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Abstract

Over the past four decades, the electricity sector in many countries has transitioned from
an integrated monopoly to one with a deregulated generation market in which electricity
prices and capacity investments reflect the decentralized decision making of independent
power producers (IPPs) (Newbery, 1995, 2002, 2005; Joskow, 2006, 2008; Shively and
Ferrare, 2010). An IPP’s capacity investment is based on an assessment of expected future
profits. Thus, the introduction of competition into electricity markets exposes the IPP to
risks previously borne by end-users.

Large-scale natural gas developments during the last decade (e.g., shale gas and hydro
fracking in the US) are mainly responsible for the greatly expanded use of natural gas in
electricity generation. Relative to coal-fired generation plants, natural gas-fired
generation plants have less emissions and shorter construction periods (MIT, 2011). They
are dispatchable in real time, offering operational flexibility for reliable grid integration of
intermittent renewable resources. As a result, nearly all new plants in the USA are fueled
by natural gas (DECC, 2012; EIA, 2013). However, natural gas-fired generation faces large
fuel cost risks because: (a) natural gas constitutes about 80% of variable generation costs,
and (b) natural gas price volatility is large, substantially more than oil (Mastrangelo, 2007;
Geman and Ohana, 2009; Regnier, 2007; Roesser, 2009; Graves and Levine, 2010; Smead,
2010; BPC, 2011; Whitman and Bradley, 2011; Alterman, 2012).

Despite its real-world relevance and importance, the effect of natural gas fuel cost risk on
market price and capacity investment in a liberalized electricity market has attracted little
academic attention. While the framework of Dixit and Pindyck (1994)" can be used to
analyze capacity investment under uncertainty, it only applies to highly competitive

markets where a single firm’s decision does not affect the market price.

!see Frayer (2001), Nasakkala and Fleten (2010), Fuss and Szolgayova (2010), Geiger (2011), Henriques and
Sadorsky (2011), Bistline (2015), Gugler et al, (2016) for various applications of capacity investment under

uncertainty in the electricity sector.



Extending Tishler et al. (2008b), this dissertation assesses the effect of uncertain natural
gas prices, and therefore uncertain generation costs on capacity investment and prices in
competitive electricity markets. Our basic model (Chapter 5) consists of a two-stage
decision process. In the first stage, an IPP builds its optimal capacity, conditional on the
perceived uncertainties of fuel cost and electricity demand. Equilibrium prices and
guantities are determined in the second stage, in which IPPs compete in a Cournot market
environment. Counter to common beliefs (BPC, 2011; Whitman and Bradley, 2011;
Alterman, 2012), we show that a profit-maximizing IPP increases its capacity in response
to rising fuel cost volatility, chiefly because the asymmetric nature of natural gas price
distribution implies higher probability for small values as the volatility increases.
Consequently, expected consumer surplus and producer profit increase with fuel cost
volatility.

Despite the positive effect of fuel cost volatility on expected profit, firms may worry about
the risk of high fuel cost’s impact on their ability to obtain financing for their plant
construction. Therefore, we study various means of hedging fuel costs risk. First, we study
in Chapter 6 the use of call options as a hedging strategy against higher fuel costs. We
find that expected consumer surplus increases if the IPPs use call options to hedge the
fuel cost risk. However, the IPPs optimal strategy is not to do so due to the hedging cost
that lowers the expected profit. Second, we examine in Chapter 7 the possible use of a
dual fuel plant to hedge against fuel price risk (e.g., the plant can switch to the alternative
fuel when the natural gas price spikes). We find that consumers and producers may
benefit from dual fuel capability, because it sets floors for profits and consumer surplus.
However, when the dual fuel generation cost is very high, the use of dual fuel capability
may lead to smaller capacity and, thus, reduce profits and consumer surplus. Finally, we
investigate in Chapter 8 the use of two technologies as a hedging strategy, assuming that
the fuel price of natural gas is volatile and the fuel price of coal is fixed. We find that the
use of coal in the capacity mix reduces the probability of both low and high profits. l.e.,
unlike the call options and dual fuel capability, the two-technology mix implies not only a

profit floor, but also a profit cap. Further, firms tend to increase their natural gas capacity



if the natural gas price becomes more volatile, since the asymmetric shape of the natural
gas price distribution implies that the probability of low natural gas prices and, therefore,
profits, increase in this case. Consumer surplus is not affected by the technology mix,
because total capacity and equilibrium generation remain similar to those of a single

technology market.

Furthermore, we empirically demonstrate the theoretical results in Chapters 6 to 8 with

stylized data similar to those of California and Texas.

In summary, this dissertation fills some of the literature gaps created by the extant studies’
empirically implausible assumption that fuel prices in electricity generation are constant.
It also provides insights and decision-supporting tools to firms and policy makers facing

uncertain fuel prices in their strategies for capacity investment and risk management.
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1. Background, objectives and contribution
1.1 Background

The electricity sector in most? countries was originally a government-owned integrated
monopoly that generated, transmitted and distributed electricity to consumers. Since the
1980s, many countries have reformed? their electricity sector to attract private
investment, achieve better efficiency and lower the retail price (Newbery 1995, 2002,
2005; Joskow, 2006, 2008; Shively and Ferrare, 2010). As part of the reform, integrated
electricity monopolies were restructured, and the generation segment was privatized and
opened to competition. In some countries, competition was also extended to the retail
segment (e.g., New York and Texas in the US, Alberta and Ontario in Canada, the UK in

Europe, and Victoria and Queensland in Australia).

In a regulated market, capacity investment is centrally planned. The regulator approves
capital expenditure, and the tariff is set to recover the returns on and of the approved
investments under the cost of service regulation. In a deregulated market, market forces
set the price of electricity and the investment in new capacity reflects the decentralized
decision making of IPPs. Specifically, electricity prices are set by a bidding process, which
may be at times augmented by bi-lateral agreements between producers and buyers.
Investment in new capacity is determined by producers, according to their assessments

of their expected future profits.

Power producers in liberalized markets bear risks that were previously borne by end-users

via the regulated cost-of-service tariff. These risks include (Gatti 2008):

e Pre-completion risks: The risk of construction delays or cost overruns Post-completion

risks:

% A notable exception is the US, where large integrated utilities are privately owned.
? Other countries such as Israel and the mid-west states in the US have maintained the monopolistic

structure of the electricity sector.
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o Supply risk — Fuel needed for the plant’s operation may be supplied in
insufficient quantities, at low quality or high prices.

o Profit risk — The risk of unexpected low profit, due to unexpectedly low market
prices or sales.

o Operation risk — Underperformance of the plant, due to unexpected low
capacity availability or high heat rates. This can occur in the plant’s
commissioning phase or result from the plant’s deteriorating performance.

e Risks common to pre- and post-completion: Inflation risk, interest rate risk, regulatory

and legal risk, and environmental risk.

This dissertation focuses on the fuel price risk, a supply risk that may be exacerbated by

demand uncertainty.

A commodity’s annual price volatility is a common measure®'> based on the daily
percentage price changes over a pre-specified period (Regnier, 2007; Roesser, 2009).
Figure 1-1 shows that the US daily natural gas price is highly volatile, substantially more
so than coal and oil. Indeed, the annualized price volatility of natural gasin 2014 was 96%,
far above the Brent oil’'s 17% and Australian coal’s 8% (Mastrangelo, 2007; Geman and
Ohana, 2009; Regnier, 2007; Roesser, 2009; Graves and Levine, 2010; Smead, 2010; BPC,
2011; Whitman and Bradley, 2011; Alterman, 2012).

Natural gas price volatility is mainly caused by transportation constraints and storage
limitations (Eydeland and Wolyniec, 2003). The transportation of natural gas is limited by
pipeline capacity and/or liquefied natural gas (LNG) capacity. Natural gas storage is
limited to depleted reservoirs, salt formations or LNG tanks. When natural gas production
is disrupted or demand spikes, natural gas prices surge (Alterman, 2012). Volatility is

further magnified by low inventory (Geman and Ohana, 2009).

“The analytical definition of volatility and its characteristics are detailed in Section 3.5.
>The measure of volatility is taken from Eydeland and Wolyniec (2003). The analytical definition of volatility

and its characteristics are detailed in the next section.
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Figure 1-1: Volatility of Henry Hub natural gas price, Brent oil price and Australian coal
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Source: Prices were obtained from IMF Primary Commodity Prices (2014). Computation of the annualized
volatility was based on the number of trading days in a year (Eydeland and Wolyniec, 2003).

High natural gas price volatility implies that in a competitive electricity market, a natural
gas-fired generation plant’s cash flow is highly uncertain, and this uncertainty may be
further magnified by electricity demand uncertainty®’. The plant’s fuel cost risk limits its
owner’s ability to obtain project financing and discourage capacity investment which, in

turn, may cause electricity price spikes during periods of high demand.

®Both price and sales risks can be mitigated by forward contracts that specify the must-take quantity at
known prices, and tolling agreements that set the capacity lease payment and transfer part or all of the
natural gas cost risk from the sellers to the buyers. A detailed investigation of forward contracts and tolling
agreements, however, is beyond the scope of this dissertation.

7 See Czamanski et al. (2007) for further analysis about the linkage between natural gas prices and electricity

prices.
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Figure 1-2 depicts the spot prices of Algonquin City-gate gas prices over a two-year period.
These prices tend to spike and become volatile during the winter period, a reflection of

an inelastic demand coupled with supply disruptions.

Figure 1-2: Natural gas price® fluctuations in Algonquin City-gate (2012 -2014)
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Source: Energy Information Agency, Today in Energy, February 21, 2014

In countries where both electricity and natural gas markets are liberalized, independent
power producers (IPPs) are exposed to fuel price risk, in addition to other risks
(Mastrangelo 2007; Roesser 2009; Graves and Levine 2010; Smead 2010; BPC 2011;
Whitman and Bradley 2011). High fuel cost volatility implies that the plant’s cash flow is
highly uncertain. As the cost of natural gas increases, power producers face smaller profits
and higher default probabilities. Thus, investors in natural-gas-fueled electricity plants
consider the uncertain future cost of fuel when determining optimal capacity investment.

In reality, an IPP's uncertainty is even larger, as the demand for electricity is stochastic.

® Bidweek prices reflect the transactions entered on the last five days of a month, during which traders

purchase gas to be delivered during the following month (retrieved from www.api.org).
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Risk exposure of power producers limits the availability of finance and, therefore, may
lead to underinvestment in new capacity. Underinvestment likely causes price spikes

during periods of high demand due to capacity shortage (Tishler et al., 2008b).

1.2 Research objectives

This dissertation’s focus is the effect of uncertain natural gas prices on capacity

investment and prices in a competitive electricity market. It also studies various means of

hedging the fuel cost risk.

1. The main research objectives are as follows: To study the effect of natural gas price
volatility on capacity investment and operations in a competitive electricity market.

2. To determine the combined effect of uncertain demand and uncertain fuel cost on
capacity investment and electricity prices

3. To optimize the use of call options for the price of gas as a hedging strategy

4. To study the use of dual fuel plants as a means of hedging the risk of high natural gas
price or supply interruptions

5. To determine the optimal capacity of an IPP operating in a competitive electricity
market with two technologies, where the price of natural gas is uncertain, and the

price of coal is non-stochastic.

1.3 Contribution

Deregulation accentuates the importance of studying investment under uncertainty in
the electricity sector, as the capacity investment of IPPs is affected by their fuel cost risk
exposure. This dissertation contributes to the capacity investment literature by studying
the effect of stochastic fuel cost on optimal capacity investment and electricity prices in

oligopolistic competition.

The extant literature on capacity expansion and electricity market equilibrium in

deregulated markets under uncertain fuel costs is inadequate. In particular:
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Studies often ignore uncertainty altogether (Fehr and Harbor, 1997; Murphy and
Smeers, 2005; Spulber, 1981).

Some studies assess demand uncertainty, but assume fixed fuel costs (Gabszewicz
and Poddar, 1997; Tishler et al., 2008b).

Tseng and Barz (2002) use simulations to study the effect of stochastic fuel cost, as
well as other factors. However, simulations provide only limited insights into the
relations between market conditions and the optimal decisions made by producers
and consumers.

Hartman (1972) studies the effect of cost volatility on investment. However, he
assumes perfect competition, which does not apply to current electricity markets.
Real options theory (Pindyck, 1991; Frayer, 2001; Ndsakkala and Fleten, 2010; Fuss
and Szolgayova, 2010; Geiger, 2011; Henriques and Sadorsky, 2011; Bistline, 2015;
Gugler et. al, 2016) offers a framework for valuation of investment under
uncertainty in the power sector. However, it assumes that power producers are
price takers and electricity price does not depend on market characteristics, such as
the number of firms in the oligopoly or the demand function.

Portfolio theory (Awerbuch and Yang, 2007; Zhu and Fan 2010; Arnesano, 2012)
incorporates various types of risk. However, portfolio theory ignores market

competition and the interactions among firms.

This dissertation fills some of the existing theoretical gaps by studying the effects of

uncertain fuel cost on capacity decisions in a deregulated market. It is timely, relevant

and important because of the electricity and natural gas market restructure already taken

place in many parts of the world (Holz et al., 2015), thus causing IPPs in many countries

to be exposed to fuel cost risk. This is especially true for Israel, which is now

contemplating reforming its electricity sector and opening its natural gas sector to

competition (Yogev, 2014; PUA, 2015; Grossman, 2016).

The dissertation's specific contributions are as follows:

It contributes to the study of cost uncertainty in oligopolistic competition with a

(possibly) binding capacity constraint.
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It combines fuel cost and demand risks. Some emphasis was given in the academic
literature to the implications of demand risk (e.g., Gabszewicz and Poddar, 1997,
Tishler et al., 2008b; Milstein et al., 2012). However, to the best of my knowledge,
there is no existing study on investment decisions under the real-world phenomenon
of fuel cost and demand uncertainties.

It enables a study of hedging strategies. In particular, one of the models analyzes the
decisions on the optimal use of fuel price call options in a competitive electricity
market.

It studies the use of dual fuel plants as a hedging strategy to prevent high fuel costs.
It provides a solution for the optimal generation technology mix under fuel cost

uncertainty.
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2. Electricity markets in the USA, the UK and Israel

This chapter is a description and assessment of electricity market restructuring (Newbery,
2005; von der Fehr et al., 2005; Murphy and Smeers, 2005; Joskow, 2006, 2008; Tishler et
al., 2008b). It details the structure and key features of the electricity markets of the USA,

the UK and Israel.

2.1 Electricity market reform

It is common to describe a country’s electricity sector by functional segment as follows:

1. Generation

2. Transmission
3. Distribution

4. Retail

5.

System Operation

In most countries, the electricity sector was originally established as a vertically integrated
monopoly, which owned and managed the five segments listed above. In the 1990s, the
UK and the USA restructured their electricity sectors, encouraging competition in the
generation and retail segments with the goal of ensuring sufficient investment in new
capacity and lowering retail prices. Other countries soon followed (Woo et al., 2004;
Newbery, 1995, 1998, 2002, 2005; Joskow, 2008). There are several models for
restructuring the electricity sector. The main models are (Shively and Ferrare 2010;

Sioshansi, 2006; 2011):

¢ Single buyer with competitive generation — Several firms generate electricity and
compete in the wholesale market. A single buyer holds a monopoly over the
transmission, distribution and retail. The buyer procures electricity in the
wholesale market for resale to its retail customers. The system can be operated
by either the single buyer or an independent system operator (1SO).

e Wholesale/industrial competition — Large industrial and commercial consumers

procure power directly from wholesale generators through long-term agreements.
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A single buyer owns the transmission lines and continues to procure power for
smaller consumers. In this model, the system operator has to be independent to
ensure fair transmission access by all generators.

e Complete retail competition — Retail marketers procure electricity from
wholesale generators for resale to end-users. A utility (or several utilities) owns
the transmission and/or the distribution infrastructure and provides open and
comparable services of transmission and distribution to all generators and retail

marketers.

Market restructuring drastically changes the regulator’s role. In a regulated market, the
regulator approves capacity expansion plans, sets standards for quality of service and for
reliability levels, and establishes fair tariffs that will ensure sufficient returns for the utility
at a reasonable cost to customers. In deregulated markets, the regulator sets the rules of
competition and the required quality of service, while prices are determined by the
market. In addition, capacity plans are market-driven, with competitive generators
making technology and capacity choices to maximize their future profits (Shively and

Ferrare, 2010; Sioshansi, 2006; 2011; Joskow, 2008; Chao et al., 2011).

2.2 The UK electricity market
2.2.1. The UK's installed capacity, generation mix and electricity production

In 2013, the UK's installed capacity and electricity use were 77 GW and 339 TWh,
respectively. The generation fuel mix in 2013 comprised natural gas (30%), coal (30%),

nuclear (19%) and renewables (17%) (DECC, 2015).
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Figure 2-1: The UK’s electricity generation mix (2014)
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Source: (DECC 2015)

Figure 2-2: The UK’s net generation capacity and maximum load
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Figure 2-3: UK electricity consumption by sector (1990-2015)
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Figure 2-2 shows that the net installed capacity is steady over 1990-2015, though with a
slight downward trend after 2010. It mirrors the overall electricity consumption in the

same period shown in Figure 2-3.

Figure 2-4: The UK's domestic electricity prices (2004-2015)
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Figure 2-4 shows a continuous increase of electricity prices in the UK during 2004-2015,

the result of slowly increasing fuel prices.

In 2012, the British government initiated a new Energy Bill and Energy Market Reform
(EMR) to achieve reliable supply, carbon emissions reduction and affordable prices (DECC,
2012). These goals, however, are challenged by the expected plant retirement and

demand growth. The EMR’s remedy has the following elements (DECC, 2012):

e A legally binding EU target of 15% renewable energy by 2020, with the aim of
achieving a higher target of 30% by that year.

e Retirement of old coal plants via natural-gas-fired generation, renewable energy
and nuclear power.

e Reconsideration of capacity markets which were abolished in 2001.

e Encouragement of efficient use of demand response.

The future of nuclear power is one of the EMR’s main challenges. The UK is expecting a
retirement of about 50% of its capacity by 2035, mainly comprising old nuclear and coal
plants. Nuclear power will play a significant role in the future, thanks to its low levelized
cost, zero carbon emissions, and contribution to energy independence. Implementation
of the nuclear policy, however, faces issues of safety, waste control, and residents'

opposition to the new plants’ construction (Birmingham, 2012).

Keay (2016) challenges the UK’s EMR policy, claiming that the market is stuck in a half-
planned, half-market orientation, and the government should intervene to ensure the
desired balance between energy-security, environmental protection and economic
efficiency. To achieve the EMR's goals, Newbery (2016) stresses the need for a new
auction design for renewable energy and economic support for R&D in the electricity

sector.

2.2.2. The UK’s electricity market structure

Up until 1989, the UK’s electricity sector was organized as a vertically integrated

monopoly under government ownership. The Electricity Act of 1989 established a
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regulatory agency to set price caps, reliably meet demands, encourage competition and
protect consumers (Newbery, 2005; Ehlers, 2009). The monopoly was unbundled into two
generation companies, a transmission company, and 12 regional distribution companies.
The companies were gradually sold to the public over several years (Ehlers, 2009).
Competition was encouraged by requiring the generators to sell their output in the
wholesale electricity pool. The electricity pool functioned as a day-ahead spot market:
generators made supply bids and they were dispatched to the grid according to the merit-
order of their bid prices. The last dispatched generator’s bid price set the market price.
Generators could hedge against the market price volatility.

