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Abstract

This thesis addresses a common problem in the capital budgeting, the optimal time
and size of capital investment, using techniques of real options in a cooperative game
setting. In addition, it reflects a combination of real option theory to invest, coupled
with competitive game between a first mover and a second mover in the development of
a common-use asset and cooperative game theory between a first mover and a second
mover to capture a network effect.

In the model, two firms in the same industry have similar and interacting capital
investment opportunities, such as to build or purchase a production facility. There is
a real option for both firms to delay the investment until they have suitable price and
production conditions. There are advantages to a first mover who can build a facility to
its own specifications and locational or functional preference. This first mover advantage
encourages early investment. There is also a cooperative bargaining game to be played
between these two firms because the launch of one firm’s investment influences the payoffs
and therefore the launch of the other firm’s investment. Also, there is a beneficial network
effect from operating synergy if the first mover successfully encourages the second mover
to start production immediately by sharing the production facility.

Thus, the first mover has to decide when to build, what capacity to build and what
the optimal economic rent is for using the facility. The second mover has to decide
whether to use the first mover’s facility or build its own facility, and if it decides to build

its owns, what the optimal time and size are.
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Chapter 1

INTRODUCTION

Corporate investment decisions sharing the characteristics of irreversibility, uncertainty
and timing are often analyzed in the traditional real options literature which asserts that
investments should be delayed until uncertainty is resolved, by waiting for an optimal
threshold. However, in the oil and gas industry, or the real estate industry, firms are of-
ten observed to compete to become the first mover in investment by building significant
excess production capacity. They do this even when the commodity price is low, and and
knowing that there is a real-option value to wait. These strategic firms not only choose
the optimal investment time, but also make decisions about the optimal investment size,
whether to cooperate with the competitor by sharing the production facility, and how
much to charge the competitor for using the facility. Making the correct decisions on
these investment issues can either create or destroy significant value, which is of interest
to senior management in the firms. Such investment opportunities share similar char-
acteristics and can be analyzed using real option theory and cooperative game theory,
which makes them also interesting to academic research. Moreover, from a social value
perspective, it is important to determine whether having firms cooperate in the invest-
ment and share a production facility is more valuable than encouraging firms to compete
for the investment opportunity and build their own facilities separately.

This thesis studies the effect of interaction between firms’ flexible investment decisions
— the size (capacity choice) and timing of investment, recognizing firms’ capability of
making strategic capacity choice, extracting rents from competitors, and gaining from
network synergies with competitors. In fact, this thesis demonstrates an equilibrium real

options exercise game in which the investment cash flows are not purely exogenous to the



firm, but endogenous in the sense that its competitors react to the first-mover’s capacity
choice and timing decisions.

One application of this is the investment decisions of two adjacent gas producers.
Their decisions come in two stages. In the first stage, the natural gas price and the the
estimates of initial reserves will determine who develops the land (resource property)
first. The first mover then has to decide on the optimal size and timing of construction
depending on whether it plans to be cooperative or non-cooperative.! In the second
stage, the first mover and the second mover play a sequential bargaining game to decide
the optimal economic rent paid by the second mover to the first mover for use of the
common facility. The second mover has to decide whether to use the first mover’s facility
or build its own facility, and if it decides to build its own, the optimal scale and timing
of construction. By analyzing firms’ behavior under a general setting of a sequential
bargaining game of incomplete information in the presence of the positive externality,
this thesis demonstrates that firms sometimes invest earlier than optimal and build ex-
cess production capacity not only for the preemptive effect of a first mover advantage,
but also for being able to extract rent from the follower. The leader can improve its
enterprise value by being cooperative and building excess production capacity to lease to
the follower.

Furthermore, the simulation results provide several testable implications for under-
standing firms’ bargaining behavior in these investment projects. Firstly, the relationship
between firms reservation lease rate and commodity price is not monotonic. The leader
may set the lease rate high if the commodity price is below the follower’s exercise thresh-
old. But as the leader observes the price rising to the follower’s exercise threshold, it may

reduce the lease rate to to avoid rejection of lease, justifying a larger joint capacity. The

1The cooperative producer recognizes the economies of scale and the positive network effect and
thus will construct a larger production facility for sharing, whereas the non-cooperative producer will
construct a smaller facility optimal for its own reserves.



~ follower tends to reject the lease contract if the commodity price and the initial reserve

quantity are either low (where it doesn’t invest at all) or high (where it is profitable to
build its own plant). It tends to accept the lease .for some medium range of price and
quantiﬁy.

Secondly, the relationship between firms reservation lease rate and the network effect
is also non—monotonic. The network effect is positively associated with the firms’ lease
rate before the peak, but becomes negativeiy associated after the peak.

This thesis also provides insight into industry regulation for policy makers. When
several firms compete to develop a resource, it may help the regulator to decide whether
firms are optimally developing the resource by allowing future joint utilization of the
production facility, considering the price and quantity level and the magnitude of the
network effect, If the price is relatively low or high, the regulator should allow firms to
develop separately to ensure the resource is developed efficiently in time, whereas if the
price is varying in some medium range, it is probably more socially optimal to encourage
the cooperation among firms who wants to develop the resource. Moreover, by providing
a basis for the negotiation of the rent charges, it may help the to resolve the disputes
between the owner and other users of a production facility, which helps to capture the
cooperative network effect.

The recent article, Novy-Marx (2007) shows that opportunity costs and supply side
heterogeneity reduce the competition effect and leads to an investment threshold even

later than the standard real option threshold.



1.1 Literature Review

Classic real option literature? showed that firms should optimally delay investment until
a suitable threshold for price, demand or other stochastic variable is met. Myopic firms
simply apply the classical real option techniques to decide the optimal time of invest-
ment without contemplating future ramifications of their current investment decisions.
Nevertheless, the real options of different firms sometimes interact. For example, the
firms may have substitutable or complementafy inputs or outputs. There may be market
power, patents, proprietary expertise or location that cause these interactions. In such
settings, one firm’s investment decision may influence the other firm’s investment decision
through various factors such as the first mover advantage and the network effect. The
preemptive real options literature® documents a tradeoff between the real option to delay
(and resolve uncertainty) against the first-mover advantage. They use the intersection
of real options and industrial organization theory to analyze firms’ strategic preemptive
investment decisions. Not surprisingly, they find that competition reduces the real option
value and the investment delay. Most of these articles develop a Bertrand, a Cournot,
or a Stackelberg equilibrium depending on the type of competition assumed. The recent
article, Novy-Marx (2007) shows that opportunity costs and supply side heterogeneity
reduce the competition effect and leads to an investment threshold even later than the
standard real option threshold.

However, despite the substantial development of this literature, little attention has
been paid to the effects of positive externality on firms investment decision. The network

effect is also offset by the first-mover advantage that encourages early investment. The

2This includes Brennan and Schwartz (1985); Dixit and Pindyck (1994); Dixit (1995); Capozza and
Sick (1991); Sick (1995); Trigeorgis (1996)

3This includes Fudenberg and Tirole (1985); Smit and Ankum (1993); Grenadier (1996, 2002); Mason
and Weeds (2005); Garlappi (2001); Boyer et al. (2001); Murto and Keppo (2002); Lambrecht and
Perraudin (2003); Murto et al. (2003); Huisman and Kort (2004); Thijssen et al. (2006); Smit and
Trigeorgis (2004)



first mover advantage accrues to the first firm that builds or purchases a production
facility, because it can build or purchase the facility based on its own specifications, and
locational or functional preference. Moreover, once the facility is built, it can engage in a
bargaining game with later movers in which it offers to lease access to its facility. The first
mover has a tradeoff between the rents it can earn on a high lease rate and the opportunity
to capture network benefits by having the second mover enter early. Therefore, the
strategic firms not only choose the optimal investment time, but also make decisions
about the optimal investment size, whether to cooperate with the competitor by sharing
the facility, and how much to charge the competitor for using the facility. Decisions on
these investment issues can either create or destroy significant value, which makes them
important for management. Such investment opportunities share similar characteristics
and can be analyzed using real option theory and cooperative game theory.

The network effect* arises from cooperation that can yield operating synergy. The
operating synergy may come in the form of lower cost structure. A single firm may
not have enough production volume to make the construction or the purchase of the
production facility economically viable. If it can induce others to participate, the unit
costs will fall and it will face a lower cost structure including the saved fixed cost of
repetitive construction of common production facilities, lower unit production costs, lower
marketing costs, or lower transportation costs paid to a third party. Alternatively, the
operating synergy may come in the form of higher overall revenue because the cooperative

investment may generate larger market demand or improve the quality of goods.

4The industrial organization literature, such as Katz and Shapiro (1985, 1986); Chou and Shy (1990);
Church and Gandal (1993); Church and Ware (1996); Economides (1996); Bakos and Nault (1997);
Fudenberg and Tirole (2000); Mason and Weeds (2005); Farrell and Klemperer (2005), discuss the
network effect in a game theory context but not in the real option context.



1.2 Some Real Options and Sequential Bargaining Game Mod-

els

In the oil and gas industry, the airline industry, the real estate industry and the software
industry, investments usually require a large amount of capital to build or purchase a
production facility, which may be a plant, an equipment, a jet aircraft, an R&D patent
or some infrastructure. Investment decisions in these four industries involve a two stage
game. In the first stage, firms (trying to capture the first mover advantage) will play
a Betrand game in the case of differentiated product or a Cournot game in the case of
homogeneous product. If the two firms have the same cost structure and payoff functions,
there will be a simultaneous investment. If one firm has significant competitive advantage
over the other, it will invest first and Become the leader who gets a more favorable price
in the Bertrand equilibrium or larger production quantity in the Cournot equilibrium.
The follower’s strategy would be either to sell products at a less favorable price in the
Bertrand equilibrium or to produce less in the Cournot equilibrium. This could be the
final equilibrium providing the price or demand is deterministic.

However, when the price or demand is stochastic, the follower has a real option to
delay its investment until more favorable price or demand comes which makes both
firms proceed to the second stage where the leader and the follower play a sequential
bargaining game. In the second stage, the leader wants to encourage the follower to
start production earlier by offering to lease part of the production facility to the follower;
therefore the leader needs to determine the optimal economic rent and optimal investment
scale. The follower needs to decide whether to accept the leader’s offer or to wait to build
its own facility. Since these investments share common characteristics and exhibit similar
comparative statics, I will discuss the components of this real option bargaining game for

each industry first. Then I will formally construct and analyze the real option bargaining



model by solely focusing on the oil and gas industry in the rest of this thesis.

1.2.1 The airline industry

Airlines face stochastic demand for flights between city pairs. This gives them a real
option to decide when to start a route between two cities, and how much capacity to put
on the route.

Suppose two airlines, Air France and Lufthansa, have adjacent air transportation
markets between central Europe and North America. Air France prefers a Paris hub
whereas Lufthansa prefers a Frankfurt hub, because there are two advantages in locating
the hub in the airlines’ home countries. Building the hub at home allows the airport
to be built on the airline’s specification. It may also bring in potential future air travel
demand. The property right is clearly defined because neither of them has the route
authority in the other country. Since the air travel demand is uncertain, this is a real
option to develop a new route. The production facility is the aircraft and the terminal
facilities. The exercise price is the capital costs (mainly aircraft purchases) and the
number of airplanes purchased determines the production capacity.

In the first stage, two airlines will play a real option exercise game in which the first
mover (the leader) will develop the route and locate the airport in its home country
(either Paris or Frankfurt), and the second mover (the follower) will choose to wait until
more demand comes. In the second stage, to capture the network effect, the leader may
encourage the follower to start selling the similar flights between Frankfurt (or Paris)
and North American cities by offering a code-sharing program to the follower. The
code sharing program can reduce the number of empty seats on each flight and thereby
boost the revenue. The increased number of flights to the hub (the larger transportation
volume) may help bring down the unit airport servicé fee and reduce both firms’ operating

costs per seat. The leader’s decisions include how many planes to order, and how much



to charge the follower for code sharing. The follower’s decisions are to accept the leader’s
offer and how to bargain with the leader in terms of the code-sharing, or to delay its

plane purchase until more uncertainty about the demand is revealed.

1.2.2 The real estate industry

Real estate developers often make decisions on whether and when to develop adjacent
undeveloped properties. Suppose there are two real estate developers who own adjacent
undeveloped properties that can be developed into a residential area. There is a network
effect arising from shared infrastructure (roads, schools, shopping centers). The demand
for houses in that area is uncertain and so is the selling price. There is a real option to
develop for both companies. In the first stage real option exercise game, the leader and
the follower will be determined depending on the house price and number of houses to be
built. The leader becomes the main developer and the follower is the home builder. In
the second stage, the leader can offer lots in its developed area, upon which the second
mover can build. The leader and follower can capture the network effect if they can
induce third parties to build schools, shopping centers and upgrading roads. This is
more likely to happen if they cooperate and build more houses. The leader has to decide
the size of the neighborhood, the construction scale of these infrastructure, how much
to charge the follower for sharing the infrastructure. The follower has to decide whether
to accept the leader’s offer and start to develop immediately, or wait to build its own

infrastructure in another neighborhood and develop in the future.

1.2.83 The software industry

Software companies often have to decide whether to develop multiple software packages
with related functionality. Software packages can share file standards or inter-operability

(plug-ins). In the first stage, the two companies will have a real option patent game to



develop new software as discussed by Miltersen and Schwartz (2004). In the second stage,
the leader may offer the follower a license contract which allows the follower to use the
leader’s patented software to develop related applications. The leader’s decisions include
the optimal software capability — the number of functions provided by the software as
well as the optimal license fee. The follower’s decision is whether to use the leader’s
patent by .paying the license fee, or to delay and perﬁaps develop its own software later,
depending on the evolution of demand. The network effect may result from the avoidance
of repetitive R&D investment, or from the increased software value due to improved

compatibility and a larger customer pool.

1.2.4 Thé oil and gas industry

In the oil and gas industry, producers often own adjacent lands from which they may
produce in the future. This provides for an opportunity for joint use of infrastructure to
exploit the resource. Two such types of infrastructure typically have different ownership

structure.

1. Gas processing plants remove liquids and hydrogen sulfide from the gas at the field
before it can be safely shipped by pipeline. Gas plants are typically owned and
operated by the first company to drill in a particular field, and they may build

excess capacity and lease out that capacity to other producers in the same area.

2. Pipeline gathering systems are needed to ship the gas to central hubs, where they
join the main line pipelines that distribute gas to consuming areas. These are
typically owned by a company that specializes in pipelines, and it usually isn’t a

producer.

There are fixed costs in both of these types of infrastructure, which generates a

network effect. A single gas producer may not have enough reserves to make a gas plant



or pipeline connection economically viable. Also, if it can induce others to participate
in the infrastructure, the unit costs will fall and it will tend to face a lower overall cost
structure to produce its reserves. The first mover advantage accrues to the first company
(the leader) that builds a gas processing plant to serve the field. The advantage arises
because the leader can locate the plant near its part of the field and can customize the
construction of the plant to be most efficient with the type of gas it owns. In the first,
stage, firms having similar size of initial reserves will invest simultaneously whereas if one
firm has larger initial reserve, it will develop first and becomes the leader. In the second
stage, once the plant is built, the leader can extract rents from the follower because of
the fixed costs of building a competitive plant. However, the leader’s efforts to extract
rents are offset by its desire to have the follower agree to produce, thereby enabling the
pipeline to be built or reducing the toll charges it has to pay the pipeline owner to induce
it to build the pipeline. Also, there is a tradeoff between the first-mover advantage for
building the gas plant and the real options incentive to delay construction until more
uncertainty about volumes and prices can be resolved. The leader decides the optimal
plant capacity and the leasing fee. The follower decides whether to accept the leader’s
offer or wait to build its own processing plant.

This thesis is a collection of one theoretical paper analyzing dynamic real option
sequential bargaining game between firms with large capital investment decisions, one
paper using the least squares Monte-Carlo method to simulate the equilibrium of the
game, and an gmpirical paper describing the application of the theoretical model to the
oil and gas industry. The objective of this thesis is to analyze real option exercise games
by allowing size and timing decisions, as well as by incorporating the network effect
into a dynamic bargaining game of incomplete information. This thesis will identify and
characterize the set of equilibria of the associated game and empirically test the dynamics

between output price and firm’s choice regarding cooperation given network effects, real

10



options and incentives for preemption.

The remainder of the thesis is organized as follows. Chapter 2 develops a theoreti-
cal real options bargaining model for firms having mutually affecting capital investment
projects. As in Grenadier (1996); Garlappi (2001); Murto et al. (2003); Imai and Watan-
abe (2005), I extend the backward induction solution for a real option in this game theory
setting to provides a simple computation of a subgame-perfect Nash equilibrium. Firms’
prior and posterior beliefs are explicitly laid out and analyzed. Those non-credible threats
and promises are ruled out. Finally, a perfect Bayesian equilibrium is chara}cterized for
this dynamic bargaining game under incomplete information using Coasian Dynamics
as discussed in Fudenberg and Tirole (1991, Ch10). Chapter 3 applies the Longstaff
and Schwartz (2001) least squares Monte-Carlo method to simulate and optimize the
real options values which leads to an efficient computational procedure to determine op-
timal investment time and size, when and whether firms should be cooperative, what
the optimal economic rents are under the assumptions of stochastic prices and produc-
tion quantities. Chapter 4 then empirically tests the hypotheses developed in previous

chapters.

11



Chapter 2

A MODEL OF THE REAL OPTIONS AND

SEQUENTIAL BARGAINING GAME

This chapter develops a real option exercise game model using the oil and gas industry as
an example. However, the derived perfect Bayesian equilibrium of firms’ non-cooperative
or cooperative investment decisions would be of general instructive value to other afore-

mentioned industries as well.

2.1 Model Assumptions

Suppose there are two gas explorers, A and B, who have adjacent properties for gas

exploration and production. There are two kinds of uncertainty.

Production uncertainty
The first is the technical uncertainty of the estimated quantity of reserves on the property.
Let Q;(t) be producer #’s expected remaining reserves conditional on information gathered

to time ¢ and production up to time ¢.

dQi = pi(Qi)dt + 04(Qi)dz, i€ {4, B}

where the correlation pg = corr(dza, dzg).

Production at rate ¢; does two things:

1. It depletes the reservoir at rate g¢;;

12



2. It provides information that causes revised information about total reserves. So

0i(g;) is non-decreasing in g;.
dQ; = —qdt + 0:(g;)dz;.
One can assume exponentially declining production volume:
g = ;@

where «; is the production rate. But, this doesn’t usually happen, because there are
two constraints on production. One is a regulatory or technical upper bound on the
production rate ! §; = @;Q;, for some fixed @;.

The other is the capacity of the processing plant, ¢f. Therefore, the production rate

¢; must satisfy the following constraint if there is one producer and one plant only:
g; < min{gf, @%Qs}. (2.1)

Initially, the capacity constraint is binding. But there is a production switch when
;Q; falls below ¢f for i € {A,B}. After this switch, the regulatory and technical
constraint is binding.

Otherwise, if each producer has a plant (and is willing to lease production capacity

to the other), then the constraints are:

s <®Q: 1€{A B}

ga+ g8 < ¢4 +qp.

1Regulators often restrict the production rate to avoid damaging the rock formation and having water
floods, which could reduce the ultimate production from the field. Also, there is a natural maximum
flow rate for the field depending on the porosity of the rock.

