spot prices.

Among all the energy commodities, electricity poses the biggest challenge for re-
searchers and practitioners to model its price behaviors. A distinguishing characteristic
of electricity is that it cannot be stored or inventoried economically once produced?®.
Moreover, the aggregate electricity supply and demand has to be balanced continuously
so as to prevent the electric power networks from collapsing. Since the supply and de-
mand shocks cannot be smoothed by inventories, electricity spot prices are volatile. In
the summer of 1998, the electricity prices fluctuated between $0/MWh and $7000/MWh
in the Midwest of US. It is not uncommon to see a 150% implied volatility in traded
electricity options. Electricity has become de facto the most volatile commodity since
its first appearance as a traded commodity. Besides the tremendous price volatility, sev-
eral key physical characteristics of the supply and demand for electricity have important
implications on the behaviors of electricity spot prices. I shall point out these prominent
price behaviors before getting into the modeling issues.

First thing to notice is that electricity spot prices show strong mean-reversion. This is

a common feature in prices of many other traded commodities. The reason is that when

3In hydro electric power systems, it can be stored as water in reservoirs; and in thermal power
systems, it can be stored in the form of fuel inventories but the rate at which it can then be converted
to electricity is constrained by generation capacity and other physical constraints.
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the price of electricity is high, its supply tends to increase thus putting a downwards
pressure on the price; when the spot price is low, the supply of electricity tends to

decrease thus providing an upwards lift to the price.

Hectricity On-Peak Sot Price
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Figure 1.1: Electricity Historical Spot Prices

Another salient feature in electricity spot prices is the presence of price jumps and
spikes. Figure (1.1) plots the historical on-peak electricity spot prices in Texas (ERCOT)
and at the California and Oregon border (COB). Such jumpy behavior in electricity spot
prices is mainly attributed to the fact that a typical regional aggregate supply curve for
electricity almost always has a kink at certain capacity level and the curve has a steep
upward slope beyond that capacity level. Figure (1.2) shows a snap shot of the marginal
cost curve of the electricity supply resource stack in western U.S. A forced outage of a
major power plant or a sudden surge in demand will either shift the supply curve to
the left or lift up the demand curve (dashed curve in Figure (1.2)) therefore causing a
price jump. Jumps and spikes resulting from limited amount of installed supply capacity

coupled with low demand elasticity exacerbate the price volatility of electricity.
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Figure 1.2: Generation Stack for Electricity in a Region

Electricity prices also demonstrate stochastic volatility and regime-switching in some
markets. Since the temperature is one of the dominating factors which influence the
aggregate load level, the randomness in temperature implies that the volatility of spot
prices can be a random factor. In markets where the majority of installed electricity
supply capacity is hydropower such as in the Nord Pool and the Victoria Pool, electricity
spot prices exhibit regime-switching, namely, the prices alternate between “high” and
“low” regimes corresponding to the respective precipitation levels.

To accurately model electricity spot prices, one must fully understand and take
into consideration the above physical characteristics of electricity. Resorting to jump-
diffusion processes, I examine three stochastic price models which capture the mean-
reversion, regime-switching, jumps and spikes and several other prominent price be-
haviors of electricity. I will provide the specification for these models and illustrate
how to compute prices of various electricity derivatives under each model using Fourier

transform methods in Chapter 3.
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1.3 Risk Management and Asset Valuation

Electricity spot prices are bound to be volatile as a consequence of the unique physi-
cal attributes of electricity. Uncontrolled exposure to market price risks could lead to
devastating consequences. During the summer of 1998, wholesale power prices in the
Midwest of US surged to a stunning amount of $7,000/MWh from the normal price
range of $30-$60/MWh causing the defaults of two power marketers in the east coast
which negatively impacted the electricity markets in the US. More and more market
participants are recognizing the importance and necessity of risk management, at least
after observing the market anomalies in the US.

The motives for risk hedging by corporations should in principle come from maxi-
mizing firm value. Hedging achieves value enhancement by reducing the likelihood of
encountering financial distress thus avoiding financial distress costs, or by reducing the
variance of taxable incomes thus lowering the present value of future tax liabilities. From
my personal experience, it appears that the regulatory rulings can also motivate firms to
implement hedging. In California, the regulators granted the incumbent investor-owned
utilities (I0OUs) a fixed time-frame to recover their stranded generation costs through the
Competition Transition Charge. In fear of adverse market conditions causing insufficient
recovery of the stranded costs, one major utility company hired investment bankers to
structure and carry out a substantial hedging strategy for the stranded-cost recovery.

As the competitive and volatile electricity markets prevail, utility companies and
IPPs seek to hedge their productions while power marketers feel the urgent needs in

quantifying, monitoring and controlling their trading risks in the wholesale and retail
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power markets. Overall, an increasing number of market participants start to search
for appropriate risk management tools and methodology in order to establish their risk
management programs in one way or another.

Besides the surging demands for hedging daily operations and trading activities,
there are also increasing demands for planning and hedging investments in generating
capacity. Planning and hedging generation investments boil down to valuing generation
assets. At the present time, a significant portion of the demands for generation asset
valuation is spurred by the mandated divestiture of existing generation assets owned
by major utility companies in various jurisdictions. For example, in California, most of
the fossil-fuel plants held by the three IOUs which account for about 60% of the total
installed capacity in California have been or will be divested to other parties.

Another primary source of demands for asset valuation rises from the interests in
investing in new generation capacity. It is envisioned that most of the efficiency gains
in restructuring the electricity supply industries are to be associated with long-run in-
vestments in generating capacity. Under the state-ownership or required rate-of-return
regulatory regime, utility companies were allowed to earn a regulated rate of return
above their cost of capital. Once regulators approved the construction costs of a power
generating plant, the costs would be passed onto consumers through regulated electric-
ity prices over the life of the investment, independent of the fluctuation in market value
of the investment over time due to changing energy prices, improving technology, and
evolving supply and demand conditions. Most of the investment risks in generating
capacity were allocated to consumers rather than producers. Firms therefore had little

incentives to avoid excessive cost of investment and they focused rather on improving
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and maintaining quality of service than on developing and adopting new generation
technology.

Now the situations have been dramatically changed by the reforms in the electric
power sectors around the world. For instance, before the 1990 restructuring of the elec-
tricity supply industry in the UK, the consensus is that under the Central Electricity
Generating Board, power stations costed between 50% and 100% more than in other
developed countries, and took as much as twice as long to commission. However, after
the 1990 structural reforms, the advanced combined cycle gas turbine (CCGT) gener-
ating units with capacity costs of £350 <500 per kilowatt (kW) gradually displace the
inefficient coal plants. CCGT plants also act as substitutes for nuclear units which could
have capacity costs as high as £2,446 per kW of actual capacity (based on the 1988
prices of the Advanced Gas-cooled Reactor). As for new entrants to the UK electricity
market, an extra 11.2 Gigawatt (GW) of CCGT plants have been constructed or put
into construction by 1996 which is considered a substantial entry comparing to the total
capacity of about 60 GW.

The traditional approach for valuing an investment project such as the construction
of a power plant is to take the projected cash flow based on the forecasted regulator-
approved electricity prices and the costs, and then discount the expected future profits
by the cost of capital of the investing firm. This so-called discounted cash flow (DCF)
approach becomes inappropriate in a deregulated electricity industry because a) electric-
ity prices would no longer be set by the regulators but by a market; b) the operational
flexibility of a power plant, which is not captured in the DCF valuation approach, needs

to be reflected in the plant valuation since the owner of the power plant would have
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strong incentive to capitalize on such flexibility under the market-based regime. In
the competitive electricity markets, a new methodology for asset valuation and project
financing is required in place of the DCF methodology.

In Chapter 4, I will demonstrate a couple of hedging applications of electricity deriva-
tives in electricity generation and transmission. Abstracting operational characteristics,
I illustrate that the future cash flow of a power plant can be closely approximated by
payoffs of a set of properly designed financial instruments. Based on this observation, I
construct a real options approach to obtain a market-based valuation of a power gener-
ating asset. I then improve the valuation approach by incorporating into it the operating
characteristics of a power plant such as the start-up cost, output-dependent heat-rate,
and ramp-up time. The implications of operational characteristics on real asset valuation

are illustrated through numerical examples.

1.4 Contributions of this Work

In this thesis, the goal is to develop and apply financial economic methodologies to
address issues in transmission pricing, electricity spot price modelling and market-based
asset valuation. I attempt here to provide solutions both to the problems faced by the
regulators when designing an electricity market and to the problems concerned by the
market players when participating an electricity market.

In Chapter 2, I tackle the problem of transmission access pricing design, which is one
of the focal points for the regulators. I propose a priority-pricing scheme in the form

of insurance for zonal access to an electric power grid that is uniform across all nodes
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in each zone. The Independent System Operator (ISO) charges transmission network
users a per unit exr ante transmission access fee based on the expected option value of
the generated power with respect to the random zonal spot prices. The zonal access fee
depends on the injection zone and a self-selected strike price determining the scheduling
priority of the transaction. Inter-zonal transactions are charged (or credited) with an
additional ex post congestion fee that equals the zonal spot price difference. The unit
access fee entitles a transmission network user to either physical injection of one unit
of energy or a compensation payment that equals to the difference between the realized
zonal spot price and the selected strike price. The ISO manages congestion so as to
minimize net compensation payments and thus, curtailment probabilities corresponding
to a particular strike price may vary by node. I calculate the rational expectation
equilibria for a three-, four- and six- node system and demonstrate that the efficiency
losses of the proposed second best scheme relative to the efficient dispatch solutions are
modest.

Chapter 3 and Chapter 4 take on the problems concerned by the electricity market
participants. In the two chapters, I extend the existing literature on electricity spot
price modeling by examining several stochastic models that capture the realistic aspects
of electricity prices. For the proposed electricity price models, I provide a framework
for pricing electricity derivatives, designing risk management strategies, and evaluating
generation or transmission investments in competitive electricity markets.

Under the setting of diffusion processes with multiple jumps, I investigate the model-
ing of electricity spot prices and the pricing of various electricity derivatives in Chapter

3. My proposed price models reflect the realistic features in the electricity spot prices
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such as seasonality, mean-reversion, regime-switching, stochastic volatility, as well as
jumps and spikes. By imposing proper restrictions on the jump-diffusion processes (i.e.
affine jump-diffusion processes) and applying Fourier transform methods as developed
in Duffie, Pan and Singleton (1998), I obtain the pricing formulas for various electricity
financial instruments. These derivative pricing formulas provide valuable tools to facil-
itate the trading of electricity financial instruments. I also illustrate the implications
by different spot price models on electricity derivative pricing. I confirm the intuition
that the jumps and spikes account for the tremendous implied volatility observed in the
traded far-out-of-the-money electricity call options. One particular interesting finding
is that the jumps and spikes do affect the electricity forward prices due to the nonstora-
bility nature of electricity, whereas if the underlying is storable then this fact would not
be true. On the technical side, I incorporate the regime-switching structure into the
affine jump-diffusion models for modeling the systematic alternation of electricity prices
between the “high state” and the “low state”.

Based on the no-arbitrage principle, I propose a methodology for capacity valuation
and project selection in a competitive electricity market in Chapter 4. I start with
illustrating how to hedge the operation and production risks by making use of tailored
electricity financial instruments or derivatives. In particular, if the value of a physical
asset, such as a power plant, is fully derived from the market value of its outputs, then
the market risks of owning the asset can be completely hedged by a portfolio of financial
instruments on the output commodity (or commodities) which replicates the payoffs of
this asset. Furthermore, I claim that, in the absence of transaction costs, the value of

the physical asset is given by the value of the replicating portfolio. Such an approach to
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asset valuation is termed as the “real options approach”. Applying the pricing formulas
developed in Chapter 3, I illustrate how modeling assumptions regarding spot prices
such as those proposed in Chapter 3 affect asset valuation outcomes.

Recognizing the fact that there are often transaction costs incurred when exercising
the embedded options of a real asset due to the physical characteristics of the asset, I
further incorporate the operating characteristics into the real options approach to asset
valuation in the context of valuing electric power plants. I employ discrete-time price
models for the underlying commodity prices and formulate the valuation of a real asset
with operating characteristics such as start-up cost, ramp-up time, and variable heat
rate as a stochastic dynamic program. By means of numerical examples, 1 illustrate
that the significance of operating characteristics to power plant valuation varies with
modeling assumptions regarding the electricity and the generating fuel price processes.
Given price models for electricity and the fuel, the impacts of operational characteristics
of a power plant on its valuation is inversely related to its operating efficiency, i.e. the
more (less) efficient is a power plant in converting the fuel to electricity, the less (more)
affected is its valuation by the operational characteristics.

Finally in Chapter 5, I provide the reader with a summary of this dissertation. I
make some observations about the ongoing debates and developments regarding the
issues discussed here. I conclude by pointing out several aspects that are left out of my

discussions which deserve further investigation for future research.
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Chapter 2

Priority Network Access Pricing

Transmission pricing and congestion management protocols are basic ingredients of any
restructuring scheme aimed at promoting open access and competition in electricity
markets. In this chapter, I propose a transmission network access pricing scheme with
the corresponding congestion management protocol which is organized as a priority
insurance scheme offered by the ISO to the transmission network users. I contrast this

scheme with a few current proposals for charging transmission services in the US.

2.1 Introduction

The Federal Energy Regulatory Commission (FERC) of US has recognized the crucial
role of open access to transmission networks in Orders 888 and 889, which provide general
principles for the pricing and utilization of scarce transmission capacity. Order 888
required owners of the transmission facilities to provide non-discriminatory transmission

services to third-party users under comparable terms and conditions that they would
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serve themselves. Order 889 demanded that information regarding the availability and
prices of transmission services must be made available to all users of the transmission
systems in a timely and non-discriminatory manner.

One of the basic trade-offs involved in implementing FERC’s open access ruling
is choosing between economic efficiency and the simplicity of pricing and congestion
management protocols. While it is generally agreed upon that transmission pricing
should provide economic signals that will induce efficient use of the transmission grid, it
is not clear how precise such signals must be in order to capture most of the economic
benefits from efficient congestion management. It is important to design a mechanism
for regulating network access that is simple to implement, facilitates energy trading and
will promote efficient network utilization.

Two extreme approaches on the spectrum of promoting short-run operational effi-
ciency are the Contract Network/Nodal Pricing approach (Hogan [21]) on one hand and
the so called “postage stamp” approach on the other hand. In the nodal pricing ap-
proach, congestion management is performed through a central optimal dispatch, while
transmission charges are determined ez post and set to the nodal spot price differences
(i.e. the market opportunity cost associated with using a particular transmission line).
Under the assumption of perfect information (regarding generation cost) and abstrac-
tion of intertemporal aspects of the production costs and constraints this approach is
“first-best” i.e. it produces the economic dispatch solution. It has been argued, how-
ever, that the claimed efficiency of the nodal pricing approach is based on unrealistic
assumptions, the implementation of the idealized nodal pricing paradigm is overly com-

plex and it relies on a highly centralized market structure that inhibits competition and
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customer choice. Furthermore, the ex post determination of the transmission prices is
a severe obstacle to efficient bilateral energy trading. (see Wu, Varaiya, Spiller and
Oren [38]). The postage stamp approach, on the other hand, imposes a uniform charge
on each unit of electricity shipped regardless of anything else (zonal differentiation has
also been proposed). The simplicity of the postage stamp approach is compelling and
it makes it easy for energy traders to incorporate transmission costs into their trading
decisions. Unfortunately even with zonal differentiation this approach does not provide
correct economic signals for transmission network usage or for congestion management.
Neither does it provide locational economic signals for generation investments.

An alternative to the nodal pricing, which in equilibrium can also achieve the first-
best outcome, is proposed by Chao and Peck [6]. It is based on parallel markets for
link based transmission capacity rights and energy trading under a set of trading rules
imposed by the ISO. The trading rules specity the transmission capacity rights required
to support bilateral energy trades between any two buses and are adjusted continuously
to reflect changing system conditions. The decentralization in this approach and its
reliance on market forces rather than on a central planning paradigm is attractive.
However, its implementation would require a highly sophisticated level of electricity
markets and information technology. Wilson [35] has demonstrated yet another way to
achieve the first-best solution by implementing a priority insurance scheme where the
insurance premium varies for each pair of nodes. Neither of the above alternatives to
nodal pricing offers a compelling improvement in terms of simplicity which is the primary
objective of this paper.

I propose a priority insurance framework for assigning access privileges to the electric-
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ity transmission network where the premium or access fee is only differentiated accord-
ing to the self-selected level of coverage but does not vary across buses (interchangeable
with nodes) within a set defined as a congestion zone. Instead, the probability of curtail-
ment associated with each coverage level varies across buses and is endogenously derived
from the congestion management protocol employed by the ISO, seeking to minimize net
compensation to curtailed transactions. The reduced degrees of freedom in the premium
design constrain the resulting equilibrium to produce a second best solution. However,
the general direction of the market signals facilitates efficient use of scarce network re-
sources by inducing transactions that have higher opportunity values or that impact
more congestion prone segments of the grid to seek higher levels of insurance in order
to obtain higher scheduling priorities at their respective buses. Furthermore, the oppor-
tunity to under-insure at injection nodes that do not impact congestion allows higher
profit margins at such nodes thus providing the correct locational signals for generation
investment.

The rest of the chapter is organized as follows. I present the formulation for both
cases of a single spot market and multiple zonal spot markets in Section 2.2; in Section
2.3, I demonstrate how this scheme is implemented through numerical examples and
evaluate the efficiency losses; in the last section, I conclude with some observations and

remarks.
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2.2 A priority insurance mechanism

I consider a market design patterned after the California restructuring plan where the
network is partitioned into a few congestion zones and consumers in each zone face a uni-
form zonal spot price for electricity. The transmission system is operated by an Indepen-
dent System Operator (ISO) that collects transmission service fees and is charged with
efficient congestion management. However, the proposed transmission pricing scheme
and congestion management protocol are new. I formally define a zone as a subset of
nodes sharing a common spot market (See Figure 2.1) All zones are mutually exclusive
and collectively exhaustive. In my model, I assume that the transmission network has
a fixed transmission capacity configuration and there is no uncertainty as to the avail-
ability of the transmission capacity. In each zone i, there exists a single zonal spot price
S; = S(w;) contingent upon a random variable, w;, which is given exogenously. The
fluctuation of 5; reflects the randomness in the supply and demand conditions. An un-
expected hot summer day would cause a surge in demand for electricity, which naturally
results in a high value of 5; and increasing usage of the transmission network, possi-
bly causing congestion. In such cases, the ISO needs to have an effective and efficient
mechanism to allocate the limited transmission capacity to network users. The proposed
scheme offers bulk power traders wishing to engage in physical bilateral transactions a
priority differentiated transmission network access tariff specific to the zone in which
power is injected. In addition, a bilateral transaction across different zones is subject
to an ex post congestion charge (or credit) that is equal to the spot price difference

between the corresponding zones. It is assumed that curtailed transactions are settled
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Figure 2.1: An electricity network with several spot markets

either financially or through the purchase of replacement power and that the settlement
price equals the spot price at the buyer’s zone.