In the first three years following the Electricity Act of 1989, generators purchased
expensive British coal under long-term contracts, and could sell the power to customers
under long-term contracts, thus transferring the stranded cost to customers. Only two
fossil fuel companies were competing in the wholesale market, thus increasing the risk of
market power abuse. To overcome this problem, companies were encouraged to sign
Power Purchase Agreements (PPA), so that only a small portion of their production would
be sold in the electricity pool. Hence, if a company bid a high price, it faced the risk of not
being dispatched. The entry of new generators to the wholesale market was encouraged
by allowing distribution companies to sign long-term PPAs with new entrants. Within a
couple of years, the UK’s CCGT capacity increased by 5 GW. Consequently, the size of the

coal industry was halved (Newbery 2005; Keay, 2013).

In 2001, the market design of the UK's electricity sector was revised by the NETA (New

Electricity Trading Arrangements) system with the following changes:

° Capacity payments were abolished.

. Four markets were created: long-term and mid-term bilateral agreement markets,
a forward market, and a day-ahead market.

° It introduced a “pay as bid” settlement system and prices were no longer

determined by the single market-clearing price rule.
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° Generators could offset the price risk by purchasing regional distribution
companies (vertical integration). However, they were required to divest some of

their capacity first, thus reducing the market concentration.

In 2005, the system was extended to include Scotland, and the market name was changed
to “British Electricity Trading and Transmission Arrangements” (BETTA) (Ehlers, 2009;
Keay, 2013).

Figure 2-5: Market shares of electricity generation by company in the UK's electricity
market
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Figure 2-5 depicts the market shares of electricity companies in the UK during 2004-2015.
While six companies generate most of the electricity in the UK, none holds a market share

larger than 25%, in accordance with Newberry’s (2005) 'best practice'.
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2.3 The US electricity market

In 2014, the total US generation capacity and electricity use were 1100 GW and 4100 TWh,
respectively. The US generation mix in 2014 was dominated by coal (39%) and natural gas

(28%) (Figure 2-6; EIA 2016).

2.3.1. Installed capacity, generation mix and electricity production

Figure 2-6: US electricity generation mix (2014)
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US electricity generation by coal-fired capacity declined from over 1750 TWh in 2010 to
less than 1400 TWh in 2015. Over the same period, electricity generation by natural gas-
fired capacity increased from 1100 TWh to 1400 TWh (EIA, 2016).

The coal capacity share is expected to drop to 35% by 2040 (MIT, 2011). The new capacity
in the USA is expected to consist of 63% natural gas and 31% renewables (Figure 2-7; EIA,
2013).
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Figure 2-7: Historic and projected capacity addition by fuel (2000-2040)
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The USA does not have a renewable portfolio standard (RPS) at the federal level. However,
30 states and the District of Columbia have RPS at the state level. Most states are
currently either meeting or exceeding the RPS goals. This success is attributed to the
decline of the cost of renewable technologies and to tax credits provided by the federal
government (EIA, 2013). Generation from renewable resources, other than hydropower,
increased from 30 billion KWh in 1989, to over 160 billion KWh in 2011. Most of this

growth (75%) is attributed to wind energy (EIA, 2013).
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Figure 2-8: US retail electricity price
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Figure 2-8 depicts the historic retail prices in the USA. The average prices remained

stable, unlike those in the UK during a similar period shown in Figure 2-4.

2.3.2. US electricity market structure

Starting in the 1980s, US electricity markets were gradually opened to competition. Prior
to that, local power utilities in the USA were structured as vertically integrated
monopolies. Some of the utilities were privately owned and others were cooperatives or
owned by municipalities. In 1978, following the oil crisis, the Public Utility Regulatory
Policy Act (PURPA) encouraged the development of independent power producers (IPPs).
Utilities were required to purchase power from qualified IPPs at avoided costs. Each
state’s interpretation of the PURPA led to different IPP development levels across the USA
(Shively and Ferrare, 2010; Joskow, 2006).

The Energy Policy Act of 1992 attempted to further increase competition. The Act set the
legal framework for the sale of power directly from IPPs to large customers or retail

marketers. In 1996, the Federal Energy Regulatory Commission (FERC) issued Order 888,
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mandating open and comparable transmission access for all grid users at just and
reasonable wheeling rates. The act required a functional separation of generation,
transmission and distribution activities, ensured access to the grid, established tariffs for
services offered by utilities to wholesale generators, and encouraged the establishment
of Independent System Operators (ISOs). As a result, ISOs were formed in California, New
England, New York and PJM?® (Shively and Ferrare, 2010). While Texas is not under the

federal jurisdiction, it also established its own ISO.

The FERC Order 2000 of 1999 intended to foster competition by integrating fragmented
transmission areas into larger grids. ISOs were transformed into Regional Transmission
Operators (RTOs) to manage transmission and market activities in larger geographic areas,

often crossing the borders of states, and to enable open access by all market participants.

The second aspect of market restructuring was the transition from utility ownership to
independent power producers. This transition also involved a shift from cost recovery
regulation to a market-based pricing model. As a result, some utilities book value was
higher than their market value. These utilities were allowed to maintain higher retail
tariffs to recover their investments (Borenstein and Bushnell, 2015). Despite power
contracts for stranded assets, Joskow (2006) argues that wholesale competition
continued to develop in the USA. The transition from utility ownership to independent
power producers was voluntary and some regions resisted the change out of fear of losing
state control (Shively and Ferrare, 2010). Several events in the early 2000s impeded the
implementation of competition in the US electricity sector: (a) the California crisis of
2000-2001 (Blumstein et. al, 2002; Joskow, 2006); (b) the Enron fraud and bankruptcy
(Kroger, 2005); and (c) the rising prices of coal and natural gas that made retail

competition less attractive (Apt, 2005; Joskow, 2006; Borenstein and Bushnell, 2015).

In 2002, the FERC proposed a standard market design, but the proposal was later

withdrawn. The proposal included an independent transmission operator, day-ahead and

’PIM - Pennsylvania, New Jersey and Maryland
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real-time wholesale markets, a commitment to provide sufficient capacity and a cap for
energy and ancillary services'®. Helman et al. (2008) describe the wholesale market design

that evolved in the USA, with an emphasis on day-ahead and real-time wholesale markets.

Hyman (2010) compares prices in regulated and de-regulated markets in the USA over
several decades, concluding that deregulation® had not led to the expected price
reduction. Borenstein and Bushnell (2015) argue that competition in the US electricity
markets had increased market efficiency, but prices were mainly affected by exogenous

factors such as fuel costs, rather than market restructuring.

% The FERC's definition of ancillary services is as follows: “Those services necessary to support the
transmission of electric power from seller to purchaser, given the obligations of control areas and
transmitting utilities within those control areas, to maintain reliable operations of the interconnected
transmission system. Ancillary services supplied with generation include load following, reactive power-
voltage regulation, system protective services, loss compensation service, system control, load dispatch
services, and energy imbalance services” (see glossary and FERC order 888 at www.FERC.gov).

A detailed comparison of the effects of deregulation on electricity production efficiency and prices is
available, among many others, in Apt (2005), Borenstein et al. (2002), Costelo (2003), Fabrizio et al. (2007),
Woo et al. (2006) and Woo and Zarnikau (2009).
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2.4 Israel’s electricity market

2.4.1. Israel’s capacity, generation mix and electricity production

Israel is an electricity island, and the entire country’s demand is met by local generation.
In 2014, the installed capacity and electricity use in Israel were 14.6 GW and 62 TWh,
respectively (PUA, 2015).

Up until the late 1990s, Israel had no access to natural gas resources and its generation
mix was limited to coal and oil. The discovery of the Yam-Thetis natural gas reservoir in
1999 and a later pact with Egypt enabled the use of natural gas for electricity generation
for the first time. The pact, however, was scrapped in 2012, following repeated sabotage
acts on the natural gas pipeline from Egypt to Israel. Recent discoveries of natural gas
reserves in Israel’s exclusive economic zone (EEZ) have enhanced the availability and
reliability of the natural gas supply to Israel, encouraging a shift of the electricity

generation mix towards natural gas (Shaffer, 2011; PUA, 2015).

In 2011, the government set a RPS target of 10% in Israel’s electricity capacity by 2020."
In 2015, the target was extended to 17% by 2030. However, the market penetration of
renewable technologies has been slow: as of 2014, the share of renewables in the total

generation mix was only 1% (PUA, 2015). This share increased to 2% in 2016 (PUA, 2017).

Future plans for the Israeli electricity sector aim to achieve (a) a planning reserve margin
equal to 20% of Israel’s projected annual system peak; (b) retirement of 1.4 GW coal
capacity; (c) an increase in natural gas capacity, including combustion turbine (CT),
combined cycle gas turbine (CCGT) and combined heat and power (CHP); (d) the RPS
targets; and (e) 800 MW of pumped storage (PUA, 2015).

Y|srael's Prime Minister Office (2011) 'Decision no. 3484'
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Figure 2-9: Israel’s electricity generation mix (2014)

Source: Retrieved from Israel’s Electricity Regulator website: www.PUA.gov.il

Figure 2-10 depicts the historic and projected capacities according to fuel type. Natural
gas and renewable capacities are expected to increase over the next decade, while coal

capacity is expected to gradually retire.

Figure 2-10: Israel’s projected installed capacity by generation fuel (2004-2025)
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Retail prices in Israel increased in 2011-2013, due to disruptions in the natural gas supply
that led to an increased use of diesel generation. Prices have declined since 2013,
following the development of the Tamar Natural Gas Reservoir and the rapid decline in

the world's coal prices (PUA, 2015).

Figure 2-11: Evolution of retail prices in the Israeli electricity sector
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2.4.2. Israel's electricity market structure

The Israeli electricity sector is dominated by a government-owned, vertically
integrated monopoly, the Israeli Electric Corporation (IEC). An electricity regulation
agency (PUA - Public Utility Authority) was established by the Electricity Market Law
in 1996. Over the last two decades, several attempts were made to reform the
electricity sector (Czamanski, 1994), but eventually, the structure was unchanged,
mainly due to the resistance of the IEC's labor union and the government's ineffective
policies in establishing the complex electricity market (MQGI, 2009). In 2003, the
Israeli government decided to unbundle the IEC and allow competition in the
electricity sector. Wholesale generation and customer service were to be privatized,
while transmission and distribution would remain regulated and provide open access
to all users (Ben Shahar, 2003). The government confirmed the plan in 2006 and
decided to deregulate wholesale electricity prices and provide compensation for the

IEC labor union. Attempts to implement a limited reform resumed in 2013, following
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the IEC’s financial crisis (Yogev, 2014). The reform plans, however, were not

implemented.

Tishler et al. (2002, 2006, 2008a) and Tishler and Woo (2006) explained why the
reform plans did not fit the unique characteristics of the Israeli market. Tishler et al.
(2002) assessed the potential of a competitive electricity market in Israel and asserted
that the number of firms that would be willing to buy IEC assets and generate
electricity was small, due to a too small ROE, enforced price caps, the lack of local
fuels and a hostile environment. As a result, they believed firms were likely to abuse
market power, and that the average price was likely to exceed the average regulated
price. Tishler et al. (2002) and Tishler and Woo (2006) instead proposed using
performance-based regulation (PBR). Tishler and Woo (2006) discussed the feasibility
of a deregulated market in Israel, finding that there might not be a feasible number
of electricity producers in Israel to achieve a competitive market. This is because the
number of producers must be small enough to recover their investment costs. At the
same time, the number must be large enough to avoid market power abuse;
otherwise, the price of electricity in a deregulated market would likely be higher than
the price in a regulated market. Tishler et al. (2006) provide a cost benefit analysis of
the reform, showing that a flawless implementation of the reform might increase the
profit of the producers and the income of the government from taxes, at the expense
of the consumers. A less than perfect implementation would lead to a negative net
benefit. Tishler et al. (2008a) assess the prospective equilibrium price in a competitive
wholesale market in Israel. The authors conclude that prices are expected to be higher
than the current regulated monopoly price; yet, the generation units may not be
financially viable. Czamanski (1994), Sverdlov et al. (2004) and Grossman (2016)
emphasize the need for reform and set the necessary conditions for success. The
authors stress the need for unbundling the IEC and limiting market power in the

generation and retail segments.

Generation capacity investment by the IPPs has been steadily increasing in Israel over

the last 15 years, thanks to the government policy to actively support IPPs’ capacity
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development and inhibit the IEC's capacity expansion. Consequently, IPP capacity and
electricity production shares were respectively 18% and 27% in 2015, expected to
reach 30% and 40% in 2020 (Yogev, 2014; PUA, 2015). The Treasury and Energy
Ministries are currently exploring several competitive or semi-competitive electricity
market structures, one of which could be selected for implementation in the near
future. A description of a competitive Israeli electricity market, using stylized data,

was described and assessed by Tishler et al. (2006, 2008a) and by the PUA (2015).

Figure 2-12: The IEC and IPPs installed capacity (2000-2015)
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Installed generation capacity in Israel is growing at a rate of 3-5% per year to reliably
meet the growing demand. In 2009, the Israeli government decided that all additional
capacity would be owned by private producers (PUA, 2015). Figure 2-12 depicts the
growing share of IPPs in the Israeli market. The private market is dominated by three

large IPPs and many other small producers (PUA, 2015).
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3. Natural gas markets in the UK, the USA and Israel

Over the past few decades, natural gas has evolved from a byproduct of oil drilling to
become a key component in the global energy mix. This chapter outlines the physical
attributes of natural gas, the global natural gas markets and the unique characteristics of
natural gas as a commodity. Finally, the evolution of the natural gas markets in the USA,

the UK and Israel are described and examined.

3.1 Natural gas categories and types

Natural gas is a mixture of hydrocarbons in a gaseous form, 70%-90% of which is methane.
It contains other hydrocarbon gases such as ethane, propane, butane and pentane, as
well as carbon dioxide, nitrogen and hydrogen sulfide. There are various types of natural
gas, depending on its components (MIT, 2011; IEA, 2012):

e Natural gas is dry if it includes mainly methane; otherwise, it is wet.

e The gas is sour if the levels of hydrogen sulfide are significant.

e Natural gas is associated if it is extracted in conjunction with oil production. Non-
associated gas is developed as a primary product.

Global natural gas reserves are divided into two main categories (MIT, 2011; IEA 2012):

e Conventional gas refers to reserves that can be recovered by conventional
technology.

e Non-conventional gas refers to reserves that are trapped in tight or low
permeability rock. The recovery of non-conventional gas employs hydro fracking,
which requires a larger amount of water and has a higher potential for polluting
water resources, often resulting in higher emissions of greenhouse gases and
other pollutants.

Subcategories of non-conventional gas are (IEA, 2012; IEA, 2015):
e Shale gas is gas that is trapped in shale formation rock. The shale rock is also the

source rock of the gas.
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e Coal bed methane is trapped in coal beds. In the past, this gas was recovered to
reduce the risk of explosions in coal mines. Currently, coal bed methane is also
recovered from non-minable coal seams.

e Tight gas is trapped in low permeability rock.

3.2 Global natural gas supply and demand

The IEA (2015) estimates that the global natural gas reserves are about 781 TCM, of which
437 TCM (56%) are conventional gas resources. Proven natural gas reserves in 2014 were
estimated to be about 261 trillion cubic meters (TCM) by IEA (2015) and about 187 TCM
by BP (2015). Figure 3-1 depicts the remaining global gas reserves in 2014 by region.

Russia and the Middle East hold the majority of the world’s natural gas reserves.

Figure 3-1: Global gas reserves by region (2014)
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Global consumption of natural gas has increased from 2,435 million tons of oil equivalent
(MTOE) in 2004 to 3,065 MTOE in 2014, where 47% of that amount was consumed by
OECD countries (BP, 2015). The rapid growth in natural gas consumption has been

attributed to the following factors (MIT, 2011):
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1. The use of hydraulic fracturing technology enabled the profitable recovery of large
shale gas reserves in the USA at energy-equivalent prices lower than coal’s.

2. Rising oil prices (over $100 per barrel) provided an incentive for using alternative
fuels for transportation and manufacturing processes.

3. Awareness of climate change and stricter enforcement of environmental
restrictions enhanced the advantage of natural gas as a cleaner alternative to coal
and oil. Natural gas emits about 50% CO, per MWh when compared to coal or oil.

4. Development of high efficiency and low cost CCGT plants.

3.3 Natural gas transportation and storage

Due to its gaseous form, natural gas can only be economically transported via pipelines
and, more recently, as liquefied natural gas (LNG). Both have limitations (Alterman, 2012):
e Transportation via pipelines is limited to destinations in which pipelines are
available. As a result, the supplier and the consumer are interdependent. In
addition, interstate pipelines often need to cross a transit country. Transit
countries require transition costs and may sometimes resist the transition entirely
or for a limited time (Shaffer, 2013). Transmission by pipeline across seas and
oceans is challenging and expensive, currently limited to 2,000-3,000 miles.

e Transportation via LNG requires costly liquefaction and gasification, as well as
costly shipment and port fees. The large investment in infrastructure for LNG often
requires long-term contracts to justify the investment which, in turn, limits the
competition in LNG supply (Ebinger et. al, 2012).

The gaseous form of natural gas limits storage alternatives (Alterman, 2012). Storage
requires large volume and leakage prevention. The majority of the gas is stored in
depleted gas reserves, with smaller amounts stored in aquifers and salt caverns. Some of
the stored gas cannot be subsequently recovered because of the minimal pressure
requirement.

Natural gas is stored when prices are low or when demand is low. It can be extracted

when prices rise and/or when the demand for gas rises. Hence, it is stored during the
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summer when there is no heating demand and extracted from storage in the winter when

the demand increases (Geman and Ohana, 2009).

3.4 Global natural gas markets

There are four distinguished global markets for natural gas (Melling, 2010; MIT, 2011;
Alterman, 2012):

e The US market®® — a highly deregulated and deep market comprising major
trading hubs. The regional natural gas prices obey the 'law of one price' and
reflect the spot price at the Henry Hub in Louisiana, the delivery point of the US
natural gas futures contracts.

e The UK market — a deregulated and flexible market. The UK’s gas price is set at
the National Balancing Point’s (NBP) virtual market.

e The Continental European market — gas is supplied mainly by Russia, the
Netherlands and Norway under long-term contracts indexed to the price of oil.
The difference between the contracted amount and the actual use is transacted
on the spot market.

e The Asian market — there are no on-shore hubs. Prices are set by long-term LNG
contracts with some spot LNG trading in Japan and Singapore.

Unlike crude oil with one global price, natural gas has prices that vary substantially by
market, particularly in the last decade (see

Figure 3-2). These price differences reflect the different price settlement arrangements.
Natural gas prices in the USA and the UK reflect the spot markets’ supply and demand
conditions. In Asia and Continental Europe, prices are set by long-term contracts mainly
indexed to the oil markets (Alterman 2012). Furthermore, the price differences occur due

to the limitation of gas transportation and storage (Geman and Ohana, 2009).