13



At the start of production, when plant capacity is binding:

d%t(t) =—¢f = Qi(t) = Qi(r) — ¢t (7 <t < bitrans)

where 7; is player 4’s production starting time. If the gas used in the production process
is significant, this differential equation would need to be adjusted. 6;rans is defined as

the transition time from the capacity constraint to the technology/regulatory constraint:

aiQi(ei,trans) = qzc (22)

= O [Qz (Tz) - q1,c gi,trans] = Qf

(7 1
= ei,trans = Ql(c z) - _- (2.3)
q; &
After 6; yrans, the reserve quantity is binding, so the actual production rate is @;.
dQ;(t _ — s (0
_Q_dzt(_) = —aiQi(t) = Qz(t) = Qi(ei,trans)e Gi(t=0rans) (t = e'i,trans)-
Thus, producer ¢’s production function is
ch te [Tia gi,trans]

aiQi(ei,tran;)e--&i(t—ei’“ans) t € [6; trans, 03]

where 8; is producer 4’s maximum production time of its property.?
¥

2The remaining reserves continue drop once the production starts. After producing for certain period
of time, the remaining reserves will drop below a critical level at which it may be optimal to shut down
the production because the profit may not be able to cover the variable production cost then.
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Price uncertainty

The price of gas P is a source of economic uncertainty.. Assume it follows the diffusion

dP = p(P)dt + o(P)dzp

where the correlation between technical and economic uncertainty is zero: corr(dzp, dzs) =
corr(dzp,dzg) = 0.
More specifically, to simplify the numerical simulation of the investment game in later

sections, the gas price is assumed to follow a Geometric Brownian motion, i.e.,

dP=uPdt+O'deZp )

The general standard deviation o(P) becomes a functional form o(P) = opP. The drift

rate u(P) = pP.

Construction cost

The cost of constructing a gas plant with capacity of ¢f has fixed and variable components:

K(g)=a+bg ie€{A B}

where the producers have the same construction parameters a,b > 0.

2.2 The Players’ Investment Decisions

Let r be the risk free rate of return and f be the systematic risk factor. Suppose the
underlying asset is priced by the capital asset pricing model. The investment asset is

expected to earn a risk premium in proportion to the covariance between asset price
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changes and the risk factor, which suggests the following relationship:

WP + 0P =rP+ A\pfpP

= u+d=r+Apfp

_ _covdPdf) . , o .
where S(P) = T Ap is the risk premium for the systematic risk factor f, and
8(P,t) is the rate of convenience yield of the underlying assets. The risk-neutral drift of
ﬁrice, fi becomes p — ApfBp =7 — ¢. Since the price is assumed to follow the GBM, the

futures price P; follows

P, = P, elito3/2)(-m),

Similarly, the risk-neutral drift of Q is: (Q)—XoB(Q) = —g:, where 5(Q) = 0 because
the production rate ¢; = 0 is zero before the initial investment. After the production
starts, the producers are price takers and their level of reserves is unrelated to market

prices.

2.2.1 Investment decisions with isolated players

Suppose that neither producer initially has a gas processing facility. If the producers’
properties are not adjacent, the problem for each producer will be a classic two dimen-
. sional real option problem. The real option decisions are those that would be made by a
monopolist owner of the project, without any consideration of interaction with the other
producer. The optimal development option for producer ¢ € {A, B} has a threshold
{(P*(Q:),@:) | Q; € R*} where P} : Rt — R* is the threshold development price if the
estimated reserves are @;. That is, producer % deyelops the first time (P;, Q) are such

that P; > P*(Qiy)-
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The cash flow for producer 4 at time ¢ is m;; : R x Rt — R given by
e = (P — )iz (2.5)

where C is the variable production cost. The risk neutral expected payoff from an

investment made by player 4 at time 7, is:

0; .
Wi(P, Qi) = B / e dt — K(gf). (2.6)

This evolves as a diffusion process ‘which may have a simplified threshold level® of
cash flow 7*. But this is not necessarily the case, since the uncertaiﬁty‘and risk neutral
growth rates in @ and P may not be the same, so that the level of profit may vary over
the threshold boundary. These isolated producers are non-cooperative in the sense that
they do not have to consider the strategic effect from the investments by the competitors.
As P and @ are assumed uncorrelated, generally, these non-cooperative firms’ value of

the investment opportunity(real option values) V (W (P, Q),t) must satisfy the valuation

PDE:*
% [02(@)Vaq(P, Q) + 0*(P)Vep(P, Q)] + Vo(P, Q)u(Q) + Va(P, Q)(r - 5) -
+V= TV(P) Q)

and the value-matching and smooth pasting boundary conditions:®

$Lambrecht and Perraudin (2003) discuss the possibility of a sufficient statistic to determine the
threshold.

4This is an two dimensional extension of the classic model of operating real options by Brennan and
Schwartz (1985) and Sick (1989) to finite reserves using Ito’s lemma, assuming no risk premium for the
quantity variable and no correlation between price and quantity.

5See appendix A for a detailed derivation of the two smooth-pasting conditions.
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V(P Q") =W(F

W 91 trans
Ve(P, Q") = 2 { r——
l 2.8
+ / e(ﬂ—"') (t—Ti)—ai (t—ei,trans) qfdt:l ( )
Vo(P", Q") = aQ [ o e (P, - Oy e“’i(t‘(""‘*"s)dt].

Equation (2.7) with the boundary conditions, equation (2.8) can be easily solved

numerically as Section 3.2 will demonstrate.

2.2.2 Adjacent players’ investment decisions

Cooperative producers will follow a symmetric, subgame perfect equilibrium entry strat-
egy in which each producer’s exercise strategy maximizes value conditional upon the
other’s exercise strategy, as in Kreps and Scheinkman (1983); Kulatilaka and Perotti
(1994); Mason and Weeds (2005); Garlappi (2001); Thijssen et al. (2002); Huisman et al.
(2003); Imai and Watanabe (2005). The solutions have two different exercise models:

simultaneous and sequential exercise.

Equilibrium with simultaneous exercise

Suppose both producers have the same expectations of initial reserves on their own prop-

erty, after the exploration. Denote F' as the follower, and L as the leader, F, L € {A, B}.
In this case, P5(Qa) = Pj(Qp) = Pi(Qr) = Pi(QL), and both producers have the

same trigger price. Once the price hits the trigger, they both want to exercise the real

option and build their own plant immediately. Whoever moves faster becomes the nat-

ural leader. However, given that the prices P and quantities @4, @p are continuously

distributed and not correlated, this is a knife-edge condition that only occurs with prob-
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ability zero if the producers do not interact. In other words, they do not move together,
i.e., Q4 # @p at the development threshold.

However, when their properties are adjacent, they can interact. The leader can build
a plant large enough to process both producers’ gas and offer a processing lease rate to the
follower to induce the follower to cooperate and generate a network effect. The follower
can accept the offer and process its gas in the leader’s plant, or build its own processing
plant right away or later. If they are cooperative, they will exercise simultaneously and
play a bargaining game at that time to determine the lease rate [ and plant capacity ¢f.
I define the follower in this simultaneous exercise case as a big follower, denoted as Fj.

For simplicity, I assume that they both commit not to renegotiate the lease later.

Equilibrium with sequential exercise
Suppose the leader has a larger initial reserve and therefore lower optimal trigger price
P*(Qr). In this case, P}(QL) < Pp(Qr) for L,F € {A,B},L # F. The leader will
enter alone, building a gas processing plant to cover its own production only. Once its
production volumes decline, it will offer excess capacity to the follower at a lease rate [ to
be negotiated, bearing in mind the follower’s reservation cost of building its own plant.
Thus, there is a bargaining game played at and after the time the leader decides to
build the plant. This game determines whether the follower starts production at the
same time or delays. If the follower accepts the lease, both producers start production
simultaneously and the game ends. If the follower rejects the lease, they play the same
sequential bargaining game at subsequent dates, where the leader offers a lease rate and
capacity, and the follower decides whether to accept the offer, build its own plant or delay
further. I define the follower in this sequential exercise case as a small follower, denoted

as F.
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2.3 The Sequential Bargaining Game under Incomplete Infor-

mation for Adjacent Players

One significant difference between this thesis and other option exercise game papers is
that I model the expected payoff W(P, @, 5,1, ¢, N) as a result of a lease vs. build
(exercise the real option of investment) bargaining game when the two producers have
adjacent properties in the presence of the network effect V. This bargaining game is
a dynamic game of incomplete information as the leader does not have the information
about the follower’s payoff function.

Denote 7, as the first time (P, Q) hits the threshold (P*(Qr), Q). The follower also
solves for a threshold trigger price P*(Q r) that determines the optimal condition under
which it would build its own plant and start production. Denote the first hitting time to
the threshold (P*(Q r),Q p) by the stopping time 7p € [71,00). Hence the big follower
exercises at 7p, and 7g, = 71, because the big follower’s initial reserve is of the same size
as the leader’s. The small follower exercises at 7m, > 7Tm, because the small follower’s
initial reserve is smaller than the big follower. The lease will start at Tease € [77, 78]
The leader’s maximum production time is ;. The big or small follower’s maximum
production time is 0, or dr, respectively.

The timing of the game is illustrated in Figure 2.1.

Option: | i
0 T
Fb: i : S )l
TR Op,
L: I : ; T >'
T eererenen e or,
Fs: I I .................................... >|
TF, Or,

Figure 2.1: The leader and the follower’s timeline
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I now formally construct this sequential bargaining game under incomplete informa-
tion. There are two players in the game, the leader and the follower. The product to be
traded is the leader’s excess processing capacity, where the leader sells capacity to the
follower. The quantity of product to be traded is the contracted fixed lease production
capacity per unit of time gpr,. The network effect is the gain from cooperation. The
transfer is the leasing fee [ from the follower to the leader. The leader knows its cost of
providing the excess capacity K(-). The follower has private information about its valu-
ation Ir € {lp,Ir}, which will be defined in Section 2.3.3. The benefit from bargaining
with the leader is smaller for the big follower than for the small follower. Hence, there
are two types of buyers, the low type buyer (the big follower, F}) who values the lease
at I and the high type buyer (the small follower, Fs) who values the lease at [r. The
leader does not Rnow what type of buyer the follower is. Therefore, there is a conflict
between efficiency (the realization of the gain from cooperation) and rent extraction in
mechanism design. The leader’s strategy space is to offer the lease at either p, or Ip.°
The follower’s strategy space is to either accept or reject the leader’s offer. If the follower
accepts, the game ends. If the follower rejects, the leader will make another offer in
the next period. The decision variables are the leasing rate [, the cooperative and non-
cooperative plant capacity choices ¢i¥, or ¢¢ and ¢%, which determine the construction
costs K(q¥), or K(g%), K(¢%) and production volumes gz, and gp. The players’ expected
payoff functions will be discussed in detail in Section 2.4. The exogenous variables are
the stochastic gas price P, the expected reserve quantities at the time of construction,

Q1 and Qp as assumed in Section 2.1, and the network effect V.

61 decide to analyze the mechanism bargaining on the lease rate ! only, in which gr, 1 = g5 = gL,
which leads to [ f :; btdt > |, f ~* tdt because the Fj has larger initial reserve. There is another way of

designing the bargaining mechanism. The leader can provide two types of contracts, {{z, gr,r} and
{lr,qrsL}, where lp < lp and gpp1 > grgr. This is a bargaining game on both the lease rate and the
lease quantity.
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2.3.1 Two-stage optimization for adjacent players

Each player ¢ has three decision variables over which it must optimize. One is a function
P(Q;), rather than just a single variable. Player ¢ must select a manifold of prices and
quantities that describe the trigger threshold for exercise. It is the same for both players,
such that the player 7 develops as soon as the randc;m variables (P, @;) are such that
P > P(Q;). The second variable, ¢f, is the capacity chosen by the players. The third
variable, [, is the reservation lease rate for the players, i.e., the highest lease rate the

follower would accept or the lowest rate the leader would accept respectively. Let

Us coop (P, @i, q{}coop, li; Neoop) be the total enterprise value for player ¢ when it is playing _

cooperatively, and

Uine(P; Qi @ nc; Nne) be the total enterprise value for player ¢ when it plays non-cooperatively,

or in isolation from the other player.

The optimization of player #’s non-cooperative enterprise value, U; nc is done in two

stages.
e Stage 1: For each feasible (P, Q;), assume that the firm develops the field at that
pair. Solve for the optimal capacity as

qf>k = argmax Ui,nc(P7 Qis Qf’ NHC)'
%

The solution is ¢f*(P, Q;) and the value is Uj sc.

o Stage 2: Given Uync(P, Qi, ¢¢*(P, Qi); Nr,) as a function of (P,Q;) solve for the
optimal development threshold Py (Q;).

Use this two-stage process to solve the problem of the follower, as a function of

(P,Q;) and the capacity the leader offers and the lease rate it offers for that capécity.
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This will give a reservation lease rate for each capacity and price-quantity pair such that
the follower is just indifferent between accepting the lease and taking the non-cooperative
value.

Finally, the two-stage solution will determine the leaders optimal capacity to build,
capacity to offer for lease and lease rate associated with that capacity. It optimizes,
knowing the follower’s reaction to the lease rates and capacity offered. Then, it optimizes
the threshold for development in the stochastic price-quantity space.

The equilibrium of the game affects the expected payoff W(P,Q;, df,li; N), which
affects the optimal exercise trigger of the option. Conversely, the exercise of the option de-
termines the value of P* and @}, which will affect the expected payoff W (P*, QF, ¢¢*, I¥; N)
which further affects the refinement of the players’ strategy space and hence the equilib-
rium of ‘the game.

In this game, the adjacent players will maximize their own total enterprise values by
optimally controlling their respective capacity choices ¢f, ¢% and the lease rate [, given
the two stochastic variables P and @); that evolve over time, and the exogenous network

effect N.

2.3.2 The network effect — gains from cooperation

" The network effect N is modeled as the reduction in pipeline tolls, one component of the
production cost that affects players’ cash flow. Economy of scale and network effect of
pipeline arise because the average cost of transporting oil or gas in a pipeline decreases
as total throughput increases. As discussed in Church and Ware (1999), there are two
categories of costs that generate network effects. In the context of the joint pipeline, they

are:

1. Long-run fixed operating costs: The cost of monitoring workers is a long-run fixed

cost due to the indivisibility of workers — a minimum number of monitoring workers
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is required. This cost is fixed as it is independent of throughput in the pipeline.
2. Capital investment cost

e Setup costs: The expenses associated with the planning, design and installa-

tion of the pipeline are fixed setup costs, which results in economies of scale.

e Volumetric returns to scale: The costs of steel are proportionate to the surface
area. The capacity of the pipeline depends on its volume and the amount of
horsepower required. The amount of horsepower required is determined by

resistance to flow, which is decreasing in the diameter of the pipeline.

Among these two cost categories, if the total throughput increases, the long-run fixed op-
erating costs per unit of throughput capacity will decrease, which generates the category
1 network effect N1. N' is monotonic increasing when the total throughput increasing.
Hence, producers will get N* only when they both produce. In addition, setup costs and
volumetric return to scale will generate the category 2 network effect N? if the pipeline
company is strategic and can anticipate the future exercise of both players. If the pipeline
company observes a higher probability that players will be producing together for a cer-
tain period of time, it may build a larger pipeline to accommodate both of them. Thus,
the producers will get N? if the producers can make a commitment to a larger throughput
volume.

The pipeline company has to decide whether to build and, if it builds, what the capac-
ity and toll rate should be. For simplicity, I will assume that, based on the information
about both producers’ initial reserve Qr,Qr and production rate gy, gr, the pipeline

company can estimate and build a pipeline to accommodate the non-cooperative total
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transportation throughput, (¢znc + grnc), for the leader and the follower.

The actual non-cooperative pipeline throughput

qL,nc(t) when t < 7p;

QL,nc(t) + QF,nc(t) When t 2 TF.

This results in a higher pipeline toll rate for the leader before 77,7 and a lower pipeline toll
rate (category 1 network effect N') for both producers after 77 as the total throughput
transported increases. If the lease contract is negotiated successfully at Tiesse < T OF
even simultaneously at 7, the pipeline company sees the producers’ commitment, and it
will construct a larger pipeline to accommodate this larger cooperative total throughput,

9L coop(Tiease) + GF.coops Which will generate the category 2 network effect, N2.

The actual cooperative pipeline throughput

QL,coop(t) when ¢ < Tlease)

QL,coop(t) + QF,coop(t) when ¢ > Tiease-

2.3.3 The follower’s individual rationality constraint

Small follower Fy’s IR

The small follower can either lease the capacity from the leader at Tjease, Or delay further
until 7, to build its own plant. The small follower gets the network effect in both cases.
The difference is that if it chooses to build its own plant, the benefit of the network effect
comes only after 7z, and will end at 6, when the leader’s production ends. Denote this
network benefit for a small follower that builds its own plant as Nfgs =N- ffF’; qre dt. If it

chooses to lease, the lease contract may allow the small follower to start production earlier

7T will suppress the subscript B and S for F if I are not differentiating the F}, from the F; in the
context.
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than 7p, and small follower will get the network effect in the interval [Tiease, 8]. Denote
this network benefit for the small follower who leases the plant as N2 = N fﬁ:’m qrs dt.
Clearly, Nf > N,fgs as Tiease < Tr,. Therefore, for small follower, the lease contract
not only saves capital investment,® but also increases the total amount of network effect
received. The small follower will make the comparison of Up, nc and Ur, coop 2t the date
after 7, whenever the leader offers a lease at rate [. This gives the small follower’s

individual rationality constraint:
Ur, coop(Py @rys lrs NP2 ) 2 Upy (P, Qr,» 455 N2E ) (2.9)
which defines the high type buyer’s valuation of the lease:
Ip= Sup{lp € R* : Ur,coop 2 Uy nolag, =az; } . (2.10)

Big follower Fp’s IR
The big follower develops the field at the same time as the leader. The big follower’s

individual rationality constraint is:

UFb,coop(P, QFb)LF; Nziasc=7-pb) > UFb,nc(Pa QFb)Q?Z;Nﬁ}%)' (2'11)

For the big follower, Nf& = Nflgb , the lease does not increase its total amount of network
effect received, but reduces its capital cost. Hence, the low type buyer’s valuation of the

lease:

lp= sup{lp eRt: UF, coop = UFb,nc|4%b=Q%-’;}' (2.12)

8The annual cost of owning an asset over the its entire life is calculated as EAC(K (¢%)) = ﬁff—‘_’:%)rﬁ.
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Notice the right hand sides of equation (2.10) and (2.12) are optimized over ¢%, which
means Upcoop has to be greater than Upy. when the follower builds the optimal capacity
for itself. Since Upcoop is decreasing in [, when equation (2.10) and (2.12) are binding,
théy determine a reservation lease rate I or [ w for the small follower or the big follower

respectively.

2.3.4 The leader’s individual rationality constraints

At 71, the leader has a non-cooperative optimal capacity g% which maximizes its total

non-cooperative enterprise value Ur,n.(P, Qr, ¢%; fo? ), Where Nf‘? =N ffFL e 4
q%* = argmax UL,nc(P7 QL) Q.CD NfFL)
af

A non-cooperative leader is a leader who does not consider the possibility of leasing
excess capacity to the follower in the future. Thus, the Uy . function does not involve
a lease rate I. The network effect NfZ occurs when the follower’s production starts
at 77 and ends at ;. This is different from the leader’s cooperative enterprise value
UkLycoop(P, Qr, 4, 1; N2= ) as defined in subsection 2.3.1, where N2 = N - fgfase qre dt.
This early network effect Nf]fase occurs when the follower’s production starts at 7jease and

ends at ;. I now define the leader’s cooperative optimal capacity as:

q%* = argmax UL,coop(P) QL) q%, l: NeL )

Tlease

a2 (2.13)

st. Tlease S TF.

The leader will build cooperative capacity if the following individual rationality or par-

ticipation constraint I(IR;) is satisfied:

UL,coop(P) QL)Q%*:Z;NGL ) 2 UL,nc(P7 QL)QE*;prL)' (2'14)

Tlease
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Moreover, the leader’s additional cost of building extra capacity (¢ — ¢%) has to be

compensated by the present value of all future leasing fees, plus the benefit difference

between NP- and NfZ, i.e., the leader’s participation constraint II (IRyr):

O
/ e (grr - 1) dt+ (N2 — NJE) > b- (qf — ¢f)
T

oo (2.15)
Ja F
= e™(gpr, - 1) dt + N - ane dt 2 b(qr —gB)-

Tlease Tlease

If inequalities (2.14) and (2.15) are binding, they determine the leéder’s cooperative
capacity ¢ and the lease rate I. Otherwise, they set the upper bound for ¢f and lower
bound for {.