Under the above framework, physical access to a transmission network by a generator
producing power at marginal cost $¢ per MWh can be valued as a financial “Call” option!
with strike price ¢ in the zonal spot market corresponding to the injection node. Such an
option is exercised only when the zonal spot price S; in the injection zone ¢ exceeds the
strike price and it yields the difference 5; <c. Hence, the actuarial value of the option is
FEs,[Max(0,5;<c)] with expectation taken over the random zonal spot price. Motivated
by this observation this transmission pricing scheme proposes to impose a per MWh
ex ante transmission access charge in the form of an option insurance premium. The
premium X;(¢) in zone ¢ equals the option value corresponding to the zonal spot price

forecast and a self-selected strike price ¢ determining the curtailment compensation.

1A financial call option on an asset is a financial contract which provides its holder with the right,
but not the obligation, to purchase the underlying asset at a prespecified contract price (or “strike”
price) at certain contract maturity time.
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This payment would entitle a generator (or trader) to either physical access to the grid
or a compensation payment that equals the difference between the realized zonal spot
price and the self-selected strike price. The ISO would then relieve congestion so as
to minimize total compensation payments to curtailed transactions net of the ex post
inter-zonal congestion payments.

If each transmission user were to select a strike price that reveals his/her true
marginal generation cost, then the above scheme would result in economic dispatch
or least cost displacement?. Furthermore, network users would be indifferent between
physical access and financial compensation. They would accrue zero profit whereas all
the gains from producing at a cost below the spot price would go to the ISO (and
ultimately to the transmission assets/rights owners). The simplicity of this approach
comes from the fact that I use a single transmission access tariff that depends only on
the strike price irrespective on the injection node within a zone. However, because of
that simplification, users have an incentive to underinsure their transactions by select-
ing strike prices that are higher than their true marginal costs. In doing so they would
estimate the probability of being curtailed and choose a strike price that will maximize
their expected profits. Self-selected strike prices will depend on the true marginal cost
and the probability of being curtailed at a particular injection node. In general, low
marginal cost and high probability of curtailment will induce the selection of a lower
strike price, i.e. higher insurance level and higher service priority. Thus, the economic
signal for congestion management is in the right direction although not exact.

The proposed mechanism can be described as a three-stage process (Figure 2.2).

2See Proposition 2.2.1.
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Figure 2.2: Timeline of the priority insurance scheme

Stage one The ISO posts a single insurance schedule {¢, X;(¢)} in each zone i, where
X;(c) is the premium paid for insurance level ¢, allowing network users to insure
network access rights for their transaction units (multiple units can be insured at

different levels)

It is assumed to be common knowledge that, when the spot price, S5, is revealed,
the ISO will manage the network congestion based on the criterion of minimizing total
compensation payments net of inter-zonal congestion rent receipts. The implication of
this assumption is that network users will form rational expectations about the loca-
tional service quality associated with a particular level of insurance at each node. The
locational service quality is characterized in terms of a set of spot price contingencies
under which transmission access at a specific bus is granted to a transaction unit insured

at level c.

Stage two Before the random zonal spot prices are revealed, network users self-select
an insurance level on each contracted unit in their schedules so as to maximize
their expected profits. They do not need to specify the specific transaction nodes
when purchasing their insurance. However, in a multi-zonal case the injection

zones need to be revealed at this stage.
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The spot price revelation in this time line may be interpreted as an accurate short-
term spot price forecast employed by the network users to form their preferred schedule.
This would be a more realistic interpretation when the reference settlement prices are

the real time spot prices for imbalances.

Stage three At the third and final stage, network users submit their preferred schedules
specifying an injection node and a selected insurance level for each transaction unit
to the ISO. The ISO then grants transmission access or curtails submitted schedules
so as to minimize total compensation payments net of ex post congestion revenues
for inter-zonal transactions. The curtailed transactions are paid the differences
between their revealed opportunity costs and the zonal spot price corresponding

to the injection node.

I next layout the formulation in both the single spot market case and the multiple
zonal spot markets case. In the following formulations and the reminder of this chapter
I use a lossless DC-flow model to approximate the transmission constraints. The formu-
lation can be generalized, however, to account for losses and reactive power and voltage

constraints.

2.2.1 Single spot market

When there exists only one spot market in a network, the ISO simply imposes one
insurance premium schedule X(¢) (stage one), which is a decreasing function of the

strike price ¢, for the entire network.
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2.1.1 A network user’s self-selection problem (stage two) Given the ISO’s
insurance premium function X(c¢), a network user at node ¢ subscribes to insurance
level ¢ for a transaction unit injecting at node ¢ with true generation (or, opportunity)
cost v. By purchasing the insurance, the user expects the transaction unit with insured
cost ¢ to obtain network access when the spot price S falls in the region ;(¢) (e.g.
Q;(¢) = [v, Si(e)] where S;(¢) = ki1 Skizc for some constants k;; and k;2) and be curtailed
when the spot price S falls in ©;(c), the complement region of Q;(c). With the rational
expectation §2;(c¢), the network user chooses the optimal ¢ so as to maximize expected
profit. Namely, the network user at node ¢ would solve the following problem to get the
optimal insurance level for a type ¢ transaction unit with true opportunity cost v

(NUT) (o) = argmax /Q NG+ [ (s w06 #X(0) (21)

where (s &¢)t = max(s &¢,0), and G(+) is the cumulative distribution function of the

random variable S.

2.1.2 The ISO problem (stage three) After the random spot price is revealed (or
accurately predicted), all network users submit their usage requests as well as their in-
sured cost (insurance level) ¢ for each request. By aggregating the requested transactions
according to their injection node and insurance levels the ISO ends up with insured cost
distribution curves (or, curtailment supply curves) EZ(C) at each node 7. 1 implicitly
assume in this formulation an unlimited supply of displacement power (part of which
can be curtailed demand) at the zonal spot price. When the network is congested, the

IS0 relieves the congestion by curtailing transactions such that the total insurance com-
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pensation payment is minimized. That is, for a revealed spot price S, the ISO solves

the following minimization problem subject to transmission constraints:

(1501)
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where ©;(-) is the inverse function of 52(), ¢; is the net amount of power injected or
ejected at node ¢; ¢i;(q1,q2, -+, gn-1) is the power flow function on line (¢, 7); and C;; is
the available capacity of line (¢, 7). Therefore, the ISO has a compensation-minimizing
dispatch schedule (¢5(s),¢3(s), -+, ¢:(s)). And for every realized spot price S = s, there
exists a corresponding ¢;(s) being the marginal insurance level granted transmission

access (i.e., allowed to inject power) at node 1.

Definition 2.2.1 The above priorily insurance mechanism is coherent in an electricity
network if there exists an insurance premium function X(¢) and rational expectations of
a set of dispatch contingencies {Q;(c) 11 = 1,2,---,n} for all transactions injecting at
node ¢ such that a) {Ez(c) for all i} are the distribution curves of the insured costs of
all transaction units resulting from the network users’ self-selection problem (NUL1); b)
(¢7(8),¢5(8),- -+, q:(s)) is a solution to (ISO1) given {52(0) for all i} for every revealed

spot price s; ¢) ¢ (s) = Di(ci(s)) for all ¢, s.

I will later show in a more general setup of multiple spot markets that if every

network user reveals the truth by purchasing insurance which is equal to the true cost
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then this priority insurance scheme results in the economic dispatch (first-best) solutions.
However, network users in general have incentives to underinsure their access rights with
the aforementioned choice of the insurance premium function. My objective is to identify
the coherent priority insurance schemes, to characterize the scheme with the smallest
possible deadweight efficiency loss due to imperfect contracting, and to estimate those

losses.

2.2.2 Multiple spot markets: zonal pricing

When there exist multiple zonal spot markets and the network is partitioned into several
zones, the formulation is some what different. In this case, the ISO offers one insurance
premium schedule X,,(¢) in each zone m. The ISO charges no ex post fee for transactions
within one zone but imposes an additional ex post congestion fee (or counterflow credit)
of S,, <95, per unit for transactions going from zone n to zone m, where S, denotes the

random spot price in zone m.

2.2.1 The network user self-selection problem Like in the single spot market
case, a network user choosing to purchase insurance level ¢ for one unit injected at node
¢ of zone m, expects physical access when the zonal spot prices 51, 59, - -+, .5k fall in the
spot price contingency set €;(c). Thus a network user chooses the optimal ¢ such that
the expected profit is maximized. The optimal ¢ for a transaction unit injected at node ¢
belonging to zone m(¢) with true cost v is determined by solving the following problem:

(NU2)  cf(v) = argmax/ (Sm(i) ©v)dG (51, -, 51)

(2.3)
—I_/ <:>C +dG(317 75k) <:>Xm(2)(c)
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where §;(¢) is the region of spot price contingencies in which the insurance level ¢ would
guarantee physical access to the network for a transaction unit injected at node ; ;(c)
is the complement of Q;(¢); and G(+) is the joint cumulative distribution function of the
random variables {57, S, -, Sk}

In practice, we may offer a set of discrete insurance levels {c1, ¢z, -, ¢} and the
corresponding set of premia {x,xq, -, 2x}. If the number of insurance levels is small
we may wish to use different sets of insurance levels in different zones. I will illustrate

the merits of such an approach through a couple of examples.

2.2.2 The ISO problem By aggregating all submitted insurance levels ¢, the ISO
ends up with curtailment supply curves EZ(C) at each node :. When the network is
congested, the ISO relieves the congestion by curtailing transactions so as to minimize
the total compensation payments. Namely, the ISO solves the following minimization

problem subject to transmission constraints:

(1502)
) Di(Sm(s)) _ 1
min Z / [Sm(i) <0i(q)]dg @E Z (S 50)( Z 4 < Z q;7)
{9} iENg V% 1<m<n<k J€EZm J'€Zn

s.1. Z q; = 0
=1
qizz'qij, i:1,2,---,n.
JF#i
|QZ](QI77QTL—1) |§ 02]7 1§Z<]§n7
(2.4)
where Ng denotes the set of supply nodes; Z,, denotes the node set of zone m; m(i)

denotes the zone to which node ¢ belongs; and ¢; is the net amount of power injected

or ejected at node 2. Hence, the ISO has a compensation-minimizing dispatch schedule
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(¢7(5),¢5(s), -+, q:(s)) for every realized zonal spot price vector (s, 83, -, 8y ). There
exists again a corresponding ¢;(s1, S2,- - -, 8m ) at node ¢, which is the insurance level pur-
chased by the marginal transaction unit granted network access at node 2 for a revealed
zonal spot price vector (s1,82,--,8y). If all network users reveal the truth by pur-
chasing insurance level ¢*(v) = v (true cost), then the ISO’s compensation-minimizing
schedule is indeed the social welfare (gain from trade) maximizing schedule which is

defined as follows.

Definition 2.2.2 For a set of zonal spot prices (51,52, -, Sk), a dispatch schedule
(q1,92, "+, qn) is a social welfare maximizing (or, economic dispatch/first-best) schedule

if it is a solution to the (ED) problem.

(ED)
qi

max Y ¢ Swmi) & D / D;H(q)dq

tai} ieNp ieNg 7V

s.t. i q; = 0 (25)
=1
Qi:ZQiJ‘a i:1727"'7n'

J#

|QZ](QI7q277QH—1) |§ 02]7 1§Z<]§n7

where Np and Ng denote the demand node set and the supply node set, respectively;

D71 (q) is the true inverse supply cost curve at supply node i.
I summarize the above as a proposition and provide the proof in the appendix.

Proposition 2.2.1 Suppose all network users purchase insurance with strike price re-
vealing their true costs, i.e. ¢f(v) =wv. Then I have Ez(c*(v)) = D;(v) where D;(v) is the
true cost curve at node v, and the solutions (¢;(s), q5(s), -+, q:(s)) of the ISO problems

(I1SO1 & 1S02) are also the corresponding social welfare maximizing solutions.
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Proof. See Appendix A. 11
The concept of a coherent insurance scheme in the multiple spot markets case is similarly
defined as in Definition 2.2.1 with (NU2) replacing (NU1) and (1S01) replacing

(1502).

2.2.3 The choice of premium function X(c)

It is important to note that a proper choice of the insurance premium function X(c)
by the ISO is key in this scheme. The choices of premium functions provide the self-
selection incentives and lead to different insurance purchase distributions with different
social welfare implications. In this section I focus on a special case where the ISO chooses
X(c) as the expected benefit accrued to a transaction unit, with true cost v being the
insured cost ¢, from physical access to the grid. In the following proposition I show that
under this premium function no transaction unit would have any incentive to overinsure
its access to the network, i.e., the optimal solution ¢*(v) to the self-selection problem is
always no less than the true cost v. One of the implications of this result is that there
is no adverse selection of revealed injection node at stage three where users submit
their preferred schedules. If a user were to overinsure, there might be an incentive to
reveal a false injection node in order to obtain compensation when the user would have
curtailed supply voluntarily due to low spot price realization. But with underinsurance,
compensation is never paid when a user’s true cost exceeds the spot price and hence

there is no incentive for misrepresenting the injection node.
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Proposition 2.2.2 [f the ISO chooses
Xn(c) = Es,, (Max(S,, <¢0)) (2.6)

as the insurance premium function in each zone m where FEg, [-] is the expected value
operator, then ¢*(v) > v where ¢*(v) is the optimal solution to the self-selection problem

(NU1&2) of a transaction unit with true cost v.

Proof.  Consider a transaction unit with true cost v. If the unit is overinsured, i.e.

¢ < v, then the following is true,

0 = Es, (Maz(S, —¢,0))— X,,(c)
(By the definition of X,,(¢))
= / max( sy, ;) — ¢, 0)dG(s1, s2,+ -+, sg)
Qi(e)
+ /ﬁ( ) maX(Sm(i) ) O)dG(Slv T Sk) - Xm(z)(c)
/ max(sm(i) —v,0)dG (51,82, +, k)
Q

i(e)
+ /ﬁ( ) maX(Sm(i) ) O)dG(Slv T Sk) - Xm(z)(c)

v

The right-hand side expression of the above inequality is the objective function of the
self-selection problem (NU2). Since this objective function achieves value zero if the

transaction unit is insured at its true cost level v i.e. ¢ = v, it follows that ¢*(v) > v. &

2.3 Numerical examples

In this section, I take a classical three-node network (Figure 2.3) with one spot market

to show how a coherent priority insurance scheme is obtained. I then compute the
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efficiency loss of the particular scheme with respect to the economic dispatch solution.
As previously mentioned, I use a DC-flow approximation and assume no transmission
losses in all my examples. In the specific three-node network, each transaction is uniquely
characterized by its injection node since I only consider one net demand node. As for
examples of the multiple spot markets case, I present a four-node network and a six-node
network with two spot markets (two zones) and explore the efficiency properties when
network users’ choices are restricted to one and two discrete levels of insurance in each

zone.

2.3.1 Single spot market: three-node network

Consider a three node network with transmission line capacity

(012, 013, 023) — (136MW, 300MW, 254MW)

and equal admittance of 1. Node 3 is the location of the spot market with uniformly

v2=20+0.1 2
Supply node 2

o

Max 254MW

Demand node

—

Max 300MW

Supply node 1 Random spot price S
(uniform on [32, 52])

Figure 2.3: A three-node network
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distributed random spot price S ~ U(32,52). The cumulative distribution function of

S is:
0 , s <32
5 =32
G(s) = . 32 <5 <52 (2.7)
20
1 , s> 52

[ first compute the economic dispatch (first-best) solution for each realization of the spot
price S and the expected social welfare (gain from trade) of the first-best solutions. A
social planner’s objective of maximizing social welfare is equivalent to minimizing the
shaded areas representing the displacement costs, as depicted in Figure 2.4. Therefore,
a social welfare maximizing ISO solves the following problem to obtain the economic
dispatch for a realized S(w) = s:

SW(s) = min ZZ:/Di(S)[S Svi(q)]dg

(1+92,98) 527 Jas

s.t. '23:1% =0
136 L el 136 (2:8)
ST I RN B I Y
300 w2 e N 300

where ¢; is the quantity of power injected or ejected at node ¢ (¢ = 1,2,3). For any

realization of the spot price S = s, the solution of (2.8) is given by

qu = %(210 <:>S)
=225 &15) 5, 32<s<52 (2.9)

qz = @%(3 + 195)

And the expected social welfare is F[SW] = 10697.
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Objective of Economic Dispatch with
True Cost Curves

Spot price

Dispatch quantity

0 dz ‘ql Q
Figure 2.4: Objective of economic dispatch
[ now turn to the computation of a coherent priority insurance scheme where the ISO
posts the insurance premium function X (¢) given in (2.10). The economic interpretation
of X(c) is that it equals the expected benefit accrued to a transaction unit with true
unit cost ¢ receiving physical access to the network and hence avoiding a settlement cost
at the spot market price. This premium can also be interpreted as the actuarial value of

a financial “call option” with strike price ¢ with respect to the underlying spot market.

X(¢) = FEs[max(S <¢,0)]

12 & L 0<c<32
(2.10)

= 4§ s(02&c)? , 32<c <52

0 , €>952

[ conjecture that a network user who selects insurance level (or, insured cost) ¢ for
a transaction injected at node 1 expects the transaction unit to get access for S €
[max(32,v), S1(c)] where Si(¢) = ki &kecand k; (1 = 1, 2) is a parameter to be calculated.
The degrees of freedom in computing the rational expectation equilibrium allow us to

parameterize the contingency set, in which access is provided, in terms of a two parameter
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Nsurance level
]
: S

.