3 www.EIA.gov/pub/oil_gas/natural_gas/analysis_publications/ngpipeline/MarketCenterHubsMap.html
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Figure 3-2: Natural gas prices (1998-2015)
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3.5 Natural gas price volatility

The annual price volatility of a commodity is commonly based on its daily price changes
(in percentages) over a one-year period (Regnier, 2007; Roesser, 2009). Eydeland and

Wolyniec (2003) define the annualized volatility ¢ as follows (page 82, eq. (3.9)):

2
o = 1 T (logPi—logPi_l 1OT logPi—logPi_1>
= - t g = N

7_1 &i=1 N T&i=1 JE—tis

where {P;} denotes the time series of historical prices observed at times t, i = 0,...,T, and
t; — t;_, are year fractions. A year fraction equals the length of the interval, in days,
between two observations, divided by the number of calendar days (365) or the number
of trading days (250).

Figure 1-1 shows that the US daily natural gas price data have been exhibiting high
volatility since the 1978 deregulation of the natural gas market. Natural gas price volatility
is mainly caused by transportation constraints and storage limitations (Eydeland and

Wolyniec, 2003). The transportation of natural gas is limited by pipeline capacity and/or
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LNG capacity. Natural gas storage is limited to depleted reservoirs, salt formations or LNG
tanks. When natural gas production is disrupted or demand spikes, natural gas prices
surge (Alterman, 2012). Volatility is further magnified by low inventory (Geman and
Ohana, 2009).

High natural gas price volatility implies that in a competitive electricity market, a natural
gas-fired generation plant’s cash flow is highly uncertain; and this uncertainty may be
further magnified by electricity demand uncertainty.'® The plant’s fuel cost risk limits its
owner’s ability to obtain project financing and discourages capacity investment which, in

turn, may cause electricity price spikes during periods of high demand (BPC, 2011).

G
Figure 3-3 depicts the fit of lnCCG—tto a normal distribution, where c& = daily per MWh
t—1

fuel cost during January 2004 to December 2014 = the daily Henry Hub price times a
constant heat rate of 6.44 MMBTU per MWh, and cf ; = per MWh fuel cost on the

G
previous day. It shows that In (;G—t) is normally distributed, corroborated by the Jarque-
t-1

Bera normality test and documented by Pilipovic (1997) and Geman (2005).

 Both price and sales risks can be mitigated by forward contracts that specify the must-take quantity at
known prices, and tolling agreements, which set the capacity lease payment and transfer part or all of the
natural gas cost risk from the sellers to the buyers. A detailed investigation of forward contracts and tolling

agreements, however, is beyond the scope of this dissertation.



39

Figure 3-3: Fit of the daily change of the gas price to a normal distribution (2004-2014)
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The annualized volatility of the natural gas price during 2004-2014 ranges from 30% to
120% (with a value of about 100% in 2014). The implication of an annualized volatility of
100% is that over a period of one year there is a 67% probability that the price of natural

gas will change by 100%".
3.6 The UK’s natural gas market
3.6.1. UK gas supply and consumption

The UK is currently facing a decline in the local natural gas supply and an increasing

dependence on imports (see

Figure 3-4) (EIA statistics; Alterman 2012):
e The production in the North Sea peaked in 2000, and has been declining ever since.
e In 2003, the UK became dependent on imports from continental Europe, mainly

via the UK—Belgium pipeline.

™ An annualized volatility of 100%, implies a daily standard deviation of 100%/v365=5.2%. That is, a

probability of 67% that over one day the price will change by 5.2%.
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e In 2007, a new pipeline from Norway (Langeled) to the UK was opened, thereby
increasing the natural gas capacity available to the UK.

e The LNG inventory capacity on the Isle of Grain was constructed in 1982 to store
excess gas supply. In 2005, it was converted to an LNG import facility to meet the
growing share of British imports®®. The LNG imports started to grow in 2008, as
new LNG export facilities came online in Qatar, Yemen and Nigeria. LNG supply to
the UK increased at that time because the demand for LNG in the USA decreased,
due to soaring shale gas supply, and the demand in Asia decreased as a result of

the financial crisis (Alterman 2012).

Figure 3-4: UK natural gas production and consumption (1990-2014)
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3.6.2 UK natural gas market structure

The UK'’s gas market was privatized and has been open to competition since 1986 (OECD,
2002). The British Gas Company (BG) was established in 1972 as a government-owned,

vertically integrated monopoly. BG owned all the British onshore gas facilities, including

®see Hydrocarbons-technology.com
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the national pipeline system, and had exclusive long-term contacts with all off-shore
producers. Initial attempts to open the British market to competition took place in 1982.
The attempts failed, however, because BG was unwilling to surrender any of its exclusive

purchasing agreements or allow access to the pipeline system.

The Gas Act of 1986 finally enabled the liberalization of the market (OECD 2002; Heather,
2010; Lewis, 2015), causing the following changes:

- BG was privatized.

Tariffs were set by a newly established regulator - the Director General of Gas
Supply (DGGS).

- BG was given an exclusive permit to sell gas to small customers (70% of the
market). Other suppliers were allowed to enter the market and sell gas to
industrial consumers.

- The DGGS ensured access of private suppliers to the pipeline grid and set the
transmission price.

Competition started to develop in 1991 (Lewis, 2015), requiring the following regulatory
interventions (OECD 2002):

- BG was limited by an exclusive permit to sell gas to a smaller share of the market.

- BG’s exclusive supply contracts with off-shore suppliers were limited to 90% of the
production in the North Sea.

- The regulator prohibited discrimination of transmission tariffs.

OECD (2002) indicates that the emergence of competition has shortened the length of
the contracts; weakened the link of the price of gas to the price of oil; and reduced the
“take or pay” requirements. Eventually, the price of gas and of gas transport became
separated, and real competition among suppliers emerged. Finally, a spot market and a
forward market for gas evolved, and today’s prices reflect the interaction of market

demands and supplies.
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3.6.3 UK natural gas price trend

Increasing dependence on imports and limited storage have led to an increasing
wholesale price in the British market (see Figure 3-5; Ofgem, 2016). Recent price drops
in global electricity markets (BP, 2015) have moderated the long-term price increase in
the British market. Alterman (2012) indicates the main factors affecting natural gas prices
in the UK:
e Weather and seasonality - Approximately 60% the consumption is used for heating.
Therefore, temperature during the winter has a significant effect on local demand.
e Storage — Similarly to the US market, storage is used for mitigating variations in
demand. However, storage capacity represents only 4% of the annual
consumption and 75% of the storage capacity is concentrated in one site. Hence,
storage only minimally mitigates demand and supply variations (Alterman 2012).
e Import capacity — Due to the lack of sufficient storage capacity, import capacity is
needed in order to meet demand spikes. Import capacity was small in the
beginning of the 21°* century, but has expanded in recent years, thanks to the
addition of the Langeled pipeline from Norway, and the conversion of the

infrastructure at the Isle of Grain to importation.
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Figure 3-5: Monthly average wholesale gas prices (penny/therm) in the UK market
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The price of natural gas in the UK is linked to the price in Continental Europe which, in
turn, is tied to the price of oil. It has declined since 2014, due to the global oil price decline

and the decline in the global demand for natural gas (Ofgem, 2016).

3.7 The US natural gas market
3.7.1. US gas supply and consumption

Figure 3-6 portrays the US gas supply and consumption. Over the past decade, the USA
has become a net natural gas exporter, thanks to the rapid increase in local natural gas
discoveries and the use of hydro fracking. The share of shale gas in overall US natural gas
production increased rapidly from 24 trillion cubic feet (TCF) in 2004 to 32 TCF in 2014

(retrieved from EIA Energy Statistics section®’). The rapid increase of unconventional gas

17 https: //www.eia.gov/beta/international /data/browser, accessed 2017
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production enabled the USA to meet the country’s entire demand with local supply, as

shown in Figure 3-6 below (EIA, 2013).

Figure 3-6: US natural gas supply and consumption
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Figure 3-7: US natural gas production by source
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3.7.2 US natural gas market structure

The consumption of natural gas in the USA increased rapidly from 1950 to 1970, as a result
of the development of an interstate pipeline system. The Federal Power Commission
(FPC'®) regulated gas prices, and provided certificates for building new pipelines (MIT
2011). Following the energy crisis of 1974, consumers sought to switch some of their
needs to natural gas. However, gas production did not develop fast enough to meet the
increasing demand, due to price caps and tight regulations. As a result, a perception of
gas scarcity emerged. Congress passed the Natural Gas Policy Act of 1978 (NGPA), giving
the federal regulator the authority to regulate intrastate wholesale prices and ensure
supply to high priority agricultural and industrial consumers. Congress passed the Power
Plant and Industrial Fuel Use Act (FUA), outlawing the building of new natural gas capacity
intended for the electricity sector’s use. The act was repealed in 1987 (MIT 2011; Von
Hirschhausen 2008; Joskow, 2013).

Since 1987, the US natural gas market has expanded rapidly, due to the development of
low-cost CCGT plants, deregulation of wholesale prices, and the development of offshore
drilling. Most of the electricity capacity that was built in the USA after the repeal of the
Fuel Use Act was gas-fired. Consequently, the rapid development of demand for natural
gas in the USA created a perception of long-term gas shortage and the price of natural
gas increased. These trends created an incentive for the development of LNG import
facilities in the USA (MIT 2011; Von Hirschhausen, 2008; Joskow, 2013). The recent
increase in natural-gas production due to shale gas production has obviated the need for
gas import and raised the possibility of LNG export (Ebinger et. al, 2012). US exports are
expected to grow, but will probably face global competition that may affect price

(Boersma et al., 2015).

18 FPC is the former name of the Federal Energy Regulatory Commission (FERC)
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3.7.2. US natural gas price trends

The competitively set natural gas price in the USA is affected by the following factors
(Geman and Ohana, 2009; Alterman, 2012):

e Extreme weather events (i.e., hurricanes). Extreme weather in the beginning of
the last decade caused supply disruptions and, consequently, price spikes. The
severity of this factor has declined over time, along with the share of offshore
drilling.

e Storage levels. Gas is injected into storage during the summer and withdrawn
from storage during the winter to compensate for the demand for heating gas
during the winter. Storage capacity represents about 18% of the annual demand
and is distributed among various locations. In the event of cold temperatures at
the beginning of the winter, withdrawal rates of natural gas are likely to increase,
leading to a perception of scarcity and higher gas prices.

e LNG import capacity. In past years, LNG import capacity indicated the potential of
supply levels. Today, almost all the supply is provided by the local market or by
pipelines from Canada. Therefore, the importance of LNG import capacity has
become negligible.

e LNG export. As LNG exports from the USA increase, natural gas prices likely rise.
However, rising prices would reduce the US exports of natural gas. Therefore,

exports may only increase the local price up to a limited threshold (Ebinger, 2012).
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Figure 3-8: US (Henry Hub) monthly natural gas price: 2001-2015
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The price of natural gas in the USA has been declining since 2008. This decline is attributed
to the rapid development of shale gas, which increased the supply of gas and replaced

the need for imported liquid gas, as well as the global oil price drop that began in 2014.
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3.8 Israel’s natural gas market
3.8.1. Israel’s natural gas supply and consumption

Up until 1999, Israel had no indigenous supply of fossil fuels. In 1999, two reserves (Noa
and Mary B) totaling 32 billion cubic meters (BCM) were discovered in the Yam Thetis area
in the Mediterranean Sea. The gas production from these reserves was purchased by the
Israeli Electric Corporation (IEC) which, for the first time, could use gas to fuel its
generation plants. The two reserves came on line in 2004 and became depleted in 2013
(Shaffer 2011).
Starting in 2009, large reserves were found offshore (MNIEWR; Shaffer 2011):
e InJanuary 2009, the Tamar field was discovered 90 km west of Israel’s coast. The
estimate of Tamar’s proved reserves is 283 BCM™. This field came on line in April
2013.
e In April 2009, the Dalit field was discovered 40 km west of Israel's coast, with
proven reserves of 7-14 BCM.
e InJune 2010, the largest field so far, Leviathan, was discovered about 130 km off

the shore of Israel with proven reserves of 510 BCM.

In 2008, the Eastern Mediterranean Gas and Oil Company (EMG) signed a 15-year
contract to export 25 BCM from Egypt to Israel through a pipeline from El-Arish in the
Sinai Peninsula to Ashkelon. The pipeline suffered from repeated disruptions by terrorist
acts and, consequently, Egypt canceled the contract with EMG in 2013 following the fall
of the Mubarak regime (Shaffer, 2011; PUA, 2015). In 2011, the government of Israel
decided to build a buoy-based LNG receiving terminal off the Hadera coast, to offset the
decline of Yam Thetis and the disruptions of the Egyptian supply. The LNG terminal

diversifies the gas resources and increases Israel's supply reliability (MNIEWR).

% Retrieved from http://www.nobleenergyinc.com
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Consumption of natural gas in Israel started in 2004, and up until 2013 was available only
to the electricity sector. The discovery of the Tamar Field in 2009 (and, later on, Leviathan
in 2011) provides great potential for further increasing the share of natural gas in Israel’s
generation mix and shifting from diesel/fuel oil to gas in the industrial sector. As of 2015,
a pipeline infrastructure is being built to enable supply to industrial users.

In 2014, 7.6 BCM were consumed by the Israeli market, out which about 6 BCM were
consumed by electricity generators. Consumption is expected to grow in the future due
to rising electricity demand, displacement of coal consumption by electricity generation,

and industrial users’ fuel switching from liquid fuels to gas (MNIEWR: PUA, 2015).

Figure 3-9: Israel’s natural gas consumption growth and supply sources
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Figure 3-9 depicts the decline of the Yam Thetis (YT) reservoir in 2012-2013, the
disruptions (and, subsequently, elimination) of the EMG supply in 2011-2012, and the
beginning of natural gas extraction and sales from the Tamar reservoir in 2013. It also
demonstrates the continuous demand growth for natural gas by the local market,

excluding the years 2011-2012, during which natural gas supply was unavailable.
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3.8.2. Israel’s natural gas market structure

The Natural Gas Sector Law (2002) designed the newly established natural gas market in
Israel through vertical separation and unbundling.

The Natural Gas Authority in the Israeli Ministry of Energy and Water Resources regulates
the activity in the natural gas sector. The authority is in charge of “safety, long-term
strategic planning to guarantee a continuous supply of natural gas, licensing and
supervision of natural gas licensees, establishing tariffs and criteria for the provision of
services, arbitrating disputes and defining arrangements between the market players,
and investigating consumer complaints against licensees.” (MNIEWR).

The government leased Israel's natural gas reservoirs to private companies. Government
resolution no. 476 aims to enable competition in the supply segment®. The resolution
exempts lease holders from being considered a cartel in accordance with Article 52 of the
Antitrust Law 5748-1988, in exchange for transferring their rights in other gas reservoirs
in the Mediterranean basin. According to the 1952 Petroleum Law, companies receive a
three-year exploration license. If a field is discovered, the company is granted a
production permit for 30 years. The companies are required to pay 12.5% in royalties and
allow the government of Israel to buy any required amount at a competitive price. Tasked
to reconsider the royalties, the Sheshinski Committee (Sheshinski, 2011) recommended a
progressive levy, which would take effect after a company’s recovery of 150% of its
investment.

Forbidden to hold gas supply licenses, the transmission pipeline is constructed and
operated by the government-owned Israeli Natural Gas Lines regulated by the Natural

Gas Authority. The distribution pipelines are constructed and operated by privately-

%% |sraeli Government Resolution no. 476 “A framework to increase the guantity of natural gas produced
from the Tamar natural gas field and rapid development of the natural gas fields Leviathan, Karish and
Tanin, and additional natural gas fields”, August 2015.

See http://www.pmo.gov.il/secretary/govdecisions/2016/pages/dec1465.aspx
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owned companies, chosen via franchise bidding and supervised by the Natural Gas

Authority.

3.8.3 Israel’s natural gas price trends

The supply of gas has not yet been opened to competition; therefore, natural gas prices
in the market are set by long-term contracts:
e An IEC contract was signed in 2012 and is indexed to the US CPI with a basic price
of $5/MMBTU (PUA, 2015).
e The IPPs' contract has a basic price of $5.66/MMBTU, which is indexed®! to the
electricity price.
e Small industrial users can purchase gas from suppliers at a price indexed to the

Brent price.

Finally, government resolution no. 476 allows the continuance of current contracts, with
the requirement of the lease holders selling gas to new customers at a price reflecting the

average price of these contracts.

2 PUA, Resolution 1 — Meeting 377 — Principles for recognizing costs incurred due to natural gas acquisition

agreements, June 2012.
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4, Literature review

This chapter reviews the academic and professional literature on capacity investment in
regulated and competitive electricity markets. Sections 4.1 and 4.2 summarize the
literature on capacity investment in monopolistic markets and competitive oligopolistic
markets, respectively. Section 4.3 reviews the literature on the effect of uncertainty on
capacity investments. These sections provide the framework for Chapter 5. Section 4.4
reviews the literature on gas supply interruptions and dual fuel capability. This section
provides the framework for our dual fuel model, discussed in Chapter 7. Section 4.5
overviews the literature on generation mix in competitive markets, providing the

framework for our modeling of the effect of uncertainty on capacity mix in Chapter 8.

4.1 Capacity planning in monopolistic markets

Prior to the 1980s, the electricity sectors in most regions of the world were organized as
vertically integrated monopolies. Generation expansion models were used for the
planning of the electricity sector (Anderson, 1972; Levin et al., 1985). These models were
designed to find the minimal present value of the cost of meeting projected future
demand over a long planning horizon (e.g., 20 years), subject to such constraints as fuel
availability, resource adequacy, reliability, and emission limits. Anderson (1972) reviews
several optimization models that determine the least-cost cost investment in a vertically
integrated market. All optimization parameters were assumed to be deterministic,
despite the stochastic nature of future demands and costs. Levin et al. (1985) extend the
capacity investment models to a monopoly facing uncertain fuel costs, showing that for
normally distributed fuel costs, the monopoly’s optimal capacity investment is insensitive

to fuel cost uncertainty.

4.2 Equilibrium and capacity investment in oligopolistic electricity markets

Restructuring of the electricity sector in the 1990s to introduce competition in the
generation segment required a new modeling approach. Capacity expansion was no
longer the result of total cost minimization. Rather, interactions among profit- maximizing

firms became regulators and academics’ focus of analysis. The competitive market
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models that accommodate these developments fall into two main classes: Nash
equilibrium models and simulation models (Ventosa et al., 2005). The most common
equilibrium model uses Cournot competition, where the strategic variable is the
electricity output (Andersson and Bergman, 1995; Borenstein and Bushnell, 1999;
Murphy and Smeers, 2005; Tishler et al., 2008b). Other models use Bertrand competition,
where the strategic variable is the electricity price (Bun et. al, 2003), or a Stackelberg
game, where a market leader first decides the electricity price or quantity, while
accounting for the subsequent reaction of the followers (Spulber, 1981). Assuming that
the fuel cost is deterministic and known, several studies discuss the optimal capacity
choice of firms under market competition (von der Fehr and Harbord, 1997; Murphy and
Smeers, 2005; Tishler et al., 2008b). Hobbs (1994) discusses optimization planning

methods to account for fuel cost uncertainty via Monte Carlo simulations.