If the follower is the high type F, the leader obtains an increase in network effect.

Equation (2.15) then becomes:

eFS _ TFs '
/ e (grr - lp) dt + N - / azs dt > b(g? — ¢5). (2.16)

Tease Tlease

If the follower is the low type Fp, the leader obtains no increase in network effect by
encouraging Fy to lease because 7p, = 71, and Tiease = 71, = Ng};ase = NP%. If Fy accepts

the lease, it saves the capital cost of K(g,). Equation (2.15) then becomes:

9Fb .
/ gy - Lp) dt > b(a® — ). (2.17)
!

case=TL=TEF, :

In other words, {r and lp defined in equation (2.10) and (2.12) have to satisfy equa-
tion (2.16) and (2.17) respec;,tively, in order to give the leader enough motivation to build
extra capacity. ]

Also, it makes no sense for the leader to build cooperative capacity that cannot be used

when production is at a maximum, so by (2.1), ¢f < Gy ,, +Trr, = QL +TFrQpy,- If

this inequality is strict, the joint production is constrained until the leader and follower
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have produced enough so that their combined maximum production rate is below the
plant capacity. The leader’s cooperative capacity has to be at least as large as its own

maximum production rate, i.e., ¢¢ > qr,,.

2.3.5 The leader’s control set {¢¥,!}

Recall that g;, and gz° are defined as the leader’s and the follower’s production volume
respectively, ¢f is the leader’s non-cooperative capacity and @y and @r are the max-
imum production rates that are set by a regulator or technological constraints. From

equation (2.4), the non-cooperative leader and follower’s production functions are:

af ' t € [71, 0L trans];
qL’nc(t) = (2-18)

aLQL(gL,t;rans)e_E’ZL(t—-al”tm's) te [gL,trans; 9L]7

and .

% t € [71, OFtrans);

QF,nc(t) = _ (2.19)
aF QF (GF,trans) e—’&p (t—oF’tranS) te [eF,trans ’ eF] .

- After 0r trans, the non-cooperative leader’s capacity is not binding, and it can offer the
follower its excess processing capacity ¢f —qr, providing the follower has not built its own
plant yet.

This gives the cooperative follower’s production volume under leasing:

qF.coop = min{Qﬁ —dqr, aFQF}

Suppose that there is asymmetric information about the leader’s and follower’s initial

reserves. The leader can only make an estimation about the follower’s expected initial

9For notation simplicity, I suppress the subscripts S and B for F in this subsection as Fj, and Fy’s
production functions share the same functional form.
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reserve quantity @ and maximum production rate and &@p. Based on this estimation, the
leader builds a gas plant which can process the amount ¥ > qL,coop + QF,coop PETr UnNit of
time. The results of the bargaining game depend on the amount of information available
to the leader and the follower. The cooperative leader will estimate both producers’
needs and build a gas plant with capacity ¢ > ¢¢. Therefore, the above production
function becomes:!°

gFcoop = min{Qg — 4L,coop; aFQF};
(2.20)

0< 4L coop < min{‘]%)_dLQL}-

The cooperative leader has an excess capacity of ¢¥ — qr,coop, Which will increase
as the leader’s production volume ¢ coop falls over time. Assume that the cooperative
follower will use all the capacity offered in the lease until reserves drop to constrain the
production rate. That is, greoop = min{grr, @rQr}. Once excess capacity reaches the
contracted leasing capacity gpr, at Tiease, the lease can start. The cooperative production

function is:

Q% te [TL; 9L,trans];

QL,coop(t) = (221)
aLQL(HL,t;rans)e-'a):'(tmeL’m""s’) te [eL,trans; 9L]7

and

qrL te [Tlease> eF,trans];
@ coop(t) = (2.22)

aF QF (QF,trans ) e—aF (t=0rtxans) te [OF,trans ’ QF] .

The cooperative leader’s choices about ¢§ and ! will have opposite effects on 7iease-

On one hand, the cooperative leader can control an early or late Tiease by controlling

10 The production volume for the leader might be set at the upper constraint in equation (2.1), but it
is also possible that the leader will constrain production to induce the follower to enter, so it may also
negotiate with the follower on the time-profile of gas plant capacity offered, as well as the lease rate.
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the size of its cooperative capacity ¢¥. When ¢f is larger, the lease can happen earlier.
The earlier lease will allow the cooperative leader to benefit from the network effect
earlier than 77. The incremental benefit of this earlier network effect is calculated as
N ( fgfm qre dt — |, To FL qre dt) in equation (2.15). On the other hand, the cooperative
leader wants to charge the follower the highest leasing rate up to Iz for a small follower
or I for a big follower as defined by equation (2.10) and (2.12).*' Thus, the lease offer
is inversely related to the time the lease is accepted. The cooperative leader’s objective
is to find a balance among the incremental network effect benefit, the earlier leasing fee,
and the extra construction costs of ¢§ —g$, bearing in mind the fact that a high lease rate
will cause the follower to delay. Denote this equilibrium leader cooperative capacity as
¢, which gives the leader the largest total enterprise value and also ensures 7., < 77,
as defined in equation (2.13).

In addition, both the leader and the follower will have to consider how much pipeline
space to request and the term of the request. If the producer(s) commit(s) to a larger
volume or longer-term contract, the pipeline toll rates will be even smaller, generating
a category 2 network effect as discussed in Section 2.3.2. The leader and the follower’s

strategy map is shown in Figure 2.2.

11Tn fact, this is the standard way of extracting rents through price discrimination without losing the
efficiency.
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Figure 2.2: The leader and the follower’s strategy map with timeline
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2.4 The Leader’s and the follower’s Cash Flows and Expected
Payoff

Let C be the variable production cost for both the leader and the follower, including the
pipeline tolls. The network effect N is the toll reduction that arises from transporting a

larger amount of oil and gas with smaller unit breakeven toll rates.

2.4.1 * Non-cooperative leader and small follower

In this case, the leader and the small follower each build up a gas plant to process their
own gas separately. The leader builds a plant only large enough to process its own gas.
The small follower enters later and builds its own plant. The leader will not get the
network effect until the small follower also starts producing. The leader builds at the

stopping time 77, > 0 and the small follower builds at 75, > 71.

Stage 1: t € (71, 7r,), only the leader produces
The leader has started production but the small follower is still waiting. The network
effect does not exist at this stage because the pipeline can only charge the leader. The
operating profit is

Thmeirs = (P — C)qinets  t € (12,78,
where g nes is defined in equation (2.18). The risk-neutral expected payoff to the leader
is

TFg

S1 I —rt, S1
WL,nc,TLIFs - E’FL/ € WL,nc,t|Fs dt
TL

where E, is the risk-neutral expectation conditional on information available at time ¢.

The small follower has not built yet in this stage and therefore its cashflow is zero.
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Stage 2: t € (7p,,01), the leader and the small follower both produce
The small follower enters at 7p,, but can only ship gas in the residual space on the
pipeline, which was built to accommodate non-cooperative total throughput. The leader

and the small follower will get the network effect in this stage, and their cash flows will

be:

WE?nc,ﬂFs = (Pt -C+ N)QL,nc,t) te (TFS7 OL)

WISTf,nc,t = (Pt -C+ N)QFs,nc,t; te (TF3> 9L)

where qp, nc; is defined in equation (2.19) by replacing F' with F;. The expected payoffs

to the leader and the small follower are, respectively:

or
S2 o —rt, 52
WL,nc,TF3|Fs - ETFS / € WL,nc,t|Fsdt
TR

&,11C, TRy

oL
52 [ —rt,_S2
and WF = ETFs / e ﬂ-Fs,nc,tdt'
TF,

]

Stage 3: t € (0r,05,), the leader’s production ends and only the small follower
remains in production

The leader’s production ends at 8y, the small follower’s production ends at Op,. 1 assume
that the leader and follower take the same amount of time to deplete their fields. Thus
0, — 1 = Op, — 7p,. As the leader’s production starts earlier, I have 0;, < 0p,. The

follower’s cash flow and expected payoff are:

78 er = (B — C)mmess T € (01,0m)

O,
S3 N —rt,_83
WFs,nc,OL = EeL/e € 7T'Fs,nc,tdt'
L

To sum up, the non-cooperative leader and small follower’s total expected payoff from
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all three stages are:

-~ -~ TFs
W — E —rt,S1
L’nc’TLIFS - EO( TL / € " WL,HC,I‘IIFS dt+
T,

L

e—v‘(’rps -7L) ETFS /

TR

e di— K(qz))
and

or,
I —r) & —rt,_S2
WFs,nC,TL = B, (e (TR —TL) ETFS / e T2 e di+
TF,

s

_on,
e_T(OL_TL)EGL / e_rt"rg’f,nc,tdt - K(Q%’s)> :
b

2.4.2 Non-cooperative leader and big follower

In this case, the leader and the big follower exercise their real option to invest simulta-
neously at 7, = 7r,. They each build up a gas plant to process their own gas separately.
They will get the network effect during the whole production life, and their cash flows

will be:

Trmetily = (P — C + N)qrnet, t€ (72,0r)

T Fyne,t — (Pt - O + N)QFb,nc,h te (TFw eL)

where gp, ne; is defined in equation (2.19) if substituting F* with F. The expected payoff

to the leader and the big follower are:

WL,nc,TL|Fb = Eo (ETL / e_TtWL,nc,tIdet - K(QE)) (223)
and  Wg,ne;rs, = Eo (E’TFb / e " g nepdt — K (q}b)) (2.24)
TFb



2.4.3 Cooperative leader and small follower

Stage 1: ¢ € (77, Tiease); only the leader produces

As discussed in Section 2.3.5, the leader may want to build a bigger gas plant of co--
operative capacity ¢§f with construction costs K(g$). It then offers to lease the excess
processing capacity to the small follower at a processing rate [. The leader’s cash flow

and risk-neutral expected payoff:

’/Tg,lcoop,ﬂFs = (Pt - C)QL,coop,t; te (TL; Tlease)

51 5 [T s
_ —r
WL,coop,TLlFs - ETL / e WL,coop,tlFsdt
TL

where g, coop,t 1S defined in equation (2.21). The lease has not started and the small

follower is waiting in this stage.

Stage 2: t € (Tease, 0L), the lease starts, the leader and the small follower both
produce

In this stage, the small follower agrees to lease the plant capacity from the leader. They
both produce and receive the network effect. The cash flows to the leader and the small

follower are:

ﬂ-g?coop,tlFs = (Pt -C+ N)QL,coop,t + QFLl; te (Tlease’ eL)

W?‘icoop,t = (Pt -C+ N)QFs,coop,t - QFLZ; te (TIease: 9L)
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where gp, coop,t 1S defined in equation (2.22) if substituting F with F;. Their expected

payoffs are:

or
S2 _ —rt, 52
WL,coopmeaselFs - E’T]ease / € ﬂL,coop,t|Fsdt
Tlease

L

52 _ —rt, .S2
and W, $,C00D,Ncase " Tease € WFs,coop,tdt'

Stage 3: ¢ € (0,0r,), the leader’s production ends and only the small follower
produces

Similarly, the leader’s production ends at 0y, and the small follower continues until 8.
The do not receive the network effect. The leader still receives the leasing fee. The

leader’s cash flow and expected payoff are:

S3 —_
WL,coop,t]Fs = QFLZ

53 i s OFs e
_ —r _ —r
WL,COOP»oLIFs _A € wL,coop,t|Fsdt = A e grLldt.

L L

The small follower’s cash flow and expected payoff are:

S3 _
T Fs,coop,t — (—Pt - C)QFs,coop,t - QFLZ RS (013; er)
53 5 P s
— —r
WFs,coop,eL = EOL/G € WFs,coop,tdt'
L

To sum up, the cooperative leader and small follower’s total expected payoff from all

three stages are:

—~ —~ TNease . 51
_ —
WL,COO]’),TLlFs = EO E’TL / € L coop,t dt
T,

L

N or, Or,
+ e—?‘(‘nease—‘rz,) E‘ncase / e—rt"rf,zcoop,tdt + e—r(GL—TL) / e—rt QFlet _ K@%))

Tlcase oL
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and

‘ 0L
= [ p="(Mease—7L) B —rt, 52
W, coop,r, = Eo (e eose Erease / € WFs,coop,tdt'*-
n

casc

Or,

~r(0L—7L) I —rt, 53

€ r(0r TL)EGL/ e™’ ﬂ—Fs,coop,tdt>'
0L

2.4.4 Cooperative leader and big follower

The big follower’s IR constraint ensures Tiease < 7. S0 stage (7r,6r) converges to stage
(Tease; 0) in equilibrium. In this stage, the big follower agrees to lease the plant capacity
from the leader. They both produce and receive the network effect. The cash flows to

the leader and the big follower are:

TL,coop,t|Fy, = (Pt - C+ N)QL,coop,t +grrl, t€ (Tlease7 eL)

T Fy,coop,t = (Pt - C+ N)QFb,coop,t —-qrLl, t€ (ﬂease: eL)

where gp, coopt 1S defined in equation (2.22) if substituting F' with Fy. Their expected

payoffs are:

0r,
_ - —rt
WL7000P>7lease|Fb = Enease / € WL,coop,tIdet
!

lcase

oL
™ —rt
a'nd WFb:COOP:ﬂease - ﬂease/ € FFb:COOP,tdt'
Ut

casc

2.5 The Perfect Bayesian Equilibrium

Now, we extend the backward induction solution to a real option to this game theory
setting as in Grenadier (1996); Garlappi (2001); Murto et al. (2003); Imai and Watanabe
(2005). This provides a simple computation of a subgame-perfect Nash equilibrium.

After explicitly analyzing the player’s beliefs, i.e., ruling out non-credible threats and
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promises, I develop a perfect Bayesian equilibrium for this dynamic bargaining game
under incomplete information using Coasian Dynamics as discussed in Fudenberg and
Tirole (1991, Ch 10). I assume the leader is chosen exogenously, because one of the two
companies has a comparative advantage for entering early (e.g. has a larger reserve'? or
a reserve that has lower drilling costs), and that it naturally moves first.

The enterprise value of the leader (plant lessor or “seller” ) is common knowledge. The
incomplete information aspect of the sequential bargaining is limited to the uncertainty
the leader faces about the reservation lease rate of the follower (buyer). As defined in
equation (2.10) and (2.12), the high type buyer F} has a reservation lease rate of I and
the low type buyer Fj, has a reservation lease rate of [p. If the high type buyer tells
the truth, its total enterprise value is U, (P,Qr,,lp; N2 ). If the high type buyer lies
successfully, its total enterprise value is Up, (P, Qr,,lp; N2 ). Since Ip > lp and Up,
decreases on ! I have

Ur,(P,Qr,,lp; N°2 ) < Up,(P, Qr,,Lp; NP2 ). (2.25)

Tease Tlease

Thus, the high type buyer F; is motivated to pretend to be tllle low type buyer Fy.
In addition, notice that the follower’s valuation is correlated with the leader’s cost. A
larger plant will allow the lease to start earlier, because of the extra capacity as noted in
the discussion after equation (2.20). This makes a more valuable network effect, which
increases the follower reservation lease rates {p and [ » But a larger plant also incurs
larger construction costs. The leader’s objective is to extract maximum rents through
price discrimination without losing efficiency. The leader wants the follower to accept
the lease offer so that the network effect is larger.

I now consider the equilibrium of this game in a two period case. Let ¢ € {t,t+1}. The

12Tn Section 3.2, I shall see that larger reserve quantity will subsidize the trigger price, which gives a
smaller trigger value P*(Q;) and i € {4, B}.
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ex ante unconditional probability that the follower is high type (F;) isp, and p=1-7
is the probability that the follower is low type (Fy).

The leader offers lease rates I; and l;;; at time ¢ and time ¢ + 1, respectively. Let
7i(l;) denote the leader’s posterior probability belief that the follower is high type (Fj)
conditional on the rejection of offer I; in period ¢, and define n(l;) = 1 —7(l;). The
extensive form representation of this sequential bargaining game is shown in Figure B.1

in Appendix B.

Definition 1. Define the leader’s critical belief as x = gﬁ—gﬁ%

In the last period ¢ + 1, the leader with probability belief 7j(l;) makes a “take it or

leave it” offer ;1. The follower will accept if and only if this /,;1 is not greater than its

reservation lease rate.

Theorem 1. The followers’ optimal strategies at date t + 1 are given by:

lp, then Fg, Fy both accept.
Ifliya =< 1p, then F, accepts, F}, rejects. (2.26)

Random([lp,Ir), then Fy accepts, Fy rejects.

If the leader offers l;41 = [y, both type followers will accept, the leader obtains the
enterprise value of UL coop(P, QL, a3, lp; Nggm), simplified as UL(lp). If the leader offers
ly+1 = I, only the high type follower accepts, so the leader has second period enterprise

value of 7+ Ur,coop(P, Qr, af, Ir; NE ), simplified as 7 - Uz (Ip).*®

18Gince all other variables are the same, I shall simplify the cooperative leader and follower’s total
enterprise value function as Ur(Lp), Ur(Ir) and Up(lr) and Up(lF) throughout this subsection. The
non-cooperative leader and follower do not participate in this game and their total enterprise values only
helps to define the reservation lease rate. :
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Theorem 2. The leader’s optimal strategy at date t+ 1 is gien by:

LF) Zfﬁ <X
b =9 I, 7> x. (2.27)

Random[lp,lp), if7 =X

At time ¢, if the leader offers a lease rate at l; = [y, both type followers will accept.

If the leader offers a lease rate at I; > [, the followers’ decisions are more complex.

Definition 2. Let y(l;) be the probability that a high type follower Fy acceptsly. According
to the Bayes rule, the leader’s posterior probability belief that the follower is high type

conditional on the rejection is given by:

A(l) = _‘?(1 —y(ls)) .
p(l-yl) +p

If the leader offers a lease rate at Iz > [z, the high type follower F; should not reject
this I; with probability 1, because that will make the leader’s posterior probability belief
7i(l;) greater than y and the leader will offer a higher second period lease rate at I, = Ir,
so the high type F, would be better off accepting ;. On the other hand, the high type
follower F, should not accept ; with probability 1 either, because that will make the
leader’s posterior probability belief 7(l;) less than x and the leader will offer a lower

second period lease rate at l;1 = [p, so the high type F; would be better off rejecting I;.

Lemma 1. In equilibrium, when l; > lp, the high type follower has a mized strategy
of randomizing between accept and reject in order to make the leader’s posterior belief
satisfyT(ls) = x. The leader will offer the second period price li11 to be any randomization

between Iy and Ip. Let y*(l;) denote the equilibrium prbbability with which the high type
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F, accepts l;. Then

XP

AN =)

€[0,1] (2.28)

which satisfies the equilibrium condition Tj(ly) = x.

Since the equilibrium has to be Pareto efficient, in order for the high type follower F,

to be indifferent between accepting and rejecting I;, I need

Definition 3. Let z(l;) to be the conditional probability that the high type follower receives

the lowest price lp at time t + 1 if it rejects l;. Then

Ur, (k) — Ur,(ir)

o) = e (Ur,(p) — Urn(lr))

(2.29)

Definition 4. Let ip be the lease rate at which the high type follower is indifferent
between accepting l; and rejecting ly in order to wait for lyy, = lp at time t 4+ 1. It is

defined itmplicitly by
Up, (k) = Ur,(Ir) = (1 — e )Ug,(Ir) + ¢ U, (Lp)-
Since the follower’s enterprise value function, Ur(l) decreases in [, I now summarize

the optimal strategy for the follower at time ¢.

Theorem 3. The low type follower only accepts lp. The high type follower always accepts

an offer Iy € [L F;ZF]; and accepts an offer l; € [lp, 1] with probability y*.

Suppose the leader’s one period discount factor is e™”. The next theorem provides

the equilibrium strategy for the leader at time .
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Theorem 4. If there is a preponderance of low type followers, defined as P < x, then

the leader is pessimistic and its optimal strategy is one of the following:

,

_ —ep
lp, i 2202 < =
- (r) 0
I, = ! - p 2.30
¢ ~ o 1o (2.30)
UL P
L Ir, if UL(L?) >

If 5 > x, the leader is optimistic and the leader’s first period optimal strategy is given by

one of the following.