0 32 52 c

Figure 2.5: Insurance premium function

linear function defining Si(¢). Then the optimal ¢ chosen for a transaction unit with

true cost v injected at node 1 is given by the solution of the following problem

Sl(c) 52
ci(v) = arg max/ ( )(5 Sv)dG(s) + ( )(5 <:>c)+dG(5) < X(c)
c max(v,32 S1(c
= VS (2.11)
= (kl_gil-l—]QU , v{ < v S vi/
1 , v > U{l

Similarly, I conjecture that the spot price interval in which a unit transaction with
insurance level ¢ injecting at node 2 gets access takes the form of [S3(¢),52] where
Sy(€) = ks + ksc and k; (¢ = 3,4) is a parameter to be calculated. Then the optimal
insurance level for a transaction unit with true cost v injected at node 2 is determined

by the self-selection problem:

SQ(C) 52
ca(v) = arg max/ ( )(5 &e)dG(s) + ( )(5 Sv)dG(s) & X ()
c max(c,32 Sy (e
22 9 v S Ué (2 12)
= I <oy
Co , v > Ug
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For each S, I obtain the marginal insurance levels ¢; and ¢, at node 1 and 2, respec-

tively, such that S = k1 keci(S) = ks + kaca(S). The shapes of the resulting inverse

insurance distribution curves D7 '(¢) (¢ = 1,2) are illustrated in Figure (6). When the

Insurance Level Distribution Curves

0 Q

Figure 2.6: Insured cost distribution curves

random spot price is revealed, network users submit their usage requests along with their
insurance levels. Therefore, the above insurance distribution (or, curtailment supply)
curves El(c)(z = 1,2) are revealed to the ISO. In case of network congestion, the ISO

determines dispatch schedules based on the criterion of minimizing total curtailment

compensation payments, i.e. the ISO solves (2.13).

2

IP(s) = min Z/qiDi(S)[S D7 (q)]dg

(g1,92,92) ;3

s.t. '23:1% =0
<136 : ol 136 (2.13)
254 | < 3 2 o < | 254
<300 &2 e v 300
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The solution of (2.13) is

4 = 72030 + k1 & 10k; ©2s)
G = 12(2s ©ks ©20ky £29) , 32 <5 <52 (2.14)

15 = &4 ¢

ISO Minimizes Compensation Payments

$ Insurance paymen ‘ ;

by ISO r'j\ |

Spot price S .’\"{'"7:,/"/’:’
b L |

D,(q)

Dispatch quantity

. % . :

Figure 2.7: Objective of the I[SO’s minimization problem
Figure (2.7) gives a graphic representation of the ISO’s objective of minimizing total
insurance payments based on the revealed insured cost distribution curves.

Invoking the equilibrium condition ¢) in Definition 2.2.1, I solve for the free
parameters of the rational expectation equilibrium and obtain {k = 317.78, k; =
9, ks = €39.72, k4 = 2.25}. The resulting network access contingency sets correspond-
ing to the rational expectation equilibrium are characterized by the boundary functions

{Si(e),7 = 1,2}, given by:

“9c+ 31778 for ¢ € [29.53,31.75]
Si(e) =
0 0.w.
(2.15)
2.95¢ £39.72  for ¢ € [31.88,40.77]
Sa(c) =
>0 o0.W.
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The spot price contingency sets in which network access is granted to each insurance

level at the two supply nodes are illustrated in Figure (2.8). I substitute the solution

Rational Expectation Equilibrium

A A

Access range

32 | S

31.9 408 ¢

ov

29.5 31.7

Figure 2.8: Rational expectation of network access price interval

{ki,1 =1,2,3,4} into (2.14) and get the induced dispatch schedules {(¢;(s), ¢3(s)),32 <
s < 52} under the above priority insurance scheme . The expected social welfare of the
induced schedules is E[SW*] = 10593. This amounts to only 0.974% efficiency loss. For
this simple example, my calculation shows that the efficiency losses associated with the
minimum compensation dispatch solution under the priority insurance scheme is rather
small when compared to the first-best solution. Figure 2.9 illustrates a comparison
between the economic dispatch (first-best) solution and the minimum compensation
(second best) for every realization of the spot price S. To check the robustness of the
above result 1 perform a modest sensitivity analysis calculating the efficiency loss for
slightly varied different sets of parameters. Basically, I vary the fixed costs of the true
cost distribution curves so as to change the difference between true supply functions at

the different supply nodes. The computation results reported in Table (2.1) indicate
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q, 4

408

First Best .vs. Second Best

0,-0,= -408

20,+0,=900
(346, 208)

2nd Best
0,-0,=408

Region 0,+20,=762

0

408 a,

Figure 2.9: The comparison between 1st best and 2nd best solutions

that the efficiency losses are still of similar magnitudes.

Parameter set

U1 = 9 + 005Q1 U1 = 10 + 005Q1

Vg = 22.5 + 01QQ Vg = 20 + 01QQ

v = 10 4 0.05¢;
Vg = 23 + 01QQ

Efficiency loss

0.972 % 0.974 %

1.01 %

Table 2.1: Sensitivity of Efficiency Loss

2.3.2 Multiple spot markets: 4-node and 6-node networks

I next turn to the multiple zonal spot markets case. Consider a 4-node network with

two spot markets and two supply nodes as shown in Figure (2.10). Node 1 and 4 belong

to zone one while node 2 and 3 belong to zone two. The dashed line in Figure (2.10)

represents the boundary of the two zones. The link 3-4 connecting the two zones is the

only congested link with line-flow capacity of SOMW. All lines are of equal impedance

of one. I assume the spot prices in zone 1 and zone 2 are jointly uniformly distributed

over interval [28,32] x [32,40]. The marginal distributions are Sy ~ U[28,32] and S4 ~
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Example: 4-node network

v,=12+q/24

Suppl
- PRl S~ U[32, 40]

node 1

uniform r.v.
Demand
node 4
Demand
node 2
Zone 2 V3 =8+ /15
S, ~ U[28, 32] Supply
——»
uniform r.v. node 3 q

Figure 2.10: An example of four-node network

U1[32,40], respectively. The true marginal cost functions at node 1 and node 3 are:

12 4 ¢1/24
V3 = 8—|-Q3/15

0

(2.16)

The economic dispatch (first-best) solution for any given spot price vector (sg,s4) is

given by
qu = 12(82 + s4 @24)
N <3056 4 39955 =201y
42 =
4
R 15(5sy <354 <16) (2.17)
43 = 5
N 1424 2015, + 159s4
44 = n

The expected social welfare of the first-best solutions is Es[SW] = 8652.
I consider the simplest situation where the [SO offers a one-level insurance scheme in
the two zones, i.e. network users selections are restricted to {c',z}} or {o0,0} in zone i

(¢ = 1,2) where ¢! is the insurance level and z} is the corresponding insurance premium
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in zone 7 (i = 1,2). z! is given by X;(c') (¢ = 1,3) where

Xi(e) = Fg,[max(Ss <c,0)]

36 ¢ , ¢ <32 (2.18)
= (40 &) | 32<c<40
0 , ¢>40
and
Xs(e) = Fg,max(5; ¢, 0)]
30 &c , ¢ <28 (2.19)

= { 132&¢)? |, 28<c<32
0 , €>32
A network user’s self-selection problem amounts to the individual rationality condition,
namely, the optimal insurance level ¢f(v) for a transaction unit with true cost v in zone
i (1 =1,2) equals ¢' if and only if the expected benefit of purchasing ¢! is no less than
0. The ISO minimizing insurance compensation problem is
1
min > pf(G(S) <) (S ©82)(gs < a2)
losa?} D5 a=o
1
st ¢ = Z_:Oqf (1=1,3)
1+ g3 =0 =q=0 (2.20)
| (a1, 42, 43) | C
q < @a(s) (l =1,3a= 071)

q; > 07 Q'oZ > 07 \V/i,\V/Oé,

K3
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where

S denotes a realization of random spot price vector (.Sz, S4)

q! is the number of access requests with insurance ¢! which
are granted network access at node ¢ (¢ = 1, 3)

q? is the number of uninsured access requests which are
granted network access at node i (1 =1, 3)

G} (S) is the total number of access requests with insurance ¢ at
node ¢ (¢ = 1, 3) for the realized spot price vector S

@7(S) is the total number of uninsured access requests at
node ¢ (¢ = 1, 3) for the realized spot price vector S

p; = max(Sy &c',0), pi = max(S, &', 0)
are the insurance payments

PP =0(=1,3)

By varying the insurance level ¢!, I calculate several equilibrium solutions and find
that the social welfare efficiency losses is not very sensitive to the choice of insurance
level ¢'. Taking ¢! = 28.5, the solution to the ISO problem for any realized (53, S4) €

[28,32] x [32,40] is

G =396MW, g =0MW
g3 = A8.SMW, qu = 444.8MW,; if 5sy <354 < 57
(2.21)
G =396MW, ¢ = 646.TO MW
gz = 307.5MW, gy =56.T5MW; if bsy <354 > 5T

which yield an expected social welfare of 7254.0. The calculation accounts for random

rationing among insured access requests when transmission constraints prohibit schedul-
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ing of all such requests. The corresponding efficiency loss is equal to 16.15%, which is

roughly the smallest efficiency loss achievable with one insurance level.

I now consider a two-level insurance scheme with one insurance level in each zone,

¢ # c3. The ISO compensation minimization problem becomes:

where

min Y Y () ) (51 45 Sa)

{qﬁq?} 2'2173 a=0
1
st. =Y ¢ (i=13)
a=0
G+ 4¢3 Eqp =0
| 4ij(q1, g2, q3) | < Cij
¢ <q(S) (1=1,3a=0,1)

q; > 07 an > 07 \V/i,\V/Oé,

S denotes a realization of random spot price vector (.Sz, S4)
q! is the number of access requests with insurance ¢! which
are granted network access at node ¢ (¢ = 1, 3)
q? is the number of uninsured access requests which are
granted network access at node i (1 =1, 3)
G} (S) is the total number of access requests with insurance ¢} at
node ¢ (¢ = 1, 3) for the realized spot price vector S
g?(5) is the total number of uninsured access requests at
node ¢ (¢ = 1, 3) for the realized spot price vector S
p; = max(Sy &ci,0), py = max(S; &3, 0)

are the insurance payments

PP =0(=1,3)

30

= 1,2) and

i.e. network users selections are restricted to {c},z}} or {oo,0} in zone 7 (2

(2.22)



For the instance of ¢; = 30 and ¢; = 21, the total number of insured access requests
under all possible realizations of (.5;,.5,) € [28,32] x [32,40] at nodes 1 and 3, ;(.5) and
G5(5), are 432MW and 195M W, respectively. Given S = (s3,s4), the solutions to the

I[SO compensation minimization problem are:

g =432MW, g =0MW
g3 = 416 MW, q4 = 473.6 MW ; if bsy <354 < 42

q = 432MW, gy = 383.5MW

g3 = 195MW, Gs = 2435MW, if hsy &3s4 > 42

The above dispatch schedules yield an expected social welfare of 8156.3, which amounts
to an efficiency loss of 5.7% when compared to the expected social welfare of economic
dispatch solutions. Note that given the rational expectation about the ISO minimum
compensation dispatch over the corresponding spot price contingency region, the ex-
pected benefit for a transaction unit with true cost v purchasing ¢ and ¢} are (¢} <v)
and 91(cj ©wv)/150, respectively. Therefore the marginal insurance purchasing units at
node 1 and node 2 have true costs of vj = ¢; = 30 and v} = ¢} = 21, respectively.
By adding one more insurance level in each zone in the previous two-level insurance
example, e.g. taking ¢f = 30 ¢ = 31.5 and ¢ = 21 ¢ = 27, I reduce the efficiency
loss from 5.7% to 4.4%.

I further examine this scheme on a 6-node network which is similar to the example
used in Chao and Peck [4]. A 6-node network divided into two interconnected zones

is shown in Figure (2.11). Zone I consists of nodes 1, 2 and 3, and zone II consists of

nodes 4, 5 and 6. Suppose congestion only occur to line 1-6 and line 4-6. The physical
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Zone | Zone ll

S~ U8 % /
=4 : ! V5 =22 +(g/ 12
,’l ’ Vg =24+ 18

V3 =18 +q3/16

Figure 2.11: An example of six-node network

transmission capacities for the two lines are 50 MW each. The line resistances are given
by the numbers in parentheses.

I assume that nodes 1, 3, 4 and 5 are the supply nodes, and nodes 2 and 6 are
the demand nodes. The marginal cost functions at these nodes is summarized in Table

(2.1). Again, the spot prices in zone 1 and zone 2 are assumed to be jointly uniformly

Node | Supply Function
1 14+ ¢/10
3 18 + ¢/16
4 24 4+ q/18
> 22 4+ q/12

Table 2.1: Supply functions

distributed over interval [28, 32] x [32,40]. The marginal distributions are S; ~ U[28, 32]
and S7; ~ U[32,40], respectively. Let the ISO offer a two-level priority insurance scheme
in each zone where the insurance levels are ¢j = 26.8 ¢ = 30 and ¢} = 26.8 3 = 31.
The insurance premiums are given by (2.6). As I compute for the expected social welfare

loss due to the ISO minimizing total insurance compensation, it is 4.58% of the expected

social welfare of the first-best solutions. We shall note that these insurance levels are

52



not optimized to achieve the minimum efficiency loss. It is reasonable to expect that
optimizing the insurance levels and adding more levels of insurance in each zone will

further reduce the efficiency loss to an acceptable level.

2.4 Conclusion

At the intuitive level, this scheme can be viewed as a hybrid of priority insurance and a
postage-stamp approach. The different levels of insurance characterized by the revealed
opportunity costs may be interpreted as postage stamps with different priorities. These
priorities allow for network users self-selection which in turn provides economic signals
for the efficient rationing of scarce transmission resources. With a single zone in a trans-
mission network, since the admissible insurance schemes is constrained to be uniform,
a first-best solution cannot be expected. However, if we partition a network into more
zones and allow more different insurance premium schedules to be offered, the efficiency
gains can be improved. The limiting case, where the insurance scheme is node specific,
is equivalent to a nodal pricing approach. In essence, this scheme takes out part of
the time and locational “price variability” present in a nodal pricing scheme and allows
“quantity variability” in the form of uncertain access at a given price. Stable prices
with a measure of uncertainty in service quality is a prevalent practice in most service
industries. What is important to realize is that the proposed pricing scheme and the
corresponding congestion management protocols are quite simple. The mathematical
complexity is in attempting to calculate the market equilibrium. In reality, that part is

performed by the market itself.
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Another important point to be made concerns the magnitude of the efficiency losses
we have observed in my examples. My calculations for the discrete priority insurance
levels resulted in efficiency losses ranging from 3 < 5% which are quite significant if
such losses were indeed persistent. Fortunately that is not the case. These losses were
calculated under the assumption that congestion exists within the zone. In reality, zonal
boundaries are defined so that intra-zonal congestion is rare. Typically, congestion may
be present within a zone for at most 200 hours per year (about 2.5% of the time) which
under worse case scenario may represent 10% of net annual social surplus. Hence, a
5% efficiency loss during periods of intra-zonal congestion would average to under 0.5%
annual efficiency loss. This estimate is consistent with recent results by Green [16] who
calculated efficiency losses due to zonal aggregation (with no intra-zonal priority pricing)

in the UK system and estimated these losses at under 1% of social welfare.
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Chapter 3

Stochastic Models for Electricity

Prices

Electricity markets emerge and grow rapidly as the restructuring of electricity supply
industries is spreading in the United States and around the world. The global trend of
electricity market reforms exposes the portfolios of generating assets and various supply
contracts held by traditional electric power utility companies and the independent power
producers to market price risks. Risk management and asset valuation needs require in-
depth understanding and sophisticated modeling of electricity spot prices. Primarily
motivated by the surging demands for risk management and asset valuation due to
deregulation in the $200 billion US electricity industry, I investigate the modeling of
electricity prices in this chapter. The introduction part of Chapter 4 provides a detailed
description of the various applications of the modeling methodology developed in this

chapter.
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3.1 Introduction

As noted in Chapter 1, modeling the price behaviors of electricity is a very challenging
task for researchers and practitioners due to the distinguishing characteristics of electric-
ity. First of all, electricity can not be stored or inventoried economically once generated.
Moreover, electricity supply and demand has to be balanced continuously so as to pre-
vent the electric power networks from collapsing. FElectricity spot prices are extremely
volatile because the supply and demand shocks cannot be smoothed by inventories. As
for how volatile the electricity prices can be, the wholesale prices of electricity fluctuated
between $0/MWh and $7000/MWh in the Midwest of US during the summer of 1998.

It is not uncommon to see a 150% implied volatility in traded electricity options. Figure

210%- Implied Vol

A
190%- T
170%- G

150%-
130%-

110%-+ ..

l,,.__»
90% - ——Cll Qitions (6/1/9)
~-=--Cll Qtions (6/1998)
70% —a-Gll Qutions (7/24/98)
——Gil Qtions (869
50% ‘ ‘ ‘ ‘ ‘
0 0.5 1 15 2 2.5

Moneyness (K/F)

Figure 3.1: Implied Volatility of Call (Sept.) Options at Cinergy

(3.1) plots the implied volatility of electricity call options in the Midwestern US (Cin-

ergy) across different strike prices at different points in time where the x-axis represents
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the “moneyness”, i.e. the strike prices divided by the corresponding forward prices. On
top of the tremendous levels of volatility, the highly seasonal patterns of electricity prices
also complicate the modeling issues.