4.3 The effect of uncertainty on capacity investment in competitive markets

Hartman (1972) studies the effect of uncertainty on investment decisions by a profit-
maximizing firm operating in a competitive market, showing that rising marginal cost
volatility tends to increase capacity investment. Ryu and Kim (2011) study the effect of
cost uncertainty on equilibrium in a duopoly market, finding that equilibrium production
can increase or decrease, depending on each firm’s conjecture about the rival’s uncertain
cost. Siddiqui and Maribu (2009) assess electricity market equilibrium under uncertain
availability of generation units and costs, using real options to show that uncertainty
increases the value of the investment opportunity. Finally, Tishler et al. (2008b) and
Milstein and Tishler (2012) study capacity investment under demand uncertainty in a
Cournot market setting, showing that capacity underinvestment is inevitable in
competitive market and leads to price spikes in equilibrium.

Financial theory offers a different line of inquiry. Pindyck (1991) and Dixit and Pindyck
(1994) use the real option framework to value investment opportunities with uncertain
cash flow. Their framework applies to investments, such as power plants, which are

irreversible but can be delayed. The authors argue that the net present value (NPV)
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method in the presence of uncertain cash flow is incorrect because the NPV method

ignores the opportunity cost of investing now, instead of awaiting more information. An

important result is that higher volatility leads to higher option value (Pindyck, 1991).

However, the real option theory is limited to a competitive market where the decision of

a single firm does not affect the equilibrium price.

4.4 Dual fuel capability

Dual fuel capability enhances the firm’s risk management strategy by mitigating the risk

of gas supply interruptions and natural gas price spikes. Gas supply interruptions can

result from various causes:

A. Pipeline capacity constraints or limited operational flexibility - Newell et al.

B.

(2014) indicate that firms in areas characterized by repeated gas supply
interruptions, due to capacity constraints or limited operational flexibility, would
invest in dual fuel capability. Adam Sieminski’s testimony before the US House of
Representatives (Representatives, 2013) elaborates on the reasons for gas supply
interruptions in the New England region, and discusses various solutions, including
dual fuel capability along with other solutions such as demand response, pipeline
expansion, and LNG peak contracts.

Geopolitical supply interruptions - Shaffer (2013) studies various gas supply
interruptions in the international arena, with a detailed analysis of the Egyptian
curtailment of supply to Israel and Jordan in 2011, and the Russian—Caucasian
supply cutoff of 2012. The author concludes that the probability of supply
interruption increases when the dependence of the supplier and the buyer on the
contract is asymmetric (i.e. one party heavily depends on the pipeline while the
other party does not). Silve et al. (2010) study the possibility of a dual fuel
capability as a means of improving Bulgaria’s electricity sector’s fuel supply
security. The authors indicate that diesel back-up is common in countries with

insecure gas supplies such as Singapore, the UK and Spain. The study
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demonstrates the advantages of dual fuel capability relative to increased gas
pipeline capacity.

C. Weather-related supply cutoffs — Alterman (2012) studies the effect of weather
on natural gas supply interruptions, and concludes that the risk of supply cutoffs

increases if storage capacity is limited, as was the case in the UK.

Dual fuel capability can mitigate gas supply risk. The additional investment needed to
establish a dual fuel capability includes storage facilities, adequate fuel inventory, and
adaptation of the generation units to air quality compliance when using the secondary
fuel (e.g., fuel oil). Overall, the introduction of dual fuel capability may increase the annual
capacity cost by 10-20 percent (Newell et al. 2014, Silve et al., 2010). Firms in a
competitive oligopoly are therefore required to decide whether to continue their
exposure to natural gas price spikes and gas supply interruptions or mitigate the risk by

investing in dual fuel capacity.

4.5 Capacity mix

Focusing on the possibility of underinvestment in capacity in competitive electricity
markets, several studies discuss the optimal capacity choice of firms in a single fuel
competitive market, assuming deterministic fuel prices (Andersson and Bergman, 1995;
Fehr and Harbor, 1997; Borenstein and Bushnell, 1999, Tishler et al., 2008b). They
conclude that under-investment is a rational (non-abusive) behavior of profit-seeking
firms. Capacity mix in competitive markets is studied, among other papers, by Murphy
and Smeers (2005), Joskow (2006) and Milstein and Tishler (2012). Murphy and Smeers
(2005) compare open vs. closed loop models and conclude that baseload players in a
mixed capacities market can take advantage of their position to expand their market
share. Milstein and Tishler (2012) conclude that baseload firms are likely to profit much
more than peaking firms, and that price spikes are smaller and less frequent when more
than one generation technology is used to generate electricity.

The role of renewable technologies in the optimal capacity mix is assessed and discussed

by several authors. De Jonghe et al. (2011) find that variability of wind generation
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increases the share of flexible generation in the capacity mix. Milstein and Tishler (2012,
2015) study the integration of solar energy in the capacity mix and conclude that a larger
share of PV capacity increases price spikes and the average annual per KWh retail price.
Larson et al. (2003) implement a technology mix model for the Chinese market,
concluding that a cleaner strategy would not induce a higher overall energy cost.
Diakoulaki and Karangelis (2007) discuss the optimal technology mix for the Greek market,
finding that that the option with the highest share of renewable energy provides the best
economic, technical and environmental performance for the Greek market.

Awerbuch and Yang (2007) assert that given the various risks related to energy generation
options, energy planning should valuate generation portfolios not only by their total costs,
but also by their overall risk. The authors adapt the Capital Asset Pricing Model (CAPM)
to the energy sector and find the “efficient frontier” of possible portfolios that minimize
portfolio risk, given a desired cost level. The risk of each possible portfolio incorporates
the fuel cost risk (as measured by its variance), as well as other risks. The portfolio risk
also accounts for the correlations among the portfolio’s various generation options. The
portfolio approach was applied to several markets. Zhu and Fan (2010) implement
portfolio theory to the Chinese market and conclude that diversification, such as an
increased share of nuclear energy, can limit the cost-risk of China’s portfolio. Similarly,
Arnesano et al. (2012) implement portfolio theory in the Italian market and show that a
larger share of renewable energy can reduce price risk.

Portfolio and real options theories analyze investment decisions under risk conditions
(Pindyck, 2004). However, both theories assume that market participants are price takers.
Therefore, they provide limited insights into investment decisions under uncertainty in an

oligopolistic market.
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5. Fuel price volatility and capacity investment

5.1 Introduction

This chapter builds on Tishler et al. (2008) and examines the effect of uncertain natural
gas prices, and therefore fuel costs, on capacity investment, electricity production and
prices, consumer surplus and IPP profits in a competitive electricity market.

Building a new power plant is a slow process, requiring a long lead-time. However, daily
fuel costs and electricity demands are volatile. Installed capacity aims to serve projected
daily demands, implying potentially large idle capacity during many hours of the day in a
given year. When the daily realized peak demand exceeds the available capacity, the daily
electricity price increases to curb the excess demand. Hence, daily hourly spot electricity
prices fluctuate substantially within a day and across seasons (Bessembinder and
Lemmon, 2002; von der Fehr et al., 2005; Tishler et al., 2008b).

To explore the inter-connection among capacity expansion, electricity price and fuel cost
volatility, we develop a two-stage, closed-loop model to capture the lead-time in capacity
construction, daily fluctuating fuel costs, and short-term demands met by installed
capacity. In the first stage, only the probability distribution function of future daily fuel
costs is known. Profit-seeking IPPs maximize their expected profits by determining the
amount of capacity to be constructed. In the second stage, once daily fuel cost and
electricity demand are known, each IPP selects its daily output up to the capacity built in

2
l.

the first stage via the Cournot mode The daily output, in turn, determines the

equilibrium market price.

> The assumption of Cournot competition is common in the electricity market reform literature (e.g.,

Wolfram, 1999; Borenstein et al., 2002; Murphy and Smeers, 2005; Tishler et al., 2008b).
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5.2 The model

Solved recursively, our two-stage model assumes an oligopoly market with N identical
IPPs (firms) operating daily in a period of T days. We first determine the equilibrium
guantities, the equilibrium price and the profits in Stage 2. We then determine each firm’s
optimal capacity to be built in Stage 1.
The market’s inverse demand function P; on day t=1, ..., Tis assumed to be linear:

[5.1] Py =a—bQ,
Where a > Oand b> 0, Q, = Y)Y Q;; = total electricity generated by N firms, and Q;; =
electricity generated by firmi=1, ..., N.
For simplicity’s sake, variable costs other than those for natural gas are assumed to be
zero”. Following Newbery (1998), Besanko and Dorazelski (2004), Murphy and Smeers
(2005) and Tishler et al. (2008b), we assumed a linear amortization of the debt service;
thus, the cost function of electricity generation of firm i on day t is:

5.2 CQueK) = 7K+l
where @= marginal capacity cost (5/MW-year) applicable to the i-th firm’s capacity K;
(MW), and ¢, = per MWh fuel cost ($/MWh) on day t = generation heat rate
(MMBTU/MWh) x natural-gas price (5/MMBTU) on day t. We also assume thatc; < a
because P, = a at Q; = 0, implying that a is the price that would completely choke off the
market demand.

Further, let ¢, = initial per MWh fuel cost at the beginning of t = 1. Following Pilipovic
(1997) and Geman (2005), we assume that In (i) is normally distributed with mean p

Ct—1

. C . . . .
and variance g.. Thus, C—t has a log-normal distribution®®, with parameters ut and alt:
0

[5.3] In<L~N(ut,02t) & L ~InN(ut, g2t)
Co Co

23 . . o .. . . . .
The assumption of a zero non-fuel cost is later relaxed in our empirical illustration in Section 6.

** See section 3.5 on the relevance of the lognormal distribution to natural gas prices.
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The rest of this section uses g, to measure volatility of per MWh fuel cost in period®.For

expositional simplicity, denote g (z—t |ut, acztt) = g(cp)-
0
5.3 Stage 2 solution: Equilibrium generation and price

Assuming Cournot competition, each of the N firms sets Q;; in Stage 2 to maximize its
profits, ;. on day t, given its available capacity K;, ¢; and Q;; (j = 1,...,N;j # i). Each

firm’s optimization problem is:
(5.5] "(lzax Ty = (P — ¢) Qi
it

s.t. Qit < Kir Qit > 0.

Inserting the demand function in equation [5.1] into equation [5.5] yields:
[5.6] "éax mie =(@—b-X; Qi —c¢) " Qi
it

s.t. Qit < Ki, Qit = 0.

The first-order condition is:

[5.7] a—b-(2Qy+ Qi) —¢=0,

where Q_;; = ¥ ;+; Qj¢. The optimal solution is:

[5.8] Qi = {

J(a—ce=bQ_y), if a—2bK,~bQ_;<c;<a
Inserting the optimal solution into the inverse demand function [5.1] yields the optimal

price solution. This solution is similar to the one in Tishler et al. (2008b).

o2t
%> Assuming risk-neutral investment, ut = rt — %, where r = riskless interest rate (Lee et al., 2010).
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5.4 Stage 1 solution: Optimal capacity

In Stage 1, each firm determines its optimal capacity, given the distribution function g(c;).
The optimal capacity maximizes the sum of the expected daily profits over the operation

period minus the capacity’s construction cost:
— %)
59 max|Siie” (E(alK) - 7K)|
The expected variable profit of the i-th firm on day t is:

[5.10]  E(mylK) = [, g(co) - (P — ¢) - Qiedcy.

Inserting the equilibrium solution of Stage 2 (equation [5.8]) into equation [5.10] yields:

—2bKi—bQ_;
[5.11]  E(mylk) = [ G-e

0 9(c)K; - (a—bK; —bQ_;; — c)dc, +

1
fa_ZbKi_bQ—it g(c) 4b (@a—=bQ_y — Ct)ZdCt.

a

The first-order condition for optimal capacity is:

a _ —2bK;—bQ_;
[5.12] 0 = K, =17 [foa ¢ “g(cK; - (@ — bK; — bQ_iy — c,) dc, +

1 2]
f;—ZbKi—bQ_itg(ct) E (a - bQ—it - Ct)zdct - ;Kl]

Applying the Leibniz rule to compute the derivative in equation [5.12] and assuming

symmetry of the N firms (i.e. K; = -+ = Ky = K") yield the optimal capacity?® condition:

5131 0=l e [J{* (cx — ) glc)de, =7,
where cgx =a—K*-b- (N + 1), and K™ is the firm’s optimal capacity.
The first-order condition given by [5.13] implies that the firm should add capacity, so long
as the new capacity’s present value of expected daily operating profits exceeds the
capacity cost.
Since c; is uncertain, building capacity K* is equivalent to buying a put option with a strike
price cg+. when c;>cg+, equilibrium generation in Stage 2 is below the available capacity

because the option is “out of the money”. If c;<cg+, the firm’s equilibrium generation

**The optimal capacity satisfies the second-order condition for profit maximization.
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increases to full capacity because the option is “in the money”, with a per MWh profit of
(cx=—c:) > 0.

To ensure continuous, clear and uninterrupted readings of our models and results, the
proofs of the propositions in the thesis are presented in the Appendix. Propositions 5-1

and 5-2 below characterize the optimal first-stage solution.

Proposition 5-1: The marginal profit and optimal capacity of an expected profit-

maximizing firm in oligopolistic competition increase with the volatility of c;.

Proposition 5-2: An increase in the volatility of c; causes:

a. An increase in the expected consumer surplus and expected profit in the optimal

first-stage solution on day t.

b. A decline in the expected electricity price in the optimal first-stage solution on day

t.

Proof: See Appendix.

These results are valid for any finite number of firms, N, in the market. In chapter 9 (figure
9-3) we study an empirical example of a market with various values of N, and show that
capacity increases with the number of firms and, for each number of firms in the market,
it increases with the volatility of natural gas prices.

Note that a log-normal distribution implies that the probability of low c; rises when
ac,increases, because the log-normal distribution is skewed to the left, with most of its
mass occurring at low ¢; values. Consequently, rising fuel cost volatility induces firms to
increase their installed capacity, so as to improve their chances of benefiting from low
generation costs. Consequently, electricity prices decline, enhancing consumer surplus.
The fit of natural gas prices to the log-normal distribution is shown in figure 3-3 on page
39. Propositions 5-1 and 5-2 are valid under the log-normal distribution of the natural gas

price and may not hold for other types of distributions.
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Also note that a more price responsive (elastic) demand would increase the response to
price volatility. Consequently, the value of the marginal capacity unit increases and
optimal capacity would be larger when the absolute value of the price elasticity of

demand is higher (see figure 9-4).

5.5 Optimal capacity with uncertain demand and uncertain fuel cost

This section extends the model to include demand uncertainty. Following Tishler et al.

(2008b), the inverse demand function is now assumed to be:

[5.14] Pt :a—th-l'é‘t,
Where &, is a random variable with a distribution function f(¢;). We assume that &; and
c; are independent?’.

The solution of Stage 2 is given by:

* K;, if (c;:—é&)<a—2bK;,—bQ_;
Sl Qe = gplate—ce=bQ_y), if  a—2bK;=bQ_;<c(c,~&),<a

In Stage 1, the optimal capacity maximizes the sum of the expected daily profits over T

days, less the cost of capacity construction:

— (2]
(5.16] max [Xt-1e " (E(melg(eo) f (&) —;Ki)]
The expected operating profit of firm i on day t is calculated over all possible values of

(ct — &):

[5.17)  E(my) = [ . f(ce — &) (P — ct) Qi - d(c; — &).

Inserting the equilibrium solution of Stage 2 into equation [5.17], we find:

' The independence assumption is empirically reasonable because of the likely weak correlation between
the electricity demand and the natural gas price, except for regions in which natural gas and electric heating
are prevalent to the same extent. When such regions experience cold weather, both the natural gas demand
and the demand for electricity may rise in tandem, thus resulting in a positive and possibly strong

correlation between the demand for electricity and the natural gas price.
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a—2bK;—bQ_;t

(5.18] E(my) = o flcr — €)K; - (@a—bK; — bQ_i — (¢ —
&))d(ce — &) + faoo_ZbKi_bQ_itf(Ct - St)ﬁ(a —bQ_i — (ce — &))?d(c, — &),

Taking the derivative of the objective function [5.16] w.r.t. K; and using the Leibniz rule

to compute the derivative, the first-order condition for the optimal capacity is:

[5.19] 0=% e_rt[f_cf:(CK* —(ce — &) - fler —&)d(c — &) — g]

Proposition 5-3: If f (&;) is a uniform distribution, the optimal capacity is an increasing

function of a,.

Proof: See Appendix.

This proposition’s main implication is that the positive effect of the per MWh fuel cost’s
volatility on the optimal level of capacity investment? is maintained in the presence of
demand uncertainty. Hence, in the remainder of our dissertation we make the simplifying
assumption of no demand uncertainty?’. In making this assumption, we are not saying
that demand uncertainty does not exist. All we are saying is that demand uncertainty does

not have a material effect on our main findings.

?% Extensive simulations show that the nature of the effect of volatility on capacity investment, production
and price does not change when both demand and fuel costs are uncertain.
% The solution of Tishler et al.’s (2008b) model, which includes demand uncertainty and non-random fuel

price, is similar when the demand for electricity follows either normal or uniform distribution.
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6. The effect of hedging on capacity investment

6.1 Introduction

In this chapter, we evaluate the effects of a possible use of call options to hedge the
natural gas price risk. To this end, we add a hedge stage to the two-stage model presented
in Chapter 5, between generation capacity planning and electricity production. While
capacity planning remains Stage 1, electricity production becomes Stage 3. We denote
the hedge stage as Stage 2, where the firms can buy call options to hedge®® their fuel costs

for part or all of their generation capacity.

6.2 The model

This three-stage model is solved backwards. We assume that preceding the third stage,
the i-th firm built capacity,K;, and purchased R; fuel cost options at strike price s. If the
maximal generation (= installed capacity) is hedged, then 100% of the fuel cost will be
capped by the strike price. If only part of the generation capacity is hedged, the fuel cost
of that part is capped, while the remainder is incurred at the spot natural gas price. Thus,

the hedged fuel cost is:

[6.1] c,_f‘ =
{ctfor any quantity of units of fuel, ifc, <s
s for the initialR;units; ¢, for all other (Q;; — R;) units, ifc, = s

The equilibrium generation is a straightforward extension of equation [5.8] in Chapter 5:

K, if 0 <c. <a—2bK,—bQ_;
[6.2] Qir =4 g(a—c=bQ_y)ifa=2bK;—bQ_;<c;<a—2bR;=bQ_,,
R;, ifa—2bR, —bQ_;; < ¢ <a

The equilibrium price is obtained by inserting equation [6.2] into equation [5.1]:

30 Murphy and Smeers (2010) analyze a similar three-stage model. However, the second stage in their model
focuses on a forward contract for electricity sale, while the second stage in our model is used for hedging

the fuel cost.
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a— bKl - bQ—itl lfo < Ct <a-— ZbKl - bQ—it
[6.3] P = 2(a-bQ_jt+cp)ifa~2bKi—bQ_y<cy<a—2bR;—bQ_j¢
a— bRL - bQ—itJ Lfa - Zle - bQ—it < < a

If c; is relatively low (i.e., c; < a — 2bR; — bQ_;;), hedging does not alter the equilibrium
quantity. The options’ purchase alters the equilibrium quantity only when c; is relatively
high (i.e.,, ¢, > a—2bR; — bQ_;; ). When full capacity is hedged with R; = K;, the
equilibrium generation equals Q;; = K; for any value of c;. In this case, the price of
electricity is capped at P = a — 2bK; — bQ_;;. If only part of the capacity is hedged with

R; < K;, the price of electricity will be capped at a higher level, so that P = a — 2bR; —
bQ_j-

6.3 Stage 2 solution: The firm’s optimal hedging strategy

In Stage 2, each firm sets the number of options to maximize the expected value of the
profits, given the capacity constructed in Stage 1 and the distribution function g(c;). To
ensure expositional simplicity, we begin by stating the i-th firm’s optimization problem in
Stage 2 for a particular value of the strike price. The proof of Proposition 6-2 in the
Appendix shows that the results of this section hold true for any strike price value.