. Ir 1—e " t} -
Lo i B3 < S5 ona B < 5
=1q Ip, if P98 > 222 and BUL(Ip) + (A - ep)Ur(lp) <PUL(I).  (2:31)

Ur(lp)

I, if P08} > 124, and BUL(Ir) + (A — e "p)Us(lp) > BUL(R)-

where

A=ep(l-y)z+e"zp >0,

B=py+e p(1—-y)(1—2)>0.

The proof of Theorems 1 to 4 are given in Appendix C.

The conclusion is thus that there exists a unique perfect Bayesian equilibrium, and
that this equilibrium exhibits Coasian dynamics — that is, 7j({;) < B for all I;, so the
leader becomes more pessimistic over time, and l;,1 < [;, so the leader’s lease rate offer

-decreases over time.
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Chapter 3

THE SIMULATION OF THE REAL OPTIONS

BARGAINING GAME

The whole game now has three decision variables: gas plant size (i.e. processing capacity),
the production volume and gas plant processing leasing rate.! The gas price is assumed
to be purely competitive, and the reserve quantity is random.? But they make strategic

decisions on the gas plant size and the annual allocation of production volume.

3.1 Summary of the Investment Game

3.1.1 The leader’s production decision

Consider a simple situation in which the follower has signed a binding contract with the
leader. In this contract, the leader and the follower agree that as long as the follower
wants to produce, he has to rent the leader’s extra capacity, but the leasing rate will be
negotiated when the production volume g1, and g is allocated between the two producers.
The decision variables are the leasing rate [, the joint and solo plant size choices ¢ and
g%, which determine the construction costs K1(q%), K1(q%), and the production volumes
qr, and gr. The parameters are the gas price P and expected reserve quantities at the
time of construction, @r and @Qp.

The leader’s production volume is defined as g1.(¢$, @, @z, P). Recall that ¢§ is the

1To simplify the analysis of the bargaining game, the production volume for the leader is assumed
to be at the upper constraint in equation (2.1), which implies that the leader’s all excess production
capacity will be leased to the follower. It is also possible that the leader will constrain production to
induce the follower to enter, so it may also negotiate with the follower on the time-profile of gas plant
capacity offered, as well as the lease rate. This possibiliby may worth an investigation in the future.

2If there exists asymmetric information about the reserve quantity, then the leader and the follower
con play a strategic game on this factor, but I won’t consider this possibility.

44



leader’s capacity, which is determined by the leader’s plant size, and @y, is the leader’s
maximum production rate that is set by a regulator and technological constraints. The
leader offers the follower its excess processing capacity ¢f — qz. Thus, the leader’s and

the follower’s production volume are presented as:

gr = min{qf — gz, arQr}
0<qr L@

0<qr L¢5.

There is a production switch when ¢; falls below @;Q; for ¢ € {4, B}. The leader will
estimate both producers’ needs and builds a gas plant with capacity ¢ > ¢$. Therefore,

the above relationship can be simplified as:

QFL\= qsL) — 4L

0 < gz < min{@;Qr,¢7}-

In addition, both the leader and the follower will have to consider the effect of leasing
rate, | charged by the leader and the toll rate reduction (network effect, N) charged by

the pipeline company.

3.1.2 The follower’s production decision

Assume that the follower will use all the capacity offered in the lease until reserves drop
to constrain the production rate. That is, g = min{grr, GrQr}.
The optimal real option trigger price for the follower can be solved in terms of gp,

denoted as Pjp(Qr,!). The leader’s objective will be to optimize value by trading off
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the leasing rate | against the network effect IV, bearing in mind that too high a leasing
rate will cause the follower to delay. The follower chooses between leasing the processing
capacity from the leader and starting production later. Therefore, the leader wants to
charge the follower the highest leasing rate up to the point where the follower will start
to delay its production. In other words, the leader’s task is to find the largest lease rate |
that it can charge, such that it induces the follower to start production at the same time
as the leader starts production. That is, the leader needs to find the lease rate such that
P:(Qr,1) = P:(Qr). This will allow it to take advantage of the network effect V. This
will give an upper bound for the leasing rate, denoted as 1.

Suppose the construction cost K (g%?) is a concave increasing function. If the leader
chooses not to extract rent from the follower,? it will set the leasing rate at

K(q%)
PV of production volume with capacity of ¢©

Suppose there is symmetric information about the leader’s and follower’s reserves
expectations: the leader knows the follower’s expected reserve quantity Q) r and maximum
production rate and @p. The leader builds a gas plant which can process the amount
q¥ > qr + gr per unit of time. The follower’s development or exercise cost is the present

value of the leasing fee plus some drilling cost:

K = PV(gpl) + Drilling cost.

For the lease to be successfully negotiated at the same time the leader starts produc-
tion, the gas price P, must exceed the follower’s exercise hurdle: P, > Pp(Qp,l). For
any certain level of [, I can calculate the critical price or exercise hurdle Pi(qp,l). If

Pi(Qr,l) > Pf, then the follower will delay and the network effect is lost; if PH(Qr,1) <

8 Alternatively, it may be regulated so that it cannot extract rent from the follower.
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P}, then the follower earns economic rents. Thus, the equation Pj(Qp,!) = P} implicitly
determines the optimal lease rate 1 for the leader.

The value of the follower’s option is the net proceeds from exercising:

W(Ph,t) = Ph, — K

Wp(Pr,t) =1

which are the value matching and smooth-pasting conditions. The solution of the critical

value for the follower is given as:*

where

7+,_=%+5—Ti\/(5+6_r)2+2r

o2 2 o2 o2’

To make the discussion clearer, I list the functional relationship between variables as

4See, for example Pindyck (1978); McDonald and Siegel (1986); Sick (1989); Dixit and Pindyck (1994);
Sick (1995); Trigeorgis (1996).
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follows (the superscripts refer to scenarios 1 and 2 in Section 2.4:

WinelFy = Wnelr, (P, 4z, 455 N7E )
WFs,nc = WFs,nc(P) qry, ers; prl:s)
WL,ncIFb = WL,nc|Fb (P, qr, qICL; pr'rfb)
WFb,nc = WFb,nc(P’ qF,, q;‘b; prLb)
W, =W, (P,qr,q%, qrr, I; NO&
L,coop|Fs L,coop|F:s\45 4L, 4L, 4FL, 3 )

Tlease

WFs,coop = WFS,coop(P) grs, qrL, l; NOL )

Tease
W, =W (P, qr,q2 I; N%: )
L,coop|Fy = WV L,coop|Fy\ L7, 4L, 9L, GFL, b5 Tlease

WFb,coop = WFb,coop(P) dr,, drL, l; NBL )

Tleasc

The key step is the leader’s decision about the optimal levels of g%, and I. The results
of the bargaining game depend on the amount information available to the leader and

the follower.

3.1.3 Player’s objective functions

Based on the discussions about the leader and the follower’s production functions, cash
flows, expected payoffs, and total enterprise values in previous sections. The whole game
can be summarized as the following.

The leader’s objective function system is:

mex  Upcoop(P, Qr, a8, 5 N
{PTL,QTL,Q?J} b 0p( L4 )

T pd
= / / VL,coop,t(Pta QL,t) qg,ta lt; N) d(I)t(Pt: QL,t; N|qg,t—17 lt—l) dt (31)
t

+ EL,t [WL,coop,t(Pt; QL,t; Q%,w lt; N) .
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The follower’s objective function systems are:

ax U P,Qp,l;N
{P‘l’_];:\r}QTF)l} F,coop( QF )

T Dy
- / / Vicoont(Prs Qries sy N) d®4(Poy Qs Nls—s) dt (3.2)
t

+ Ery [WF,coop,t(-B:> Qrg, l; N)
and

max  Upn(P,QF,q%; N
{PprQTF ,q%‘} ’nC( ’ ’ QF, )

T [}
- / / Vot (Poy @rts Gioss N) dB4(Pry Qs Nlass_y) dt (3.3)
t

+ Epy [WF,nc,t(Pta QFe, 7 N) |-

The equilibrium of this game will be reached when the leader and the follower both
reach their own maximum total enterprise values, while obeying the leader’s individual
rational (IR) constraint I, equation (2.14), the leader’s individual rationality constraint II,
equation (2.15) and the follower’s individual rationality constraints (IR), equation (2.9)

and equation (2.11).

3.2 Numerically Solving the Game

This real option game problem has three stochastic variables: commodity price P and
expected reserves for the two producers, Q4,@p. Such a three-dimensional problem is
not well-suited to numerical solution of the fundamental differential equations, so I will
use the least-squares Monte Carlo method to determine the optimal policy. It has been
implemented in a real options settings by Broadie and Glasserman (1997); Longstaff and

Schwartz (2001); Murto et al. (2003); Gamba (2003). The essence of the technique is to
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replace the conditional risk-neutral one-step expectation of a binomial lattice model with
a conditional expectation formed by regressing realized simulation values on observable
variables (price and quantity) known at the start of the time step. With the conditional
expectation, one can use the Bellman equation to determine the (approximately) optimal
policy at each step. Then, given the optimal policy, the simulation can be run again (or
recycled) to calculate the risk-neutral expected values arising from the policy.

The model also generates a sequential game between the two players. Sequential
games often generate a large number of equilibria that have to be distinguished by a
variety of refinements. However, in this setting, I can impose sequential play by the
two players, except at the point where they may develop simultaneously. Even at this
point, one of the players will be a natural leader, because one will have larger reserves
expectation than the other. Thus, I can reduce the sequential game with simultaneous
moves to one with sequential moves. Choosing the Nash Bargaining equilibrium at each
point (typically a dominant strategy) will result in a unique solution with subgame-perfect
strategies. This point has been established by Garlappi (2001); Murto et al. (2003); Imai
and Watanabe (2005).

With the solution to the game, I propose to explore the sensitivity of the threshold
boundary manifolds to the parameters faced by the players, compare the results to those
of an isolated monopolist making a real options decision and assess the probability of the
various game scenarios that can unfold.

The relevant variables may be categorized as:

1. Game-related variables, which players can control and optimize, including leasing
rate, [, leasing quantity, gpr, the leader’s cooperative plant process capacities, ¢,

and the leader and the follower’s non-cooperative capacities, ¢% and ¢f.

2. Option related variables, which are purely exogenous and not controlled by the
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players, including price P, initial reserve quantities, Qr and @r, the network sav-

ings effect IV, and the limiting regulatory or technical production rate a.

3. Other variables I am not interested, including all the parameters in the cost function

(fixed, variable cost coeflicients, drilling cost)® and maximum production life.

In order to get a clear idea about the comparative statics of these variables, I need
to allow them to vary in my model, i.e., set them as a vector instead of a fixed number.
Each vector will add one more dimension to my model. I have already have price P,
initial reserve quantities Qr or Qr, network effect N and lease rate | as vectors. And
the dependent variable, the enterprise value is a function of those five vectors. The best
thing I can do in a 3D graph is to graph the value function against any two of those

vectors every time.

3.3 The Comparative Statics and the Equilibrium Region Of

the Game

3.8.1 The effect of lease contract and network effect on the follower’s deci-

sions

The leasing contract is specified by quantity and lease rate, (ggr,!). For the simplicity
at this stage, I set the leasing quantity gpy, equal to the leader’s excess capacity. That is,
the leader will build a total capacity ¢i, and use gz, itself. The excess capacity is leased
to the follower on a “take-or-pay” basis. That is, the follower pays for ¢y, = q_% —qr

whether it can use it or not.%

5The drilling cost can be set as a linear function of construction cost, but here I take it simply as a

. fixed number.

6T set gpr, equal to the government mandated maximum production rate, @ multiplied the follower’s
initial reserve @p. Over time, as the reserve drops, the follower’s production volume could drop below
grL. In fact, the capacity gpr, should be an optimized variable.
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Figure 3.1: The exercise of the follower’s real option and the smooth-pasting condition for different
network effect levels. The dark shading manifold is the real option value and the light shading manifold
is the exercise proceeds. The optimal exercise threshold is at the transition from dark to light.
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Figure 3.1 is the graph showing the exercise of the follower’s real option.” There is
a substantial premium associated with the right to develop early. The follower’s initial
reserve has very little effect on the real option value for very low commodity prices since
the option never gets exercised for such low prices. When the commodity prices are
higher, the probability of exercising the option is higher, the option value and sensitivity
to reserves are higher. Also, as the network effect NV gets larger (moving to the right and
down), both the follower’s real option value and exercise proceeds become larger. But
as the network effect increases, the transition from the dark manifold (the real option
value) to the light manifold (the exercise proceeds) falls from around commodity price
of 6 to around the price of 4, especially for the larger initial reserve. This means, the
exercise of real option becomes more sensitive to the larger initial reserves as getwork
effect increases.

Figure 3.2 indicates that the network effect has a positive effect on the follower’s
maximum® non-cooperative enterprise value, UFne and its optimal capacity choice g
Also notice that the ¢# manifold is not smooth. This means that a small amount of
increase in commodity price and initial reserve will not affect the follower’s optimal
capacity choice. Only for a large enough increase in commodity price and initial reserve,
the follower should build a larger optimal capacity.

Figure 3.3 shows a sequence of manifolds of the follower’s non-cooperative enterprise
values Upne and cooperative enterprise values Upgcoop. The Uppne manifold has more
curvature and stays constant whereas the Upoop manifold falls as ! increase from the

minimum of 0.1 to the maximum of 2.5. By comparing the Ury. manifold with the

"In the least square Monte-Carlo simulation for estimating option value, I assume the follower’s real
option to build its own plant has a life of 20 years with quarterly decisions. To conserve the consistency
and convergence of results, I choose to divide that 20 year option life into 80 time steps and 100 price
paths (simulated 50 and another 50 antithetic paths). At any time step of every price path, the follower
can exercise the option if it is optimal.

8Recall that U nc is achieved by the non-cooperative follower exercising its real option to invest at
optimal threshold P*(Qr) and choosing the optimal capacity ¢§
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minimum and maximum network effect level. The dark manifold is for minimum network effect level
and the light manifold is for maximum network effect level.
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Urcoop manifold, the follower can decide whether to accept the lease offer for various
commodity price levels and initial reserve levels. In the top two sub-graphs, where the
lease rate is low, the Upy manifold is below the Upcoop manifold when the commodity
price is low. This indicates that for lower commodity price and smaller initial reserve, it
is better for the follower to choose lease the plant from the leader. For higher commodity
prices and initial reserves, the Up . manifold is above the Upcoop manifold, so the follower
is better off building. In the bottom-left sub-graph (I = 1.6), the Up co0p manifold moves
farther below the Upy. manifold and they cross on two separate curves, which shows
for extreme low and extreme high commodity price, building-own-plant is better for the
follower,? only for some middle range of commodity price, accepting the lease is better. As
I move to the highest lease rates in the bottom-right sub-graph of Figures 3.3, the Up,coop
manifold is completely below the Uppn. manifold, which shows that leasing is infeasible,
even for high commodity prices and high initial reserves. If I look at the sub-graphs in
Figure 3.3 individually, I find that Upcoop increases linearly in P, holding other variables
fixed. The Uppn, grows non-linearly (convex upward) because it contains the follower’s
real option value which increases as commodity price increasing. When the commodity
price is below the trigger threshold, Urpcoop grows faster. After the trigger, Upne grows
faster. Therefore, as commodity price get higher, Upn, will finally exceed Up oop. Hence,
the follower’s benefit from lease decreases in increasing commodity price P because it
loses the real option to delay if it leases.

Figure 3.4 is similar to Figure 3.3 except that now the network effect level (not the
lease rate) increases as I move to the right and down. The region where the Upcoop
manifold is above the Ury, manifold becomes larger as the network effect level increases.
This means there is a larger probability for the follower to accept the lease if the network

effect level is higher. Also, the intersection of Ugcoop manifold and Upy, manifold shifts

9Notice the lower cross line in the bottom-left sub-graph is actually below zero, which means the
follower should not build or lease for extremely low commodity price.
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Figure 3.5: The follower’s reservation lease rate for minimum (the dark shading manifold) and maximum
network effects (the light shading manifold).

up as the network effect level increases. This shows that higher network effect level
increases the follower’s benefit from leasing, and thus Upg,. needs a higher commodity
price level to exceed Up oop. In addition, the intersection curve of the Ugcoop and Uppe
manifolds moves toward to the vertical axis as the initial reserve increases. This means
larger initial reserve will make U, exceed Up coop at lower commodity price level. This
is because, in the case of follower building-own-plant, the construction cost is relatively
fixed as a function of the initial reserves. But the total leasing fee charged by the leader
is proportional to the size of initial reserves Qp. Hence, larger initial reserves makes
the follower pay a larger total leasing fee while leaving the construction cost relatively
constant, which reduces the relative lease benefit.

Figure 3.5 shows the reservation lease rates the follower is willing to accept corre-

sponding to different initial reserves and current gas prices.
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First, I analyze how the follower’s reservation lease rate changes as the commodity
price and initial reserve change. Since the two manifolds have similar éﬁape, I can focus
on one of them. As commod_ity price increases, the follower’s reservation lease rate first
increases then decreases. To understand this, recall that the follower’s reservation lease
rate is defined as [r = sup{lr € R* : Upcoop = Upnc}. In other words, it is equivalent
to the distance between Upcoop 8nd Uppne. As I observe in Figure 3.3 and Figure 3.4,
initially Upcoop > Uppne, as commodity price increases, both Upcoop and Uppe increase,
and Upcoop increases faster than Ury.. The distance gets larger. However, above the
follower’s trigger threshold, Ury. increases faster than Upcoop, and the distance becomes
smaller, eventually, Upne will catch up (intersect) with and then exceed Upcoop. That is
why the follower’s reservation lease rate first increases and then decreases. Furthermore,
one can infer that the follower’s peak reservation lease rate is achieved when the distance
between Upcoop and Uppnc is largest, i.e., the neighbor area below the trigger threshold.

Second, the contours of the manifolds show that the reservation lease rate manifold
is not very sensitive to initial reserve for low commodity price, but it becomes more
sensitive when the commodity price is high. In fact, for high commodity prices, the
reservation lease rate decreases as the initial reserve increases. This is because larger
irﬁtial reserve helps Urye exceed Upcoop faster, i.é., at lower commodity price, which
verifies my discussion for Figure 3.4.

Third, by comparing the dark manifold (minimum network effect level) with the light
manifold (maximum network effect level), I find that before the peak,'® the high network
effect gives the follower a larger reservation lease rate if holding the price level fixed. But
after the peak, the high network effect gives the follower a smaller reservation lease rate’
if holding the price level fixed. This is because before real option being exercised, the

network effect is favoring Upcoop more (making U coop increase faster), whereas after real

10Notice the peak is reached below the commodity price of 3, and Figure 3.1 shows that the optimal
option exercise region is between commodity price 4 and 6.
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option being exercised, the network effect is favoring Upye more (making Upp, increase
faster). The implication for the leader from this observation is that for extremely low
commodity price, larger network effect increases the follower’s willingness to pay for
the lease. For a high commodity price, larger network effect decreases the follower’s

willingness to pay for the lease, certeris paribus.

3.3.2 The effect of the lease contract and network effect on the leader’s

decisions

The leader has two options:

1. Build a plant with optimal non-cooperative capacity ¢¢* to process its own gas only
for a construction cost K(g¢). The effect of building this small plant on the optimal

exercise point is mixed: it could be earlier or later than if a large plant is built.

2. Build a plant with optimal cooperative capacity (¢?*) to process his (gz) and the
follower’s gas qpr. The larger plant has a construction cost K () > K(q¢). The

cash flow from this decision is also larger because

(a) leasing gives a lower toll rate (network effect)

(b) the leasing fee is a cash inflow to the leader.

As discussed in Section 2.3.5, the leader wants to find a balance among the incremental
network effect benefit, the earlier leasing fee, and the extra construction costs, K(g¥) —
K(g5), bearing in mind the fact that a high leasing rate will cause the follower to delay.