Recall from Chapter 1 that the most noticeable features of electricity prices are mean-
reversion and the presence of price jumps and spikes. Figure (3.2) shows the historical
on-peak electricity spot prices in Texas (ERCOT) and at the California and Oregon

border (COB). I have explained the intuitions behind the mean-reversion and jumps in

Hectricity On-Peak Soot Frice

$160. 0 4 ot Frice —+ $80. 00
—— ERQCOT on- peak

$140. 0 - 4 $70.00
—-—.COCB on- peak

$120. 0 - 4 $60. 00

$100. 0 - s —+ $50. 00

$80. 0 { 1 $40. 00
$60. 0 | | $30.00
$40.0 A $20. 00
$20. 0 4y $10. 00
$0.0 $0. 00

12/1/95 310/96 6/18/96 9/26/96 U497 4/14/97 7/23/97 10/3/97 2/8/98 5/19/98
Ti me

Figure 3.2: Electricity Historical Spot Prices

electricity prices in Chapter 1. When the contingency making the electricity price to
jump high is short-term in nature, the high price will quickly fall back down to the normal
range as the contingency disappears thus causing a spike in the electricity price process.
In the summer of 1998, we observed the spot prices of electricity in the Eastern and the
Midwestern US skyrocketing from $50/MWh to $7000/MWh because of the unexpected

unavailability of some major power generation plants as well as the congestion on key
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transmission lines. Within a couple of days the prices fell back to the $50/MWh range
as the lost generation and transmission capacities were restored. Electricity prices may
also exhibit regime-switching, caused by weather patterns and varying precipitation, in
markets where the majority of installed electricity supply capacity is hydro power such
as in the Nord Pool and the Victoria Pool.

There have been few studies on modeling electricity prices since electricity mar-
kets only came into existence a few years ago in US. Schwartz (1997), and Miltersen
and Schwartz (1998) are two of the most recent papers which concern the modeling of
commodity spot prices. They investigate several stochastic models for commodity spot
prices and performed an empirical analysis based on copper, gold and crude oil price
data. They find that stochastic convenience yields could explain the term structure of
forward prices and demonstrate the implications to hedging and real asset valuation by
different models. Hilliard and Reis (1998) consider the effects of jumps and other factors
in the spot price on the pricing of commodity futures, forwards, and futures options.
One particular finding is that the jump in the spot price does not affect forward or
futures prices. However, as [ will illustrate later, this may not be true if the underlying
commodity is almost non-storable such as electricity. Kaminski (1997) as well as Barz
and Johnson (1998) are two papers on modeling electricity prices. Kaminski (1997)
points out the needs of introducing jumps and stochastic volatility in modeling electric-
ity prices. The Monte-Carlo simulation is used for pricing electricity derivatives under
the jump-diffusion price models. Barz and Johnson (1998) suggest the inadequacy of
the Geometric Brownian motion and mean-reverting process in modeling electricity spot

prices. With the objective of reflecting the key characteristics of electricity prices, they
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offer a price model which combines a mean-reverting process with a single jump process.
However, they do not provide analytic results regarding derivative valuation under their
proposed price model.

While some energy commodities, such as crude oil, may be properly modeled as
traded securities, the nonstorability of electricity makes such an approach inappropriate.
However, we can always view the spot price of electricity as a state variable. All the
physical contracts/financial derivatives on electricity are therefore contingent claims on
the state variable. In this chapter, I examine a broad class of stochastic models which
can be used to model price characteristics such as jump, stochastic volatility, as well as
stochastic convenience yield. I feel that models with jumps and stochastic volatility are
particularly suitable for modeling the electricity price processes.

I specify the electricity price processes as affine jump-diffusion processes which were
introduced in Duffie and Kan (1996). Affine jump-diffusion processes are flexible enough
to allow me to capture the special characteristics of electricity prices such as mean-
reversion, seasonality, and spikes!. More importantly, I am able to compute the prices of
various electricity derivatives under the assumed underlying affine jump-diffusion price
processes by applying the transform analysis developed in Duffie, Pan and Singleton
(1998). I consider not only the usual affine jump-diffusion models but also a regime-
switching mean-reversion jump-diffusion model. The regime-switching model is used to
model the random alternations between “abnormal” and “normal” equilibrium states of
supply and demand for electricity.

The remainder of this chapter is organized as follows. In the next section, I propose

1“Spikes” refers to upward jumps followed shortly by downward jumps.
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three alternative electricity price models and compute the transform functions needed
for contingent-claim pricing. In Section 3.3, I present illustrative examples of the models
specified in Section 3.2 and derive the pricing formulae of several electricity derivatives.
The comparisons of the prices of electricity derivatives under different models are shown.
I also provide a heuristic method for estimating the model parameters by matching
moment conditions using historical spot price data and calibrating the parameters to

prices of traded options. Section 3.4 concludes the chapter.

3.2 Mean-Reverting Jump-Diffusion Price Models

Keeping in mind the objective of capturing prominent physical characteristics of electric-
ity prices such as mean-reversion, regime-switching, stochastic volatility, and jumps/spikes,
I examine the following three types of mean-reverting jump-diffusion electricity price

models.

1. Mean-reverting jump-diffusion price process with deterministic volatility.
2. Mean-reverting jump-diffusion price process with regime-switching.

3. Mean-reverting jump-diffusion price process with stochastic volatility.

I consider two types of jumps in all of the above models. While this analytical approach
could handle multiple types of jumps, I feel that, with properly chosen jump intensities,
two types of jumps suffice in mimicking the jumps and/or spikes in the electricity price
processes. The case of one type of jumps is included as a special case when the intensity

of type-2 jump is set to zero.
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In addition to the electricity price process under consideration, I also jointly spec-
ify another factor process which can be correlated with the underlying electricity price.
This additional factor could be the price of the generating fuel such as natural gas, or
something else, such as the aggregate physical demand of electricity. A jointly specified
price process of the generating fuel is essential for risk management involving cross com-
modity risks between electricity and the fuel. There is empirical evidence demonstrating
a positive correlation between electricity prices and the generating fuel prices in certain
geographic regions during certain time periods of a year. In all models the risk free

interest rate, r, is assumed to be deterministic.

3.2.1 Model 1: A mean-reverting deterministic volatility pro-
cess with two types of jumps

I start with specifying the spot price of electricity as a mean-reverting jump-diffusion
process with two types of jumps. Let the factor process X; in (3.1) denote In Sf, where
Sy is the price of the underlying electricity. Y; is the other factor process which can be
used to specify the logarithm of the spot price of a generating fuel, e.g. ¥; = In S{ where
S? is the spot price of natural gas. In this formulation, I have type-1 jump representing
the upward jumps and type-2 jump representing the downward jumps. By setting the
intensity functions of the jump processes in a proper way, we can mimic the spikes in

the electricity price process. Suppose the state vector process (X, Y;) given by (3.1) is
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3 associated with all state variables are linear

under the true measure? and the risk premia
functions of state variables. Assuming there exists a risk-neutral probability measure* Q)
over the state space represented by the state variables®, the state vector process has the
same form as that of (3.1) under the risk-neutral measure, but with different coefficients.
For the ease of pricing derivatives in Section 3.3, I choose to directly specify the state
vector process under the risk-neutral measure from here on with the assumption that
the risk premia associated with all state variables are linear functions of state variables.

Assume that, under regularity conditions, X; and Y; are strong solutions to the

following stochastic differential equation (SDE) under the risk-neutral measure @,

p X, _ k1(1)(61(t) ©X3) i+ o1(t) 0 aw,
Y, ma(1)(0:(1) Y)) p(D)oa(t) /1 &p(t)?oa(t)
+ 22: AZ} (3.1)

where k1(f) and ky(t) are the mean-reverting coefficients; ;(¢) and 65(¢) are the long
term means; o1(%) and o3(t) are instantaneous volatility rates of X and Y; W, is a F;-
adapted standard Brownian motion under @ in R?; Z7 is a compound Poisson process

in R? with the Poisson arrival intensity being A;(¢) (j = 1,2). AZ’ denotes the random

?True measure refers to the probability measure defining the statistical properties of the underlying
price process observed in the real world.

3Risk premium is a quantity established by the capital markets in equilibrium. It is the amount
subtracted from the mean return of a financial asset or a project in order to compensate the owner of
the asset or the project for baring the associated risks.

*Risk-neutral measure refers to the normalized Arrow-Debreu state prices over the states of the
world. Since the sum or the integral of these positive normalized state prices equals one, they can
be interpreted as a probability measure over the states of the world. The risk-neutral measure is, in
general, not unique due to incomplete markets.

A risk-neutral measure exists as long as the no-arbitrage conditions hold. Given the existence of a
risk-neutral measure, the price of a contingent claim is just the expected value of its discounted payoff
under the risk-neutral measure. See Duffie (1996) for more details.
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jump size in ®? with cumulative distribution function v/(z) (j = 1,2). Let qﬁf}(cl, e, 1) =

[z exp(c-z)dv’(z) be the transform function of the jump size distribution of type-j jumps

The transform function Define the generalized transform function as
o(u, X, Yy, t, T) = E9le T exp(us X7 + uyY7) | Fi] (3.2)

for any fixed time T where E9[- | F] is the expected value operator under the risk-
neutral measure () conditioning on the information at time ¢ and u = (uy,uz) € C?* (a
set of 2-tuples of complex numbers). The transform function ¢ is well-defined at a given
u under technical regularity conditions on #;(t), 0:(t), o;(t), pi(t), M\i(t), and ¢5(c1, ca,t)
(1=1,2).

Under the regularity conditions (see Appendix B), ¢ - €7 is a martingale under
the risk-neutral measure () since it is a F;<conditional expectation of a single random
variable exp(u1 X7 + uaY7r). Therefore the drift term of ¢ - e™™ is zero. Applying
[to’s lemma for complex functions, we observe that ¢ needs to satisty the following

fundamental partial differential equation (PDE)
Df erf=0 (3.3)

where

2

Df = 0.f +px - Ox ]+ 5tr(G4 FE50) + SN0 [ 1O+ AZE 1) 6 (X, 1)do(2)

i=1
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It is conjectured that, under regularity conditions, ¢ takes the form:
S‘Q(uv Xt7 1/157 tv T) = exp[oz(t, u) + 61@7 U)Xt + 62@7 u)i/t] (34)

where a and 8 = [3; (3] satisfy the complex-valued ordinary differential equations

SO+ B30, =0, 5(0,u) =

(3.5)
Coltu)+ AB(Lu). =0, a(0.0) =0
with A(+,-): C?* x R — C' and B(-,-): C* x R — C? being
A(B.1) = S [m035, + 3073 + porcath o+ 32 W00 (A o) &)
k1B (3.6)
B(3.) - ( ’ )
K2

Now, we integrate a and 3 out with the corresponding initial conditions to get solutions
(3.7).

o, X1, Yiut, T) = expla(t,w) + Ar(t, u)Xi + Bt u)¥i)

where

Bt [ur,us]) = ulexp(<:>ft k1(s)ds) (3.7)
Balt, [ur,us]) = uzexp(<:>fT 2(s)ds)
T L, 2
o) = [l s ) + 5o )
+p(s)o1(s)oz(s)Bi(s, u)Ba(s, u)

St £ ()@ (Ai(s.u). Aol s, w).5) <1))ds
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3.2.2 Model 2: A regime-switching mean-reverting process with
two types of jumps

To motivate this model, I consider the electricity prices in regions where the major-
ity of power generation capacity is hydro-power. The level of precipitation causes the
electricity price levels to alternate between “high” and “low” regimes. Other plausible
scenarios for electricity prices to exhibit regime-switching are that the forced outages
of power generation plants or unexpected contingencies in transmission networks often
result in abnormally high electricity spot prices for a short time period and then a quick
price fall-back. In order to capture the phenomena of spot prices switching between
“high” and “normal” states, I extend model 1 to a Markov regime-switching model
which I describe in detail below.

Let U; be a continuous-time two-state Markov chain

AUy = 1,0 - 8(U)AN + 1y, - 6(U)dNY (3.8)

where 14 is an indicator function for event A, Nt(i) is a Poisson process with arrival inten-
sity A (i = 0,1) and 6(0) = <6(1) = 1. I next define the corresponding compensated

continuous-time Markov chain M (%) as

The joint specification of electricity and the generating fuel price processes under the
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risk-neutral measure () is given by:

; ( X, ) _ ( o (1)(01(1) =X, ) 0 ( o1(1) 0 ) .
v ka(1)(0:(1) i) p(Dra(t) T p(ifns(t)
+ 22: AZ] + (U~ )dM, (3.10)

i=1

where W, is a F;-adapted standard Brownian motion under @ in R*; {¢(7) = (¢1(), ¢2(7));1 =
0,1} denotes the sizes of the random jumps in state variables when regime-switching oc-
curs. Let ¢,¢)(c1,¢2,t) = [reexp(c- z)dv,)(2) be the transform function of the regime-
jump size distribution v,y (i = 1,2). Z/, AZ’ and qﬁf}(ch ¢2,1) are similarly defined as

those in Model 1. Strong solutions to (3.10) exist under regularity conditions.

The transform function F(z,t) (¢ = 0,1) denotes
E[e_T(T_t) exp(ur Xp + uY7)| Xe = 2, Y =y, Uy = 4] (3.11)

where U; is the Markov regime state variable. The infinitesimal generator D of I is

given by

DF(T, 1) = dF°(T, 1) + MO [ [FY(T + 1(0),1) < FO(T, 1)]dv,(¢(0))

(3.12)
DFV(T, 1) = dF(7, 1) + AV [ [FOT + 1(1), 1) S FY(T, 1)]dvy(o(1))

where

AF(T1) = Fit Bl (@0) + Str[Fao’ (@, 00 (@, 0)7]

FLN @) [+ 20) @ F (@ 1))dvs(2)
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(¢ = 0,1 is the regime state variable)

The fundamental PDEs satisfied by the transform functions F*(F,t) (: = 0, 1) are

DF'(x,y,t) &rF(z,y,t) =0 (i=0,1) (3.13)

The solutions to (3.13) assume the following forms

Fox,y,t) = exp(ao(t) + Bi(t)x + Ba(t)y) (3.14)
Flz,y,t) = exp(ai(t)+ Bi(t)x + Bo(t)y)

Substituting (3.14) into (3.13) with a(?) = alt,u) = (ao(t,u),a1(t,u)) and p(t) =

Bt u) = (1L, u), Ba(t,u)), we get the following ordinary differential equations (ODEs)

d
d_ﬁ(t,u) + B(B(t,u),t)=0, 3(0,u) = u s
Joltu) + Ala(t,u), B(1u), ) =0, a(0,u) =
where
A(Oé(t),ﬂ(t),t) _ ( jl(ﬂ(t)at) i:;[eXP(Oq(t) <:>Oz0(t)) L(O)(ﬂ(t),t) <:>1] )
1(B(1),1) lexp(ao(t) a1(t)d,a)(B(t),t) 1] 16,
B(B(1),1) = ( F()A () )
K2 (t)Ba(t)

and

2

Ai(B(1),1) = Z[m@ﬂi + %Ufﬁﬂ Spo1oafi By 1+ 3 N(65(B,1) 1)

=1 7=1
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qﬁf](ﬂ,t) and ¢,y(B(t),1) are transform functions of the random variables representing
jump sizes in state variables within a regime and associated with the regime-switching,
respectively. When ODEs (3.15) do not have closed-form solutions, we need to numeri-

cally solve (3.15) in order to obtain the transform function values.

3.2.3 Model 3: A mean-reverting stochastic volatility process
with two types of jumps

I consider a three-factor affine jump-diffusion process with two types of jumps in this
model (3.17). Let X; and Y; denote the logarithm of the spot prices of electricity and
a generating fuel, e.g. natural gas, respectively. V; represents the stochastic volatility
factor. There is empirical evidence alluding to the fact that the volatility of electricity
price is high when the aggregate load (or, demand) is high and vice versa. Therefore,
Vi can be thought as a factor which is proportional to the regional aggregate demand
process for electricity. Jumps may appear in both X; and V; since weather conditions
such as unusual heat waves may cause simultaneous jumps in both the electricity price
and the aggregate load. The state vector process (X, Vi, Y;)' is specified by (3.17).
Under proper regularity conditions, there exists a Markov process which is the strong

solution to the following SDEs under the risk-neutral measure @).

X, k1 (D)(01(1) = X,) 2
dl v, | =1 sv)(Ov(t) &V, | dt+ SdW; + Z_: AZ} (3.17)
v & (0)(0:(1) & Y7) i
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where ¥ is given by

OV, 0 o3(t)

W is a Fi-adapted standard Brownian motion under @) in R*; Z7 is a compound Poisson
process in R with the Poisson arrival intensity being A (X, V;, Y;,#) (7 = 1,2). T model
the spiky behavior by assuming that the intensity function of type-1 jumps is only a
function of time ¢, denoted by A(l)(t), and the intensity of type-2 jumps is a function
of Vi, ie. AA(V 1) = Ay(1)V;. Let ¢§(01,02,03,t) = [peexp(c - z)dvi(z) denote the

transform function of the jump-size distribution of type-j jumps, v/(z), (j = 1,2).

The transform function Following similar arguments to those used in Model 1, we

know that the transform function

o(u, Xe, Vi, Yo, t,T) = EQ[e_T(T_t) exp(ur Xp + uaVp + usYr) | Fij

is of form

plu, X, Vi, Yo 1, ) = exp(a(t, w) + Bo(l, u) Xo + Bolt, w)Vr + B5(1,u)Yr) - (3.18)
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where a(u,t) and B(u,t) = (B1(u,t), B2(u,t), Bs(u,t))" are solutions to the following

ordinary differential equations

CBt )+ BB, =0, H(0.) =

(3.19)
ot + AG(L0).0 =0, o(0.u)=
with A(+,-): C® x R — C' and B(-,-): C® x R — C? being
A1) = S+ £ wabii+ 2330 + M6 (5.0) <)
B34 = | ma(t)Ba(t,u) + ha(t)(6F(B,) 1) + 1 Bi(B.1)
’i3(t)63(t7u)

and

Bi(B,t) = Bult,u)(Bult,uw) + Bat, u)pi(t)oa(t) + Ba(t, w)pa(t)os(t))
+Ba(t, w)(Ba(t, u)pr(t)oa(t) + Balt, w)o () + Bs(t, u)pa(t)pa(t)oa(t)os(t))
+85(t,w)(Bi(t, u)pa(t)as(t) + Ba(t, u)pi(t)pa(t)oa(t)os(t)

+03(1,u)ps(t)o5(t)) (3.21)

3.3 Electricity Derivative Pricing

Having specified the mean-reverting jump-diffusion price models and demonstrated how
to compute the generalized transform functions of the state vector at any given time T,
the prices of European-type contingent claims on the underlying electricity under the

proposed models can then be obtained through the inversion of the transform functions.
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Suppose X, is a state vector in R" and u € C™ (a set of n-tuples of complex numbers)

and the generalized transform function is given by

P, X, T) = BT exp(u - Xr)|F)

= expla(t,u) + B(t,u) - X (3.22)

Let G(v, X;,Y;,t,T;@,b) denote the time-t price of a contingent claim which pays out

exp(@- Xr7),if b X7 < v is true at time T

where @, b are vectors in R" and v € R', then we have (see Duffie, Pan and Singleton

[13] for a formal proof):

Glv, X, t,Tia,b) = E°le” T Vexp(@- X1)lzx,<, | Fi

9‘9(67 7t7t7T) <:>l/oo h?ﬂgo(ﬁ—l— ng? 7t7t7T)e_in] dw323)
0

2 T w

For properly chosen constants v, @, and b, G(v, Xy, Y;,t,T;@,b) serves as a building
block in pricing contingent claims such as forwards/futures, call/put options, and cross-
commodity spread options. To illustrate this point, I take some concrete examples
of the models proposed in Section 3.2 and compute the prices of several commonly
traded electricity derivatives. Specifically, model la is a special case of model I (I =
1,2,3). Closed-form solutions of the derivative securities (up to the Fourier inversion)

are provided whenever available.
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3.3.1 Illustrative Models

The illustrative models presented here are obtained by setting the model parameters to
be constants in the proposed three general models. The jumps appear in the electricity
price process and the volatility process (model 3a) only. The jump sizes are distributed
as independent exponential random variables in R thus having the following transform

function:

n

& (e, 1) = H (3.24)

1¢>,u]ck

The simulated price paths under the three illustrative models are shown in Figure (3.3)
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Figure 3.3: Simulated Spot Prices under the Three Models

for parameters given in Table (3.1). The x-axis represents the simulation time horizon

in the number of years while the y-axis represents the electricity price level in dollars.