Suppose that s = a — 2bK; — bQ_;;. The expected operating profit of firm i on day t in

Stage 2 as a function of the number of options purchased is:

(6.4] E(mi|R;) = foa_ZbKi_bQ_itg(Ct)Ki (a—bK; —bQ_;y — c) dc, +

—2bR;—bQ_; 1
faa_ZDKi_bQ_ittg(ct) I:E (a - bQ—it - Ct)z + Ri '
(c; —a+ 2bK; + bQ_l-t)] dc, + aa_ZbRi_bQ_itg(ct)Ri .
[(a—bR; — bQ_;r) — (a — 2bK; — bQ_;)] dc;
The cost of buying a call option is f: g(cy) - (¢ — s)dc; (Lee et al., 2010). Thus, the i-th

firm’s optimization problem is:
— a
65 max(STe " [ElmlR] = R [, o 9060 - (e = a+ 2bK; +

bQ—it)dCtD
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s.t. RiSKi,RiZO
The first term in equation [6.5] depicts the expected profit given R; options; the second

term presents the cost of buying R; options, leading to the following propositions:

Proposition 6-1: Expected consumer surplus increases with the number of options

purchased by the i-th firm.

Proposition 6-2: The optimal strategy of a profit-maximizing firm, for any strike price s, is

not to hedge against natural gas price spikes.

Proofs: See Appendix.

Proposition 6-1 states that consumers gain from fuel cost hedging, which leads to lower
expected electricity prices and higher generation.

The intuition behind Proposition 6-2 is as follows: The reduction of profits due to a higher
per MWh cost is divided between consumers and producers because part of this
reduction is mitigated by an increase in the electricity price. However, the call option
premium paid by an IPP for hedging against high natural gas prices accounts for all of the
expected difference between the actual gas price and the strike price (for any gas price
larger than the strike price). Therefore, the IPP’s hedging cost exceeds the expected profit
loss by not hedging. Hence, the optimal strategy of a profit-maximizing firm is not to

hedge the natural gas fuel cost.



67

7. Investment in dual fuel plants under uncertainty

7.1 Introduction

This chapter provides an analytical framework to study the conditions under which
producers and consumers can benefit from investing in dual fuel plants. As in Chapter 5,
we develop a two-stage model to capture the lead-time in capacity construction, and
short-term (daily or annual) fluctuating fuel costs, as in Gal et al. (2017). In the first stage
of the model, only the probability distribution function of future daily (or annual) fuel
costs is known. Profit-seeking IPPs maximize their expected profits by determining the
amount of capacity to be constructed. In the second stage, once the daily fuel cost
becomes known, each IPP selects its daily output up to the capacity built in the first stage
via the Cournot model®'. The daily output, in turn, determines the equilibrium market

price.

Solved recursively, our two-stage model considers an oligopoly market with N identical
IPPs (firms) operating daily over a period of T days. We first determine the equilibrium
guantities, the equilibrium price and the profits in Stage 2. Then, we solve for each firm’s
optimal capacity to be built in Stage 1. We assume this capacity is built with dual fuel

capability.

7.2 The model

The market’s inverse demand function Pion day t = 1, ..., T is assumed to be linear:
[7.1] P, =a—-bQ,,

where a >0, b >0, Q, = Y Q;, is the total electricity generated by N firms on day t, and

Q= the electricity generated by the i-th firm on day t.

The cost function of electricity generation of firm i on day t is given by:

> The assumption of Cournot competition is common in the electricity market reform literature (e.g.,

Wolfram, 1999; Borenstein et al., 2002; Murphy and Smeers, 2005; Tishler et al., 2008b).
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lp .
721 CQuK) = (3+7) K + "y,

where 0 is the capacity cost (5/MW-year) of natural gas capability, ¥is the capacity cost
of the dual-fuel capability, and ¢/*" = min{c,, c?} is the per MWh fuel cost ($/MWh),
which is the lesser of the per MWh cost of natural gas c;, and the per MWh cost of a dual
fuel c?, which is assumed to be non-stochastic and known with certainty. As g is the

marginal willingness to pay (or outage cost) at Q;:=0, ¢; < a and c? < a.

The uncertainty of natural gas price implies the uncertainty of the per MWh cost of
natural gas. Let ¢y = the initial per MWh cost of natural gas at the beginning of t = 1.

Ct

Following Pilipovic (1997) and Geman (2005), we assume that ln( ) is normally

Ct—1

distributed with mean u and variance aczt. Thus, Z—t has a log-normal distribution®?, with
0

parameters ut and o2 t:>>

[7.3] lnz—Z~N(,ut, ol t) © z—;~lnN(,ut, ol.t), and

_1[”‘(%)"”]2

[7.4] g(z—;mt,ggtt): o2 o

Ctoc V2mt
As in Chapter 5, we use g, as our measure of volatility of per MWh cost of natural gas in

period t and, for expositional simplicity, denote g (% |ut, acztt) = g(cp).
0

7.3 Stage 2 solution: Equilibrium electricity generation and price

Assuming Cournot competition, the N firms set Q;; in the second stage to maximize their
profits, m;;. Following Tishler et al. (2008) and Gal et al. (2017), the optimization problem

of firmiondaytis:

[7.5] maxg;, Mit = (Pt - anin) Qi

3% See section 3.5 for a detailed analysis of the log-normal distribution in the natural gas market.

o2t
3 Assuming a risk-neutral investment implies ut = rt — %, where ris the riskless interest rate (see Lee et

al., 2010 on this issue).
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s.t. Qit < Ki

The properties of the equilibrium solution in the second stage are summarized in

Proposition 7-1 below.

Proposition 7-1:

Let cx, = a — 2bK; — bQ_;;. Then, the equilibrium quantity and equilibrium price at Stage
2 are given by one of the following two cases:
Case A. When cy, < c?,
K; if 0 <c <cg,
[7.6] Qi =4 Hla—ce-bo_y), if cx, S ¢ <c?
Lla—clbo_y), if c? < ¢ <o
a— bKl - bQ—it’ lf 0 S Ct < CKi
[7.7] P; ={ia+c-bo i) if cx, < ¢ < cf,
%(a+Cd—bQ_it), lf Cd S Ct < [o¢)

where Q_;; = quti Qjt-
Case B. When ¢y, > c%, Q; = K; and Pf = a — bK; — bQ_;; for any value of c,.

Proof: See Appendix.

Note that c, is the largest value of the per MWh fuel cost for which the firm would utilize
the marginal capacity unit to generate full capacity. When ¢y, > c? (i.e., the per MWh
dual-fuel cost is relatively low), the per MWh fuel cost ¢/*" is smaller than ck, for any
realization of the per MWh cost of natural gas c;. Therefore, the firm would generate full
capacity K; for any value of ¢;. When ¢, < c?(i.e., the per MWh dual-fuel cost is
relatively high), the firm would generate full capacity only if ¢; < ck,; otherwise, it would

produce less than full capacity.
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7.4 Stage 1 solution: Optimal capacity

Following Tishler et al. (2008) and Gal et al. (2017), the optimization problem of firm i at

stage 1 is:
_ 6+w
[7.8] maxg; =1 (E[ﬂit] - Ki)-
The expected operating profits of firm i on day t are:
d
[7.9] Elm;,] = fOCKi[a — bK; — bQ_;; — ¢ 1K;g(cp)dc, + fCCK N
bQ_;it]2g(code; + fco,: ﬁ[a—Cd—bQ—it]zg(Ct)dCt for case A of Proposition 7-1, and

[7.10] E[m:] = fOCd[a — bK; — bQ_;y — ¢ ]K;g(c)dc, + f:;[a —bK; —bQ_;; —

c*K;g(c,)dc, for case B of Proposition 7-1.

The properties of the equilibrium solution in the first stage are summarized in Proposition

7-2 below.

Proposition 7-2:

The optimal capacity, K*, is given by one of the following two cases (corresponding to the
two cases of Proposition 1):
Case A. Whency- < c? & YT_ et [focd(cd —¢;) g(c)dc, — # > 0, the optimal
capacity is given in an implicit form

[7.11] =17t [fOCK*(CK* —¢) - g(c)de, — #] =0,
where cx- = a—b(N + 1)K".
Case B. When ¢y« > c* & ¥T_ et - [focd(cd —¢;) g(c)de, — #] <0; the optimal

capacity is given in an explicit form

d
7.12 K* = a—c? Zﬂle_rt'[fo (Cd—Ct)g(Ct)dCt_g]
[7.12] T b(N+1) b(N+1)-XI_ et .

Proof: See Appendix.
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d
The value YT_ e "t - [foc (c? —c) g(cpde, — #] depicts the expected net saving of

using natural gas at c,, instead of using the dual fuel, whenever ¢, < c%. The expected

saving increases with the volatility of c,and the dual fuel cost c%.

Proposition 7-2 implies that when the expected net saving of using natural gas is high, the
optimal capacity is likely smaller, chiefly because the capacity cost is larger for attaining
the dual fuel capability. Alternatively, when the expected saving of using natural gas is
small, then optimal capacity in a dual fuel market would be larger, compared to a single

fuel market.

Proposition 7-3 summarizes the effect of fuel cost volatility of o, on the equilibrium

solution.

Proposition 7-3: An increase in o, causes:
(i)  Anincrease in the optimal capacity.

(ii)  Anincrease in the expected operating profits in the optimal solution on day t.
(i)  Anincrease in the expected consumer surplus in the optimal solution on day t.
(iv) A decline in the expected electricity price in the optimal solution on day t.

Proof: See Appendix.

A lognormal distribution implies that the probability of low c; rises when g, increases.
Similar to a single fuel case of Gal et al. (2017), higher fuel cost volatility induces dual
plants to increase their installed capacity, so as to improve their chances of benefiting
from low natural gas prices. The resulting higher installed capacity leads to lower

electricity prices and higher consumer surplus.
Finally, the effect of an increase in ¢ on the model’s equilibrium is summarized by
Proposition 7-4 below.

Proposition 7-4: An increase in c? causes:

i. No change in the optimal capacity in case A; and a decline in the optimal capacity in

case B.
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ii. A decline in the expected operating profits in the optimal solution on day t.
iii. A decline in the expected consumer surplus in the optimal solution on day t.
iv. Anincrease in the expected electricity price in the optimal solution on day t.

Proof: See Appendix that also defines cases A and B.

To understand the intuition underlying the above proposition, consider an increase of
c%that decreases the value of switching fuels. In case A, ¢ is already high, and the
optimal capacity is set as in a single fuel market. Therefore, in this case, an additional
increase of c%does not affect optimal capacity. In case B, however, c¢ is initially low and
the initial probability of using dual capability is higher. As a result, an increase of c¢¢
decreases the probability of using the dual fuel, leading to a smaller optimal capacity. As
the probability of switching fuel decreases, the exposure to higher fuel costs increases,
leading to higher expected electricity price increases, higher expected operating profits,

and lower expected consumer surplus.

In summary, this chapter provides an analytical tool for estimating the costs and benefits
of dual fuel capability. Our main finding is that the value of dual fuel capability declines
when the volatility of the price of natural gas is high, because a higher volatility implies a
higher probability of low natural gas prices under the log-normal distribution, thus

reducing the value of the dual fuel capability.
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8. Optimal capacities in a two-technology market

We have thus far only considered a single-generation technology based on internal
combustion, as exemplified by natural gas-fired generation. While the generation units
may have a dual fuel capability, they all use the same technology. The reality is that
generation units can have different technologies. A good case in point is internal
combustion used by gas-fired units and steam generation used by coal-fired units. This
chapter examines whether capacity mix can support IPPs’ risk management strategy by
allowing them to increase coal generation whenever the per MWh fuel cost of burning

natural gas exceeds that of burning coal.

8.1 The model

The model assumes an oligopolistic market with N identical power producers, each of
which can invest in two technologies, which differ according to their per MWh fuel costs
and investment costs, i.e., gas and coal. More specifically, we assume that the per MWh
gas generation cost of natural gas is a random variable, following lognormal distribution
g(c,), while the per MWh of coal generation cost is a constant, c¢. Hence, the realization

of ¢; can be higher or lower than cc.

Following Milstein and Tishler (2012) and Gal et al. (2017), the market equilibrium price
and capacity come from a two-stage model. In the first stage, each firm decides how much
generation capacity to build using each technology, given the annual construction costs
0% and OF, the coal price c¢, and the distribution function of the gas price, g(c;). In the
second stage, the natural gas fuel cost price c¢; is known, and the firms decide how much
electricity to generate employing both technologies. The generation at time t in Stage 2

is limited by the capacities constructed in Stage 1 for each technology.

The model is solved backwards. First, we determine the equilibrium quantity, the

equilibrium price and the profit for each technology in Stage 2. Then, we determine the
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optimal gas capacity, KL-G(MW) and coal capacity, KL-C(MW) to be built in Stage 1. The

second stage of the game can be repeated T independent times.

As before, the market’s inverse demand function P;onday t=1, ..., Tis assumed to be

linear:

[8.1] Py =a—DbQ,
wherea>0,b>0,Q; = ’ivzl(QiGt + Qlct) is the total electricity generated by N firms, Q5
is the electricity generated by firm i on day t using gas plants, and Qict is the electricity

generated by firm i on day t using coal plants.

For simplicity, variable costs other than those related to fuel are assumed to be zero®*.
Following Newbery (1998), Besanko and Dorazelski (2004), Murphy and Smeers (2005),
Tishler et al. (2008), and Gal et al. (2017), we assume a linear amortization of the debt
service, and thus the cost function of electricity generation of firm i on day t employing

the gas technology (the coal technology) and a generator of KiG (KiC) MW of capacity is:
QG
[8.2] C(QL K') = — K +cQf,

(8.3] C(Qf KY) = Q?CKL'C +cQf
where @%(0¢) = marginal gas (coal) capacity cost ($/MW-year) applicable to the i-th
firm’s capacity KiG (Kl-C), c.= per MWh gas generation cost (5/MWh) = generation heat
rate (MMBtu/MWh) x natural gas price ($/MMBtu), and c¢ = per MWh coal generation

cost.>®> We assume that O¢ < O€ and c€ < a.

3* The assumption of zero non-fuel cost is later relaxed in our empirical illustration in Section 6.

3% The decision about capacity and, hence, capacity total cost, is incurred in Stage 1. There are several ways
to formulate capacity costs in our model. In reality, the choice of the financing period and the stream of debt
payments for the capacity are usually related to the investment’s lifetime. We chose to assume a linear

amortization of the debt over the project’s lifetime.
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8.2 Stage 2 solution: Equilibrium electricity generation quantity and price

The objective of the i-th firm in Stage 2 is to maximize its operating profits, m;;, conditional
onKfand KE (i = 1,...,N), th and QJ.Ct (G=1,..,N;j=#i.

(8.4] "gwgnit:(Pt_Ct)'QiGt*‘(Pt_CC)'QiL;

itr<it

s.t. Qf < Kf,Qi <K{,Qi=00;=0

The Karush—Kuhn—Tucker (KKT) conditions are:
[8.5] a—2bQf; — bQ%;, — 2bQf; — bQC; — ¢, — A% + u€ =0,
a —2bQj — bQ%; — 2bQf — bQS; —c© — 2+ u¢ =0,
HE Qi = 0,1 Qf = 0,2 (K — Q) = 0,2 (Kf = Q) =0,
Kf—Q5=0,Kf — Q% =0,KFf=0,Kf =0,2>0,1°=0,u° =0,
u¢ =0,
where Q% = ¥4 0%, Q% = X Qfr, A° and A€ are the dual variables of the capacity

constraints, and u¢ and puCare the dual variables for non-negativity.

For given values of demand and costs, the optimal quantities equal capacities, i.e., Qfg* =
KF and Q5" = Kf, assuming that both capacities that have been built before the second
stage are relatively small because the investment costs are relatively high in the first stage
(Maskin and Tirole, 1988). However, when c; exceeds a certain value, an IPP is forced to
lower the output below Kl-G to compensate for higher generation costs. Thus, production
employing coal is at full capacity I('l-C for any given c¢ and c;. In contrast, natural gas-fired
generation’s output depends on the value of ¢, and varies from zero to full capacity Kl-G.

Therefore, the equilibrium solution in the second stage, which satisfies [8.4], is:

8.6]  (Q%,0Q5%) =
(Kl'G, Kic), lfO S Ct < CKiG+KiC
(ﬁ[a — ¢, — bQS;, — bQ, | — K& KE), ifCKiG+KiC < 6 < ey

(0,K5), ifege < ¢ <@
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where c,c = a — 2bKE — bQ%,, — bQS,,, e =a— 2bKE — bQS,, — bQ¢,,, and

CiS4k€ = 0= 2bKF — 2bKf — bQS,, — bQ¢,,.

Equation [8.6] states that only one scenario is possible in the second stage of the game,
if a firm has decided to build the capacities of both technologies in the first stage. That is,
if the per MWh gas generation cost c; is low on day ¢, a firm produces at full capacity,
employing gas and coal. If the per MWh gas cost ¢; is relatively high (i.e., ¢; > CKi(;+KiC')
on day t, a firm decreases the use of gas, and production employing gas is at less than full

capacity. When ¢, is very high, a firm generates electricity employing only coal.