Figure 3.6 shows the exercise of the leader’s real option. Similar to the follower’s
real option value, the leader’s initial reserve has very little effect on its real option value
for very low commodity prices since the option never gets exercised for such low prices.

When the commodity prices are higher, the probability of exercising the option is higher,
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Figure 3.7: The left panel is the leader’s maximum cooperative enterprise value Uy ., for minimum and

maximum network effect level. The right panel is the leader’s optimal capacity choice qg* for minimum
and maximum network effect level. The dark manifold is for minimum network effect level and the light
manifold is for maximum network effect level. The lease rate stays at its mean value.

the option value and sensitivity to reserves are higher. Also, as the network effect N gets
larger (moving to the right and down), both the leader’s real option value and exercise
proceeds become larger. However, unlike the follower’s real option exercise threshold
which falls from a price of 6 to 5, the leader’s optimal exercise of threshold (the transition
from dark to light) does not fall significantly (stays between 6 and 5) as the network effect
level increases. The leader and the follower’s optimal exercise thresholds are around the
same range because the leader’s is also choosing the optimal capacity so that it can
exercise right before the follower in order to be able to offer the lease.

Figure 3.7 plots the leader’s maximum cooperative enterprise value and optimal ca-
pacity for different levels of the network effect. In the left panel, the two value manifolds

are very close to each other, which shows that the increase in network effect has a very
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minor effect on the leader’s cooperative enterprise value. The right panel shows that the
leader’s cooperative optimal capacity ¢¥* manifold is not smoothly increasing with the
increase of commodity price and initial reserves, which is similar to the follower’s optimal
capacity ¢%. The right panel also shows that the leader should build larger cooperative
capacity if the network effect level is higher.

The distance between the two manifolds increases as the current commodity price
increases.!! Therefore, although the construction cost of the small plant is less than
that of the large plant, i.e.(K; < Kb), the leader may still decide to ‘build the large
plant, and lease the excess capacity to the follower in order to encourage the follower
to start production early. The leasing fee and the cheaper toll rate will compensate for
the leader’s higher construction cost. Of course, there is an upper bound for the lease
rate which makes the leader’s cooperative enterprise value equal to its non-cooperative
enterprise value.

Figure 3.8 compares the leader’s optimal cooperative capacity ¢%* witﬁ its optimal
non-cooperative capacity g% when the network effect level is changing. From the left
panel to the right panel, the difference between ¢ and g% does not increase significantly
as the network effect increases. Figure 3.9 compares. the leader’s optimal cooperative
capacity ¢* with its optimal non-cooperative capacity ¢& when the lease rate is changing.
From the left panel to the right panel, the difference between ¢¥* and ¢§ increases
significantly as the lease rate increases. A comparison of Figures 3.8 and 3.9 shows that
the lease rate has a larger positive effect on the leader’s capacity choice than the network
effect has.

Figure 3.10 graphs the leader’s reservation lease rates against the commodity price
and initial reserve. For low commodity prices between 1 and 3.5, the leader’s reservation

lease rate is zero, meaning the leader has not exercised the real option yet and hence

11This may not be very clear if only looking at the manifold. But the contours on the floor of the
graph in Figure 3.7 indicate that this distance gets larger for higher commodity prices.
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cooperative capacity (the dark manifold). The left panel is for minimum network effect level and the
right panel is for maximum network effect level. The lease rate stays at its mean value.
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can not provide the lease. Above the commodity price of 4, the leader’s reservation lease
rate quickly drops to the lowest lease rate of 0.1 before the commodity price hits 5. This
means that, when the commodity price gets very close to the follower’s exercise threshold
(between the commodity price of 5 and 6), the leader is willing to accept the lowest lease
rate in order to avoid the follower’s rejection of lease. The contours of the manifolds
indicate that as initial reserve increases, the leader’s reservation lease rate decreases.
Moreover, by comparing the dark manifold (minimum network effect level) with the light
manifold (maximum network effect level), I find that before the peak, the high network
effect gives the leader a larger reservation lease rate if holding the price level fixed. But
after the peak, the high network effect gives the leader a smaller reservation lease rate
if holding the price level fixed. The implication for the leader from this observation is
that, once it exercises the real option, a larger network effect will reduce the leader’s
reservation lease rate even further, i.e., the leader is willing to set a lower lease rate to

capture the larger network effect, ceteris paribus.

3.3.3 The possible equilibrium region for the lease rate

Figure 3.11 is a combination of Figure 3.5 and Figure 3.10. It indicates the possible
region for bargaining an equilibrium lease. In the left panel, the leader’s reservation lease
rate exceeds the follower’s reservation lease rate for the commodity price range of 3 to 4,
which means the leader and the follower cannot negotiate a deal for those low commodity
prices. However, there is an feasible region (in the commodity price range from 4.6 to
5.6) below the lowest thick red line and above the highest dotted black line. The distance
between those graphs is the gain from cooperation for which the leader and the follower
will bargain. Also notice that as the commodity price gets higher than 5.7, the follower’s

reservation lease rate drops zero because at that commodity price level, the follower’s
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is the follower’s reservation lease rate, and the manifold corresponding to the high initial reserve is the
leader’s reservation lease rate.

68



optimal option exercise threshold!? has already been hit, therefore the follower would

rather build its own plant.

3.4 Conclusions

In this chapter I have developed a model to analyze the real option exercise game with
two asymmetric players, the leader and the follower. In this game, two players have
to decide when to explore and develop their adjacent oil or gas lands. The game is a
dynamic sequential bargaining game of one-sided incomplete information. Players are
bargaining over the lease rate which is going to be specified by the leasing contract.

My simulation model illustrates the region of the equilibrium lease rate while treating
other variables such as leasing quantity, and government regulated maximum production
rate as fixed variables. In the three dimensional space spanned by enterprise value,
current commodity price, initial reserve, the equilibrium lease rate may be located inside
the 3-D space bounded by the follower’s and the leader’s reservation lease rate.

I observe that the follower tends to accept the lease contract if the commodity price
and the initial reserves are low, and rejects the lease contract if the commodity price
and the initial reserves are high. With a high commodity price and initial reserves, the
follower has more bargaining power, so the leader should charge a relatively low lease rate
to encourage the follower’s immediate start of production. If the commodity price and
initial reserve are high, the leader should lower the lease rate, which coincides with i:he
behavior of its reservation lease rate. Furthermore, the network effect positively affects
the follower’s reservation lease rate, which creases larger space for bargaining.

On the other hand, when considering whether to be cooperative or non-cooperative,

the leader is always better off being cooperative as long as the incremental construction

12 A5 shown in Figure 3.1, the follower’s optimal option exercise threshold is definitely below commodity
price of 6 no matter how much initial reserve it has.

69



cost of the excess capacity can be covered by the present value of the leasing fee and
increase in total network effect.

One possiblé extension of my model would be to change the underlying process from
GBM to mean reverting process with/without jump and then start to solve, aqalyze
- the characteristics of the equilibrium. Alternat;ively, from the game theory pel'.vspective,
one can change my one-sided incomplete information setting to two-sided incomplete
information, or allow the leader and follower to provide alternating offers, or extend the
two type followers assumption to continuous type followers, or extend the game from

multi-period finite time horizon to infinite time horizon.
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Chapter 4

EMPIRICAL EVIDENCE

4.1 Introduction

Firms’ optimal investment decisions under uncertainty has been a controversial topic
for a long time due to the observed deviation from zero NPV threshold. The stan-
dard real options literature, including Brennan and Schwartz (1985); Dixit and Pindyck
(1994); Dixit (1995); Capozza and Sick (1991); Sick (1995); Trigeorgis (1996), asserts
that investments should be delayed until uncertainty is resolved or wait for the optimal
threshold. However, the competitive real options literature, including Fudenberg and
Tirole (1985); Grenadier (1996, 2002); Mason and Weeds (2005); Garlappi (2001); Boyer
et al. (2001); Murto and Keppo (2002); Lambrecht and Perraudin (2003); Huisman and
Kort (2004); Thijssen et al. (2006); Smit and Trigeorgis (2004), argues that competition
diminishes the real option values and mitigates investment delays, thus, with sufficient
competition, firms’ investment threshold may be pushed back to zero net prsent value
(NPV). The recent article, Novy-Marx (2007) shows that opportunity costs and supply
side heterogeneity reduce the competition effect and leads to an investment threshold
even later than the standard real option threshold.

Empirical work in testing the competitive real option theory is rare probably due
to the shortage of firms’ capital budgeting data in irreversible investment at a project
level . In a non-competitive setting, Favero et al. (1994) develop and test a duration
model to explain the appraisal development lag for investment in oil fields. Hurn and

Wright (1994) use a discrete time hazard regression models to analyze the appraisal lag

and the production start-up lag using North Sea Oil Data. Bulan (2005) test the real
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options behavior in capital budgeting decisions using a firm-level panel data set of U.S.
companies in the manufacturing sector by looking at the relationship between the firm’s
investment to capital ratio and total firm uncertainty, measured as the volatility of the
firm’s equity returns. They find that increased industry uncertainty negatively affects
firm investment, and increased firm-specific uncertainty also depresses firm investment.
Bulan et al. (2002) examine condominium developments in Vancouver in an competitive
setting. They find that risk increase leads to delay of new real estate investments, and
increases in competition negates the negative effect of risk on investments. All these
previous empirical results support that (1) Uncertainty defers the investment because
firms want to keep the real option value; (2) Competition accelerates the investment
because it erodes option values.

This chapter tests whether firms will consider the possibility of cooperating with their
competitors when the competition becomes too fierce using the project level data from
Alberta natural gas exploration and processing industry. As discussed in Sick and Li
(2007), in industries with economies of scale or network effects, firms may benefit from

cooperation by avoiding the erosion effect of competition on real option value.

4.2 The Data

4.2.1 The background of natural gas production industry

The develobment of a natural gas field can be a long-term process. First, in the explo-
ration stage, firms need to collect geological survey data, seismic data and gravitational
data in order to examine the surface structure of the earth, and determine the possible
locations of gas reservoir. Second, in the drilling stage, firms need to drill several discov-
ery wells to determine the approximate depth and quantity oif the gas reservoir. If the

discovery wells find that the underground gas reserve is large enough to merit the produc-
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tion, then firms officially have a real option to invest. To start the production, firms need
to drill more production wells in order to extract gas from underground reservoir at an
optimal scale. Depending on the natural gas commodity price and the estimated reserve
quantity, firms may or may not wait for years before they start the actual production.
This waiting period between the registration dates of discovery well and the production
well is defined as the investment lag in this thesis.

Raw gas needs to be processed in a gas processing plant before it can be sold in the
market. The natural gas sold in the market consists mainly of methane. The raw gas
extracted from the production wells is a mixture of methane and other heavier hydrocar-
bons - such as ethane, propane, butane and pentane - as well as water vapour, hydrogen
sulphide,* carbon dioxide, nitrogen and other gases. If the natural gas at the wellhead
contains more than 1% of hydrogen sulphide, it is called sour gas and has to be pro-
cessed at sour gas recovery plants to extract sulphur for sale to fertilizer manufacturers
and other industries. According to the Energy Resources Conservation Board (ERCB),
about 30% of Canada’s total natural gas production is sour, most of it found in Alberta
and northeast British Columbia. The average rate of sulphur recovery rate at Alberta’s
sulphur recovery plants has improved from 97.5% in 1980 to 98.8% in 2006. Because of
the potential environment issues of H,S, the construction and production of sour gas
plants is stringently regulated by the ERCB.

Different types of gas plants may engage in different processes, and their construction
costs and operating costs may vary in a wide range. Once the raw gas reaches the

surface at the production wellhead, it is transported through the gathering systems from

1As described by the Energy Resources Conservation Board (ERCB), an independent quasi-judicial
agency of the Government of Alberta, Canada regulating Alberta’s provincial energy industries such as
oil, natural gas, oil sands, coal, and pipelines, hydrogen sulphide (H2.5) is a colourless substance that is
poisonous to humans and animals. Also known as hydrosulfuric acid, sewer gas, and stink damp, it is
recognizable by its rotten egg smell at very low concentrations (0.01 - 0.3 parts per million). Exposure at
higher concentrations of Ha.S affects a person’s sense of smell and, as a result, there is no perceptible odor.
Exposure to high concentrations of HaS (150 - 750 parts per million) can cause a loss of consciousness
and possible death. ’
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individual wells to centralized processing plants, where most non-methane substances are
to be removed from the gas stream. A gas processing plant may undertake four main
general processes which include oil and condensate removal, water removal, separation of
natural gas liquids (NGLs) and sulfur and carbon dioxide removal. In Alberta, the ERCB
categorizes those centralized processing plants into four types, sweet gas plant, acid gas
flaring gas plant, acid gas injection gas plant and sulphur recovery gas plant. The actual
processes taking place in these four types gas plants include absorption, adsorption,
carbon dioxide removal, refrigeration, Turbo expander, and the Claus process to recover
sulfur. After all the processes done at these centralized processing plants, the natural
gas is transported to the NGL fractionation plants where the mixed stream of different
natural gas liquids are separated out? and then to the mainline straddle plants located
on major pipeline systems. To avoid unnecessary heterogeneity in gas plants, only those
four types of centralized processing plants are included in the sample.

Natural gas fields are also differ by the type, depth, age and location of the under-
ground deposit and the geology of the area. Normally, natural gas is extracted from pure
gas wells and from condensate wells where there is little or no crude oil. Such gas is called
non-associated gas. Sometimes, natural gas are also found in oil wells where it could be
either separate from, or dissolved in the crude oil in the underground formation. These
gas are called associated gas. To avoid the potential heterogeneity problem in the gas

field reservoirs, only those non-associated gas fields are included in the sample.

4.2.2 The data collection process

The data collecting work was a gradual learning process which involved extensive lit-

erature reading, data organizing and interview with industry practitioners.® I visited

2The NGLs are sold separately for use as diluent in heavy oil processing, and as feedstock for petro-
chemical plants or as fuel.

3For the data collection work, I am grateful for the tremendous help and comments from: (i) Mr.
Grant Ireland, senior technologist and senior compliance advisor at Corporate Compliance Group I
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various data sources and institutions including University of Calgary library, ERCB li-
brary, ERCB technology and compliance office, ISEEE (Institute for Sustainable Energy,
Environment and Economy) at University of Calgary and McDaniel & Associates Con-
sultants Ltd.

Originally, I planned to do a case study on Shells development of the Caroline sour gas
field and plant in early 1990s since it seemed to be a good fit with my theoretical model.
According to press reports and ERCB publications, the Caroline gas field was discovered
in 1986. No major production was initiated until 1990 when Shell Canada and Husky
competed to become the leading developer of Carolin. Shell proposed to build a new gas
plant near Caroline. Husky wanted Shell to transport the gas 35 miles through pipeline
to Husky’s existing Raﬁ River plant for processing. ERCB approved Shell’s proposal
eventually. I would like to examine how Shells and Huskys strategies and decisions fit

with my theoretical model if the following data were available.

e The development cost of a gas property and the construction cost of the processing

plant, which has to be tied to the capacity.

e The construction costs of pipelines that are needed to transport the gas from wells

to the plants.
e Any reports and analysis about the negotiation between Shell and Husky.

The first two items were documented in both Shell’s and Husky’s proposal files, which
were buried in ERCB old filings. However, there was very few information regarding the
negotiation process between Shell and Husky.

I realized that focusing on one single project may not be a good choice. I started to

consider collecting a sample of oil and gas investment projects in competitive setting and

Audit & Compliance Coordination Section at ERCB. (if) Mr. Doug Sick at Talisman Energy. (iii) Dr.
Wayne Patton, Director of Energy Management Programs, ISEEE. (iv) Mr. Philip Arthur Welch, P.Eng.
President & Managing Director of McDaniel & Associates Consultants Ltd.
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using that to empirically test the predictions from my theoretical model. U.S. energy
information administration (EIA) was the first place I went to since they provided macro
and micro level 'data for petroleum industry. After downloaded and reviewed hundreds of
spreadsheets from EIA website, I found Kansas State EIA keep very clear field level data
such as the discovery year, the initial reserves, location and annual production volume etc.
After running a few tests using this data, I suddenly realized that one important variable,
the network effect or the competition level was not provided. Without this variable, I
won’t be able the test my competitive real option exercise model. I contacted Kansas
State EIA office. Their response was also negative about it. I was a little discouraged
after that.

One day, my supervisor, Dr. Gordon Sick reminded me that ERCB may have more
detailed field level data and operating data for gas processing plant. I took a closer look
at ERCB website this time and found some of their reports were related to natural gas
fields and processing plants. However, most of ERCB reports were not available online
but could be purchased in CDs. To avoiding paying the expensive price of these dat.a CDs,
I went to ERCB library and discovered four relevant reports, ST50, ST98, ST102 and gas
pool reserve files, which were buried in their hundreds of reports and publications. Since
the data was scattered in several reports, I spent more than three months to summarize
and cross tabulate them together. It was especially time consuming for me to manually
matching the field data with the plant data because all ST50 before 1999 were recorded

in microfiche.

4.2.3 The variables

To empirically test the real option exercise game model, I collected data for more than
1,100 natural gas fields and 1, 200 natural gas processing plants located in the province of

Alberta. The data are from various ERCB annual publications and the registration files
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of individual gas processing plant and natural gas field. A citation list of these various
publications is provided in appendix F.

The discovery time starts from year 1904 and ends at yeér 2006. It is indicated by
the registration year of the earliest discovery well within each field. ST98 report provides
the name, code, location and initial established resérves for every field. It also provides
the discovery year of wells and mean formation depth for all reserve pools within every
field. Pool level data are grouped and summarized to form the field level data including
fhe initial reserve, discovery year and average depth. The total number of discovery wells
within every fields is calculated from ST98 too.

The production startup time extends from year 1954 to 2007 as indicated by the
registration year of the earliest registered gas processing plant of each field. ST102 lists
the facility ID, location, subtype code for all active and inacﬁive natural gas ﬁroduction
facilities. By choosing subtype 401, 402, 403, 404 and 405, four types of centralized
processing plants — sweet gas plant, acid gas flaring gas plant, acid gas injection gas
plant and sulphur recovery gas plant are included in the sample. ST50 reports the plant
ID and location, plant operator name and code, plant licensee, plant process, registeréd
plant capacity, registration year, ERCB approval code, fields and pools that are registered
to serve. ST5H0 are used in conjunction with ST102 to detefmine the plant capacity,
production startup time, and to build up the association between the plants and the
fields. ST50 are recored in excel file since 1999, but all previous years ST50 are recoded
in the microfiche collection. In order to find the association between the plants and fields,
I have to manually search through the historical ST50 in order to find the earliest plant
- that were registered to process gas from particular field.

The historical natural gas price from 1922 to 2007 is collected from Energy Informa-
tion Administration of U.S. government. Once the field discovery time and production

startup time are determined, the price at discovery and price at production are then de-
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termined by matching the year variable. Ultimately, a sample of around 500 observations
was formed at the investment project level where each observation associates one plant
with one fields, or several fields sometimes.

A cooperative gas processing plant is defined as one plant serving, or historically
having served multiple natural gas reservoir fields that are operated by multiple field
operators. A non-cooperative gas processing plant is a plant serving one field or multiple
fields operated by one field operator, or historically never served multiple fields operated
by multiple field operators. The variable, COOP, indicates whether the gas processing
plant is cooperative. If a plant is registered to process gas from multiple fields, it is a
cooperative plant and COOP is equal to one. Otherwise, it is a non-cooperative plant

and COOP has a value of zero. The explanatory variables are listed in this vector,

{PRICEDIS, PRICEPROD, RESERVE, WELLSDISC,

DURATION, DEPTH, CAPACITY }.

PRICEDIS is the natural gas price at the discovery time.
PRICEPROD is the natural gas price at the time of production.
RESERVE is the initial reserve quantity of the field.

DEPTH is the average depth of all production wells within particular field, representing -

the drilling costs.

CAPACITY is the plant’s daily processing capacity, proxying the construction cost of

the plant.
DURATION measures the investment lag between discovery time and production time.