Model 1a

Model 1a (3.25) is a special case of (3.1) with all parameters being constants. The jumps

are in the logarithm of the electricity spot price, X;. The size of a type-j jump (5 = 1,
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2) is exponentially distributed with mean 1 (7 = 1,2). The transform function of the
1

jump-size distribution is ¢‘§(Cl7027t) =———(=12).
1@,&{]01
X k(6 X o 0
a2 [E [ AW, (3.25)

1/15 /432(02 <:>}/t) P102 4/ 1 @p%gg

2

+Y AZ
=1

where W is a Fi-adapted standard Brownian motion in R2.

The transform function ¢, The closed-form solution of the transform function can

be written out explicitly for this model.

S‘QIa(uv X, Y, 1, T) = eXp[Oé(T) + 61(7—))(15 + ﬂQ(T)Yt] (3'26)

where 7 = T <t. By solving the ordinary differential equations in (3.6) with all param-

eters being constants, I obtain the following solutions.

Pi(T,u1) = ujexp(erT) (3.27)
Ba(T,ug) = ugexp(SraT)
alru) = erro 22: )\_f] In 4 uy iy =1 ajoiui n ayoius

i=1 K1 ugpexp(eriT) &1 4kq 4ty

+u101(1 Sexp(eriT)) + uzba(l exp(Erat))
+u1u2p10102(1 Sexp(S{kry + ka)T))
K1+ Ko

with a1 = 1 Sexp(<2k17) and az = 1 Sexp(E2627).
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Model 2a

Model 2a (3.28) is a regime-switching model with the regime-jumps appearing only in the
electricity price process. For instance, this model is suitable for modeling the occasional
price spikes in the electricity spot prices caused by forced outages of the major power
generation plants or line contingency in transmission networks. I assume for simplicity

that there are no jumps within each regime.

X, /431((91 <:>Xt) o1 0
d - dt + dw,  (3.28)
1/15 /432(02 <:>}/t) P102 4/ 1 @p%gg
—|—L(Ut_)th

where W is a Fi-adapted standard Brownian motion in R2?. U; is the regime state
process as defined in (3.8). The sizes of regime-jumps are assumed to be distributed as

independent exponential random variables and the transform functions of the regime-

1

m (¢ =0,1) where g > 0 (i.e. upward jumps) and

jump sizes are ¢,(c¢q, ¢, 1) =

p1 <0 (i.e. downward jumps).

The transform function ¢, For model 2a, the transform function ,, cannot be

solved in closed-form completely. We have

Poa(x,y,1) = explao(t) + Su(t)x + Pa(t)y) (3.29)
Pra(,y, 1) = explaa(t) + Bi(t)z + Ba(t)y)
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where 3(t) = p(t,u) = (S1(t,u), S2(t,u)) has the closed-form solution of

Bi(m,ur) = uyexp(eriT) (3.30)

Ba(T,uz) = ugexp(SraT)

but a(t) = a(t,u) = (ao(t,u), a1(t,u))" needs to be numerically computed from

exp(aq (1) Sap(t))

1 S pof(t,ug)
yesplaoll) o (1)
L Sp it uq)

=

& 1]

(3.31)

) A (B(1), 1) + A0

= =
Ay(B(t),1) + A
ao(0, u) B 0
a1(0,u) N 0

BN 1) = S+ [l i+ 5025 S puoioainf

=1

with

Model 3a

Model 3a (3.32) is a stochastic volatility model in which the type-1 jumps are simulta-
neous jumps in the electricity spot price and the volatility, and the type-2 jumps are in

the electricity spot price only. All parameters are constants.

Xt /431(01 <:>Xt) \/Vt 0 0
d| v, = wv(v Vi) | dt+ | prooy/Vi /1 &pioay/Vi 0 | dW;
Y: ta(0y &Y7) p203V/ Vi 0 03
2
+> AZ (3.32)
=1
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where W is a Fi-adapted standard Brownian motion in £3; Z° (: = 1,2) is a compound
Poisson process in ®*. The Poisson arrival intensity functions are A'(X,, V,, Y, 1) = A\

and A*(X,, V,,Y,,t) = A\2Vi. The transform functions of the jump-size distributions are

1
(1 (:1)#%01)(1 Spica)

¢1J(017 €y, C3, t) =

2(ey, 69,05, _—
¢J( 1,¢2, 37) 1@#%01

where ;% is the mean size of the type-J (J = 1,2) jump in factor k (k = 1,2).

The transform function ¢z, From Section 3.2, we know that @3, is of form
993a(u7 Xt7 ‘/tv 1/157 [ T) = exp(oz(t, u) + 61 (tv U)XT + 62@7 U)VT + 63@7 U)YT) (333)

Similar to model 2a, the transform function ¢s, does not have a closed-form solution.
[ numerically solve for both «a(t,u) and B(t,u) = [A1(t,u), Sa2(t,u), f5(t,u)]” from the

following ordinary differential equations (ODEs)

SO+ B30, =0, 5(0,u) =

(3.34)

Coltu) + AF(Lu) 1) =0, al0.u) =0

with
A(Bt) = er + Zi ki0iBi(t,u) + 555 (t)as
B 1
A
Moot esat) 7!
1Bt ) + Ao ( 1) (3.5)

B3, 1) = | ryBa(t,u) 4 Mg

5363@7 u)

mﬁl) + 2 B1(5,1)
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and

Bi(8,t) = Bilt,u)(Bilt,u) + Ba(t,u)proz + Ba(t, u)p203)
+52(t7 u)(ﬂl(t, u)p102 + 52(t7 u)a% + 53(@ U)P1P20203)

+B5(t, u)(Br(t, u)paos + Ba(t, u)prpacaos + Bs(t, u)psos) (3.36)

3.3.2 Electricity Derivatives

In this subsection, I derive the pricing formulae for the futures/forwards, call options,
spark spread options, and locational spread options. The derivative prices are calculated
using the parameters given in Table (3.1). I compare the derivative prices under different

models as well.

Futures/Forward Price

A futures (forward) contract promising to deliver one unit of electricity S® at a future

time T for a price of F' has the following payoff at time T

Payoff = Si & F

Since no initial payment is required to enter into a futures contract, the futures price F'
at time ¢ is given by

F(Szvth) = EQ[S% | Fi] (3.37)
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where E9[- | F] is the conditional expectation under the risk-neutral measure Q.

Rewrite the above expression as

F(Szvth) = EQ[S%|715]

= TE9eT - exp(XE) | Fi (3.38)

We thus have

F(S;,1,T) =7 (e, X, 7) (3.39)

where op(u, X;,7) is the transform function given by (3.22); 7 = T &t; € is the vector

with " component being 1 and all other components being 0.

Futures price (model 1a) Recall the transform function ¢, is obtained in (3.26)

and (3.27). By setting u = [1,0])" in ¢q,, we get

Cl10'%

Pra([L, 0], Xi, Yi, 7) = expl Xy exp(mi7) <17 + -

%4 01 sexp(emr) ()]

. 2 )\f] ,uf} &1
where 7 = T'at, X; = In(St), a1 = 1&exp(&2k17) and j(7) = Y. —In — .
i=1 K1 phexp(eriT) &1

Therefore by (3.39), we have the following proposition.

Proposition 3.3.1 In Model 1a, the futures price of electricity S; at time t with de-

livery time T' is

F(Sy,t,T) = €7 - ¢1,([1,0], X3, Y, 7)
2 (3.40)

= exp[X;exp(eriT) + C:Ul + 01 (1 exp(exriT)) <7(7)]

K1
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. 2 )\f] ,uf} &1
where 7 = T&t, Xy =1In(Sy), a1 = leexp(E2617) and j(7) = 3. —=1In — .
i=1 K1 plexp(EriT) <1

Note that the futures price in this model is simply the scaled-up futures price in the
Ornstein-Uhlenbeck mean-reversion model with the scaling factor being exp(<y(7)). If
we interpret the spikes in the electricity price process as upward jumps followed shortly
by downward jumps of similar sizes, then over a long time horizon both the frequencies
and the average sizes of the upwards jumps and the downwards jumps are roughly the
same, i.e. AL = A% and u} ~ <p?. One might intuitively think that the up-jumps
and down-jumps would offset each other’s effect in the futures price. What (3.40) tells
us is that this intuition is not quite right and indeed, in the case where A} = A\ and
pY = <3, the futures price is definitely higher than that corresponding to the no-jump

case.

Futures price (model 2a) The futures price at time ¢ in model 2a is
F(Si,t,T) =€ - @b ([1,0], X¢, Vi, 7)) (i =0,1) (3.41)

where the transform functions ¢}, are computed in (3.29); ¢ is the Markov regime state

variable; and 7 =T <1.

Futures price (model 3a) The futures price at time ¢ in model 3a is
F(S,t,T) =€ ¢3,([1,0,0]", X;, V;, Y;, 7) (3.42)

where the transform function s, is given in (3.33) and 7 =T <.

79



Forward curves

Hectricity Forvard Qurves under O fferent Mdel s (Gontango)
$50.0 1 Forward Price

—e— 2 factor (Determ \ol. Junp-Dffusi on)
—m=— 2 regi ne (Regi ne sw t chi ng)

—-&— 3 factor (Soch Wo. Junp-Dffusion)
--%--GBM

0 0.5 1 15 2 25 3
Deliverary Date (yrs)

Figure 3.4: Forward Curves under Different Models (Contango)
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Figure 3.5: Forward Curves under Different Models (Backwardation)

spot price in the Midwestern US (Cinergy to be specific), I obtain forward curves at
Cinergy under each of the three illustrative models. The jointly specified factor process
is the spot price of natural gas at Henry Hub. For the initial values of S, = $24.63,
S, = $2.105, V = 0.5, U =0 and r = 4%, Figure (3.4) illustrates three forward curves

of electricity, which are all in contango form since the initial value S, is lower than the
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long-term mean value given by 6.. Figure (3.5) plots three electricity forward curves
in backwardation when the initial electricity price S is set to be $40 which is higher
than the corresponding long-term mean value. The forward curves under the Geometric
Brownian motion (GBM) price model are also shown in the two figures. Under the GBM

price model, the forward prices always exhibit a fixed rate of growth.

Call Option

A “plain vanilla” European call option on electricity S with strike price K has the
payoff of

C(S5, K, T,T) = max(Sy <K, 0)

at maturity time 7" . The price of the call option at time ¢ is given by

C(SLK 1, T) = E9e T Y max(S- <K,0) | F]
= E°le™exp(Xyp)lxismu | Fil €K - By siae | Fi

where 7 = T' &t and G, G5 are obtained by setting {a =€, , b = <¢;, v = <In K} and

{a=0,b=<€,v==elnK} in (3.23), respectively.

Gy = EQ[e_” exp(X7)lxromr | Fi

_ Fjem” @l /OO Im[e([1 ©w-1,0], X, 7)exp(i - wln K)]dw
2 7 Jo w
s 1 1 0 ]m[gp([l Sw - 7 0] 7}5 7_) . e(TT-I-i%ulnI()]
= ferg _/ — d 44
ve (Z@F ; wF w)  (3.44)
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where F! = ¢ - @(el, Xy, 7) is the time-t forward price of commodity S with delivery

time 7.

Gy = E°lexismr | F

9‘9(67 _t7 tv T) 1 /OO ]m[cp(@ . wghyt, t, T)ei~wlnf(] d
- — w
2 7 Jo w
1 1 joo [ - WE; X, t.T)er7HiwnK
(ol [ ST
2 T JO w

Call option price Substituting 14, ¥, and @3, into (3.44) and (3.45) we have the

call option price given by (3.43) under Model 1a, 2a and 3a, respectively.
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Figure 3.6: Call Options Price under Different Models

Volatility smile With the model parameters given in Table (3.1), Figure (3.6) plots
the call option values with different maturity time under different models. The call
option prices under a Geometric Brownian motion (GBM) model are also plotted for
comparison purpose. Note that, as maturity time increases, the value of a call option

converges to the underlying electricity spot price under the GBM price model (with
82
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Figure 3.7: Volatility-Smile under Different Models

no convenience yields). However, under the three proposed price models, the mean-
reversion effects cause the value of a call option to converge to a long-term value, which
is most likely to be depending on fundamental characteristics of electricity supply and
demand, rather than the underlying spot price. Figure (3.7) illustrates the implied
volatility® curves under the three illustrative models, which all exhibit the similar kinds
of volatility “smile” or “smirk” to the market implied volatility curves as shown in Figure

(3.1).

Cross Commodity Spread Option

In energy commodity markets, cross commodity derivatives play crucial roles in risk

management. Crack spread options in crude oil markets as well as the spark spread

SImplied volatility refers to the volatility parameter corresponding to a given call option value
through the Black-Scholes call option pricing formula. It is obtained by inverting the Black-Scholes
pricing formula using the given call option value and other known parameters as inputs.
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and locational spread options in electricity markets are good examples. The spark
spread options, which are derivatives on electricity and the fossil fuels used to generate
electricity, can have various applications in risk management for utility companies and
power marketers. Moreover, such options are essential in asset valuation for fossil fuel
electricity generating plants. A European spark spread call (SSC) option pays out the
positive part of the difference between the electricity spot price and the generating fuel

cost at the time of maturity. Its payoff function at maturity time 7' is:

SSC(SS, S4, H,T) = max(S5 < H - $%,0) (3.46)

where S% and S7 are the prices of electricity and the generating fuel, respectively; the
constant H, termed strike heat rate, represents the number of units of generating fuel
contracted to generate one unit of electricity.

Another type of cross commodity option, which I term it locational spread option,
involves electricity at two different locations. A locational spread option pays out the
positive part of the price difference between the electricity prices at two different de-
livery points. Electricity locational spread options serve the purposes of hedging the
transmission risks and they can also be used to value transmission expansion projects

as shown in Chapter 4. The time T payoft of a European locational spread call option is

LSC(S%, 8k, L, T) = max(Sh <L - S4,0) (3.47)

where S% and S are the time-T electricity prices at location a and b, respectively.

The constant L is a loss factor reflecting the transportation/transmission losses or costs
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associated with transmitting one unit of electricity from location a to b.
Observing the similar payoff structures of the above two spread options, I define a
general cross-commodity spread call option as an option with the following payoff at

maturity time T,

CSC(Sy, ST, K, T) = max(S} <K - S7,0) (3.48)

where S%- is the spot price of commodity: (i = 1,2) and K is a scaling constant associated
with the spot price of commodity two. The interpretation of K is different in different
examples. For instance, K represents the strike heat rate H in a spark spread option,
and it represents the loss factor L in a locational spread option.

The time-t value of a European cross-commodity spread call option on two commodi-

ties is given by

CSC(SL, 52 K, t) = E9e T Y max(St oK - 52,0) | F
= EP[e™ exp(X7)ls1 _k.s52 >0] SEXeTK exp(X7) s _k.52 >0]

where

Gy = G(0,In 8! In(K - 82),¢,T;[1,0,---,0,[€1,1,0,---,0])

(3.50)
Gy = G(0,In S}, In(K - S?),¢,T;[0,1,0,---,0]",[<1,1,0,---,0])
and recall that
e T @, X, t,T) 1 oo Im[p(a+ iwb, Xy, ¢, T)e
G(v, X, t,T;a,b) = w@_/ m[p(@+ iwb, X1, 1, T)e ]dw
T JO w
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Figure 3.8: Spark Spread Call Price under Different Models

Cross commodity spread call option price under each of the three models are
obtained by substituting ¢14, @24, and @3, into (3.49) and (3.50).

The spark spread call option values with strike heat rate H = 9.5 for different
maturity time are shown in Figure (3.8). Again, the spark spread call option value
converges to the underlying spot price under the GBM price model (with no convenience
yields). However, under the mean-reversion jump-diffusion price models, it converges to
a long-term value which is most likely to be depending on fundamental characteristics

of supply and demand.