8.3 Stage 1 solution: Optimal capacities

In a market with two technologies, in Stage 1 the firm sets the capacities mix to maximize
the sum of the expected daily profits over the operation period T, given the gas cost
distribution g(c;):

G c
[8.7] max Yicie™t [E(T[it|KiGJ Kf) - Q?Kia - Q?Kic];

where expectations are taken over ¢, (t = 1, ..., T).
The expected variable profit of the i-th firm on day t is:

(8.8] E(ﬂithiG'Kic) = fow[(Pt - Ct)QiG; + (P, — CC)QiCt] g(cp)dc.
Inserting [15] into [17], the optimization problem of firm jin Stage 1 is

[8.9] max Y.l_,e” "t fCK?JrKiC(a — bKE — bQS, — bKE — bQC,, — ¢ ) .
' kG k€ t=1 0 i —it i —it t

| A £ c
K?+Kf(
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c. C c.c
Kfg(c)de, + fc;fimic (a-ce-bQC-beCy) glcoder + fc:?imic(ct -
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Assuming the symmetric solution (i.e. K¢ =+ = KS = K% and Kf = --- = Kf; = K©),

the Karush—Kuhn—Tucker (KKT) conditions are:

T(l e TT) @G

[8.10] T je Tt. fOCKG+KC[cKc+Kc —c| ~g(cp)de, — ———tm =0,

?:1 e "t [fOCKG+KC[CKG+KC - CC] g(c)dey + f KC (et — Cc)g(ct)dct

T(l e TT) @C
1-e” T

f:’c[c,{c— c¢] g(ct)dct] —+H =0,
K
U K¢ =0,u,-K=0K >0K“>0 u, =0u, =0
Where p; and p, are the dual variables for non-negativity; cye,,c =a—b(N +

DK +K);cee = a—b(N + 1KE;

The properties of the first-stage equilibrium solution are summarized in Proposition 8-1

below.

Proposition 8-1 There exists a unique equilibrium solution in the first stage of the game.

This solution is given by one of the following three scenarios:

CioC ~T(1_p-1T G
Scenario (i). When Y1_, e~"t - foc e /T[cC +0°/T — ¢,]1 g(c)dc, < %:—r) . 9?’
a—cc—gE
[8.11] K¢ =0,and K* = —L.
b(N+1)

e—r(l_e—rT) ) ﬁ
1-e™ T T

Cc Cc
Scenario (ii). When YI_ 1e‘”-foc o /T[CC +0¢/T — ¢, ] g(c)dc, >

T(l e TT)
-r

and c¢ + — < Co* T/ + the optimal solution is given in an implicit form:

_ G* Cx
8.12] T emrt. (TPWHDESHKE)  p v+ 1) (KO + KC) —
-T(1-— —-rT G
c] g(cpde, = % : 9?, and
(8.13] =177t aoo_b(N+1)KC>« [cc —a+b(N +1DK]g(c)de, = Xi-1e -

e—T(l_e—T‘T) @C_@G
1-e™ T T

fooo(ct —c9) g(c)dce, —

C —1(q1_,—1T G
Scenario (iii). When ¢¢ + 0? =Cp- T/% + @7, K€ = 0 and the optimal solution

of K¢* is given in an implicit form:
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e—T(l_e—TT)

_ —-b(N+1)KC*
[8.14] Tem-[f [ v

N a—b(N+ DK™ —c]g(c)dc, =

oG

Proof: See Appendix.

Proposition 8-1 implies that only one of three scenarios is possible for any given value of
the variable and capacity costs of technology C. When these costs are low relative to the
expected variable and capacity costs of technology G (scenario (i)), IPPs will build only
coal capacity. When the costs of both technologies are comparable with each other
(scenario (ii)), it is worth for IPPs to build a capacity mix. However, when the variable and
capacity costs of technology C are high relative to the expected costs of technology G

(scenario (iii)), the firms will build only gas capacity.

Proposition 8-2

In scenario ii, the size of the natural gas capacity in the technology mix increases along

with the volatility of the natural gas price.

Proof: See Appendix.

As volatility increases, the probability of natural gas generation cost falling below coal

generation cost increases. Therefore, the firm’s optimal strategy is to increase the gas

capacity share in the technology mix, to benefit from the probability of lower fuel costs.
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9. Real world examples

9.1 California and Texas electricity markets

To clarify our analytical results, this chapter presents numerical analyses of two
simplified®® competitive markets. We start by using stylized data from California’s market
to illustrate the basic model of discussed in Chapters 5 and 6. We then employ stylized
data from Texas’s electricity market to elucidate the dual fuel capacity model discussed
in Chapter 7 and the technology mix model from Chapter 8. We start with a brief
description of the data that we used to characterize the California and Texas markets.

California electricity market. In 1998, California established a competitive wholesale
market and an independent system operator (CAISO). The market was vulnerable to
abuse by dominant suppliers, leading to the energy crisis of blackouts and shortages in
2001-2002 (Bushnell, 2004). Following the crisis, new market rules were adopted, and
today the market is considered competitive and well-functioning. Operating the day-
ahead, real-time and ancillary services markets, the CAISO centrally dispatches
participating generators under open transmission access to reliably meet the state’s

nodal demands (California ISO*’, 2013).

In 2015, natural gas-fired generation accounted for 56% of California’s total electricity
supply, with the remainder coming from hydro, nuclear, and renewable resources38. The
average hourly consumption during 2015 was 29,800 MWh (EIA, 2017) at an average
electricity price of $150.3/MWh (EIA, 2017). Following Milstein and Tishler (2015), we
assume that the price elasticity of demand is -0.25, implying that the inverse demand

function in California is P, = 750 — 0.02010Q;.

*® Because of its simplicity, our model does not portray how the California and Texas electricity markets
work. Rather, this section uses the California and Texas data for the sole purpose of numerically
demonstrating how fuel cost volatility variations may affect prices, quantities, profits and consumer surplus.

37 https://www.caiso.com/market/Pages/MarketProcesses.aspx
*® california Energy Commission, Energy Almanac - Electric Generation Capacity & Energy:

http://energyalmanac.ca.gov/electricity/electric_generation_capacity.html.
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Texas Market. Electricity deregulation in Texas was approved in 2002 and as of today
consumers can freely choose their power supplier. Competition in Texas is considered

robust, with many competitors and products (Harvey, 2015).

With net summer capacity of 117,144 MW, the primary generation fuels in Texas in 2015
were natural gas (53%) and coal (27%) (EIA Data Browser). The average hourly electricity
consumption in 2015 was 44,787 MWh at an average retail price of $87/MWh (EIA Data
browser). Assuming price elasticity of demand equals -0.25, as in California, the inverse

demand function for Texas in 2015 is given by: P; = 435-0.0077Q;.

EU Electricity market indicators report (2017)* indicates that the number of main
electricity companies participating in most European electricity markets is usually 5 or

less. Therefore, all the examples in chapter assume 5 symmetric firms in the market.

Natural gas generation cost. Following Section 3.5, we assume that the price of natural
gas follows a lognormal distribution. The initial per MWh natural gas generation cost in
both markets in 2015 was ¢, = $29.5/MWh, based on the CCGT’s heat rate of 7.88
MMBTU/MWh, an average Henry Hub natural gas price of $3.3/MMBTU (EIA Data
browser) and a variable cost of $3.5/MWh (EIA 2015, Table 1).

Figure 9-1 contains 10 price scenarios’® for 100% annualized volatility. The average price
evolution follows the interest rate (4% annually). Most of the scenarios lead to a price
close to the average, but in some scenarios, the price can increase, over a 365-days’

period, to 10 times the initial price.

%9 http://ec.europa.eu/eurostat/statistics-explained/index.php/Electricity market indicators.

% Each scenario begins with the same natural gas generation cost on day 1. The change in the cost from

day t to day t+1 is generated according to a lognormal distribution.
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Figure 9-1: Simulations of natural gas generation cost evolution over 1 year
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9.2 Real world example of Chapter 5: Capacity investment with uncertain fuel

cost

We used the California data to illustrate the optimal capacity model discussed in Chapter
5. We assume that the capacity cost is 8 /T = $285.12/MW-day, based on a $1023/kW
total installed cost, a 6% WACC, a 20-year depreciation schedule, and an average annual

fixed cost of $15.37/kW/year (EIA 2013, Table 1).

Figure 9-2 depicts the annual profit of the marginal capacity units, as a function of the
fuel cost volatility, for an electricity market with five identical firms, over 365 days. It
shows that the marginal profit increases with volatility. Thus, a firm’s optimal capacity
increases with per MWh fuel cost volatility. The optimal per producer capacity for an
annualized volatility of 40% is 5870 MW, less than the 5914 MW for an annualized
volatility of 100%. This finding’s importance is not so much about the small increase in a
firm’s optimal capacity, but rather the absence of a capacity decrease in response to rising

fuel cost volatility.
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Figure 9-2: Value and cost of marginal capacity unit

as a function of the annualized volatility (N=5)
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Based on the equilibrium solution depicted in Chapter 5 (equation (5.13)), figure 9-3
presents the optimal generation capacity for different numbers of firms in the market as
a function of the annualized volatility of the per MWh fuel cost. As expected, higher
volatility implies higher optimal capacity and an increase in the number of firms in the
market increases the market’s total capacity. Moreover, an increase in volatility from 20%
to 120% increases the optimal generation capacity by about the same ~ 1% for N = 3, 5,

10, 20.
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Figure 9-3: Optimal market capacity

as a function of the annualized volatility and the number of firms
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Figure 9-4 shows the sensitivity of the optimal capacity to changes in the demand price
elasticity for the range -.15 to -.45. As predicted by Proposition 5.3, larger demand price
responsiveness implies higher optimal capacity. This is because an increase in the price
elasticity’s size implies larger demand responses, which cause more price fluctuations
that lead to higher expected profit. to smaller per MWh cost changes; therefore, the

expected revenues, given a constant fuel cost volatility level, increases.
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Figure 9-4: Sensitivity of optimal capacity to demand elasticity (N=5)
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Using the solution for equilibrium quantity presented in Chapter 5 (equation (5.8)) and
volatility values of 80%, 100% and 120%, we compute the distributions of equilibrium
generation and equilibrium electricity prices in California, as a function of natural gas
volatility (Figure 9-5), showing that higher volatility implies more installed capacity, which
tends to increase equilibrium quantities. The large bold dots in the graph show the
concentration of the probability at a point representing equilibrium generation equal to
full capacity for each annualized volatility level. This concentration of the probability

occurs at the range of generation costs, 0 < ¢:< ¢y .
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Figure 9-5: Distribution function of equilibrium generation (N=5)
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Figure 9-6 presents the distributions of the equilibrium electricity prices. As expected,
higher capacity investment, due to higher volatility, reduces the minimal and average
price, as proved by proposition 5-2(b). The probability of price spikes*', however, is higher
since the higher per MWh fuel cost volatility "flattens" the log normal distribution, leading
to a higher probability that production will be at a very high natural gas price, in addition

to a larger mass at very low prices. As in figure 9-5, we get a concentration of the

*! Note that price spikes occur when per MWh fuel cost (which is a result of high natural gas price) is high
and, therefore, the profit-maximizing IPP prefers to produce at less than full capacity. Furthermore, the

higher the natural gas price is, the more significant is the electricity price spike will be.
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probability at a price representing generation at full capacity. This equilibrium price

occurs at the range of generation costs, 0 < ¢:< ¢y .

Figure 9-6: Distribution function of equilibrium electricity price (N=5)
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Figure 9-7 depicts the distribution of the producers’ profits as a function of natural gas
price volatility. The increase in per MWh fuel cost volatility affects the producer’s profit
in two ways: (a) lower electricity prices reduce profits; and (b) lower per MWh fuel costs
improve profits. The overall effect is that rising per MWh fuel cost volatility increases
expected profits, as proved in Proposition 5-2(a). Note that the profit probability density
does not accumulate at one point, because at the range of generation costs, 0 < ¢;< ¢y,
generation and price are constant, but smaller generation costs results in higher

profits.
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Figure 9-7: Distribution function of profits (N=5)
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Finally Figure 9-8 depicts the distribution function of consumer surplus, as a function of
natural gas price volatility. The large bold dots in the graph show the concentration of the
probability of the value of the consumer surplus at a single value, separately for each
annualized volatility level, reflecting the (fixed) value of the consumer surplus when the
market generates electricity at full capacity. This concentration of the probability occurs
because there is a range of generation costs, 0 < ¢;: < ¢k, for which generation is equal to
full capacity and, therefore, consumer surplus is constant. For example, for an annualized
volatility of 100%, 75% of the probability occurs at a consumer surplus of $1.76
Million/hour, reflecting generation at full capacity. The graph also shows that expected
consumer surplus increases with volatility, because higher volatility implies a larger

optimal capacity.
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Figure 9-8: Distribution function of consumer surplus (N=5)
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In summary, Figures 9-5 to 9-8 show that an increase in natural gas price volatility
increases generation capacity and equilibrium quantity, decreases the average electricity
price and increases average profits and consumer surplus, as predicted in Chapter 5.
These effects are small, even though the response of the market electricity price and

quantity on a particular day to a change in fuel cost* may be very large.

*2 We calculated per MWh fuel costs for each day in a year for five different values of annualized volatility
(40%, 60%, 80%, 100% and 120%). We repeated this process 100 times. Then, for a given optimal
capacity, we calculated electricity prices, industry production, profits and consumer surplus for each day
in the year. The results of these simulations show, as is stated in Proposition 5-2, that the average
electricity price decreases when fuel cost volatility increases, though not by much: from $150/MWh for
g, = 40% to $148/MWh for o, = 120%. Consequently, industry production increases by 0.3%,

industry profits by 0.8% and consumer surplus by 0.7% when per MWh fuel cost volatility increases from
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9.3 Real world example of Chapter 6: The value of hedging

This section demonstrates the effect of hedging on producers’ profits. Recall from
Chapter 6 that hedging is based on buying call options on the price of natural gas in
Stage 2 to create a cap for the price of natural gas in stage 3. Stages 2 and 3 are
repeated daily. If the price of natural gas generation, in stage 3, exceeds the strike
price, then the firm can buy the gas at the strike price. Otherwise the firm buys the
gas at the spot price.

The demonstration of hedging refers to a California style market with 5 firms as in
Section 9.1, with 100% annualized natural gas price volatility.

Figure 9-9 demonstrates the effect of hedging on an industry’s profits distribution.

First, the profit function is shifted to lower values due to the hedging cost. The

revenue shift is significant: ~$5.9 /MW per hour*3 hedging cost per hour, compared
to a basic capacity cost of ~$11.8/MW per hour. Second, hedging creates a floor for
the industry’s profit at 3.45 million dollars per hour, because the call option implies a
cap for the fuel cost thus avoiding the possibility of smaller profits.

Despite of the benefit of the profit floor, the firms’ optimal strategy is not to hedge
generation cost, because the probability of high fuel cost is small (~25%)** and the

cost of hedging is significant, therefore decreasing the net expected profit.

40% to 120%. Note, however, that these changes may be substantial in extreme cases. For example,
when annualized volatility was 120%, the per MWh fuel cost reached a maximum (minimum) value of
$240 (29) /MWh in one simulation and only $30 (1.3)/MWh in another. The average (maximum)
electricity price reached $214 (316) /MWh in the first case and only $143 (143) /MWh in the second.

43 Using the Black-Scholes option value model with a volatility of 100%, hedging cost is calculated as the
value of a call option struck at the price of natural gas for which the firm would generate at full capacity
(ck; = $35.9/MWh). We assume that the hedging stage (Stage 2) is repeated before each time step,
t=1...365. Hedging cost is calculated for each MW and for each hour over the course of the day, therefore
the units of the hedging cost are $/MW per hour.

44 Assuming a lognormal distribution with a mean -0.46 and 100% volatility and an initial fuel cost of

$29.5/MWh.
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Figure 9-9: The effect of hedging on profits
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Consumer surplus increases when the generation cost is hedged, because hedging
limits the risk of retail price spikes, due to fuel cost spikes. Note that consumers
benefit from hedging without bearing the cost. In this example, the strike price of the
call options is equal to the highest fuel cost for which the firm would generate at full
capacity, s = ck,. Using equation [6.2], electricity generation is equal to the capacity
Q;+ = K;. Therefore, equilibrium price and consumer surplus are constant, reflecting
consumer surplus at full capacity for any fuel cost.

In summary, the firms’ optimal strategy is not to use call options for hedging the fuel
cost, because of the high hedging cost. Thus, consumers do not gain the potential

surplus they could have gained if the fuel cost was hedged.
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9.4 Real world example of Chapter 7: Investment in dual fuel capacity

Dual fuel capability is a means of hedging against the risk of high energy costs by fuel
switching, whenever the natural gas price is too high, or the natural gas supply is

disrupted, see Chapter 7.

Here we use again data from California, assuming that the dual fuel plant is a CCGT plant
with the capability of burning diesel fuel instead of natural gas®. Dual fuel capability
requires on-site storage of liquid fuels, water injection nozzles to reduce NOx emissions,
and annual testing of the dual fuel capability. Following Newell et al. (2014, p.14) and Silve
et al. (2010, p. 22), we assume that a dual fuel capability increases the capacity cost by
10%. Therefore, the cost of the marginal capacity unit with a dual fuel capability is

$13.07/MWh.
Recall that Proposition 7-2 refers to two possible cases:

Case A (equation [7.11]): In this case, the price of diesel fuel is high, and therefore the
expected saving by using natural gas instead of diesel fuel is also high. Proposition
7-2 shows that the use of dual capability would necessarily lead to a smaller
capacity investment. We demonstrate this case by assuming a diesel fuel cost of

$80/MWh*.

Case B (equation [7.12]): In this case, the price of diesel fuel is low, and therefore the
expected saving by using natural gas instead of diesel fuel is also low. Proposition 7-
1 shows that the use of a dual fuel capability would imply that equilibrium
generation would be equal to the capacity for any natural gas generation cost,
because the cost of dual fuel generation is smaller than the cost threshold*’ at which

the firm would generate at full capacity. We demonstrate this case by assuming a

45 Coal-gas plants with dual fuel capabilities are less common and much less efficient compared to dual
fuel natural gas plants that can use diesel fuel.
6 $80/MWh is equivalent to a price of $72/barrel, assuming 53% efficiency and 5.8 MMBTU per barrel.

47
cx; > c®
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diesel fuel generation cost of $29.5/MWh*, like the initial natural gas generation

cost.

Figure 9-10 depicts the optimal capacity in both a single fuel market and in a dual fuel
market. Note that capacity is larger in a dual fuel market only for small values of the dual

fuel capability’s cost.

Figure 9-10: Dual and single fuel market capacities as a function of the dual fuel cost
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Figure 9-11 depicts the optimal capacity in a dual fuel market as a function of the
annualized volatility of the per MWh cost, for two possible values of the dual fuel. Note
that the decision to invest in a dual fuel capability, when the per MWh cost of the dual

fuel is high, implies a smaller capacity investment.

8 $29.5/MWh is equivalent to a price of $26.5/barrel, assuming 53% efficiency and 5.8 MMBTU per

barrel.
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Figure 9-11: Dual and single fuel market capacities as a function of annualized
volatility
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Figure 9-12 depicts producers’ net profit in a dual fuel market and in a single fuel market
for the two cases of the dual fuel costs. The net profit is equal to the revenues minus fuel

costs, minus capacity investment cost.
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Note that in both cases the effect of a dual fuel capability is three-fold:

A. Small profit shift. The use of dual fuel capability increases capacity cost and

C.

therefore slightly cuts the profit. This effect is significantly smaller than the effect
of call options discussed in Chapter 6 because the cost* of dual fuel capability is
smaller than the cost of financial hedging. Note that the profit shift in case B
(diesel fuel generation cost = $29.5/MWh) is slightly more significant because the
optimal capacity is larger, thus increasing the dual fuel investment cost.