WELLSDISC is the total number discovery wells within a certain field, representing
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the level of network effect. More discovery wells suggest more reserves and greater
future production flows. As discussed in Section 2.3.2, these greater production
flows would need a larger pipeline throughput volume which generates a higher
level of the network effect. This variable can also be viewed as a rough proxy of
the level of competition. If one field has more discovery wells drilled, it is likely
that they are owned by more firms which all have the potentials and motivations

to become the first mover.

The main feature of the data and variables are summarized in Table 4.1. Out of 513
gas fields, 393 of them have been developed and producing gas as of year 2007. The
mean of the variable COOP is 0.61, greater than 0.5, suggesting that more cooperative
plants have been built since 1950s. The average of start production price (PRICEPROD)
is more than three times higher than the price at discovery (PRICEDIS). The average
investment lag is around 31 years. This indicates that on average, firms did wait for
higher real option exercise price to start their production. The average depth of these
production wells is 1, 356 MKB (Meters below Kelly Bushing). The average plant capacity
is 1,182 thousand cubic meters per day. The average gas reserve size is 11,268 million
cubic meters. The network effect or the competition effect (WELLSDISC) varies from

one well per field to 1,068 wells per field with an average of 105 wells per field.

4.3 The Empirical Models and Results

4.3.1 The logit model of cooperative investment

To analyze firms’ strategic real option investment decision under competition, I develop
a logit model to test whether firms may consider the option of cooperating with their
competitors when facing severe competition, or simply be forced to invest as soon as

NPV equals zero. The decision of cooperation is the result of a sequential bargaining
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Variable Obs Mean Std Dev. Min Max
coop 393 0.61 0.49 0.00 1.00
pricedis 442 0.48 0.78 0.05 7.33
priceprod 393 1.85 1.54 0.10 7.33
reserve 513 11267.93 19914.34 1.00 77780.00
wellsdisc 513 104.94 179.39 1.00 1068.00
duration 513 31.35 25.39 0.00 103.00
depth 511 1356.32 804.83 244.81  4187.00
capacity 387 1181.97 2156.66 11.90 11941.00

Table 4.1: Summary Statistics. The variable, COOP indicates whether the gas processing plant is
cooperative. PRICEDIS is the natural gas price at the discovery time. PRICEPROD is the natural gas
price at the time of production. RESERVE is the initial reserve quantity of the field. DEPTH is the
average depth of all production wells within particular field, representing the drilling costs. CAPACITY
is the plant’s daily processing capacity, proxying the construction cost of the plant. WELLSDISC is the
total number discovery wells within certain field, representing the level of network effect. DURATION
measures the waiting period (investment lag) between discovery year and start production year.

game as discussed in Chapter 2. If firms decide to cooperate, they build a cooperative
gas plant with larger capacity to process gas from multiple fields. If firms were not able
to agree on the lease rate (gas processing fee), the leader would start the investment and
production along, the follower would wait until its own threshold reaches.

Section 3.3.1 predicts the following:

1. Firms’ reservation lease rates are concave in the commodity price (for both the
leader and the follower), and the equilibrium cooperation range is decreasing in

commodity price once the real option to invest is exercised.

2. Firms’ reservation lease rates are not very sensitive to the initial reserve level within
the non-exercising region. However, they decrease as initial reserve quantity in-
creases, and the equilibrium cooperation range is decreasing in commodity price
within the exercising region. Figure 3.11 also demonstrates the same prediction

about the equilibrium range.

3. Figure 3.5 and Figure 3.10 indicate that, within the exercising region, a larger
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network effect decreases the leader’s and the follower’s reservation lease rate. Thus,
as network effect increases, the leader is willing to accept a lower lease rate but the
follower is also willing to pay a lower lease rate so that the effect of network effect

on equilibrium range is mixed.

These predictions yield three testable implications for the logit model of cooperation.

Hypothesis 1 The gas price has a non-monotonic effect on the probability of cooper-
ation. It increases the cooperation probability within the non-exercising region,
which is unobservable in the data sample. All the investment projects registered in
ERCB have already been exercised, so they do appear in the data. As a result of
this, increased gas prices are expected to have a negative effect on the cooperation

probability within the exercising region.

Hypothesis 2 Initial reserve quantity is expected to have a negative effect on the prob-

ability of cooperation within the exercising region.

Hypothesis 3 The effect of network effect or competition effect on the probability
of cooperation is mixed. If the competitic;n effect dominates the network effect
(economies of scale), firms are more likely to build non-cooperative plant. If the
network effect dominates the competition effect, firms are more likely to build co-

operative plant.

The logit regression equation is presented as the log of the odds ratio in favor of
cooperation — the ratio of the probability that firms act cooperatively to the probability

that firms act non-cooperatively:
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In ( f P) = o + FP*PRICEDIS + PPPRICEPROD + f*RESERVE

+ BYDEPTH + B°CAPACITY + SYWELLSDISC
+ B"DURATION + ¢
where P = E(COOP = 1|X)
and X = {PRICEDIS, PRICEPROD, RESERVE, DEPTH,

CAPACITY, WELLSDISC, DURATION}.

To control for the potential endogeneity of the explanatory variable, CAPACITY, a
2-stage logit model is also estimated. In the first stage linear regression, the exogenous
variable DEPTH is used as an instrumental variable to estimate a proxy variable CﬁY,
resembling the original CAPACITY. In the second stage logit model, CAPTY is included

as a regressor to replace CAPACITY. The 2-stage logit model is expressed as:

Stage 1: CAPACITY = o + 0DEPTH + ¢

Stage 2: 1n< ) = s + BPYPRICEDIS + PPRICEPROD

P
1-P
+ B°RESERVE + °CAPTY
+ B"WELLSDISC + S*DURATION + ¢,
where P = E(COOP = 1|X)
anci X = {PRICEDIS, PRICEPROD, RESERVE, CAPTY,

WELLSDISC, DURATION}.

Table 4.2 reports the results from the logit regression of cooperation. In both simple

logit and 2-stage logit model, the negative coefficients of PRICEPROD are consistent
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Variables Simple logit Variables 2-stage logit
Stage 1
capacity Coef. Std. Err t
depth 0.8627 0.1348 6.40
constant -107.9803 226.9679 -0.48
Stage 2
Coop Coef. Std. Err. z|Coop Coef. Std. Err. z
pricedis 0.5556 0.4259 1.30|pricedis 0.4590 0.4037 1.14
priceprod -0.5397 0.1328 -4.06|priceprod -0.6294 0.1412 -4.46
reserve -1.51E-05 0.0000 -1.25|reserve -1.08E-05 0.0000 -1.02
wellsdisc -0.0020 0.0022 -0.91jwellsdisc 0.0006 0.0003 2.51
duration 0.0070 0.0144 0.48lduration -0.0024 0.0020 -1.22
depth 0.0004 0.0002 1.65|depth - - -
capacity 0.0004 0.0002 2.75fcaptyhat 0.0004 0.0139 0.03
constant 0.65637 0.4608 1.42|constant 1.114297 0.415305 2.68
N 323 N 327
Chi-square 69.80 Chi-square 58.05
Adj. R? 0.1669 Adj. R? 0.1361

Table 4.2: Logit models of cooperation. It provides the logit model estimates for cooperation. The
dependent variable is COOP, indicates whether the gas processing plant is cooperative. PRICEDIS is the
natural gas price at the discovery time. PRICEPROD is the natural gas price at the time of production.
RESERVE is the initial reserve quantity of the field. DEPTH is the average depth of all production
wells within particular field, representing the drilling costs. CAPACITY is the plant’s daily processing
capacity, proxying the construction cost of the plant. WELLSDISC is the total number discovery wells
within certain field, representing the level of network effect. DURATION measures the waiting period

(investment lag) between discovery year and start production year.

83



with Hypothesis 1. The real option exercise price has a negative effect on the probability
of cooperation. For one cent increase in the initial gas price, the probability that firms
build a cooperative gas plant decreases by a factor of 0.53 in the 2-stage logit model, or
0.58 in the simple logit model.? As explained in Section 3.3.1, this is because as gas prices
increase, the follower’s real option exercise hurdle price is easier to reach. Therefore the
follower’s willingness to play cooperatively decreases, since it has a more viable chance
of building its own plant. If the leader does not lower the lease rate accordingly, the
bargaining game may end in a non-cooperative equilibrium, which reduces the probability
of cooperation.

The coefficient of WELLSDISC is positive (0.06), which confirms Hypothesis 3. The
competition effect is dominated by the network effect and the number of discovery wells
has a positive effect on cooperation. For every unit increase in WELLSDISC, the proba-
bility of building a cooperative plant increases by a factor of 1.0006. In a more crowded
field, whichever firm builds the plant first will become the leader and have the ability
of extract rents from the followers. All firms possessing a similar reserve size will share
a similar exercise price and want to seize this opportunity. The competition level rises.
Meanwhile; firms are also aware of the beneficial network effect that becomes stronger
because more firms may start producing together. As the network effect dominates the
competition effect, firms are more willing to cooperate rather compete with each other
when more there are more discovery wells.

Hypothesis 2 is not strongly confirmed, since the coefficient of reserves is not statis-
tically significant in either of these two models. However, the negative sign of reserve
coefficient does indicate the right direction predicted by Hypothesis 2. The extremely

small coefficients, —0.0000151 in simple logit and —0.0000108 in 2-stage logit are caused

4Here, 0.5329 is calculated as exp~-52%¢ and 0.5829 is calculated as exp~%-53%7, As with many other

papers interpreting logit results, instead of interpreting the log odds of the dependent variable, we
exponentiate the coefficients and interpret them as odds-ratios.
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by the large magnitude of reserves. Capacity is found to have positive effect on the prob-
ability of cooperation in the simple logit model only. Once the heterogeneity problem is
purged in the 2-stage logit model using DEPTH as the instrumental variable, the effect
of capacity ceases to be statistically significant. This shows that larger plant capacity
may not be the cause but the outcome of firms’ cooperative investment, i.e., cooperative

plants are normally larger in order to accommodate natural gas from multiple fields.

4.3.2 The duration model of investment timing for building a gas processing

plant

To analyze the effect of gas price, price volatility, quantity of gas reserves and the network
effect (competition effect) on the investment time lag, I use the framework of duration
analysis. Denote the dependent variable ¢ as the observed investment time lag between
the reserve discovery time ¢; and the production startup time 2. The lag ¢ is measured as
t = t, — t;, and has a probability density of f(¢), and associated cumulative distribution
function of F(t). The survival function is S(¢) = 1 — F(¢). The hazard function is
h(t) = :fgi(% = l—f%%t—) The functional form of A(t) depends on the distribution of ¢.
Based on this hazard function, h(t), a proportional hazard (PH) model conditional on

time-invariant covariates x can be defined as
h(t, a;x, A) = ho(t, @)0(x) (4.1)

where hg(t, @) is the baseline hazard function with parameter « and is common to all units
in the population. The individual hazard functions, h(t,o;x, ) differ proportionately
from the baseline hazard by a nonnegative factor 6(x). The function ho(t, o)) may either

be left unspecified which gives the Cox proportional hazard, or be assumed to follow
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a specific distribution such as the exponential, Weibull® or Gompertz distribution as
described in Lee and Wang (2003).

Using the Wooldridge (2002) formulation, §(x) is normally parameterized as (x) =
exp(Ax), where X is a vector of parameters and x is the vector of explanatory variables.
To interpret the estimates of A, the hazard functibn needs be represented in the regression

form
In A, x) = Ax + In ho(2).
The explanatory variable vector x is defined as:

{COOP, PRICEDIS, PRICEPROD, RESERVE, DEPTH,

CAPACITY, WELLSDISC}

which includes the discovery price, production price, initial reserve quantity, average well
depth, plant capacity and the number of discovery wells within individual field.

An alternative assumption here would be the accelerated failure time (AFT) model
which requires the choice of hazard function distribution. The AFT model is expressed

as a linear function of the explanatory covariates,
Int=XMx+v

where x is the covariate vector same as in PH model, ) is the regression coefficient vector,

5The Weibull distribution is a generalization of the exponential distribution of a Poisson Process,
which has a constant hazard rate over time. A full specification of the Weibull distribution hazard
function includes: f(t) = aft®~! exp(—0t*); S(t) = exp(—0t*); F(t) = 1 —exp(—6t*); h(t) = —‘“—“dfif’)- =
aft*=1 where, § = exp(x)\) and « is a parameter. If @ > 1, the hazard is monotonically increasing
(positive duration dependence); if 0 < a < 1, the hazard is monotonically decreasing (negative dura-
tion dependence). The baseline hazard for the Weibull distribution is ho(t, @) = at®~1, where a is a
nonnegative parameter.

86



and v is the residual term. The distribution of the residual determines the regression
model. If  is assumed normal, the lognormal AFT model is obtained®. If v is assumed to
follow logistic distribution, the log-logistic AFT model is obtained. Similarly, assuming
v follows extreme-value theory yields the exponential AFT model or the Weibull AFT
model. Assuming an incomplete gamma function for v gives the'generalizec.l gamma AFT
model.

At this stage, it is premature to determine whether the investment lag can be char-
acterized by positive or negative duration dependence. Simply assuming an arbitrary
distribution that displays certain characteristic may lead to estimation bias. Therefore,
both proportional model and accelerated failure time model are estimated using all avail-
able distributions, which closely resembles Favero et al. (1994), Kiefer (1988) and Hurn
and Wright (1994). Under PH model, four models are estimated including the semi-
parametric Cox PH model, exponential PH model, Weibull PH model and Gompertz PH
model. Under AFT model, five models are estimated including exponential AFT model,
Weibull AFT model, lognormal AFT model, log-logistic AFT model and generalized
gamma AFT model. ,

The following two hypotheses will be tested with the duration model.

1 Hypothesis 4 The duration of the investment lag is expected to depend negatively on
the gas price and initial reserves. As discussed in Section 3.3.1, gas price and initial
reserve positively related to firm’s profit. When the gas price rises or firms have
increased estimation reserve estimates, the expected profit would rise and firms are

more likely to exercise the real option to invest.

Hypothesis 5 The competition effect and the network effect may decrease or increase

the investment lag depending on which effect dominates. Grenadier (2002), Leahy

6Log-normal distribution leads to a non-monotonic hazard function, whose hazard rate initially in-
creases and then decreases with time.
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(1993) and Kogan (2001) argue that competition erodes real option values and
reduces the development delay to zero-NPV rule, which means competition should
have negative effect on the investment lag. Conversely, Novy-Marx (2007) argues
that in industries with significant opportunity cost or supply side heterogeneity,
this erosion effect of competition is not strong enough to offset the real option
value, and firms may delay even further than the optimal investment threshold
derived from the standard real option model. In the case of developing natural gas
fields, the opportunity costs exist because, once the field is develop.ed, it cannot be
developed second time.” The firms are also heterogeneous because the sizes of their
reserves are quite different. Another important factor is the network effect which
tends to increase the investment lag. It is thus interesting to test which one is the
dominating factor in the gas production industry. The estimation of the duration

analysis shall be able to verify either one of these two results.

"This differs from the opportunity costs defined in Novy-Marx model, which assumes the firm can
reinvest again, because the resource is renewable
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Panel A. Proportional hazard

Cox Proportional Hazard Exponential Hazard Weibull Hazard Gompertz Hazard

Duration Haz. Ratio Coefficient z Haz. Ratio Coefficient z Haz. Ratio Coefficient z Haz. Ratio Coefficient z
coop 0.9290 -0.0736 -0.58 1.0012 0.0012 0.01 1.0022 0.0022 0.02 0.9266 -0.0763 -0.61
pricedis 4.8226 1.5733 8.13 2.0697 0.7274 4.10 4.0523 1.3993 7.34 5.1257 1.6343 8.43
priceprod 0.5812 -0.5426 -7.56 0.7909 -0.2346 -4.36 0.6246 -0.4707 -6.92 0.5729 -0.5570 -7.69
reserve 1.0000 -2.82E-06 -0.61 1.0000 -1.49E-06 -0.32 1.0000 -1.67E-06 -0.36 1.0000 -2.32E-06 -0.50
wellsdisc 0.9983 -0.0017 -1.88 0.9988 -0.0012 -1.31 0.9979 -0.0021 -2.29 0.9982 -0.0018 -1.93
depth 1.0002 0.0002 2.16 1.0001 0.0001 0.93 1.0002 0.0002 1.70 1.0002 0.0002 2.09
capacity 1.0001 1.16E-04 3.65 1.0001 8.11E-05 2.63 1.0001 1.39E-04 4.34 1.0001 0.0001 3.92
Constant - 0.0564 -2.8751 -15.10 0.0014 -6.5471 -17.13 0.0143 -4.2497 -18.27
P - - - 2.1856 0.10 -
sigma - - - -
gamma - - - - 0.0927 15.96
N 298 298 298 298
Log-likelihood -1336.57 -344.59 -245.70 -218.26
AIC* 2687.14 705.18 509.39 454.52
Panel B. Accelerated failure-time hazard

Exponential AFT Weibull AFT Lognormal AFT Log-logistic AFT Generalized gamma AFT
Duration Coefficient z Coefficient z Coefficient z Coefficient z Coefficient z
coop -0.0012 -0.01 -0.0010 -0.02 0.0028 0.04 0.0142 0.20 0.0085 0.18
pricedis -0.7274 -4.10 -0.6402 -7.67 -0.8663 -7.91 -0.8549 -7.02 -0.6064 -8.04
priceprod 0.2346 4.36 0.2153 7.24 0.2660 9.65 0.2265 8.47 0.2126 6.24
reserve - 1.49E-06 0.32 7.65E-07 0.36 2.11E-06 0.68 2.37E-06 0.87 1.34E-07 0.08
wellsdisc 0.0012 1.31 0.0009 2.29 0.0015 2.68 0.0011 2.15 0.0006 1.61
depth -0.0001 -0.93 -0.0001 -1.70 -0.0001 -1.58 -0.0001 -2.28 -0.0001 -1.15
capacity -8.11E-05 -2.63| -6.37E-05 -4.35{ -1.01E-04 -5.22| -9.52E-05 -4.75 -4.12E-05 -2.64
Constant 2.8751 15.10 2.9955 32.13 2.6893 23.95 2.8944 27.30 3.0844 33.73
P - 2.1856 1.99 - - -
sigma. - - 0.6137 0.57 - 0.3747 0.32
gamma - - - 0.3343 0.30 -
kappa - - - - 1.6589 6.74
N 298 298 298 298 298
Log-likelihood -344.59 -245.70 -277.36 -272.68 -240.62
AIC* 705.18 509.39 572.73 563.36 501.25

* AIC refers to Akaike information criterion.

Table 4.3: Duration models of investment lag. It presents the duration model analysis for investment lag assuming four different Hazard
distribution function. The dependent variable is DURATION which measures the waiting period (investment lag) between discovery year and
start production year. COOP indicates whether the gas processing plant is cooperative. PRICEDIS is the natural gas price at the discovery time.
PRICEPROD is the natural gas price at the time of production. RESERVE is the initial reserve quantity of the field. DEPTH is the average
depth of all production wells within particular field, representing the drilling costs. CAPACITY is the plant’s daily processing capacity, proxying
the construction cost of the plant. WELLSDISC is the total number discovery wells within certain field, representing the level of network effect.



Table 4.3 presents the results from aforementioned four PH models in panel A and
five AFT models in panel B. To determine which model is a better fit, the log-likelihood
and Akaike information criterion (AIC) need to be calculated.® Among four proportional
hazard models, the Gompertz model is the best as it has the largest log-likelihood of
—218.26 and smallest AIC of 454.52. Among five accelerated failure time models, the
generalized gamma model is the best as it has the largest log-likelihood of —240.62 and
smallest AIC of 501.25. Overall, Gompertz PH model is a better fit than generalized
gamma AFT model since it has larger log-likelihood and smaller AIC. Therefore, the
focus of the analysis will be put on Gompertz model. In Gompertz model, gamma equals
to 0.0927, greater than 0, which means the hazard rate of failure rises with time. As
firms wait longer, they are more likely to stop waiting and start the investment.