3.3.3 Parameter Estimation

In this subsection, I provide a heuristic method for estimating the model parameters
using the electricity price data. As an illustration, I pick Model 1a and derive the
moment conditions from the transform function of the unconditional distribution of the

underlying price return. [ assume that the risk premium associated with each factor
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| Model Ta || Model 2a || Model 3a |

k1 | 1.70 T.37 217
ks | 1.80 T.80 350
rs | NJA N/A 1.80
7, | 3.40 3.30 3.20
7, [0.87 0.37 0.85
9, | NJA N/A 0.37
oy | 0.714 0.30 N/A
o, | 031 0.37 0.50
o5 | NJA N/A 0.57
p1 | 0.20 0.20 0.25
p2 | NJA N/A 0.20
X | 6.08 6.12 6.13
fi1 | 019 0.26 0.23
fhe | N/A N/A 0.22
X, | 7.00 8.20 5.00
fiz1 | 0.1 0.20 0.14

Table 3.1: Parameters for the Illustrative Models

X is proportional to X, i.e. the risk premium is of form £x - X where £x is a scalar

parameter. For simplicity, I further assume the risk premia associated with the jumps

are zero. As noted earlier, the price processes under the true measure are of the same

forms as (3.25). In particular, the model parameters under the true measure are:

where the parameters with a superscript

My

sk

— *
= K;

+ &

ke e

s
R

+& (3.51)
Aj

*

K

are risk-neutral parameters. I then use the

electricity and natural gas spot and futures price series to get the estimates for the model

parameters under the true measure and the risk premia by matching moment conditions

as well as the futures prices. The following proposition provides the unconditional mean,

variance and skewness of the logarithm of the electricity price in Model 1a.
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Proposition 3.3.2 In Model 1a, let X, = lim;_., X; denote the unconditional distri-

bution of X; where X; =1In Sy. If E[| X+ |"] < 0o, then the mean, variance and skewness

of Xo are
A A
mean — 0, 4 At Aapla
2 ks Ao 12
varignee — L4 AT Azl
2K1 K

1
Ty O )
(0 + 2\ i + 209p3)%

skewness =

Proof.  In the transform function ¢1, as defined by (3.26) and (3.27), let v =7 - w

and t — oo, I obtain the characteristic function of X, to be

wlo? 2 \J )
Ox_ (w) = expli - wh &—=L > “Lin(l i wp)))
K1 j=1 f1

If E[|X.|"] < oo, then the n'* moment of X, is given by

d?’L
X2] = () ()
In particular,
BIX] = () 2oy (w)
ol dw e\t 0
A A
gt e
R1

The formulae for variance and skewness are obtained in the same fashion. &
As shown in the proof of the Proposition 3.3.2, we can derive as many moment conditions
as we desire for X from the characteristic function of X, for estimating the model

parameters of Model 1a. The parameters in Model 2a and Model 3a are obtained
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by minimizing the mean squared errors of the traded options prices.

3.4 Conclusion

In this chapter, I propose three types of mean-reversion jump-diffusion models for mod-
eling electricity spot prices with jumps and spikes. I demonstrate how the prices of the
electricity derivatives can be obtained by means of transform analysis. The market antic-
ipation of jumps and spikes in the electricity spot price processes explains the enormous
implied volatility observed from market prices of traded electricity options. Contrary
to the commonly used Geometric Brownian motion model, the proposed mean-reversion
jump-diffusion spot price models yield call option values that approximate the market

values of short-maturity out-of-the-money options very well. I mention briefly how I
can fit the models using electricity price data. With the ability of pricing electricity
derivatives and extracting model parameters from electricity market data, [ am ready to
proceed to construct a real-options approach for valuing the electricity generation and

transmission assets in the next chapter.
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Chapter 4

Risk Management and Asset

Valuation

Under the traditional regulatory regime, electricity prices were set by the regulators
based on cost of service. Investments in generation capacity by the utility firms needed
to be approved by the regulators in order to earn an appropriate return. However,
this paradigm is being changed by the restructuring of the electricity supply industries.
Competitive and volatile electricity markets have been created worldwide. In a compet-
itive market environment, market participants need to consciously manage their risks
associated with daily operations in the short-run. At the same time, they need to adopt
new market-based methodologies to plan their generation and transmission capacity, to
evaluate investment opportunities and to earn a competitive market-based return in the
long-run.

In this chapter, I first demonstrate a couple of risk management applications of the

electricity derivatives introduced in Chapter 3. I then construct a real-options approach
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for valuing generation and transmission assets in the competitive electricity markets.

Under the proposed mean-reverting jump-diffusion electricity price models, 1 calculate
the theoretical value of a natural gas fired electric power plant ignoring the plant’s
physical operating characteristics such as start-up cost, ramp-up time, etc., and examine
the implications of modeling assumptions on capacity valuation. Finally, for the purpose
of incorporating the operational constraints into capacity valuation, I develop a discrete-
time stochastic dynamic programming approach for valuing generation assets in which
the mean-reverting price processes of electricity and the generating fuel are represented
by a trinomial lattice. The impacts of operational characteristics of a real asset on its

valuation are investigated through numerical examples.

4.1 Risk Management with Electricity Derivatives

Derivative securities are the most valuable tools in the design, development, and im-
plementation of financial risk management strategies. In what follows, I illustrate the
roles of two cross-commodity spread options, the spark spread option and the locational
spread option, in hedging daily operations and trading activities through two examples.

One example is the hedging of daily productions of a fossil fuel electric power plant
using spark spread options. Recall from Section 3.3.2 that the payoff of a spark spread
call option at its maturity time T is max(S5 < KpS%,0) where S5 and S% are the
electricity price and the generating fuel price at time T', respectively. Kp is the strike
heat rate. Figure (4.1) shows the payoff of a spark spread call option maturing at

different times ¢ where the x-axis is the time axis. The solid curve plots the historical
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Figure 4.1: Payoff of a Spark Spread Call Option

electricity price path and the dashed curve represents the heat rate adjusted historical
fuel costs. Had we held a series of spark spread call options with exact one option
maturing in each hour between time 0 and time ¢;, then we would have received a total
payoff that equals the shaded areas between 0 and ;.

We note that the total payoffs represented by the shaded areas between time 0 and
time t1 in Figure (4.1) could also be yielded by one megawatt (MW) of electricity gener-
ating capacity which converts every K units of natural gas into one unit of electricity
ignoring the operational characteristics of the generating capacity such as start-up cost,
unit ramp-up time, etc. In fact, for an electric power generating asset which is used
to transform some fuel into electricity, its economic value is determined by the spread
between the price of electricity and the cost of the fuel that is used to generate electric-
ity. The amount of fuel that a particular power generating asset requires to generate a
given amount of electricity depends on the asset’s operating efficiency. This efficiency
is summarized by the asset’s operating heat rate, which is defined as the number

of British thermal units (Btus) of the input fuel (measured in millions, i.e. MBtus)
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required to generate one megawatt hour (MWh) of electricity. The lower the operating
heat rate, the more efficient the facility. Given the right to operate a generation asset
at a time epoch ¢, a value-maximizing operator would, abstracting the aforementioned
operational characteristics, turn on the generating units whenever the market price of
electricity is greater than the operating cost at time ¢ but shut down the units otherwise.
Such operating policy at time ¢ produces a cash payout which equals that of a properly
defined European-style spark spread call option maturing at time ¢. In particular, the
value of the right to operate a generation asset with operating heat rate Kj that uses
generating fuel g at time ¢ is clearly given by the value of a spark spread call option with
“strike” heat rate K written on generating fuel ¢ maturing at the same time ¢ because
they two yield the same payoff!.

Based on this observation, a merchant electric power plant? owner can effectively
hedge his daily productions over certain time periods by selling a series of spark spread
call options, with maturing times covering the corresponding time periods, against the
total capacity or a fraction of it. For instance, to hedge an 100MW natural gas fired
electric power merchant plant with an operating heat rate of 8000 MBtu/MWh for the
next calendar year, its owner could sell 360 spark spread call options each maturing
on a different day of the 360 days for each megawatt of the 100MW capacity. For the
purpose of hedging, the strike heat rates of these spark spread options should be no less

than the operating heat rate of the power plant which is 8000 MBtu/MWh. Due to the

!The physical operating characteristics of an electric power plant such as start-up cost, ramp-up
time and variable heat rate are not considered here, but they will be addressed explicitly later.

ZA merchant electric power plant is a power plant which is free of any long-term power supply
commitments and whose operations are purely based on the market price of electricity and the operating
costs.
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fact that a merchant power plant owner has the operational flexibility of turning on and
off the power plant depending upon market conditions, selling spark spread call options
is a better approach for hedging a merchant plant than any other approaches such as
locking into forward contracts of electricity and the generating fuel.

The other example of operational hedging is to use the locational spread options
in hedging transmission risks. As described in Section 3.3.2, a locational spread call
option pays the positive part of the price difference between the electricity prices at two
locations at its maturity time 7', i.e. max(S} < Ky - S7,0) where K, is the strike
loss factor® and Sk is the electricity price at location ¢ (z = 1,2). Suppose an electric

power marketer enters into a bilateral contract to supply electricity from California
Oregon Border (COB) to Palo Verde (PV) in Arizona (see Figure (4.2)). Having no
firm transmission capacity rights on the transmission links between COB and PV, the
power marketer is subject to the risks of not being able to transmit electricity from
COB to PV to fulfill the contract at the time of delivery due to possible transmission
line congestion. When the line congestion occurs, he would have to dispose of the
electricity he has at COB at the COB local spot price and buy electricity to deliver at
PV at the PV local spot price therefore incurring a possibly large ex post cost. In order
to avoid this potential huge ex post cost, the power marketer can perfectly hedge the
transmission risks associated with the bilateral contract by purchasing the locational
spread call options on electricity at COB and PV with strike loss factor Kj,;s being 1

and with the maturity times matching the delivery times of the bilateral contract.

3When transmitting one unit of electricity from one location to another, it always takes more than
one unit of electricity at the injection location due to transmission losses, 1.e. Kj,ss should be a constant
greater than one for the purpose of hedging physical transmission rights.
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Figure 4.2: Hedging Transmission Risks

By applying the pricing formulas developed for the spark spread options and the
locational spread options in Section 3.3.2, we can readily evaluate the costs of imple-
menting the above hedging strategies. In the next section, I will show that these hedging
strategies actually serve as the basis for the market-based valuation of electricity gener-

ation and transmission assets.

4.2 Real-Options Valuation of Capacity without Phys-

ical Constraints

In this section, I construct a real options approach for the valuation of installed capac-
ity or real assets in the deregulated electric power industry. In particular, I illustrate
how to use derivative securities to value generation and transmission facilities without
considering the physical operating characteristics of the facilities. The implications of

modeling assumptions on capacity valuation will be examined.
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According to the no-arbitrage pricing principles, if the financial payoffs of a real
asset over its life span can be perfectly replicated or hedged by a portfolio of financial
instruments (called replicating or hedging portfolio), then the market value of the real
asset should be equal to the value of this replicating portfolio absent the transaction
costs. Take a natural gas fired electric power plant as an example. Assuming that the
operational characteristics of the gas-fired power plant such as start-up cost, ramp-up
time and variable heat rate are negligible, the payoff of the right to operate the power
plant in any given hour during its life span can be matched exactly by that of a spark
spread call option on electricity and natural gas maturing in the same hour with strike
heat rate being the operating heat rate of the power plant. Therefore, the value of this
power plant should be given by the sum of the value of all these spark spread call options
with maturity time covering the whole life span of the plant.

Similarly, the value of a transmission asset that connects location 1 and location 2
equals the sum of the value of the locational spread options to buy electricity at location
1 and sell it at location 2 as well as the value of the options to buy electricity at location
2 and sell it a location 1 with the strike loss factor Kj,ss being equal to the corresponding
transmission line loss factor® (in both cases, less the appropriate transmission costs if
any).

This equivalence between the value of appropriately defined spark and locational
spread options and the right to operate a generation or a transmission asset motivates the

real options approach for valuing such assets. I demonstrate this approach by developing

*A transmission link connecting locations A and B has a line loss factor of Kj,,, meaning that it
requires Kj,ss units of electricity injected at location A for each unit of electricity delivered at location
B via the transmission link.
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a simple spark spread based model for the valuation of a fossil fuel generation asset. Once
established, I fit the model and use it to estimate the value of several gas-fired plants
that have recently been sold. The accuracy of the model is validated by comparing the
theoretical estimates to the prices at which the assets were actually sold.

In the analysis I make the following simplifying assumptions about the operating

characteristics of the generation asset under consideration:

Assumption 4.2.1 Ramp-ups and ramp-downs of the generation facility can be done

with no advance notice.

Assumption 4.2.2 The facility’s variable operation and maintenance costs are con-

stants.

Assumption 4.2.3 The start-up and shutdown costs are negligible.

Assumption 4.2.4 The operating heat rate of the generating unit is a constant.

Assumptions 4.2.1 & 4.2.2 are reasonable since for a typical combined cycle gas turbine
cogeneration plant the response time (ramp-up/ramp-down) is several hours and the
variable costs (e.g. operating and maintenance) are generally stable over time. Assump-
tions 4.2.3 & 4.2.4 are made purely for the purpose of simplifying the valuation model.
I will investigate the impacts on capacity valuation due to Assumptions 4.2.1, 4.2.3, &
4.2.4 in the later section.

To construct a spark spread based estimate of the value of a generation asset, I
estimate the value of the right to operate the asset over its remaining useful life. This
value can be found by integrating the value of the spark spread call options over the

remaining life of the asset. Specifically,
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Definition 4.2.1 Let one unit of the time-t capacity right of a fossil fuel fired electric
power plant represent the right to convert Ky units of generating fuel into one unit of

electricity by using the plant at time t, where Ky is the plant’s operating heat rate.

The payoff of one unit of time-t capacity right is max(S; < KgS7,0), where S and S}
are the spot prices of electricity and the generating fuel at time ¢, respectively. Denote
the value of one unit of the time-¢ capacity right by u(t).

For a natural gas fired power plant, the value of u(?) is given by the corresponding
spark spread call option on electricity and natural gas with a strike heat rate of Kp.
However, for a coal-fired power plant, it often has long-term coal supply contracts which
guarantee the supply of coal at a predetermined price ¢. Therefore, the payoff of one
unit of time-f capacity right for a coal plant degenerates to that of a call option with
strike price Ky - ¢. In this case, u(t) is equal to the value of a simple call option on

electricity.

Definition 4.2.2 Denote the virtual value of one unit of capacity of a fossil fuel power
plant by V. Then V s obtained through integrating the value of one unit of the plant’s

T
time-t capacity right over the remaining life [0, T] of the power plant, i.e. V = / u(t)dt.
0

Proposition 4.2.1 Under Assumption 4.2.1 - /.2.4, the value of a fossil fuel power
plant with W megawatt of generating capacity s given by W -V less the present value

of the future OEM costs where V is defined in Definition 4.2.2.

Proof.  Under Assumption 4.2.1 - 4.2.4, the optimal operating policy for the power

plant is to turn on the plant and operate at its maximum capacity level W whenever
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the electricity price is greater than the generating fuel cost, and to turn off the plant
otherwise. Such an optimal operating policy yields the capacity value of W - V. 1
Since the O&M costs are assumed to be constants and they do not vary with model
parameters, I set them to be zero from now on.

In what follows, I shall investigate the sensitivity of capacity value with respect to
model parameters under the setting of Model 1a. I calculate the virtual capacity value
for a hypothetical gas-fired power plant using spark spread valuation with parameters
given in Table (4.1). The operating life-time of the hypothetical power plant is assumed

to be 15 years. The risk-free rate is assumed to be 4.5%.

K1 4 %) 3

0 |3.15 0, [ 0.87
oy | 0.75 oy | 0.87
p 103

AL |2 Ao |2
SO21.7 || SU|3.16

Table 4.1: Parameters (Model 1a) for Capacity Valuation

I first examine how the presence of jumps in commodity prices affects the capacity
value. Figure (4.3) plots the capacity value of a fictitious natural gas fired power plant,
for the operating heat rate varying from 7,000 MBtu/MWh to 15,000 MBtu/MWh, both
with and without jumps (A = Ay = 0) in the electricity price process. The axis on the
left is for the capacity value and the axis on the right is for the difference in capacity
value of the two cases. The solid curve with diamonds represents the capacity value
with jumps in the electricity price using parameters in Table (4.1) which is the base
for the comparison. Dashed curve with squares represents the capacity value without

jumps in the electricity price. Figure (4.3) illustrates the change in capacity value in
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Figure 4.3: Capacity Value with/without Jumps (Model 1a)

absolute dollar term (plotted as the solid curve with crosses) and in percentage term
(plotted as the dashed curve with triangles) on the right axis as a result of setting the
jump intensities to zero in Model 1a. We can see that the less efficient a power plant
the larger is the portion of its capacity value attributed to the jumps in the spot price
process. The presence of jumps makes up as much as 35% of the capacity value of the
very inefficient power plants. I note that the capacity values with jumps (plotted as the
solid curve with diamonds) computed here will also serve as the basis for the subsequent
comparative static analysis on capacity valuation regarding the changes in other model
parameters.

In Figure (4.4), I plot the changes in capacity value due to a 10% increase or a 10%
decrease in the electricity price volatility parameter oy, respectively. The solid curves
represent the dollar value change with respect to the base case in Figure (4.3) on the
left-side axis and the dotted curves show the percentage change with respect to the base

case on the right-side axis. It is clear that the change in volatility causes greater dollar
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Figure 4.4: Sensitivity of Capacity Value to Electricity Spot Volatility (Model 1a)

value changes for efficient plants than for inefficient plants.
The sensitivity of capacity value with respect to the correlation coefficient between

the generating fuel price and the electricity price is illustrated in Figure (4.5). While it is
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Figure 4.5: Sensitivity of Capacity Value to the Correlation Coefficient(Model 1a)

still true that the percentage change of capacity value varies monotonically with respect
to the efficiency measure (operating heat rate) of a power plant, the largest dollar value

change does not occur to the most efficient plant but to the plant with heat rate close
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to the market implied heat rate®.

To compare the theoretical valuation of generation capacity with the market valua-
tion, I plot a capacity value curve in Figure (4.6) using the NYMEX electricity futures
prices at Palo Verde on 10/15/97 and the parameters obtained by fitting Model 1a to
the NYMEX electricity futures prices at Pale Verde and the natural gas futures prices
at Henry Hub. Figure (4.6) also plots the capacity value curve obtained by using the

Gas Fired Power Plant Capacity Value ($/kwW)
(Plant life time: 15 years; r_dist =10%; r_f =4.5%; rho =0.3)
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r
$350 | —a—CPT Value (PVIO/ 15/ 97)
—x- DOF Value (PVIO/15/97)
$300
$250 1N _
N
$200 1 XN
$150
$100
$50 1
$0 X
7 7.5 8 8.5 9 95 10 105 11 1.5

Heat Rate (MMBtu/MWh)

Figure 4.6: Value of Capacity: Spark Spread approach vs. DCF approach

discounted cash flow (DCF) method for comparison purpose®. At the heat rate level of
9500, the capacity value of a natural gas power plant is around $200/kW under Model
la. The discounted cash flow method predicts a value of $29/kW. To put things in
perspective, I take a look at the four gas-fired power plants which Southern California

Edison recently sold to Houston Industries. Unfortunately, not all of the individual plant

SMarket implied heat rate is defined to be the ratio of spot price of electricity to the spot price of
the generating fuel.