Profit floor. Fuel switching hedges against the risk of a high natural gas price,
thus creating a floor for the profit distribution. As expected, a smaller dual fuel
cost implies a higher floor for the profit distribution. The slight increase of the
probability function in the profit floor reflects that the firm would gain
whenever the effective fuel cost is higher than the dual fuel capability’s cost.
Accumulation of the probability density function at the value of the dual
fuel. The firms’ generation cost is equal to the dual fuel generation cost
whenever the natural gas-fired generation’s cost exceeds that of the dual fuel
generation. Therefore, the probability density function accumulates at a point
reflecting the profit of the firm when generating with the dual fuel. The
accumulation (denoted by a large bold dot at the graph) reflects the
probability of the natural gas generating cost exceeding the dual fuel
generation cost. Note that a smaller dual fuel generation cost (i.e. $29/MWh)
implies a concentration of the probability density function at a higher
consumer surplus value, because the probability of c; being larger than c¢

increases as the value of ¢ is smaller.

* The cost of dual fuel capability is ~¥$1.2/MW per hour, compared to a hedging cost of ~$5.6/MW per

hour.
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Figure 9-12: The distribution function of profits in a single and dual fuel market
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Figure 9-13 depicts the probability density function of the consumer surplus in a dual fuel
market. In the single fuel case, consumer surplus peaks at the range of fuel costs smaller
than cg, and decreases for higher values of fuel costs.

In case A, where dual fuel cost is high (580/MWh), optimal capacity is smaller than in a
single fuel market. Therefore, consumer surplus peaks at a slightly smaller value. Also, in
this case, small values of the consumer surplus, owing to high generation costs, are
prevented due to the dual capability (the probability density function at these values
accumulates at a point reflecting the dual fuel cost (denoted by a blue dot).

In case B (denoted by a green dot), where dual fuel cost is low, capacity is constant for
any generation cost and, therefore, consumer surplus is constant. In this case, consumers’
surplus peaks at a slightly higher value because capacity is higher compared to a single

fuel market.
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Figure 9-13: The distribution function of consumer surplus in a single and dual fuel

market
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In conclusion, consumers benefit from dual fuel capability, especially when the dual fuel
cost is low. Producers gain a profit floor if they install dual fuel capability, but they also

bear the additional cost of investing in this technology, which tends to reduce profit.
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9.5 Real world example of Chapter 8: Investment in technology mix
This section illustrates optimal capacity mix in competitive markets (Chapter 8).

In this section, we use here stylized data of Texas, assuming 5 firms, 100% volatility, an
initial natural gas generation cost of $29.5MWh, and a marginal capacity cost of $11.88

/MWh.

The coal capacity cost refers to an ICGT plant with 8¢ = $26.72/MWh, based on a
$2290/kw total installation cost, 6% WACC, 20 years’ depreciation and $34.4/KW/year
fixed cost (NREL, 2010). We study three levels of coal price: $25/MWh, $15/MWh and
$9/MWh, reflecting a price of $34.9/ton, $19.4/ton and $8.7/ton respectively®®. We also
assume a heat rate of 11.4 MMBTU/MWh and a variable cost of $4.0/MWh (NREL, 2010).

Recall that Proposition 8-2 refers to two possible cases:

® Case A. The price of coal is low compared to the initial price of natural gas, and the
net expected saving of using natural gas - when the price of natural gas is cheaper
than the price of coal - is negative. In this case, we expect the optimal capacity to
consist of a mix of natural gas and coal capacities. We demonstrate this case with an
initial natural gas cost of $29/MWh and a coal fuel cost of $15/MWh and $9/MWh.
® (Case B. The price of coal is high relative to the initial price of gas. The net expected
saving of using natural gas - when the price of natural gas is cheaper than the price
of coal - is positive. In this case, we expect the optimal capacity to consist of natural
gas capacity only. We demonstrate this case with an initial natural gas cost of

$29.5/MWh and a coal price of $25/MWh.

Figure 9-14 depicts the optimal capacities in case B, in which the initial cost of coal
generation is small (i.e. $9/MWh). For volatility values smaller or equal to 80%, scenario
1is valid, and we find that the optimal capacity consists of coal capacity only, as expected.

When the volatility value exceeds 100%, the probability of the natural gas generation cost

>0 Assuming 19.4 MMBTU per one ton of coal
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falling below coal generation cost increases, in which case scenario 2 is valid and the firm

would invest in some gas capacity.

Figure 9-14: Optimal market capacities in a one- and two-technology market
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Figure 9-15 depicts optimal technology mix in scenario 2 where natural gas expected fuel
cost saving is positive, but smaller than coal expected fuel cost saving. In this case, the
firm would invest in a mix of coal capacity and natural gas capacity. The share of gas
capacity increases with natural gas cost volatility, as expected by proposition 8-3.

Finally, Figure 9-16 depicts optimal market capacity in scenario 3, where natural gas
expected fuel cost saving is larger than that of coal. In this case, the probability of natural
gas generation cost falling below coal generation cost is high (67% probability for 100%
volatility), and the firm would invest in gas capacity only. In this case, optimal capacity is
equal to that of a single fuel market. Note that in this case the firms refrain from
investment in coal capacity even though the initial gas generation cost is higher than coal

generation cost.
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Figure 9-15: Optimal capacities in a one- and two-technology market
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Figure 9-16: Optimal gas capacity in a one- and two-technology market
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Figure 9-17: The distribution function of profits in a one- and two-technology market
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Figure 9-17 depicts distribution functions of producers’ profit in a single technology vs.
two technology market. As before, the use of technology mix as a means of hedging fuel
cost risk has two effects: First, the profit is shifted to lower values due to the increased
capacity cost®. Second, the use of two technologies creates a cap and a floor for the
producers’ profit, because the introduction of coal to capacity mix limits the exposure of
the firms to the volatility of natural gas price. In other words, coal capacity limits the loss
of the firm when the price of natural gas increases, but it also limits the benefit of the firm
when the price of natural gas declines. The effect is stronger when the price of coal is

lower (i.e. $9/MWh), because in this case the share of coal in the capacity mix is larger.

! The average market capacity cost increases from 0.51 million dollars per hour in a single-technology
market to 0.91 million S/hour in the case of coal price=$15/MWh and 1.14 million dollars per hour in the
case of coal price = $10/hour, i.e., a technology mix shifts the profit to lower values by ~0.4-0.6 million

dollars per hour.
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Hence, the probability density function accumulates at one point (denoted by a purple
dot in the graph).

Figure 9-18 depict consumer surplus in a single- and two technology market. Note that
optimal capacity, equilibrium generation, and equilibrium price are identical in these
markets. Therefore, the distribution function of consumer surplus is also identical in these
two markets. Hence, while the technology mix affects the distribution of profits,

consumers are unaffected by this hedging strategy.

Figure 9-18: Consumer surplus in a one- and two-technology market
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In conclusion, the use of a technology mix provides an effective hedge against the risk of
high fuel cost, but it also limits the firm’s exposure to the possibility of low natural gas
prices, thus limiting the probability of high profits. The effect of a technology mix

increases as the price of coal declines, because a lower coal generation cost implies a
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higher share of coal in the capacity mix. Unlike dual fuel plants, a technology mix does not

affect consumer surplus because overall market capacity, equilibrium generation and

equilibrium price are not altered.

9.6 Comparison of physical hedging methods

In this section, we compare the firms’ profit distribution in a single fuel market versus two
possible means of hedging the fuel cost risk: constructing a dual fuel capability or using a
technology mix. The comparison refers to two possible scenarios regarding the alternative
fuels: low values ($9/MWh for coal generation and $29.5/MWh for diesel generation) and
high values ($15/MWh for coal generation and $80/MWh for diesel generation).

Figure 9-19: The distribution function of profits in a single fuel, dual fuel and

technology mix markets, when the cost of the alternative fuel is low
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Figure 9-19 compares the firm’s strategies of the firm in a scenario reflecting low costs of

the alternative fuels. Note that the use of the dual fuel prevents the possibility of the
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market profits falling below $2.75 million per hour and the additional capacity cost slightly
shifts the profit function to lower values. However, the use of a technology mix shifts the
profit function more significantly to smaller values due to the much higher capacity costs.
In this case the probability density function accumulates at one point (denoted by a blue
dot), reflecting the profit of a coal only market. Therefore, the choice between the two
hedging strategies should be related to the firm’s risk taste: highly risk-averse firms would
prefer a capacity mix, while a risk seeking firm would prefer a dual fuel capability.

Figure 9-20 provides a similar comparison for a scenario reflecting the high cost of the
alternative fuels. Note that in this case the effect of both options is less significant. Yet,
the use of a capacity mix effects both sides of the profit distribution function and the

effect is more significant than that of a dual fuel capability.

Figure 9-20: The distribution function of profits in a single fuel, dual fuel and

technology mix markets, when the cost of the alternative fuel is high
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10. Summary and conclusions

Natural gas prices in a competitive wholesale market are volatile, more so than the prices
of other fossil fuels. Hence, large natural-gas price spikes occasionally occur, exposing IPPs
to high natural gas fuel costs and low profits. Thus, the introduction of competition into

the electricity market exposes IPPs to risks previously borne by end-users.

This dissertation extends Tishler et al. (2008b) and Milstein and Tishler (2012) to study
the effect of natural-gas cost risk on capacity investment in an oligopolistic electricity
market. Under the empirically reasonable assumption that per MWh fuel costs are log-
normally distributed, we find that optimal capacity investment increases with fuel cost
volatility. This is because rising volatility increases the probability of low fuel costs which,
in turn, increases the IPP’s profits. The increase in installed capacity lowers electricity

prices and increases generation output, thus improving consumer welfare.

Despite the positive effect of natural gas price volatility on the expected profits and
optimal capacities, firms may still consider the possibility of hedging the price risk to avoid
the risk of profits declining below the debt service. In this study, we explore three possible
means of hedging fuel cost risk: (1) the use of call options to create a cap for fuel cost at
the strike price; (2) the use of dual fuel capabilities which physically hedges the fuel cost
risk (e.g. the plant can switch to an alternative fuel as the price of gas increases); and (3)
the use of technology mix, which may limit the exposure of the firm to natural gas price

volatility.

We demonstrate that the use of call options to hedge natural gas fuel cost increases
consumer welfare by mitigating electricity retail price spikes related to fuel cost spikes.
However, profit-maximizing electricity producers are unwilling to use call options to
hedge against fuel cost spikes because the cost of hedging is higher than the expected

gain for the producers.

Second, we develop a framework for analyzing investment in dual fuel plants in a market
with uncertain natural gas prices. The dual capability is used as a hedging strategy to

protect against fuel price risk. We find that low values of consumer surplus are avoided
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when dual fuel capability is used. Producers’ profit and consumer surplus may decline due
to the additional cost of the dual fuel capability, which in turn leads to a smaller capacity,
but the firms gain a cap for the fuel cost which implies a floor for the profit distribution
function. The effect of using dual fuel capability is larger for both consumers and
producers when the dual fuel cost is low.

Finally, we extend the model to study optimal capacity mix in a market with natural gas
and coal generation technologies, where the natural gas fuel cost is volatile and the coal
fuel cost is known and stable. We find that the firm would choose to introduce coal
capacity into its capacity mix only if coal generation cost is significantly lower than the
average natural gas generation cost. Also, the optimal share of coal capacity would
decline as the volatility of natural gas increases, because higher volatility implies higher
possibility of benefiting from lower generation cost when using natural gas. When
introducing coal to the mix, producers see a smaller exposure to natural gas price volatility,
limiting the possibility of very low or very high profits. In other words, the introduction of
coal to the capacity mix implies both a floor and a cap for the producers’ profit. Unlike
other means of hedging, consumers are not affected by the capacity mix because overall
optimal market capacity and equilibrium generation and price are unaffected by the
capacity mix.

Overall, consumers benefit from the use of call options or dual fuel capability, more so
when dual fuel cost is low. Producers benefit from dual fuel capability and technology mix,
though a dual fuel capability might be more attractive since it limits only the down side
of high fuel cost, without limiting the possibility of high profits related to low fuel costs.
Therefore, a dual fuel capability, given low costs of the alternative fuels, can benefit both

consumers and producers.

Our findings highlight the gap between the producers’ and consumers’ preferences for
risk taking. The policy implication, however, is clear: the government should not intervene
to reduce the price volatility of a well-functioning competitive natural gas spot market
because such an action can have the unintended consequence of discouraging generation

investment, raising electricity prices, and reducing consumer surplus.
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We would be remiss had we ignored two important limitations to our model presented
herein. First, our model only characterizes a simplified electricity market with identical
(symmetric) firms, thus abstaining from the reality of heterogeneous power plants with
different heat rates (e.g., high, medium and low). Second, the cost of alternative fuels
such as coal and diesel is constant in our study, while in reality, these prices are also
moderately volatile. Finally, the models presented here do not include all real life market
developments (conditions). Forward (bilateral or other) contracting, for example, which
may also affect social welfare in oligopolistic markets (see Bushnell, 2007), is left for

future research.
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Appendix

Proof of Proposition 5-1
The expected marginal profit of a profit-maximizing firm in oligopolistic competition on
day tis:
[A.1] et fOCKi(CKi —ct) - g(c)dcy,
where
[A.2] Ck; = a—bK; —bQ_;.

We must show that, for any time t:
a _ CK.
[A.3] 50, " fy ek, — co) - g(edee > 0.

Using Lee et al. (2010), we have that if% follows a lognormal distribution, and u = r —
0

2
%, then [A.1] can be rewritten as:
[A.4] e "t fOCKi(CKL- —¢)g(cde, = ce 7" P(=d,) — ¢o - P(—dy),
where @(+) is the standard cumulative normal distribution function, r is the riskless
interest rate

C 1 C 1
ln(c—lg'>+(r+iaczt)t ln<—0>+(r_ Ea'(.z‘t)t

i — _ — CKi
[A.5] d, = = ,and  d; =d; —o W\t e
Differentiating the right-hand side of [A.4] with respect to g, yields:
L —rt CKi _ . _ —rt ad)(—dz) . de _ 6d>(—d1) .
[A.6] 200, e Jo “ilek, — o) g(cdee] = cye od,  doe, €0 %a,
2dy
doc,
D (~d D (~d
where % = —¢(—d,), 6(d D = —¢(—d,), and ¢(-) is the normal density
1 2

function. Therefore,

[A7] ¢(_d1) = \/%e_%dlz' ¢(_d2) = d)(o-ct\/f - dl) = \/%e_%(dctﬁ_dl)

Thus, we can rewrite [A.6] as follows:
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a _ . ad
[A.8] 90 [e r fOCKl(CKi - Ct)g(ct)dct] = —Cg;€ (- dz) —=
ct
adl — —rt 1 _l(gc\/?_d ) adz 1d 2 adl
cop(—d,) - =—cge me L aact+C°\/_e 2 —aact.

Using [A.5], ¢k, may be written as follows:

[Ag] Cx. = Coe_dlo'c\/z+(7'+0.50'cz)t'
2
Inserting [A.9] into [A.8] and rewriting:

(A20] 5= [e™ [T ek, — ) - g(e)de] =

= [Fepetoecrtrrosadiegore L oHoopit-ar)* 2
0 21 do,
1 -2d,? ad1l
+co——e 2
*\Vom do,
[ 1 e 9% 1 1,2 adl]
= |—cy e 2 Co——e 2
VZT[ aO'Ct ,‘/27_[ ao_ct
1 1,2 [ad1 adzl
=Ccy—e 2 * _
v 21 ao_ct aO'Ct

Substituting d, = d; — o,,\/t in [A.10] yields:

(A11] S [e [ e, — ) g(edde] =

1 —ld 2 adl adl
1 J——
\27 dao, aac

Next, we show that the optimal capacity investment, K*, also increases with Oc,- The

—\/—)]—co—e 2d1\/_>0I

total derivative of [A.11] with respect to the natural gas cost volatility, o.,, is:

(A12] € Lo Ce—ergledden _ o 0T [ emergedden) | ey ak”
' dog, T doc, aK* o,
We proved above that the first element in the RHS of [A.12] is positive. Therefore, the

second element in the RHS of [A.12] must be negative. By definition, cx» =a—K* - b -

aCK*

(N + 1), = —b(N + 1) < 0. Therefore, ZK*

G'Ct

>0m
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Proof of Proposition 5-2

Part a:
(A13]  E[CS] = f) g(c) -5 (@—Po) - Qude.

Inserting the equilibrium solution, we get:

1 N?*(a—cp)?

2 b(N+1)2 U

[A14]  E[CS|K] = [ g(c) -5 bINKY2dee + [ g(c) -

Applying the chain rule, we get:

JE[CS¢|K* OE[CS¢|K* K™
doc, oK™ doc,

0K*

From Proposition 5-1, we have > 0. Differentiation of [A.14] with respect to K*

O'Ct
yields

OE[CS(|K*]
aK*
AE[CS¢|K"]

doc,

[A.16] J ¥ g(ce) - b+ N2K* dc, > 0.

Therefore, >0m

Inserting the equilibrium solution into [5.10] in Chapter 5, we get:
(A17)  ElmelK*] = [[¥ gc) - (a—bNK"—¢) K*dey + [ g(er)-

(a—cp)?

Ct.
b(N+1)2 t

Applying the chain rule, we get:

9E[mic|K*] _ 9E[my|K*] 0K*

[A.18] dac, oK™ doc,’
From Proposition 5-1, we have a:* > (. Differentiation of [A.17] with respect to K*
ct
yields:
(a19) I (9 g(e)  [a— bV + DK — el dee = [ g(ee) - (cx —
c)de, = g > 0.
Therefore, OElmiclK7] >0m

doc,
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Part b:
[A.20] E[P] = foag(ct) *Pedc.
Inserting the equilibrium solution, we get:

[A21]  E[P|K"] = [¥ g(c,)(a — DNK" )dCt+f L9(ce) (?;ivf)t)d t

Applying the chain rule, we get:

QE[P¢|K*] _ BE[P(|K"] K"

[A-22] doc,  OK*  dog,

From Proposition 5-2, we have oK > (. Differentiation of [A.21] with respect to K*

Ocq
yields:

OE[P¢|K"]
0K*

[A.23] = [% g(c)) - (~bN) dc, < 0.

Proof of Proposition 5-3
The first-order condition for the optimal capacity is given by [5.21] in Chapter 5, and

may be rewritten as follows:
] a B
[A24] == fct=0 fst=ct—CK*(CK* + & —c)f (e)g(c)dede.
Assuming &,~U(a, 8), we have:

[A.25] fle) =

(ﬁ a)

Therefore, we can rewrite [A.29]:

A26]  Z-(B—a) = [ g(c) [, (cx +e =) dedey.

Integrating with respect to &;,, we get:

(A27]  2-(B—a)=[; g(co) ((cxr — ) &+ D)5 . d

Inserting the limits of the integral and rearranging, we get:
1 1
A28 2-(B-a) = [ (e — (e + Blee +5 (e + B)?) gler)der.
Rewriting:
1291 2- (8 —a) = (5(02 + Elc]?) — (e + BE[c] +5 (e + B)?).

Solving the quadratic equation for (cgx+ + ) , we get:

[A.30] (cx»+B) =E(cy) £ ng(ﬁ —a) —oZ.
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Substituting cx+ = (a — bK;(N + 1)), we find:*?