The discovery price and production price have opposite effects on the investment lag.
PRICEDIS has a hazard ratio of 5.13 in Gompertz model, which suggests that if the
discovery price increases by one cent, the firms are roughly five times more likely to start
the investment. This is consistent with hypothesis 4 and standard real option theory: as
commodity price rises, firms are more likely to exercise the real option to invest. The
negative coefficient of PRICEDIS in generalized gamma model also verifies that the price
at discovery has negative effect on investment lag.® One cent increase in the price at
discovery would reduce the investment lag by 0.61 year. PRICEPROD has a hazard
ratio of 0.57 indicating that firms are about 40% less likely to start the investment if

the optimal real option exercise price increases by one cent. Generalized gamma model

8When parametric hazard models are not nested in the data, model comparison using likelihood ratio
or Wald test may not be appropriate. As such, Akaike (1974) proposed penalizing the log-likelihood to
reflect the number of parameters being estimated in a particular model and comparing them. In general-
ized gamma model, I also test the hypothesis that x = 0 (test the appropriateness of the lognormal), and
the hypothesis that x = 1 (test for the appropriateness of the Weibull). The 2 value for £ = 0 is 6.74,
suggesting suggesting that the lognormal model is not an appropriate model for analyzing investment
lag. The p value for £ = 1 is 0.74%, which provides some support for the Weibull model.

9In Gompertz PH model and generalized gamma AFT model, the sign of coefficients are opposite
because AFT model is expressed in terms of In¢, the survival time (investment lag), whereas PH model
is expressed as the hazard rate, the probability of the failure (investment)
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gives PRICEPROD a positive coefficient of 0.21 suggesting the price at production has
a positive effect on investment lag. One cent increase in the price at production would
increase the investment lag by 0.21 year. The intuition is that the price at the time of
production represents the threshold or hurdle price for development, which increases with
development costs. Normally, higher development cost entails longer waiting period.
Hypothesis 4 regarding the initial reserve is not strongly confirmed. The hazard ratio
for reserves is one and insignificant. However, the covariate RESERVE has a negative
coefficient, —2.32 x 10% which indicates the correct direction — negative effect of initial
reserves on firms’ investment lag. The extreme small coefficient is again caused by the
large magnitude of reserves. WELLSDISC has a hazard ratio of 99.82% indicating that
if the competition or network effect increases by one unit, firms are 0.18% less likely
to start the investment. Although this negative effect of the network effect on invest-
ment lag is quite small, it supports Novy-Marx (2007) argument that in industries with
opportunity cost and heterogeneity, competition is not enough to fully erode the real
option value. Other factors such as the network effect may cause the investment lag to
be even longer. The hazard ratios of average well depth, DEPTH and plant capacity,
CAPACITY are slightly greater than one and statistically significant. Their effects on

the firms’ probability of investing are marginally positive.

4.4 Conclusion

The competitive real option literature has developed various equilibrium models (Bertrand,
Cournot, or Stackelberg) for firms’ investment decisions under competition. This research
provides another equilibrium possibility — cooperative equilibrium in which firms share
common production facility and both benefit from the network effect. Strong evidence

is provided to show that firms investment decisions are strategic at least in the natural
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gas industry. Sometimes they compete with each other by investing earlier to preempt
others. Sometimes, they may cooperate with each other in order to take the advantage
of network effect. The choice between competition and cooperation may depend on two
factors, real option exercise price (the price at which the production starts) and the
level of competition or the network effect. Higher option exercise price will decrease the
possibility of cooperation, whereas higher network effect will increase the possibility of
cooperation.

This research also provides the empirical evidence in favor of Novy-Marx (2007) ar-
gument. That is, in industries with significant opportunity costs such as oil and gas
industry, supplier heterogeneity or network effect may offset the erosion effect of com-
petition on real option value to delay the investment. Firms in these industries will not
start investment once the NPV rises to zero. Instead, their investmeﬁts are typically
delayed. The duration the investment delay is affected by commodity price and the level
of network effect. Commodity prices have a negative effect on the duration of investment

lag. The network effect has an positive effect on the duration of investment lag.

92



Bibliography
Akaike, H. (1974). A new look at the statistical model identification. IEEE Transaction
and Automatic Control, AC-19:716-723.

Bakos, J. Y. and Nault, B. R. (1997). Ownership and investment in electronic networks.

Information Systems Research, 8(4).

Boyer, M., Lasserre, P., Mariotti, T., and Moreaux, M. (2001). Real options, preemption,

and the dynamics of industry investments.

Brennan, M. J. and Schwartz, E. (1985). Evaluating natural resource investments. Jowr-

nal of Business, 58(2):135-157.

Broadie, M. and Glasserman, P. (1997). Pricing american-style securities using simula-

tion. Journal of Economic Dynamics and Control, 21(8-9):1323-1352.

Bulan, L. T. (2005). Real options, irreversible investment and firm uncertainty: New

evidence from w.s. firms. Review of Financial Economics, 14(3/4):255-279.

Bulan, L. T., Mayer, C. J., and Somerville, C. T. (2002). Irreversible investment, real

options, and competition: Evidence from real estate development.

Capozza, D. R. and Sick, G. A. (1991). Valuing long-term leases: The option to redevelop.
The Journal of Real Estate Finance and Economics, 4(2):209-223.

Chou, C.-f. and Shy, O. (1990). Network effects without network externalities. Interna-

tional Journal of Industrial Organization, 8(2):259-270.

Church, J. and :Gandal, N. (1993). Complementary network externalities and technolog-

ical adoption. International Journal of Industrial Organization, 11(2):239-260.

93



Church, J. and Ware, R. (1996). Delegation, market share and the limit price in sequential

entry models. International Journal of Industrial Organization, 14(5):575-609.

Church, J. and Ware, R. (December 1999). Industrial Organization: A Strategic Ap-
proach. McGraw-Hill Publishing Co.

Dixit, A. (1995). Irreversible investment with uncertainty and scale economies. Journal

of Economic Dynamics and Control, 19(1-2):327-350.

Dixit, A. K. and Pindyck, R. S. (1994). Investment under Uncertainty. Princeton Uni-

versity Press, Princeton, N.J.

Econorhides, N. (1996). The economics of networks. International Journal of Industrial

Organization, 14(6):673-699.

Farrell, J. and Klemperer, P. (2005). Coordination and lock-in: Competition with switch-
ing costs and network effects. In Armstrong, M. and Porter, R., editors, Handbook of

Industrial Organization, volume 3. Elsevier North-Holland.

Favero, C. A., Pesaran, M. H., and Sharma, S. (1994). A duration model of irreversible
oil investment: Theory and empirical evidence. Journal of Applied Econometrics,

9:595-S112.

Fudenberg, D. and Tirole, J. (1985). Preemption and rent equalization in the adoption

of new technology. Review of Economic Studies, 52(170).
Fudenberg, D. and Tirole, J. (1991). Game Theory. MIT Press, Cambridge (MA).

Fudenberg, D. and Tirole, J. (2000). Pricing a network good to deter entry. Journal of
Industrial Economics, 48(4):373-390.

94



Gamba, A. (2003). Real option valuation: a Monte Carlo approach. working paper,
University of Calgary - School of Management. presented at the EFA Annual Meeting,

University of Berlin.
Garlappi, L. (2001). Preemption risk and the valuation of R&D ventures.

Grenadier, S. R. (1996). The strategic exercise of options: Development cascades and

overbuilding in real estate markets. Journal of Finance, 51(5):16563 — 1679.

Grenadier, S. R. (2002). Option exercise games: An application to the equilibrium

investment strategies of firms. Review of Financial Studies, 15(3):691-721.

Huisman, K. J. M. and Kort, P. M. (2004). Strategic technology adoption taking into
account future technological improvements: A real options approach. European Journal

of Operational Research, 159(3):705-728.

Huisman, K. J. M., Kort, P. M., Pawlina, G., and Thijssen, J. J. J. (2003). Strategic

investment under uncertainty: merging real options with game theory.

Hurn, A. S. and Wright, R. E. (1994). Geology or economics? testing models of irre-

versible investment using north sea oil data. The Economic Journal, 104(423):363-371.
Imai, J. and Watanabe, T. (2005). A multi-stage investment game in real option analysis.

Katz, M. L. and Shapiro, C. (1985). Network externalities, competition, and compatibil-

ity. American Economic Review, 75(3).

~ Katz, M. L. and Shapiro, C. (1986). Technology adoption in the presence of network

externalities. Journal of Political Economy, 94(4).

Kiefer, N. M. (1988). Economic duration data and hazard functions. Journal of Economic

Literature, 26(2):646-679.

95



Kogan, L. (2001). An equilibrium model of irreversible investment. Journal of Financial

Economics, 62:201-245.

Kreps, D. M. and Scheinkman, J. (1983). Quantity precommitment and bertrand com-

petition yield cournot outcomes. Bell Journal of Economics, 14(2):326-337.
Kulatilaka, N. and Perotti, E. C. (1994). What is lost by waiting to invest?

Lambrecht, B. and Perraudin, W. (2003). Real options and preemption under incomplete

information. Journal of Economic Dynamics and Control, 27(4):619-643.

Leahy, J. V. (1993). Investment in competitive equilibrium: the optimality of myopic
behavior. Quarterly Journal of Economics, 108(4):1105-1133.

Lee, E. T. and Wang, J. W. (2003). Statistical Methods for Survival Data Analysis. New
York: Wiley, 3rd edition.

Longstaff, F. A. and Schwartz, E. S. (2001). Valuing american options by simulation: a

simple least-squares approach. The Review of Financial Studies, 14(1):113-147.

Mason, R. and Weeds, H. (2005). Can greater uncertainty hasten investment? Formerly:
" Irreversible Investment with Strategic Interactions” and ” Networks, Options and Pre-

emption”.

McDonald, R. and Siegel, D. (1986). The value of waiting to invest. Quarterly Journal
of Economics, 101(4):707-727.

Miltersen, K. R. and Schwartz, E. S. (2004). R&D investments with competitive inter-
actions. Review of Finance, 8:355-401. NBER Working Paper No. W10258.

Murto, P. and Keppo, J. (2002). A game model of irreversible investment under uncer-

tainty. International Game Theory Review, 40(2):127-140.

96



Murto, P., Nésékkals, E., and Keppo, J. (2003). Timing of investments in oligopoly

under uncertainty: A framework for numerical analysis.

Novy-Marx, R. (2007). An equilibrium model of investment under uncertainty. The

review of Financial Studies, 20(5):1461-1502.

Pindyck, R. S. (1978). The optimal exploration and production of nonrenewable re-
sources. Journal of Political Economy, 86(5):841-861.

Sick, G. A. (1989). Capital budgeting with real options. Monograph Series in Finance
and Economics, (1989-3):1-78.

Sick, G. A. (1995). Real options. In Jarrow, R., Maksimovic, V., and Ziemba, W. T.,
editors, Finance, volume 9 of Handbooks in Operations Research and Management

Science, chapter 21, pages 631-691. North Holland.

Sick, G. A. and Li, Y. (2007). Real options, sequential bargaining game and network

effects in natural gas production. SSRN Working Paper Series.

Smit, H. T. J. and Ankum, L. A. (1993). A real options and game-theoretic approach to
corporate investment strategy under competition. Financial Management, 22(3):241—

250.

Smit, H. T. J. and Trigeorgis, L. (2004). Strategic Investment: Real Options and Games.

Princeton University Press.

Thijssen, J. J. J., Huisman, K. J. M., and Kort, P. M. (2002). Symmetric equilibrium

strategies in game theoretical real option models.

Thijssen, J. J. J., Huisman, K. J. M., and Kort, P. M. (2006). The effects of information

on strategic investment and welfare. Economic Theory, 28(2):399-424.

97



Trigeorgis, L. (1996). Real Options: Managerial Flexibility and Strategy in Resource
Allocation. MIT Press, Cambridge, MA.

Wooldridge, J. M. (2002). Econometric Analysis of Cross Section and Panel Data. The
MIT Press.

98



Appendix A

The smooth-pasting conditions for a non-cooperative

player’s investment decision

In order to derive the smooth-pasting conditions for a non-cooperative player’s investment
decision, we partially differentiate the expected payoff function W; with respect to P,
and @;. This requires differentiating a definite integral with respect to a parameter
that appears in the integrand and in the limits of the integral. The following formula
is discovered by Gottfried Wilhelm von Leibniz. Let f be a differentiable function of .
two variables, let a and b be differentiable functions of a single variable, and define the

function F' by

b(t)
F(t) = flt,z)de Vit
a(t)

Then

b(t)
F'(t) = f(t, b))V (¢) — f(¢,a(t))d' () + o fi(t,z)dz

I now apply this Leibniz formula to differentiate W; with respect to P, and @; separately,
where 7; is the first time the manifold (P(Q),Q) hits the threshold (P*(Q),Q). Producer

1’s cash flow function is

g = (P — C)agiy
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Producer 4’s production function is

q'ic te [Ti> ai,trans]
g:(t) =
aiQi (‘%,trans)e_ai(t—oi’tram) te [ei,trans; 91,]

The production transition time is defined as

Qz(Tz) aei,trans =0 d aei,trans _ 1

1
—_— ﬁ — —_ = —
¢ aP, T, T @

aiQi (gi,trans) = qf

ei,trans -

Therefore, we have

ei,trans
m = E‘ri |:/ 6—T(t—Ti)(-Pt - C)qfdt
Ti

0;
N / e~ t=m)(p, — C)qfe‘a"(t_ei"““)dt} — K(g)

91' ,trans

Since the price is assumed to follow the GBM, the futures price P, follows

P, = P, el#top/2)(=T)

Therefore, the first smooth-pasting condition at the development time 7; is:
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_ oW
9P,

ei, rans
_ Eﬁ [/ 6 e~ t—r,-)eﬂ(t—n)qicdt
T

VP(P*’ Q*)

0
_I_ / e—"' (t—'ri ) eﬂ(t"""i) qice_ai (t—ei,trans) dt:l
(7

i,trans

oi, rans
= ET,- [ / ' e(ﬂ_r)(t_'ri)qfdt
Ti

0;
4 / e(ﬂ_r)(t_Ti)“a_i (t—oi,trans)qicdt]

9i,trans

The second smooth-pasting condition follows from Leibniz’ formula as:

ow;

Vo(P*,QY) = —

Q( ) ) 0Q;
~ 1

= E’ri [0 - -q_ce_r(ei,tmns_n)(Poi,trans - C)Qf +0
1
+ —lge_r(oi'“‘"‘“s_n) (Poi,crans — O)qfe—_&i(ei,trans— i,trans)
i

0; =
+ / e (P, - C)Qf%e"m(t_o"'"m)dt]
ei,crans

i

_ Eﬁ [_e—r(ei:tfa"S_Ti)(Pai,crans - C)
+ erT(oi,trans_Ti) (Pei’“ans - C)

&; _
-} / e_r(t_Ti) (Pt — C)aie_ai(t—ei,trans)dt]

ez,trans

0;
= E,ri l:/ e""'(t_Ti)(_Pt _ C)aie“ai(t—ei,crans)dt]

ei,trans
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Appendix B

The extensive form of bargaining game
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Figure B.1: The extensive form of the bargaining game
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Appendix C

The perfect Bayesian equilibrium for the leader and

follower bargaining game.

The extensive form representation of this sequential bargaining game is shown in Fig-
ure B.1 of Appendix B, which will be used throughout the discussion of the perfect

Bayesian equilibrium.

C.1 The leader and follower optimal strategies at time ¢+ 1

In period ¢ + 1, the leader with beliefs 7j(l;) makes a “take it or leave it” offer l;,; so as
to maximize that period’s profit. Because period ¢ + 1 is the last period, the leader’s
threat of offering no other contract in the future is credible, so the follower will accept if
and only if his reservation is at least l;4;. The follower’s optimal strategy at date ¢ + 1

is defined as: !

lp, F, Fy both accept
Ifliys =9 Ip, F; accepts, Fj, rejects (C.1)

Random(l,1r], F; accepts, F} rejects

The leader’s offer I;,; ranges from [y to 1p. If offering lyyq =1 7, the leader sells for sure

and obtains the enterprise value of UL coop(P, Qr, a5, 1p; NO& ), simplified as Ur(lp). If

Tlease

offering ;1 = Ip, the leader sells with probability % and has second period enterprise

1Each type follower is actually indifferent between accepting and rejecting a lease rate of l;; that
exactly equals that type’s reservation rate. However, as long as the supremum of the leader’s total
enterprise value is achieved in the limit of lease rate l;41 = | — |¢] as € — 0, I could assume, without
loss of generality, the existence of an equilibrium given the leader’s beliefs requires that type [ accept
ler1 = I, and whether the other type accepts a lease rate equal to its reservation rate is irrelevant.
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value of 7 - Ur coop(P, Qr, a2, lr; NOE ), simplified as 77 U (Ip). Therefore, there exists a

unique critical probability y = %, and the leader’s optimal strategy at date ¢t + 1 is
defined as:
lF> if ﬁ <X
b1 =< Ip, i 7> - (C2)

Randoml[lp,lr], if7=x
C.2 The leader and the follower’s optimal strategy at time ¢

At time ¢, the leader and the follower’s decisions are more complex. Ideally, the leader
would want to offer the high type follower at I and the low type follower at [p. But I
have already shown that the high type follower is motivated to lie. Therefore, the leader’s
task is to differentiate the high type follower from the low type follower by testing them
with different lease rate. At time ¢, the low type follower F}, will accept if and only if
Iy = lp since it will never obtains a surplus at next period. Of course, the high type
follower F accepts l; = [ too. The high type follower, however, if offered l; > [, has to
consider how its rejection might affect the leader’s posterior belief about the follower’s
type. High type follower F, obtains a surplus only if the leader is sufficiently convinced

that it is the low type follower, i.e., 7 < x.

C.2.1 The consequence of the follower’s rejection on the leader’s posterior

belief

I now discuss how the follower’s rejection might affect the leader’s posterior belief.

1. Choice of mixed and pure strafegy
Suppose the rejection of I, > [ generates “optimistic posterior beliefs”: 77 > .

From equation (C.2) the leader charges l;1; = [p. High type F, has no second
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period surplus from rejecting (continue lying) that I, > [z. Therefore, the high

type F; is better off accepting I; > [p. And since [; is rejected by the low type

Fy, Bayes’ rule yields 7(l;) = % = 0, a contradiction. Thus neither of the pure
strategies, accept or reject, is optimal here. In the following subsections, I will
develop a mixed strategy for the follower and the leader in the case of the rejection
generating optimistic posterior, and I will also elaborate the leader and follower’s

pure strategy in the case of the rejection generating “pessimistic posterior beliefs”.

Let y(l;) denote the probability that the high type F; accepts l;. Then the high type
follower consider how its probability of rejection will affect the leader’s posterior

according to the following formula:

(a) If Fy accept with probability of 1, then y = 1 = 1 —y = 0, then 7(};) =

70

5tip1 = 0 < Xx. According to equation (C.2), the leader with posterior 77 < x

will offer l;41 = Lp. So F; who anticipates this lower second period price ls41
should not accept I with probability of 1. A contradictory.
(b) If Fy reject with probability of 1, then y = 0 = 1 —y = 1, then 7(l;) =

7—,.154'.119.1 = P. Now since in the top branch of the extensive form of game, I have

P > x. Therefore, 7 =7 > x. According to equation (C.2), the leader with
posterior 7j > x will offer l;41 = Ip. So F, who anticipates this higher second

period price ;41 should not reject I; with probability of 1. A contradictory.

In equilibrium the high type F; should not rejecf l; with probability 1, because in
that case I would have 7(l;) = P > x and the leader charging l;4; = Ip, so the
high type F; would be better off accepting ;. But I already saw that the high

type Fs cannot accept such an [/, with probability 1 either. Hence, the high type
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follower needs a mixed strategy here by randomizing between accept and reject,

i.e., controlling the y so that the leader’s posterior is 7j(l;) = x.