SThe capacity value curve is based on spark spread options on monthly on-peak (23x16) electricity
and natural gas. The correlation coefficient of gas-to-electricity is assumed to be 0.3. The discount rate
for the DCF approach is 10%. I assume that a power plant will be operated for 15 years and there is
no O&M costs.
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dollar investments have been made public yet. As a proxy I use the total investment
made by Houston Industries ($237 million to purchase four plants - Coolwater, Ellwood,
Etiwanda and Mandalay), divided by the total number of megawatts (MW) of capacity
(2172MW) to get approximately $110,000 per MW (or $110/kW) of capacity. However,
the Coolwater Plant”, in Daggett, California, is the most efficient (with an average heat
rate of 9,500) of the four plants in the package and thus should have a higher value per
MW. I therefore assume that the implied market value for Coolwater could range from
$110,000 to $220,000 per MW, or equivalently, $110/kW to $220/kW. The real-options
based estimate of the capacity value, $200/kW, explains the market valuation much

better than does the discounted cash flow estimate, $29/kW.

4.3 Capacity Valuation with Operational Character-
istics

When applying the real-options approach to value a real asset, we must be aware of the
physical operating characteristics of the asset. In the previous section, by valuing a fossil
fuel electric power plant as a series of spark spread call options, I assumed the absence
of all the operational characteristics including the start-up cost, the ramp-up time and
the variable operating heat rate. Intuitively, operational constraints and transaction
costs decrease the value of the underlying real asset because they either reduce the

operating flexibility of the asset or impose “exercising” costs on the embedded options

"The Coolwater Plant is made up of four units. Two 256 MW Combined Cycle Gas Turbines plus
a steam turbine; and two conventional turbines with capacity 66MW and 81MW each. Some re-power
work has been done on the larger units.
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of the asset. However, it is not clear that to what extent the operational characteristics
affect the value of a real asset. The purpose of this section is to examine the impacts
of physical operating characteristics on asset valuation through examples in which I
evaluate an electricity generation asset taking into consideration the aforementioned
physical characteristics.

For the market-based valuation of an electricity generation asset, we first need to
make assumptions regarding the price dynamics of electricity and the generating fuel.
Instead of assuming some continuous-time price models, I employ two discrete-time
processes in the form of an end-recombining trinomial tree (i.e. trinomial lattice) for
modeling the prices of electricity and the generating fuel. With the presence of several
operational constraints, even if we could formulate a power plant valuation model under
the continuous-time price models, it would be very difficult to solve the valuation model.
Under a trinomial lattice price model, the valuation of a power plant can be formulated
and solved as a stochastic dynamic program with the operational characteristics easily
incorporated. The recombining feature of the price tree keeps the state space grow
polynomially with time horizon which enables us to handle relatively long time horizon.
As the trinomial lattice converges weakly (or, in distribution) in the limit to some
continuous-time price processes of electricity and the generating fuel, the value of a
power plant under the trinomial lattice price model also converges to that under the
corresponding continuous-time price models.

The rest of this section is organized as follows. I first construct a trinomial lattice de-
scribing the price evolution of electricity and the generating fuel. With properly imposed

risk-neutral probabilities, the trinomial lattice converges weakly to either two correlated
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geometric Brownian motion (GBM) processes or two correlated mean-reverting processes
in the limit. I then formulate a stochastic dynamic program (SDP) over the trinomial
lattice with the value function being the value of a fossil fuel power plant. The SDP
formulation incorporates several operational characteristics of the power plant such as
the start-up cost, ramp-up time and the variable operating heat rate. Finally, I solve the
SDP for specific numerical examples and illustrate the implications of the operational

characteristics on the valuation of a real asset.

4.3.1 Construction of the Discrete Price Processes

Suppose we are concerned with the value of a natural gas fired electricity power plant
over time horizon T'. The time interval [0,7] is divided into N small time intervals
of length At where At = % S¢ and Sy are the prices of electricity and natural gas
at time point ¢ € {tp = 0,¢4,---,tny = T} where t, = t,.1 + At (n = 1,2,---, N).
The time points tg,t1,---,ty are referred to as periods 0,1,2,---, N, respectively. Let
the price state vector (X3, Y;) denote (In S¢,In S7). T assume that the local price move-
ments are trinomial movements, namely, in each time interval the price state vector
moves from its initial value (X,,Y},) to one of three new values as illustrated in Figure
(4.7). Different constructions of the end-recombining trinomial price trees correspond to

different continuous-time price models. I shall focus on constructing trinomial lattices

corresponding to the geometric Brownian motion and the mean-reversion price models.
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Figure 4.7: Construction of a Trinomial Lattice

Geometric Brownian motion price models

Suppose the prices of electricity and natural gas, St and Sy, follow two correlated ge-

ometric Brownian motion (GBM) processes in continuous-time. The logarithm of the

price processes are given by

dX; = jp.dt+ o.dB}
dY, = p,dt+ po,dB} + /1 &p?c,dB}

(4.1)

where X; = In S§ and Y; = In S7; p. and i, are annualized growth rates of the electricity

price and the natural gas price, respectively; o, and o, are the instantaneous price

volatilities of electricity and natural gas, respectively; p is the instantaneous correlation

coefficient between the electricity and the natural gas price returns; B} and B? are two

independent standard Brownian motions.
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One particular way to set the price state movements is:

X+ pre - At + Ue\/gx/ At (state 1)
Xoy1 = X+ pe - At (state 2)
X+ pe - At @Ue\/g\/At (state 3)

Yo+ py - A+ pag\/gvAt +o,v1 @pQ\/g\/At (state 1)
Yipr = Y, + py - At o/l <:>p2%\/ At (state 2) (4.2)
Yo+ py - Al @pag\/g\/At +o,v1 <:>p2\/g\/ At (state 3)

where At = %; o. and o, are the instantaneous price volatilities of electricity and natural
gas, respectively, which can be estimated from the market-traded options on electricity
and natural gas; and p is the instantaneous correlation coefficient between the electricity
and the natural gas price returns which can be estimated from the historical price series
of electricity and natural gas. Let p; denote the transition probability of moving from
the current state into state ¢ (¢ = 1,2,3) in the next period. It has been shown that the
trinomial lattice defined by (4.2) weakly converges® to (4.1) if the risk-neutral transition

probabilities P = (p1, p2, p3)’ are set to be (1,1, 1) in any state (X,,,Y}), i.e.

pl:%
P = pzié
p33%

8Let X and X be the stochastic processes defined on the probability spaces (Qu, Fn,pn) and
(9, F, p) with values in DM [0, T, the space of functions from [0, 7] to R which are right-continuous
with left limits. The sequence of processes X'V is said to converge weakly to X if, for any bounded
continuous mapping, h, from DM [0, 7] to R, we have Ex[h(XY)] — E[R(X)]. See Billingsley (1968,
chapter 1) for details.
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Mean-reverting price models

The following continuous-time mean-reversion models are used by Deng, Johnson and

Sogomonian (1998) for modeling the price returns of electricity and natural gas:

dXt = 56(05 @Xt)dt + UedBtl
dY, = k.0, ©Y,)dt + po,dB} + /1 &p2c,dB}

(4.3)

where X; = InSf and Y; = InS7; 0. and 0, are the long-term means of X; and Y;,
respectively; k. and s, are two positive mean-reverting coeflicients indicating the rates
at which the electricity price and the natural gas price revert to their respective long-
term means; o, and o, are the instantaneous price volatilities of electricity and natural
gas, respectively; p is the instantaneous correlation coefficient between the electricity
and the natural gas price returns; B} and B} are two independent standard Brownian
motion processes.

Employing the notations in (4.3), I construct a trinomial lattice representing some
discrete-time mean-reverting price models for electricity and natural gas as follows. Let

the price state movements on the trinomial lattice be

X, + Ue\/gx/At (state 1)
Xoy1 = X, (state 2)
3
X, @Ue\/;\/At (state 3)
Y, + pag\/gvAt +o,v1 @pQ\/g\/At (state 1)
Yori = Y, o/l @pQ%\/At (state 2) (4.4)
Y, @pag\/gv At + o4/1 @pz\/g\/At (state 3)

where At = % I then define a set of risk-neutral transition probabilities on the trinomial

108



lattice so that the resulting discrete-time price models for electricity and natural gas are
mean-reverting. Let p; denote the transition probability moving from a given state

(X, Y,) to state X/, (: =1,2,3) and let P = (p1, pa, p3)’. If the following conditions

hold
o < (=gl VAL <
SRy S VAR (4.5)
o < U oS VAT <
then P is given by
R R e e e VA
P=1 p,: %éiﬁg(jg@;:f")\/g (4.6)

L oyfrelle=Xn) o rg(fg=Yn)

pPs3 §<:>[ NG A= 2\/609 ]\/At

The conditions in (4.5) are for the purpose of making sure that the probabilities p;
(¢ = 1,2,3) are numbers between 0 and 1. If any of the conditions in (4.5) is not

satisfied, then P is defined below:

b [ =

P

[

pa:

(4.7)
pr: 0

p3: 0
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oen pr: 0
Hg(@g—Yt)
If <:>% < \/ga'g At < % P — . <:>Hg(6’g Yt)\/E
we(0e—Xe) | kg(0g=Y)1. /AF 1] P2 3 NG
[ \/gcre —I_ 2\/509 ] At§<:>§ 9 Hg(é’g Yt)
ps: 3+ Voo, V At
(4.8)
. z Hg(@g Yt)
2 kg(8=Y7) 1 P —|— Ve, VAL
If <:>§<‘ \/écrg \/At<§ P = .1 kg (Og— Yt)\/E
[rell=X0) | nal0y=Yiy /AT > 2 = P2 e
Te T g — 3
\/g 2\/6 pPs3 0
R e CEL N P
If @% < Mw/At < l , P= Dy %émg%;:@)\/&
e Hg 6’9 Yn VA . rg(bg—Ys
[ (\e/ggf) ] t< &35 ps: %‘|‘£/—Tg)\/At
(4.9)
fre(fe —Xn riglbg—Vn . kg(0g—Yy
f < [l Xl | sl Yol /G 2 pri 24l R
If <:%<M1/At<l P = Py : %éﬁg%;gyt)\/&
) e e

It is clear that the risk-neutral probabilities defined in (4.6), (4.7), (4.8) and (4.9) yield
two mean-reverting price processes for electricity and natural gas. For instance, suppose
the conditions in (4.5) are satisfied in the current state (X, Y,) thus (p1, p2, ps) is given
by (4.6). In (4.6), if the current Y,, is greater than §, meaning that the current natural gas
price is above its long-term mean, then the term Hg(jg— gY ") is a negative number, therefore

from (4.6) we see that py, which is the probability of moving towards a decreasing level

of Y,,, is increased. On the other hand, if the current Y), is a number less than 6, meaning

tig(0g=Yn)
\/gcrg

that the current natural gas price is below its long-term mean, then the term
becomes a positive number, therefore from (4.6) we see that p; and ps, which are the

probabilities of moving towards increasing levels of Y,,, is increased. Similarly, when the
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current X, is greater/less than its long-term mean 6., the probability of moving towards
a decreasing/increasing level of X, is increased. The risk-neutral probabilities defined in
(4.7) (4.8) and (4.9) also have such mean-reverting properties with respect to the price

state vector (X,,Y,)®.

4.3.2 Valuation of Electricity Generation Assets with Opera-
tional Characteristics

Having constructed a trinomial lattice representing the price dynamics of electricity and
natural gas, I proceed to the valuation of a natural gas fired power plant taking into

consideration its operational characteristics.

Incorporating Physical Operating Characteristics

One approach would be to take all the physical characteristics of a power plant and trans-
action costs into consideration and formulate the asset valuation problem as a stochastic
dynamic program. However, such approach will undoubtedly result in a state space of
huge dimensions thus the “curse of dimensionality” makes it impossible to implement
this approach. In general, the more details about the operational characteristics one
would like to incorporate into the asset valuation, the larger state space it requires to
formulate the asset valuation problem. We need to trade off between the granularity
of the description of the operational characteristics when formulating an asset valua-

tion problem and the computational complexity required to solve the asset valuation

9This discrete-time model may not converge weakly to the previously mentioned continuous-time
mean-reversion model. The parameters need to be estimated directly from the discrete model structure.
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problem.

While all operational characteristics affect the valuation of a real asset, some charac-
teristics have more significant impacts on asset valuation than others do. In the context
of valuing a natural gas fired power plant, the start-up cost, the ramp-up time and the
variable heat rates are considered the most significantly influencing operational charac-
teristics. I shall briefly describe what these characteristics are and how I incorporate

them into the valuation through simplifying assumptions.

Operational Characteristics 1 Fach time a fossil fuel electric power generating unit
is turned on, a start-up cost is incurred because the water in the boiler of the
generator must be heated before the generator can generate power. Moreover, the
cost to start up the generating unit depends on how long the unit has been turned
off. The longer the unit is off, the more heat is dissipated from its boiler thus a
higher cost is incurred when reheating the water. 1 simplify this effect assuming
that a constant start-up cost, ¢sqr, 1s incurred whenever the power plant is turned

O11.

Operational Characteristics 2 Once a power plant is turned on, it always takes a
short period of time (i.e. ramp-up time) for its generating unit'® to reach certain
operating output levels. Similar to the case of start-up cost, the length of the ramp-
up time also depends on how long the power plant has been off. To reflect this
aspect to first order, I assume that there is a constant time lag between the time

point at which a generating unit is turned on and the time point at which the

10For the ease of exposition, I assume that a power plant only has one generating unit. In general, a
power plant often has several generating units.
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generating unit reaches its full output capacity.

Operational Characteristics 3 While a power plant is in operation, its operating
efficiency measured by its operating heat rate varies with the output level,
i.e. the operating heat rate is output dependent rather than a constant over
time. When operated at its rated maximum capacity level, the power plant is very
efficient (i.e. operating heat rate is at the low end of the heat rate range); when
operated at its rated minimum capacity level, the power plant is very inefficient
(i.e. operating heat rate is at the high end of the heat rate range). The operating
heat rate of a generating unit is often modeled as a quadratic function of the
electricity output quantity (see Wood and Wollenberg (1984)). However, I simplify
this dependency assuming that a generating unit operates (when turned on) at
two output levels, either at the maximum capacity level (). or at the minimum
capacity level Quin. The operating heat rates of the generating unit at the two

output levels are H Ry, and H Ry, respectively.

A Stochastic Dynamic Programming Formulation

For valuing a natural gas fired electric power plant, I make the following assumptions.

Assumption 4.3.1 The power plant of interest is only subject to the three operational

constraints described in Section 4.3.2.

Assumption 4.3.2 When running the power plant, the operator takes one of the three
possible actions at discrete time points. The three possible actions are: to shut

down the plant, to run the power plant at its minimum capacity level (turn on
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the plant first if it is currently off), and to run the plant at its maximum capacity
level (turn on the plant first if it is currently off). I denote these three actions by

“off’, “on_min”, and “on_max”, respectively.

The operator of the power plant seeks to maximize the expected total profit of the power
plant with respect to the random price vector (55, 57) over the operating time horizon by
making optimal decisions regarding whether to turn on or shut down the generating unit
as well as how to operate the unit. Under the risk-neutral probabilities, the expected
total profit of a power plant over its operating time horizon yields the value of the power
plant during that time period.

Before getting into the formulation of the valuation problem, I shall introduce the
following notations. The operating time horizon T' is divided into N periods. The power
plant operator makes the operational decisions at the beginning of every m periods, i.e.
the operator takes actions only in periods 0, m, 2m, 3m, - - -, km, - --. Additional variables

will be introduced when necessary.

n: index for periods (1,2,---, N)
X, : state variable indicating the logarithm of the electricity price in period n
Y, : state variable indicating the logarithm of the natural gas price in period n
w state variable indicating whether the power plant is currently on or
off; “w = 0”7 means that the power plant is currently “oft”; “w =17
means that the plant is currently “on”
B discount factor over one time period
a, : action taken by the power plant operator in period n
® :  the action space, and ® = {off, on_min, on_max}
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Cstarts Qminy H Rmin, Qmax, H Rmax are defined in the previous section. The ramp-up time
is assumed to be one-period’s delay for simplicity'!. Let the value function V,,(X,, Y., w)
be the expected total profit of the power plant over time periods n ,n4+1,n4+2, -,
N given the current price state vector (X, Y, ) and the current operating state w of the
power plant. Then V,(X,,Y,,w) is defined by the following three recursive formulas.
If n # k-m where k =0,1,2,---, then the operator takes no action in period n. The
value of a power plant is equal to the discounted expected future values of the power

plant.

V(X Yo w) = B+ En[Vigt(Xg, Yorr, w)] (4.10)

where E,[-] is the conditional expectation function conditioned on information available
in period n.

Itn=Fk-mwhere k=0,1,2,---, and w = 0, then

on-max : Scsart + 0+ En[Vig1(Xng1, Yag1, 1)]
Vn(er an 0) :ingf}g on_min:  SCgart + 6 ’ En[vn-l-l (Xn‘H? Yn‘H’ 1)] (411)
of f: B En[ Va1 (Xog1, Yoy1,0)]

T assume that the time lag required for switching the output levels between Qumax and Qmin is
shorter than one period. Therefore, it is not considered in this formulation.
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Itn=Fk-mwhere k=0,1,2,---, and w = 1, then

Qmax : [eXp(Xn) <:>HRmaX ) eXp(Yn)]—l_
on_imax :
ﬂ . En[vn—l—l (Xn-l-17 Yn—|—17 1)]
Vn(Xn7 an 1) =nax Qmin : [exp(Xn) <:>HRmiH ) eXp(Yn)]—l_ (412)
@€ | on_min :
ﬂ . En[vn—l—l (Xn—|—17 Yn—|—17 1)]
of f: B B Vigr (Xeg1, Yig1,0)]

The Solution of the Stochastic Dynamic Program (SDP)

Under both trinomial price models constructed in Section 4.3.1, the optimal policies
to the SDP have a barrier control form. There exists a “no-action” band on the plane
of the natural gas price and the electricity price. If the price vector (S7,Sf) consisting
of the market prices of natural gas and electricity is inside this band, then it is optimal
for the plant operator to maintain the status quo. If the price vector is above the upper
boundary of the band, then, depending on the state of the power plant, the operator
should increase the output level of the plant from “off” to “on” or from half capacity
to full capacity. If the price vector is below the lower boundary of the band, then it is
optimal for the operator to reduce the output level of the power plant to “off” or half

capacity depending on the state of the plant.