P o 22(B-a)-a2,

b(N+1)

Differentiation of [A.36] with respect to g, yields that the optimal capacity, K*, is a

monotonically increasing function of o, for any g(cy). m

Proof of Proposition 6-1
Inserting [5.15] and [5.16] in Chapter 5 into [A.13], we get the expected consumer

surplus, given the fuel cost distribution, as a function of R;:

[A.32] E[CS,] = fOCKi.g(Ct) % b(K; + Q_i)* dc; + fcc:li.g(ct) :

1 1
E(a — ¢+ bQ_y)?dc, + f;ig(ct) o b(R; + Q_ir)* dcy,
where ¢, = a — 2bR;—b - Q;; and c, is given by [A.2].

Differentiation of [A.37] with respect to R; yields:

DE[CS] _

[A.33] oK,

Jo gl b (Ri+Q)de, 20 m

Proof of Proposition 6-2
The proof of Proposition 6-2 is divided into four parts, depending on the value of the
strike price, s.

I. Differentiation of the objective function [6.18] in Chapter 6 with respect toR;:

OE[m;¢|R;]
[A.34] ;I—Rtl _ faa_ZbKi_bQ_itg(Ct) . (Ct —a+ ZbKL + bQ—it)dct =

fa—ZbRi—bQ_it—

a—2bK;—bQ_;; g(co) [e, —a+ 2bK; + bQ_i]dc, +

a

fa—ZDRi—bQ_itg(Ct)[(a - Zle - bQ—it) - (a - 2bl(l - bQ—it)] dct -

fcf—ZbKi—bQ_itg(ct) (¢, —a+ 2bK; + bQ_;)dc, = 0.

Rearranging [A.34] yields:

02E[mit| K]

<
oK}

*’Note that the other solution is omitted because it does not satisfy the second-order condition

a+B—E(ct)

0, ie.K; < bED)
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[A.35] fcc:_f g(co) (e — cx,)de, + fcc;f g(ct)(cR; —ck,) de, —

f:;ig(ct) (Ct - CKi)dCt = - f;; glcr) - (Ct - CRZ)dCt =0,
where cpr = a — bR; — b - Q_;; andcy, is given by [A.2].
[A.35] holds if a = Cr;- Thatis, Rf =0fori=1,...,N.
Il. Suppose that a — 2bK; — bQ_;; < s < a — 2bR; — bQ_;;. Then, the objective

function of firm j in Stage 2 is as follows:

—2bK;-bQ_;
[A36]  E(mylR) — R+ [ g(ce) (e — s)de, = [, " g(c)K; - (a -
bK; —bQ_i — ¢)dc, + f;—ZbKi—bQ_itg(Ct)ﬁ(a —bQ_i — cp)?dc, +
—2bRi=bQ_;
JETHRTEO g (e [ (@ = by — €)* + Ry (e — 5)| dee +
a

fa_szi_bQ_itg(Ct)Ri (@a—=bR; —bQ_jy —s)dc, — R; - fsag(ct) (e — s)dce;

Differentiating [A.36] with respect to R; yields

[A.37] fSCRI g(ce) (cg —s)dcy + fcc;T g(ct)(cR; —s)dc, — fsag(ct) (c; —

s)dc, = — fcc;? g(cy) - (cr — CR;)dct =0

Thus, R =0fori=1,..,N.
lll. Suppose that s < a — 2bK; — bQ_;;. Then, the objective function of firm i in Stage 2
is as follows:
[A.38]  E(mylR) —R;- fsag(ct) (¢, — s)de, = [, g(c)K; - (a— bK; —
bQie — c)deg+ [T g ()R (@ — by = bQie — ) + (K; —
R) - (a—bK; —bQ_ye — c)lde + fi 0" 0 g(c) [ (a = bQ_i —
e)? + Ry~ (e = )| dec+ [ o, IR (@ = bRy = bQ_iy — ) de, —

R; - fsag(ct) (¢t — s)de,
Differentiating [A.38] with respect to R; yields:

(A39]  [i¥ig(ee) (e = s)dey + [, R g(ee) (e = s)dee + [ gle)(cr; -

5) deg — fsag(ct) (e — s)dey = — fc(; g(ce) - (Ct - CR;‘)dCt =0
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Thus, R =0fori=1,..,N.
IV. Suppose that s = a — 2bR; — bQ_;;. Then, the objective function of firm i in Stage 2
is as follows:

[A40]  E(mielR) = Ri* [1_,pp po, 9(ct) " (e = s)dc, =

fa—ZbKi—bQ_it

0 g(c)K; - (a—bK; —bQ_iy — ¢)dc, +

Lo ot glee) o= (a— Qe = e)?dec + [ o g(eIR; -
(bR;) dc; — R; - faa_ZbRi_bQ_itg(ct) (¢, —a+ 2bR; + bQ_;)dc,
Differentiating [A.40] with respect to R; yields
[A.41] f:;{ g(c)2bR} dc; — f;y{ g(ce) (c; — cr; + 2bR})dc, = — fci: g(c,) -
(ct - CR;)dct =0
Thus, R =0fori=1,..,Nm

Proof of Proposition 7-1
The first-order condition of [7.5] in Chapter 7 requires:
[A42] @ —b-(2Qi+ Qi) — c"™=0,
where Q_;s = ¥ ;»; Qj¢. Assuming symmetry of the N identical firms, the optimal

solution of [7.5] in Chapter 7 is Q;; = K; if c™" < a — b(N + 1)K;; otherwise, it is

a—cmn

Qic = b(N+1)’

Letcg, = a— b(N + 1)K;. Then, there are two possible cases: Ck; < c? (case A) and

Ck; > c? (case B). For each case, we can build the sequence of non-overlapping intervals
of ¢;, such that the value of ¢; is monotonically increasing.

Case A. If ¢; < ¢, then ¢ =c,and Q; = K;. If ¢, > Cck, but ¢y < c4, then ¢ = ¢,

a—cd
b(N+1)

a—cg
b(N+1)

and Q;; = If ¢, > c?, then ¢/ = ¢ and Q;, = The equilibrium price is

obtained by inserting the equilibrium quantity for each interval of c;.
Case B. If ¢, < ¢4, then ¢"™ = ¢, and Q;; = K;.If ¢, > c¢, then ¢[*™ = ¢ and Q;, =
K;. The equilibrium price is obtained by inserting the equilibrium quantity into [7.1] for

each interval of c; m
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Proof of Proposition 7-2

Case A.

Differentiating [7.7] yields the first-order condition for optimal K;:

o+V¥
Cel

[A43] XLy |[ila—2bK, - bQ_y — c]- g(c)de, — | =0,

Assuming symmetry of all N producers, we obtain [9].

Case B.

Differentiating [7.8] yields the first-order condition for the optimal K;:

d [o0]
[A.44] =1 [foc [a — 2bK; — bQ_is — c] - g(c)de, + fca [a — 2bK; —

9+‘P]

bQ_i — c?]- glcde, ———| =0

Assuming symmetry of all N producers and rearranging yield:

[A.45] T e Tt [focd[a —b(N + DK —¢;] - g(c)dc, — fcos[a —b(N +
DK —c?] - g(Ct)dCt——] Yi—ie” -l[a—b(N+1)K]—
fOCd ¢ g(cde, — ¢ f;g(ct)dct l Yiet [[a —b(N + 1)K] +

d d
foc (c® =) glede, — ¢ — @HU] Yi-iet foc (c® =) gledde, +

e—T(l_e—TT)
1-e™ T

(la = bV + DK]=c? = =2) =0,

We obtain the optimal solution:

Z'{:I[e—rt_focd(cd—ct)g(ct)dct] 1 (a o4 ﬂ)

[A.46] K== b(N+1)-X1_ et b(N+1) T

We also obtain the condition for case B:

Ta-e ™) e+
1-e™ T T

da
[A47] cp->ct oYl et foc (c® —¢) g(c)de, < 2
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Proof of Proposition 7-3

(N
Case A. The proof is identical to the proof of Proposition 5-2, since the capacity cost

(which is the only part differentiating [7.9] from [5.3]) does not depend on a,.

Case B. Differentiation of [7.10] with respect to g, yields:

K" _ 1 L0 T et (Yrd
doc,  b(N+1)XI_ et dag, t=re [y (e =) g(edey.

Using the same logic as in the proof of Proposition 5-2, it is clear that

[A.48]

T -rt (€% a . 9K*
—Nieie "t [ (¢ —c¢) g(c)de, > 0. That s, -—>0.
t

doc Oc;

[A.49]

()
Case A. The expected operating profits on day t in [7.7] at the optimal first-stage

solution are given by:

* d a—c
[A.50] E[m|K*] = fOCK [a — bNK* —c,] - K*g(c)dc, + CCK* el t]zg(ct)dct +

N+1
o dq?
1[a-c
fcd 3[—N+1] g(codee

The chain rule implies:

OE[m;t|[K*] _ OE[m;|K"] ] K™
dog, oK* doc,’

From part (i), we have ;K > (. Differentiation of [A.50] with respect to K* yields

[A.51]

O'Ct

(A52) Lo g — bV + DK — e lgledde, = [7 (e —

¢;) g(cpdce, > 0.

OE[mt|K"]

Therefore, > 0.

Jct

Case B. The expected operating profits on day t in [7.8] in the optimal first-stage

solution are given by:

a [ee]
[A.53] E[m;|K*] = foc l[a — bBNK* — ¢ ]K*g(c)dc, + fcd[a — bNK* —
c?1K*g(c)dc,
Differentiation of [A.53] with respect to K;" yields
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[A54] 2EmulK] f “la = b(N + DK* — ¢ ]g(c)de, + [ola—bN+ DK -

oK™

c*g(cp)de, = foc [ex — cclg(cr)dey + f [cx — c?]g(c)dcy.
OE[mitlK™]

Aslong as cg+ > c? holds for case B, [A.59] is positive. That is, YK
i

Applying the chain rule and the result of part (i) yields: OFImulKT] _ OE[muelk’], 0K
doc, 0K; doc,

()
Generally, the expected consumer surplus on day t is given by:
1
[A.55] E[CS:] = foag (a—P)Q:g(c)dey.

Case A. Inserting the equilibrium solution into [A.55], we get the expected consumer

surplus in the optimal solution on day t:

d _
(AS6]  E[CSIK*] = [ 2 (XK K glede, + [ 22 g(cyde, +

Cx*2b (N+1)?

a1 N(a-c??
cd2p  (N+1)2

g(c)dcy.
Applying the chain rule, we get:

OE[CS¢|K*] _ QE[CS;|K*] 0K*
oo, 0K doc,’

[A.57]

. IK*
From part (i), we have
doc,

> 0. Differentiation of [A.56] with respect to K* yields:

OE[CSt|K* Cki* 1 .
(asg] P = MBIV + DK g(ede, > 0.
Therefore, QEICSIKT] _ QEICSHIC] . OKC ¢,
aact oK* 6act

Case B. Inserting the equilibrium solution into [A.56], we get the expected consumer

surplus in the optimal solution on day t:

[A.59]  E[CS/K*] = focd%(b YiK*)-K*g(cdc,.

OE[CS¢|K*]

Differentiation of [A.59] with respect to K* yields: Y

= >b(N + DK"* > 0.

QE[CS¢|K*] _ QE[CS¢|K*] K"

> 0.
doc, oK* doc,

Applying the chain rule and the result of part (i) yields:
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(Iv)

Generally, the expected price on day t is given by:

[A60]  E[P] = [, P.g(c)dc,.
Case A. Inserting the equilibrium solution into [A.60], we get the expected price in the
optimal solution on day t:

d

[A61]  E[PK;]= [ (a—bY;K)g(c)dc, +chK Nty (er)der +

0 + N+1

a d
a+Nc
Joa SN g (code.

Applying the chain rule, we get:

OE[P¢|K*] _ OE[P¢|K*] . K*

[A.62] dog, 0K* doc,
From part (i), we have ::* > (. Differentiation of [A.61] with respect to K™ yields:
ct
OE[P¢|K* *
(a63) P = 1 (—bN) g(c)de, < 0.
Therefore,
OE[P¢|K*] _ OE[P|K*] aK*
[A.64] doe, ok aa, < 0.

Case B. Inserting the equilibrium solution into [A.61], we get the expected price in the

optimal solution on day t:

[A65]  E[P|K"] = [(a—bX;K)g(c)dc,.

OE[P|K"]
0K*

Differentiation of [A.65] with respect to K;" yields: = fOCK*(—bN) g(cpdce, < 0.

OE[P|K*] _ OE[P(|K*] 0K*
do,,  OK*  dog,

Applying the chain rule and the result of part (i) yields: <Om

Proof of Proposition 7-4

(1)

Case A

*

Optimal capacity is independent of c. Therefore, O = 0

acd
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Case B

Differentiation of [7.12] yields:

d d
OK* -1 Tlae [0 glepde  Nioie [, glc)de—1]
acd  b(N+1) b(N+1)XI_ e Tt~ p(N+1)XI_ e-Tt

[A.66]

d
oK* _ Yl e [y glcpdce—1]
acd  p(N+1)X_ et

a
Note that foc g(cy) dc, < 1; therefore, < 0.

()
Case A.

Differentiating [A.50] with respect to ¢4, yields:

OE[mulk’] 1 1 jfa-cd
[A.67] a;d - (N+1) fcd %[%]g(ct)dct < 0

Case B.

Differentiating [A.53] with respect to ¢ and applying the chain rule yields:

OE[mit|K*] _ 9E[milK"] 0K OE[mie|K"] oK
[A.68] 5ed = ok 5ed’ where ok 0 and ed < 0,
Therefore, %'tdl“ < 0.
dc
(1)
Case A.

Differentiating [A.56] with respect to c¢, yields:

QE[CS¢|K*] _ a1 N(a-c?)
acd — Jedp  (N+1)2 9

[A.69] (cp)dec, <0
Case B.

Differentiating [A.59] with respect to ¢ and applying the chain rule, yields:

OEICSIK™] _ 1b N+ 1DK* >0 daK* <0
ok 22D MNGea
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Therefore:
OE[CS¢|K*]
[A.70] —od <0
(Iv)
Case A.

Differentiating [A.61] with respect to ¢4, yields:

OE[PIK] N
acd T N+1

[A.71] Jia oteode. > 0

Case B
Differentiating [A.65

] with respect to ¢ and applying the chain rule, yields:

JE[P|K*] dK*
[A.72] aTH = [;/(~2b) g(c)de, <0 and 5 <0
Therefore, %ﬂl{{] >0
ac

Proof of Proposition 8-1

K% and K ©*, the optimal capacities of the i-th firm, may be either interior or corner
solutions. That is, we have to examine whether the KKT conditions, given by [19], are
satisfied simultaneously at each one of the three possible solutions (we do not analyze the

trivial solution, i.e. K¢* = 0 and K¢* = 0).

Scenario (i). K* = 0 and K“* # 0, i.e. u, = 0. K“* and p, are given by:

c_o¢
[A73] K& =TT and
) b(N+1) °
“1(1—e~ 1T @G _ Cc OC/T
(A74] = S S S et [l 1 06/ T — e glede.

c
Thus, this point is optimal iff 1) K¢* > 0,1.e. a = ¢¢ + 9?, and 2) u; =0, 1.e.

e—r(l_e—rT) ] f

_ CroC/T
— = T et fOC [c¢ +0¢/T —c.] g(c)dc,.

[A.75]
Scenario (ii). K¢* and K¢* are both interior solutions, i.e. A = 0, yu; = 0, and u, = 0.
K¢ and K¢* are derived from:

[A.76] T ,e

—re L AN KE) ) N+ 1) (K + KC) —
0

e—r(l_e—rT) ) O_G

P o and

ct] g(c)de, =



120

[A77] XTI e ™. aojb(N+1)KC* [c: —a+b(N + 1K) g(c)de, =

_ oo e T(1-e7T) 9C-6C
=1e7t fo (cc —c©) g(e)de, — e T

Thus, this point is optimal iff

—r(l e—rT) @G

_ Crol/T
— <E e rt fC [c @C/T_

[A.78] K% >0,i.e.
c¢] g(c)dcy, and
[A.79] K¢ >0,ie.c¢ +—<c0 T /=

—T‘(l e—TT) +_G.
- T
Scenario (iii). K¢* # 0 and K¢* = 0, i.e. u; = 0. KG and p, are solved from:

e—T‘(l_e—TT)
1-e™T

— G+
[A80] Xl et [SPWIK 0 h(N + DK — ¢ glc)de, =
G
2 and
T
T‘(1 e TT) @C_@G
1-e™

[A81] = -y 1e-” - f (e = ¢©) glep)dey.

T(l e TT) QG

Thus, this point is optimal iff u, > 0, i.e. c¢ + — > Co* T/ o

K% and K¢*, the optimal capacities of the i-th firm, may be either interior or corner
solutions. That is, we have to examine whether the KKT conditions, given by [8.9], are
satisfied simultaneously in each one of the three possible solutions (we do not analyze the

trivial solution, i.e., K* = 0 and K* = 0).

Scenario (i). K¢ = 0 and K“* # 0, i.e. u, = 0. K¢* and y;, are given by:

c_o¢
[A82] K¢ =Z""T and
) b(N+1) ’
-7 rT G
[A83] = % YT et fc o /T[ C+0°/T — ¢, ] g(cdce.

Thus, this point is optimal if
Cc
[A.84] K¢ >0, ica=>cC+ 9—, and
C C
[A85] iy 20ie, 02Xl et -[f" e
f] <0
T
Scenario (ii). K¢* and K* are both interior solutions, i.e., u; = 0, and u, = 0.K¢* and
K¢* are derived from:

G
[A.86] T et [fOCKG*’fKC* [cxersre- — c¢] - g(ce)de, — @?] =0,

€+0°/T —c]g(c)d -
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[A.87] T e Tt. I:ICKC*[CKC*— ¢l gle)de, + E(cy) — c€ + - 7] =0,

Thus, this point is optimal if:

c c
[AS88] KO >0,ie0<Xljet [

@G
o c“+0°/T — ¢ g(c)de, — T]

c G
[A89] K >0,ie cC+Z <E(c)+=
Scenario (iii). K¢* # 0 and K¢* = 0, i.e. u; = 0. K“* and p,, are solved from:
_ . 06
[A90] XLy e [k [co- — c] g(c)de. — %] = 0,and

e—T(l_e—TT) @C_@G _ co
1-eT T —Xi-1€ rt'fo (¢t — c©) glepdey.

[A91]  wp =

Cc G
Thus, this point is optimal if fu, > 0, i.e. ¢¢ + @? >E(c) + @?
Proof of Proposition 8-2

Following Lee et al. (2010), we have that the value foxg(ct)(x — ¢,)dc, increases with the

volatility, o, .

e T(1-e’T) 0€-0C .
— L if 0
1-e T Ct

For a given value of Y¥7_, e~ "t - fooo(ct -9 g(c)de, —

increases, then a — b(N + 1)K¢* increases to satisfy equation [8.11], and therefore K ¢*
decreases.

If g, increases and K ¢*decreases, then the LHS of [8.12] increases; therefore,

KFincreases to satisfy [8.12] m
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