2. Rejection deteriorates the leader’s ex ante belief.
According to the Bayes rule, for any rejection of l; > [z, the leader’s posterior belief

is calculated as:

) = Prob(type = F, & reject [, > 1p) - Prob(l; > Ip)
Mo Prob(reject l; > Lp) p-Prob(l, > Ir) +p

_ P o (C.3)

p

b—
P brob(l, > i)

which means the posterior is always less than or equal to the prior conditional on the

rejection of I; > [p.

C.2.2 The follower’s indifference lease rate |, N

To analyze the high type follower’s behavior at ¢ when offered price I; € (I5,r], I have
to define a critical indifference least rate [r. The high type follower F should accept I,

only if

Ur, (k) = Ur,(Ir) = e (Ur,(Lp) — Ur,(Ir))

=  Un(l) 2 (1 —eUr(r)+ e Un(lp)

(C.4)

To see this, note that Ug,(I;) — Ur,(Ir) is the realized gain from lying at time ¢ and
Up, coop(lp) — UFs,coop(Zp) is the maximum possible gain from continuing lying at time

¢t + 1. Denote [ as the [, which makes the above inequality equal. That is

Ur,(Ir) = (1 — e")Up,(Ir) + e "Ur,(ir)
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Obviously, when l; = I, the high type follower Fy is indifferent between accepting this
Iy and getting l;41 = [p at time ¢ + 1 by rejecting this ;. As the high type follower’s
enterprise value function, Up,(l) decreases in [, I have the optimal strategy for the high

type follower when facing the lease offer at [, > [p.

o Iflp <l <lp= Ur(l) > Ur(lp) = (1—e™Up,(Ir)+e~"Ur,(l). Equation (C.4)

is satisfied. High type Fs accepts this l; € ({5, ZF].

o Ifl, > I, rejecting l; is optimal for the high type F; as it is for the low type Fy,

and therefore Bayes’ rule yields

-1
1 _p

7l > lp) = ———
77(t F) - _*_2-1

which means the posterior beliefs coincide with the prior beliefs. In other words,
the follower is safe to reject any offer I, > Ip at time ¢ without improving the

leader’s information about the follower’s type.

C.2.3 The strategy of the pessimistic leader p < x

Equation (C.3) shows 7j < 7, combined with 7 < x, I have 77 < x. This means no matter
what the first period offer is, the follower’s rejection always makes the leader pessimistic.
Therefore the leader’s second period strategy is limited to l;4; = [z whenever it observes
a rejection at time £. I now compare the leader’s expected total enterprise values from

three different first period strategies, as illustrated in the bottom branch of Figure B.1.

1. Bottom-Bottom strategy (BB): I; = [
Both type followers will accept this [; as they knows this is the most favorable price.

BB therefore leads to a pooling equilibrium. The leader has an enterprise value of

UL(lF)-
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9. Bottom-Middle strategy (BM): [; = i
The high type F; would accept this [; because it is indifferent as discussed in Section
C.2.2. The low type F} rejects this offer because leasing would give him a negative
surplus, i.e., UFb,coop(ZNF) < Up, ne according to equation (2.12). Thus if the leader
observes a rejection, it knows the follower is low type and will set l;4y = Ip. BM
therefore leads to a separating equilibrium. The leader’s expected enterprise value

from BM strategy is: - Ur(lp) +e~"p - Ur(lp).

3. Bottom-Top strategy (BT): I; € (I, 1r]
Again, the low type follower Fj rejects this offer because U, coop(lr+) < Up, ne- The
high type follower F;s would rather reject this /; since it knows that the consequence
of rejecting the leader’s offer is 7 = P < x and the leader will offer a lower lease
rate next period, l;y; = lp. BT therefore leads to a pooling equilibrium as both
type followers reject. BT strategy will give the leader a total enterprise value of

e—r . UL(,l_F)

Clearly, BB is better than BT and BM is better than BT.2 Either BB or BM can give
the leader higher value depending on the generic values of parameters. Thus, I summarize

the pessimistic leader’s optimal strategy as:

. 1—e™
by, f U O F
I = ﬁ 2P Ur(lp) 7 (C 5)
¢ o - .
o Upn(le £
L lp, if ULm) ~ D

2The leader’s valuation function Ur(l) increases at I. Hence, pUL(r) > PUL(Lp). Therefore,
PUL(IF) +e7"pUL(Lp) > PUL(p) + e~ pUL(Lp) > P "UL(lp) + €7 pUL(Lr) = e~ UL(lp)-
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C.2.4 The strategy of the optimistic leader 7 > y

1. Top-Bottom strategy (TB): [, =[5
The TB strategy is same as the BB strategy. Both type followers accept the lease

and the leader’s enterprise value is UL(ly), a pooling equilibrium.

2. Top-Middle strategy (TM): Iy = Iz
This is also similar to BM strategy. The high type F; accepts whereas the low type
F}, rejects this offer, a separating equilibrium. The leader’s expected enterprise

value from TM strategy is: 7 - Up(ix) + e™"p-Ur(lp).

3. Top-Top strategy (TT): Iy € (Ip, 5]
The low type follower Fj rejects this offer. The high type follower F; has a more
complex decision because it has to consider the consequence of rejecting the leader’s
offer, i.e., whether the leader is going to charge a higher or lower l;1;. In equilibrium
the high type F; cannot reject l; with probability 1, bec'ause in that case I would
have 7(l;) = P > x and the leader charging l;1 = Ir, so the high type F, would be
better off accepting ;. But I already saw that the high type F cannot accept such
an [y with probability 1 either. In fact, the offer of [; € (Z r,1r] is a dilemma for the
high type because if it rejects, the leader will charge an even higher l;.; = Ip; if it

accepts, it gets the smallest expected enterprise value.

Hence, the high type follower needs a mixed strategy here by randomizing between
accept and reject. In equilibrium the high type Fs must randomize in order to make
the leader’s posterior belief satisfy 7j(l;) = x so that the leader will offer the price

l;41 to be any randomization between I and Ip. Let y(I;) denote the probability
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that the high type Fy accepts l;. Then 7(l;) = x will give:

ﬁ(l_y*(lt)) =y = y*(lt)=1+ A

(le) = p(l—y (k) +p XP—D

which defines a unique y*(l;) = y* € [0,1]. Note that y*(l;) is independent of I;.
Any y < y* will make the leader’s posterior belief 77 > x, which leads to ly11 = Ip.
Any y > y* will make the leader’s posterior belief 7 < x, which leads to ly41 = [p.
Since the equilibrium has to be Pareto efficient, in order for the high type F; to be
indifferent between accepting and rejecting lt; I need to define another probability

z(l;) for the high type follower to realize its maximum second period gain.

Ur, (k) — Ur,(Ir) = e x(l) (Ur,(p) — Ur,(Ir))

which defines a unique probability z(l;) for l;1; = [p. The leader’s expected enter-

prise value can be calculated as:
pyUL(r) + e [B(1 = y)(1 — 2)Ur(lr) + P(1 — y)aUs(lp) + 2pUs(lp)]  (C.6)

Any of those strategies, TT, TM and TB can generates the highest total enterprise
value for the leader depending on the parameter values. I summarize the optimistic
leader’s optimal strategy and expected enterprise value in the first period as one the

following:

lp, which generates value UL (Iz);

~

I7, which generates value p- Ur(ip) + e™"p - Ur(lp);

o~
o

lp, which generates value By - Ur(Ir) + ™" (P(1 — y) + p)Ur(lr)-
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where the third enterprise value is computed using the fact that, for posterior beliefs
M =X, ley1 = Ly is an optimal price in the second period for the seller as z(l) = 1. Note
that if the third value is highest, the leader never sells to the low type F} as z(Ir) = 0.
The conclusion is thus that there exists a unique perfect Bayesian equilibrium, and
that this equilibrium exhibits Coasian dynamics — that is, 7(l;) < P for all I;, so the
leader becomes more pessimistic over time, and ly1; < I3, so the leader’s offer decreases

over time.
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Appendix D

The numerical comparison: comparison of finite
difference method and least square Monte-Carlo

method

D.1 Single player model for the leader

The leader chooses the optimal time point to invest and start producing, suspend or
resume the operation depending on the market price P and estimated remaining reserve
quantity @.! Suppose K(q) is the cost of developing to capacity g, as before, and Kj is

the cost of suspending, and K, is the cost of resuming suspended production. Define

V(P,Q,m) = the leader’s firm value

where m = 0,if undeveloped
m = 1,if producing
m = 2,if developed, but production is suspending

The boundary triggers are {P}, Q%} for developing, {P%, Q%.} for operating to close,

{Pr,Q%*} for close to operating. Then the trigger values must satisfy value-matching

1 This is an extension of the classic model of operating real options by Brennan and Schwartz (1985)
to finite reserves.
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and smooth-pasting conditions:

V(F;,@5,0) = V(F;, Q1) — K(9)
( oc? ro) 1) 14 oc:ro) 2)

V(Feo Q20r 2) = V(Fes Q20r 1) — K
Vp(Fy,@5,0) = Vp(Fy, @5, 1)

Va(Fy, @5, 0) = Vo(Fs, @5, 1)

Ve(Pr, Qs 1) = Vo(Pr, Q5cs 2)
Va(Foe, Qoer 1) = Vo(Foe, Qs 2)
Ve(Pro Qior 2) = Vp(Pro) Qior 1)
Va(Ph, Qi 2) = Vo(Po, Qe 1)

Assume the convenience yield dividend yield on the underlying asset (petroleum) is

6(P,t). The risk-neutral drift is

p(P,t) = AB(P) = rP — §(P,1)

where
cov(dP, df)
\/var(dP)var(df)

(P)

and 7 is the risk free interest rate. Similarly, the risk-neutral drift of Q is:

wQ) - g(m) — AeB(Q) = u(Q) — q(m)

where

If I assuming the P and ) are not correlated, the firm value must also satisfy the
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following two dimensional PDEs:

Whenm =0

1

5 [0%(Q)Vao(P, Q,0) + o*(P)Ver(P,Q,0)]

+Vo(P,Q,0) [(Q) — ¢(0) — AeB(Q)]

+VP(P7 Q’ 0) [NP(P) - /\PﬂP(P)] + V; = TV(Pa Qa 0)

4
% [Uz(Q)VQQ(P7 Q) O) + az(P)VPP(P) Q) 0)] + VQ(Pa Q: O)IU’(Q)
+ Ve(P,Q,0) [up(P) — Apfr(P)] + V; =rV(P,Q,0) (D.1)
When m =1

! [0(QVaa(P,Q, 1) + *(P)Vep(P, @, )] + Vo(P, @, 1) [(@) — (1)

FVp(,Q,1) [1p(P) ~ Aefp(P)) + Vi + 7w = V(P @, 1) (02)
v
2 [%(@)ea(P, Q1) + *(P)Ver(P,Q,1)] + Va(P, @, 1) [5(Q) - (1)
FVR(P,Q ) [kp(P) = Aofp(P 4 Vi 7)) = rVA(BQT) (DY)
v
1

5 [*(@Vae(P,@,1) + o*(P)Ver(P, @, 1)] + Va(P,Q: 1) [4(@) — a(1)]

+Ve(P,@,1) [up(P) — ApBp(P)] + Vi + m* = rV3(P,Q, 1) (D.4)
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When m = 2

5 [2(@Vaa(P,Q,2) +o*(P)Ver(P,Q,2)]
V(P Q,2) [4Q) - 1(2) — 2aB(Q)]
FVp(P,Q,2) [1p(P) ~ Aep(P) + Vi = V(P Q,2)
v

1

5 [0%(@)Vaa(P, @,2) + o*(P)Ver(P,Q,2)] + Va(P, @, 2) [1(Q) — 9(2)]

+ VP(P7 Q>2) [/'I'P(P) - AP;BP(P)] -+ W = TV(P’Q) 2) (D5)

D.2 Solve the one player model with finite difference method

I use explicit finite difference method, Euler methods and symmetric difference. I assume

simple log-normal process for both P and Q, which is:

dP = pupdt+ opPdzp (D.G)

dQ = pgdt+ ogQdzg (D.7)

Also, assume a constant dividend yield rate dy which makes §(P,t) = §oP. Thus,

p(P) = AB(P) = ppP —G8yP =rP — 6P (D.8)
mQ) = poQ (D.9)
o2(P) = o3P (D.10)
(@) = 5@ (D.11)
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Discretize

V(B) Qj? tk) - V(Pu Qj) tk—l)

Vi = - (D.12)
Vo = V(Pi+1aQj>tk;;;/(P'—1’Qj’t’“) (D.13)
Vo = V(Pi,Qj+1atk;;g(Pi>Qj—1’tk) (D.14)
Vop = V(Pu1,Qpte) + V(JEZJ,D gj', ty) = 2V (P, @5, t) (D.15)
Vog = V(E,Qj+1,tk)+V(1?,A%)_21,tk) —2V(B;, @y, tx) (D.16)

Then, equation D.1 becomes

150 oV (B, Qirr, te) + V(B Qjm1, tr) — 2V (B, @y, )
2‘0'Q.7 (AQ) (AQ)z

l 2.9 2V(Pi+1> Qj)tk) + V(]Di—-la Qj)tk) - 2V(R) Qjatk)
+50pt (AP) (AP)?

. V(B)Qj+17tk) B V(Pi)Qj—l)tk)
Qi AQ VNG
. V(Pi+l) Qj)tk) + V(P'—h Qjatk)
+(r — §o)iAP AP
+ V(Pi)Qj7tk) - V(H;Qj7tk—l) =’I"V(.P1;,Qj,tk) (D17)

At

4

1,
502332 V(B Qjr1,tr) + V(B Qj1, tr) — 2V (B, Qj, 1))

1 5.

+‘§O'}2>22 [V(P'i+1) Qj) tk) -+ V(]Di—la Qj) tk) - 2V(-Pz; Qj: tk)]
1

+5HQJ V(B Qj1,te) — V(B Qj1, )]

g (ri = ) [V (Pirn, Q) + V (Pics, Qs )]
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V(R) Qj) tk) - V(-Ph Qj) tk—l)

+ At

=rV(P, Qs ) (D.18)

Finally, I get the recursive formula:

2 . 1, 1
(1 - 035°At — 03 At — r ALV (P, Q5 i) + (50632At + §quAt)V(Pi, Qj+1, k)

1, 1 1, 1 .
(EaéjzAt — §quAt)V(P,-, Qj-1,te) + (50]2,7,2At + 5(” - 507,)At> V(Piy1, Qj, tr)
(%a}%izAt - %(m’ - 507;)At) V(Pis, Qs t) = V(P Qs tes) (D.19)

There are three conditions for the input variables to ensure the stability of the solution

to the PDEs, for i and j within the recursive formula

(1 - oAt — 0pi°At —TAL) > 0
1 5. 1
(504" At — SuQiAt) = 0
%a}",izAt-}—%(ri—&oi)At > 0
%aiz‘%t—%(ri—m)m > 0
4
1 2 .2 2 2
—A—t_’r 2 UPZmaw+o-Qjmax (DZO)
9Q
r > & (D.22)
— 0
Imin 2 T‘, ) 0 (D23)
op
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Appendix E

Matlab program routines and base case parameters

E.1 The routine map for the game

E.2 The description of base case parameters of simulation
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Figure E.1: The program routine map of LSM simulation of leader-follower investment game

| follower pv prod |

[ follower pv prod determP | | follower Ism call ro |

A\

V

| follower lease plant | | follower own plant |

followerBestResponse qcF_l nwe

Use follower’s model to solve
for the maximum lease rate

which follower may accept. sim_price
Then use this maximum 1* as
an input variable to leader’s \}

model

leaderBestResponse_qcL_nwe

A\

leader_build

V

leader_pv_prod_determP leader_ro_call_lease

|leader pv prod |
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Figure £.2: Base Case Parameters for Least Square Monte-Carlo Simulation in Matlab

The parameter value for the follower’s model

P=1:0.5:8;
QF=500000:5000:800000;
1=1:0.5:20;
gFL = 8000;

a=20000;
b=100;
qcF=8000;

drill_c=80000;
construct_c = atb*qcF;
K=construct_c + drill_c;
alpha_bar=0.08;
C=1.2;

nwe = 0.1*C;
maxT_prod = 100;
rf=0.08;

Current commodity's price vector, same for the leader and the follower.

The follower's initial reserve quantity, 1-by-61 row vector

The lease rate vector, 1-by-81

The production capacity which the follwer leases from the leader. Initially it was
set to the follower's own plant size and will be varied later.

Fixed cost of construction of gas plant

Variable cost of construction, bigger plant costs more to construct

The follower's plant capacity decision, i.e., production constraint II, Initially, it
was set equal to maximum QF/100 now. 100 is the maximum production year. It
will be allowed to vary later.

Dirilling cost

The vector of construction cost, 1-by-2

The exercise price

Government regulated daily production rate

Assume same variable production cost for the leader and the follower

The network effect as a percentage of production cost

Assume the production will be terminated by government at the end of 100 years.
Risk free rate

The parameter values for the leader’s model

P=1:0.5:8;
QL~=1600000:10000:2000000;
1=10;

a=20000;

b=100;

qcL=[20000,280007;

construct_c = at+b*qcL;
drill_c =80000;
K=construct_c + drill_c;
C=1.2;

nwe = 0.1*C;

qFL = 8000;

rf=0.08;
alpha_bar=0.08;
maxT prod = 100;

Current commodity's price vector, same for the leader and the follower.

The leader's initial reserve quantity, 1-by-41 row vector, bigger than QF
Assume this is the optimal lease rate calculated from follower's model

Fixed cost of construction of gas plant, same for the leader and the follower.
Variable cost of construction, same for the leader and the follower.

The leader's cooperative plant capacity decision, i.e., production constraint II, It
was set as the sum of maximum (QL/100)+gFL;

The vector of construction cost, 1-by-2

Drilling cost

The exercise price

Assume same variable production cost for the leader and the follower

The network effect as a percentage of production cost

The production capacity which the follwer leases from the leader. Initially it was
set to the follower's own plant size and will be varied later. It is normally
specified by the leasing contract. It needs to be synchonized with

Risk free rate

Government regulated daily production rate

Assume the production will be terminated by government at the end of 100 years.

The parameters for the underlying process

steps=80;
paths=50;
alpha=rf;
sigma=0.15;
delta=0.06;
T=20;

Set the unit time to be quarter

More paths will make the option value curve smoother

The risk-neutral drift rate of the underlying asset --- natural gas price

Volatility of the natural gas price

Convenience (dividend) yield

The life of the real option. If T increasing, while steps unchanged, the option
value curve will deviate further from its lower bound.
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Appendix F

The list of ERCB publications used for data

collection

ST98: Alberta’s Energy Reserves & Supply/Demand Outlook Includes':

e estimates of reserves for crude bitumen, crude oil, natural gas, natural gas

liquids, coal, and sulphur for the province of Alberta
e supply and demand forecasts for Alberta’s energy resources
e information on energy prices and economic performance
e terminology and abbreviations

e detailed tables showing established reserves, other data on a field and pool
basis for crude bitumen, crude oil, and natural gas. (formerly Alberta’s Re-

serves)

Gas Pool Reserves File Basic reservoir parameters and total reserves of all noncon-
fidential gas pools in the province. Separate records for each pool: approximately
24,000 pools. Used primarily for Established Reserves of Gas and Appropriate Ba-
sic Data, published as part of Statistical Series ST-98: Alberta’s Reserves of Crude
Bitumen, Crude Oil, Natural Gas, Ethane and other Natural Gas Liquids, Coal

and Sulphur.

ST102: Facility List (formerly Guide 41 and Guide 42) A complete list of bat-

teries, gas plants, meter stations, and other facilities in the province. As well, the

1The description of these publications are extracted from ERCB’s 2007 Catalogue: Publications,
Maps, and Services.
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list has been upgraded to include additional information frequently requested by
customers, such as oper'ator name and facility sub-type description. Due to the size

of the list, it will be in two parts:

o Part A List of New and Active Facilities

o Part B List of Other Facilities
ST50: Gas Processing Plants in Alberta Includes

e list of gas plants in Alberta, identifying location and fields served
e plant operator and design capacities

e sulphur recovery efficiency and maximum daily emission rates
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