4.3.3 Numerical Examples and Comparative Statics

I have implemented this proposed methodology for valuing a natural gas fired power
plant accounting for operational characteristics in C programs. This section reports

some numerical results on valuing a hypothetical 100 MW gas fired power plant over
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a 720-day period. I assume that the gas power plant incurs a start-up cost whenever
turned on and it takes one day to ramp up the power plant from the “off” state to a
desired output state but there is no delay in increasing/decreasing output level once the
power plant is on. For start-up cost, | examine two possible values, $6000/start and
$12000/start. The maximum and the minimum capacity levels are assumed to be 100
MW and 50 MW, respectively. Moreover, the ratio between the operating heat rates
at the minimum and the maximum capacity levels of the power plant is assumed to be
1.38 : 1. Under both the GBM and the mean-reversion price assumptions for electricity
and natural gas, the trinomial lattices are built with At being 1 day. The operator of the
power plant makes operating decisions at all nodes of the lattice, i.e. m = 1. The initial
prices of electricity and natural gas are assumed to be $21.7 and $3.16, respectively,

which are sampled from the historical market prices.

Geometric Brownian motion price assumption

Assuming that the prices of electricity and natural gas follow two correlated GBM pro-
cesses in continuous-time, I construct a trinomial lattice according to (4.2) with the

parameters given in Table (4.2). I then compute the value of the gas fired power plants

He 2% lug 2%
o. | 0.75 [0, [ 0.6
p 0.3

Table 4.2: Parameters for GBM Price Models

subject to the three operating constraints for different operating heat rates using this
trinomial lattice. The start-up costs of $6000 and $12000 are chosen as numbers close

to the one-day on-peak operating profits of the underlying 100 MW natural gas power
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plant. I also compute the value of the power plant in the case where none of the three
operational characteristics is considered as well as in the case where only the start-up
cost is ignored. The numerical results are reported in Table (4.3). For instance, suppose
the power plant under consideration has a start-up cost of $6000 and a operating heat
rate of 9500 MBtu/MWh when operated at its maximum capacity level, its value (or,
operating profit) per year is $4.776 million. If we ignore all three physical operating
characteristics, then the value of the power plant becomes $4.803 million per year which

would be 0.56% higher than the value with three physical characteristics. The solid

[ Heat Rate (H Rypax MMBtu/MWh) | 8000 [ 9500 [ 12000 [ 14000 I
(Cner)l;h;/alcl(istr ) 5.990 mill. | 4.803 mill. | 3.489 mill. | 2.790 mill.
00, et fstup§6k) 5.958 mill. | 4.776 mill. | 3.469 mill. | 2.774 mil.
Pctg. Val. Overstate.

(ianoring 3 phy. /stup—$6k) 0.54% 0.56% 0.58% 0.60%
(%ag'hyvaclgfmr Jstup=$0) 5.988 mill. | 4.801 mill. | 3.488 mill. | 2.789 mill.
Pctg. Val. Overstate.

(ignoring stup only/stup—$6k) 0.50% 0.51% 0.53% 0.54%
00, et fstup§12K) 5.941 mill. | 4.763 mill. | 3.459 mill. | 2.765 mil.
Pctg. Val. Overstate.

(ignoring 3 phy. /stup—$12k) 0.83% 0.85% 0.89% 0.91%
(%ag'hyvaclgfmr Jstup=$0) 5.988 mill. | 4.801 mill. | 3.488 mill. | 2.789 mill.
Pctg. Val. Overstate.

1gnoring stup only/stup= ) ) ) )
{anoring " §19k 0.79% 0.81% 0.83% 0.85%

Table 4.3: Value of a NG fired Power Plant under GBM Price Models

curves in Figure (4.8) plot the value of the underlying power plant across different heat
rates with start-up cost being $6000 and $12000, respectively, against the capacity value
axis on the left. The dashed curves in Figure (4.8) plot the percentages of capacity
value overstated by ignoring the three physical characteristics across different heat rates
against the percentage axis on the right. We can see that the higher level of operating
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Heat Rates (MVBtu/ MA)

Figure 4.8: Valuation of A Power Plant with/without Physical Characteristics Under
GBM Price Models

heat rate or the higher start-up cost corresponds to the higher percentage of overstate-
ment in capacity valuation in general. But the percentage of capacity value which is
overstated is under 1% for operating heat rate up to the level of 14000 MBtu/MWh
under the GBM price models.

Table (4.3) also shows the value of the underlying power plant as well as the cor-
responding percentage of overstatement in valuation when only the start-up costs are
ignored. These results are plotted in Figure (4.9) with the x-axis representing different
operating heat rates. The plain solid curve plots the value of the underlying power
plant without taking into accounts the start-up costs when the start-up cost is $6000 or
$12000 for different operating heat rates. The solid curves with crosses and circles rep-
resent the percentages of valuation which are overstated by ignoring the start-up costs

of $6000/start-up and $12000/start-up, respectively. The percentages of valuation over-
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Figure 4.9: Valuation of A Power Plant with/without the Start-up Cost under GBM
Price Models

stated by ignoring all three operating characteristics are plotted by dashed curves with
crosses and circles for comparison purposes. Ignoring the start-up costs alone accounts
for more than 60% of the overstated value of a power plant due to ignoring the three

operating characteristics in valuation for various operating heat rates.

Mean-reverting price assumption

I next examine the impacts of operational characteristics on the valuation of a power
plant under the assumption that both the electricity price and the natural gas price are
mean-reverting which is a more reasonable assumption than the GBM assumption. The
parameters used to construct the mean-reverting trinomial lattice are given in Table
(4.4). The value of the underlying power plant is calculated for each of the three cases:
considering all three physical operating characteristics, ignoring the three operating

characteristics, and ignoring the start-up cost only. The numerical results are presented
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K1 3 K2 2.25
0, [3.15 ] 6, [ 0.87
o1 [0.75 | o2 [ 0.6
p | 21.7

Table 4.4: Parameters for Mean-Reversion Price Models

in Table (4.5).

Similar to the previous section, I plot the value of the power plant

[ Heat Rate (H Rypax MMBtu/MWh) | 8000 [ 9500 [ 12000 [ 12000 I
(Cnif;h;/ag;tr) 5.211 mill. | 3.236 mill. | 1.381 mill. | 0.679 mill.
Eﬁﬁyviiitr /stup=$6k) 5.153 mill. | 3.176 mill. | 1.335 mill. | 0.648 mill.
Pctg. Val. Overstate.

(ignoring 3 phy. /stup=56k) 1.13% 1.88% 3.43% 4.83%

B o, et fstup—$0) 5.207 mill. | 3.230 mill. | 1.378 mill. | 0.677 mill.
Pctg. Val. Overstate.

(ignoring stup only /stup=S$6k) 1.06% 1.70% 3.21% 4.51%
Eéagh;/aclgﬁstr Jstup=$12K) 5.121 mill. | 3.144 mill. | 1.312 mill. | 0.632 mill.
Pctg. Val. Overstate.

(ianoring 3 phy. /stup=$12K) 1.75% 2.93% 5.28% 7.45%

B o, et fstup—$0) 5.207 mill. | 3.230 mill. | 1.378 mill. | 0.677 mill.
Pctg. Val. Overstate.

(ignoring stuponly /stup=$12k) 1.68% 2.74% 5.05% 7.12%

Table 4.5: Value of a NG fired Power Plant under Mean-Reversion Price Models

accounting for all three operating characteristics for different heat rates in Figure (4.10).
The x-axis represents different heat rates. The solid curves with crosses and circles plot
the capacity value per year with start-up cost being $6000/start-up and $12000/start-up,
respectively. The capacity value ignoring the three operating characteristics for different
heat rates is plotted by the plain solid curve. All three curves are plotted against
the capacity value axis on the left. The dashed curves with circles and crosses plot
the percentages by which the capacity value is overstated due to ignoring the physical

operating characteristics with the start-up cost being $6000 and $12000, respectively.

The percentage for which the capacity value is overstated due to ignoring the operating
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Figure 4.10: Valuation of A Power Plant with/without Physical Characteristics Under
Mean-Reversion Price Models

characteristics ranges from 1.13% for the most efficient plant with a low start-up cost to
7.45% for the least efficient plant with a high start-up cost.

Figure (4.11) plots the values of the power plant with and without the start-up cost
only. We can see that the impact of the start-up cost on capacity valuation is very
significant. Ignoring the start-up cost while considering the other aspects accounts for

more than 90% of the overstated capacity value of the underlying power plant.

4.3.4 Conclusion

To summarize the above numerical results, I conclude that the operational characteris-
tics affect the valuation of a power plant to different extents depending on the operating
efficiency of the power plant and the assumptions about the electricity and the generat-

ing fuel prices. In general, the impacts of physical operating characteristics on the power
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Figure 4.11: Valuation of A Power Plant with/without the Start-up Cost Under Mean-
Reversion Price Models

plant valuation are far more significant under the mean-reversion price models than they
are under the geometric Brownian motion price models. Under each price model, the
more efficient a power plant is, the less its valuation is affected by the operational con-
straints and vice versa. In the examples with mean-reverting commodity price processes,
the impacts on capacity valuation range from 1.13% for the most efficient plant with a
low start-up cost to 7.45% for the least efficient plant with a high start-up cost. Among
the three operational characteristics of a power plant which I consider here, start-up cost
affects the capacity valuation the most. The reason is two-fold. The first-order effect
of the start-up cost on capacity valuation is that it directly imposes a transaction cost
on exercising the embedded spark spread options in a fossil fuel power plant when the
electricity price is greater than the fuel cost. The second-order effect of the start-up cost

is that it forces the power plant to keep operating at a loss or to forego a profit when the
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start-up cost cannot be justified by the expected cost-saving or the expected profit that
would result from turning the power plant off or on. In other words, the start-up cost
reduce the “option value” of a power plant. My sensitivity analysis reveals that, under
the mean-reversion models, ignoring the start-up cost alone can explain more than 90%
of the overstated capacity value of a power plant (as compared to the overstated value

when all three operational characteristics are ignored).
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Chapter 5

Summary and Future Research

In this dissertation, I have addressed the issues of transmission pricing design, modeling
electricity spot prices and pricing electricity financial instruments as well as market-
based valuation of real assets. I shall summarize the findings of this thesis and point

out some directions for future research.

5.1 Transmission Pricing

Regarding the transmission pricing design, it is still an on-going debate as to which
approach works the best. For instance, the nodal pricing approach emphasizes the
short-run efficiency of an electrical system. However, the promising aspect of short-run
efficiency relies on generators and loads revealing their true marginal costs or willingness-
to-pay. Therefore, the day-to-day efficient operation of a power system under a nodal
spot pricing scheme depends on the incentive effects which are not addressed by the

nodal pricing approach. From the implementation point of view, one other difficulty of
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the nodal spot pricing approach is that it impedes trading and price discovery due to
low liquidity at the nodal markets, lack of transparency in how prices are determined,
and the fact that exact prices are only known ex post.

The priority insurance based transmission pricing scheme proposed in Chapter 2 at-
tempts to strike a proper balance between the economic efficiency and the simplicity
of implementation. Through customer self-selection, thus incentive-compatible, the ISO
manages to achieve a second best solution in the efficient allocation of the scarce trans-
mission capacity when network congestion occurs. This scheme provides approximate
signals indicating the locational advantages for investment in generation and load. Last
but not the least, it is simple and easy to be implemented.

The long-run efficiency issues of signaling the need for investment in a transmission
system and compensating the owners of existing transmission assets were not addressed
in the current analysis. Under the proposed transmission pricing scheme, one interesting
problem is to investigate whether the [SO could signal the need for transmission invest-
ment by imposing a proper set of insurance premium functions in all zones. Another
interesting problem is to design a scheme for the allocation of the ISO’s profits resulting
from the collection of the insurance premia and the congesting management such that

the owners of the existing transmission assets are sufficiently compensated.

5.2 Electricity Spot Price Modeling

The needs of trading electricity, performing risk management and asset valuation, as well

as financing new investments require sophisticated modeling of electricity spot prices. To
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accurately model electricity prices, I take into consideration the physical characteristics
of electricity. Resorting to jump-diffusion processes, I have examined three stochastic
price models which capture the mean-reversion, regime-switching, jumps and spikes and
many other prominent price behaviors of electricity. I provide the specification for these
models and demonstrate how to compute prices of various electricity derivatives under
each model using the Fourier transform methods in Chapter 3.

I find that the market anticipation of jumps and spikes in the electricity spot prices
explains the enormous implied volatility observed from market prices of traded electricity
options. Contrary to the commonly used geometric Brownian motion (GBM) model,
the proposed mean-reversion jump-diffusion spot price models approximate the market
values of short-maturity out-of-the-money options very well. The mean-reversion jump-
diffusion models capture the effect of spikes that cause the unusually high market implied
volatility in the short-maturity out-of-the-money call options on electricity. I mentioned
briefly how I can fit the models using electricity price data but a formal parameter
estimation was out of the scope of Chapter 3. As for future research, I feel that it is
important to develop an efficient econometric model, e.g. taking a Generalized Method
of Moments approach, to perform a rigorous parameter estimation as more electricity

market data becomes available.

5.3 Risk Management and Asset Valuation

As the competitive and volatile electricity markets become more prevalent, market par-

ticipants feel the urgent needs for establishing their risk management programs. Through
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two examples, [ demonstrate how to structure and evaluate hedge strategies for the oper-
ational risks and the transmission risks using the spark spread options and the locational
spread options.

On the asset valuation side, a market-based methodology for valuing an investment
project such as a power plant construction or acquisition is required in place of the tradi-
tional discounted cash flow approach. Ifirst construct a real options approach for valuing
the electricity generation and transmission assets abstracting the operating characteris-
tics of the real assets such as start-up cost, ramp-up time and variable heat rate. In the
context of valuing a power plant, I find that the option-value based valuation yields a
much better approximate to observed market values than does the DCF valuation. The
implication of jumps and spikes in electricity prices on capacity valuation is that, in the
near-term when the effects of jumps and spikes are significant, even a very inefficient
power plant can be quite valuable. This could explain why recently sold power plants
fetched hefty premia over book value.

To investigate the impacts of operational characteristics on the valuation of a real
asset, [ employ discrete-time price models for the underlying commodity prices and for-
mulate the valuation of a real asset with operating characteristics as a stochastic dynamic
program. Through several numerical examples of valuing a natural gas fired power plant,
[illustrate that the significance of physical characteristics in asset valuation depends on
the assumptions about the electricity and the generating fuel prices. Moreover, the more
(less) efficient a power plant is, the less (more) significant the operating characteristics
are to its valuation. These conclusions are made under the discrete-time price models

which are counterparts of the continuous-time GBM and mean-reverting price models.
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In future work, I expect to incorporate jumps into the discrete-time mean-reversion price

models and examine the implications of jumps on the above conclusions.
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Appendix A

Proofs in Chapter 2

A.1 Proof of Proposition 1

Proof. Notice that the (FD) problem and the (1502) have the same set of con-
straints. It is therefore sufficient to show that the objectives of the two problems are

equivalent provided Ez(c*(v)) = D;(v). Let v;(q) denote D '(q).

max > ¢ Swmi) & Y. /Oqi vi(q)dg (ED objective)

iEND ZENS

Di(Spn(iy) Di(Spn(iy)

& max Z ¢+ Sm(iy & Z / vi(q)dg + Z / vi(q)dq

iENp ieNg 70 ieNg “ % (A1)
& max Z q; - Sm(i) + Z (Di(sm(i)) <:>Qi)5m(i) = Z (Di(sm(i)) <:>qi)5m(i)

ZEND ZENS ZENS

D (Spn(iy)
£ [ ey
{ENg q:
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where

The last equivalent relationship utilizes the fact that Z Q;=0.1

max Y ¢ S+ O (Dil Sm(i)) S¢)Smey < Y. /

iEND ZENS ZENS q:

iEND iIENS

k
maXZQj -S; &IP
=1 L
min [ P @Z Q]‘ : S]‘
7=1

min [ P @% Y (QieQ;)(S 5;) (ISO2 objective)

1<i<s<k

Di(Spn(iy)

[Sim(i) &vilg)ldg

Qr = Z ¢; with Zj, denoting the node set of zone k.
1€
’ Di(Spn(iy)
= > / [Smiy =vilg)]dg
i€Ng q:

k

=1
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Appendix B

Technical Conditions in Chapter 3

B.1 Conditions for ¢ - e’ to be a martingale in

Section 3.2

A particular set of technical conditions are!:

1. The coefficients in (3.1), (%), 0;(1), os(t), p(t) and X;(¢) (¢ = 1,2), are bounded
continuous functions on [0,00). When the jump intensity A; (z = 1, 2) is a function

of the state vector X; , we further assume that fg )\i(ys, s)ds < 0o P&a.s., ¥Vt > 0.
2. #%(c1,e9,1) (2 = 1,2) is well defined on C? and it is measurable.

3. For an initial condition ((xo,¥0),0), the system of ODEs (3.5) has an unique solu-

tion « and f3.

4. E[fOT |7§|dt] < o0, where 7; = q}t ) (qsf](ﬂlvﬂ?vt) <:>1) ) )‘Z(t) (Z = 172)

1See Duffie, Pan and Singleton (1998) for a more general setup.
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5. E[(f] n - nidt)'/?] < oo, where

. ( o1(1) 0 )
ne = Wy - B .
p(t)oa(t) /1 < p(t)?o2(1)

6. E[|¥r|] < co, where
W, = e explo(t, ) & Aty )X, + Balt, 0)¥]

for each t < T.
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